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ABSTRACT 

 

The Australian population and indeed most of the developed world are facing an obesity 

epidemic, which is associated with a dramatic increase in the incidence of type 2 diabetes (T2D). 

Obesity and insulin resistance (IR) are strong predictors of the development of T2D. 

Dyslipidaemia as assessed by “traditional” measures (raised plasma triglycerides and/or 

decreased high-density lipoprotein cholesterol) is also a major risk factor for the onset and 

progression of T2D. However, the measurement of a few circulating “classical” lipids and 

lipoproteins alone does not adequately represent the hundreds of lipids in the circulation and 

tissues that may be associated with the pathogenesis of T2D.  

 

Initially, targeted lipid profiling methodology was developed to characterise lipid species that 

are implicated in the pathogenesis of T2D. These methods resulted in 60 species from the 

phosphatidylethanolamine, alkylphosphatidylethanolamine, alkenylphosphatidylethanolamine, 

lysophosphatidylethanolamine and cardiolipin classes/subclasses being added to the ~270 lipid 

species representing 20 lipid classes/subclasses that are routinely measured in our laboratory 

using reverse phase high performance liquid chromatography combined with electrospray 

ionization tandem mass spectrometry (LC ESI-MS/MS) and established multiple reaction 

monitoring experiments in positive ion mode. 

 

Comprehensive lipidomic analysis was then performed to compare temporal (6, 10 and 16 weeks 

of age) and tissue-specific (plasma, liver, skeletal muscle, left-ventricle and adipose) lipid 

abnormalities in male and female leptin receptor-deficient homozygous db/db mice with a 

C57BL/KsJ background (an established monogenic model of diabetes) and their less affected 

heterozygous (db/h) and control (H/H) littermates. The independent effect of the db/db genotype 

on plasma and tissue lipid abnormalities was clearly superior to the separate effects of gender 

and age. There was a myriad of temporal and tissue-specific lipid abnormalities in db/db mice 

(versus corresponding H/H mice) associated with early elevations of surrogate measures of 

hepatic de novo lipogenesis and cardiolipin remodelling, but also with increasing oxidative stress 

and severity of disease. Using DNA microarray analysis with mouse whole-genome gene 

expression WG-6 version 2.0 BeadChips, 68 differentially expressed genes in the livers of male 

db/db mice (versus male H/H mice, with ages combined) were found to be linked to lipid 

pathway/diabetes-specific disease states. Correlation analyses revealed that elevated 

triacylglycerol and lysophosphaethanolamine classes/subclasses were significantly correlated 



xiii 
 

with 24 and 20 genes respectively, and that many of these differentially expressed liver genes 

have been identified as candidate genes for human T2D. 

 

Finally, in a human study in which 80 adults were classified as lean, overweight-to-obese and 

insulin sensitive, overweight-to-obese and insulin resistant, or T2D, there was a gradation of 

fasting plasma lipid abnormalities associated with obesity, IR and combined obesity/IR, but 

~85% of the lipid abnormalities in T2D subjects (versus lean group) were already present in the 

combined obesity/IR group prior to the onset of T2D. Some of these lipid abnormalities also 

occurred in the db/db mice. 

 

Taken together, these studies improve our understanding of the biological interplay that exists 

between lipid abnormalities, obesity and IR, and provide more opportunities to identify new 

therapeutic targets and possible lipid biomarkers for early detection and prevention of disease 

progression.  
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CHAPTER 1 LITERATURE REVIEW 

 

1.1 INTRODUCTION 

 

1.1.1 Link between obesity, type 2 diabetes and dyslipidaemia 

 

The Australian population and indeed most of the developed world are facing an obesity 

epidemic, which is associated with a dramatic increase in the incidence of type 2 diabetes (T2D) 

and its precursors, impaired fasting glucose and/or impaired glucose tolerance. Global estimates 

of the prevalence of diabetes indicate that there were 285 million adults with diabetes in the year 

2010, which is expected to rise to 439 million by 2030 [1]. These figures include type 1 and type 

2, diagnosed and undiagnosed diabetes, and relate to adults aged 20-79. If the current rates of 

mortality and diabetes incidence continue, the prevalence of diabetes in Australia is projected to 

rise from 7.6% in 2000 to 11.4% by 2025, with the number of cases of diabetes doubling from 

one million in 2010 to two million by 2025 [2]. Obesity and insulin resistance (IR) are strong 

predictors of the development of diabetes in many populations [3]. 

 

Dyslipidaemia as assessed by “traditional” measures [raised plasma triglycerides and low-

density lipoprotein (LDL)-cholesterol, and decreased high-density lipoprotein (HDL)-

cholesterol] is not only a major risk factor for the onset and progression of diabetes, but is also 

associated with inflammation and/or oxidative stress [4,5]. Dyslipidaemia is known to be caused 

by obesity, a high-fat diet, physical inactivity, smoking, hypothyroidism, and several inherited 

genetic disorders. However, the measurement of these “classical” lipids and lipoproteins alone 

does not adequately represent the complex lipid abnormalitiesin the circulation and tissues that 

may be associated with the pathogenesis of T2D. 

 

1.2 MASS SPECTROMETRY AND LIPIDOMICS 

 

1.2.1 The quantification of lipid species using mass spectrometry 

 

Lipidomics is a branch of metabolomics that involves the characterisation and quantification of 

all lipid molecular species within a biological system [6]. Mass spectrometry is capable of 

analysing hundreds of lipid species from a single sample collected from blood, tissues, cells or 
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organelles [7,8]. One study designed to systematically map the mammalian plasma lipidome 

using high-resolution liquid and gas chromatography coupled with mass spectrometry (MS) was 

able to quantify almost 600 distinct “non-classical” lipid species in human plasma [8]. Among 

these were 73 glycerolipid species and 36 sterol lipid species which contribute to the 

measurements of total triglycerides and total cholesterol respectively.  

 

Essentially, a mass spectrometer measures the mass of molecules that have been electrically 

charged (ions), and a “lipid profile” is a mass spectrum of all the measured lipids contained in a 

lipid extract. More particularly, well-established separation techniques such as gas 

chromatography and high pressure liquid chromatography (HPLC), combined with advances in 

soft-ionisation mass spectrometry such as electrospray ionisation tandem mass spectrometry 

(ESI-MS/MS), have enabled the rapid and sensitive detection of a large number of lipid species 

(including low abundance lipids) with minimal sample preparation [6]. 

 

In a multisector mass spectrometer, such as a triple quadrupole instrument, the most common 

methods of analysing lipid molecules are product ion scanning, precursor ion scanning and 

neutral loss ion scanning [6]. Product ion scanning (daughter scan) is used to analyse the masses 

of the fragments generated from collision-induced dissociation (occurs in the second 

quadrupole) of a selected parent ion of interest. Opposite in action to product ion scanning, 

precursor ion scanning (parent scan) is used to analyse the mass-to-charge ratio (m/z) of 

precursor ions that generate a selected daughter ion (fragment) of interest. A similar type of 

analysis is neutral loss scanning, whereby the second mass analyzer (third quadrupole) detects 

daughter ions that are a specified mass smaller than the parent ion scanned in the first mass 

analyzer (first quadrupole).  

 

1.2.2 Targeted lipid profiling 

 

Targeted lipid profiling combines liquid chromatography with multiple reaction monitoring 

(MRM) experiments and stable isotope or non-physiological internal standards to potentially 

quantify hundreds of known lipids with known fragmentation profiles with high sensitivity, 

precision and accuracy [6,7,8]. With any MRM experiment, the first mass analyser remains 

static at the m/z for a known parent ion (e.g. the protonated parent ion, 

phosphatidylethanolamine 34:2[M+H]
+
, has a m/z value of 716.5), and the second mass analyser 

remains static at a known [M+H]
+
 daughter ion with a m/z value of 575.5 (generated by the 
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neutral loss of 141.0 Da, equivalent to the mass of the phosphoethanolamine head group). MRM 

experiments can be performed on multiple parent and daughter ion combinations in a single 

HPLC run. Stable isotopes or non-physiological standards representing the same lipid 

class/subclass that have a different parent ion mass but the same fragmentation profile are used 

as internal standards for quantitative analysis. A typical MRM experiment (using tandem mass 

spectrometry) on a triple quadrupole instrument is shown in Figure 1.1. 

 
Figure 1.1 A typical multiple reaction monitoring experiment to analyse lipids on a triple 

quadrupole mass spectrometer. The first mass analyser (first quadruple, Q1) remains static at the m/z 

for a selected parent ion. This parent ion undergoes collision-induced dissociation in the second 

quadrupole (Q2).  The second mass analyser (third quadruple, Q3) remains static at the m/z of a selected 

daughter ion, and a signal is detected.  

 

LC ESI-MS/MS and MRM experiments have been used in our laboratory to identify and 

characterise 259-312 individual lipid species representing 20-23 classes/subclasses in human 

plasma samples at least to the bond type level (i.e., according to whether the species has an acyl, 

alkyl or alkenyl bond linkage to the glycerol backbone) using neutral loss and precursor ion 

scans [9,10,11]. While product ion scans in negative mode can provide additional information on 

the fatty acid chain length and number of double bonds present in each fatty acyl chain (e.g. 

diacylglycerol (DG) 16:1/18:1, triacylglycerol (TG) 16:1/18:1/18:2), they do not provide 
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empirical evidence on either the position of the acyl chains on the glycerol backbone (i.e., sn-1, 

sn-2 or sn-3) or the position of the double bonds within the acyl chain (e.g. 9Z or 11Z). Recently, 

mass spectrometry-based experiments have successfully been developed to obtain further 

structural information on both these points [12]. Despite the limitations of individual lipidomic 

analyses, the quantification of lipid classes/subclasses and individual lipid species containing 

different fatty acids associated with each lipid glycerol backbone by LC ESI-MS/MS allows 

comparison of the levels of saturated, monounsaturated and polyunsaturated fatty acids in each 

lipid pool [11]. 

 

1.2.3 Lipid biomarkers improve disease prediction and classification 

 

One of the benefits of measuring multiple lipid species using mass spectrometry is that the 

incorporation of lipid biomarkers into classification models can better predict or classify specific 

disease states than traditional measures. Meikle et al. revealed that classification models 

incorporating the top 20 ranked features from “non-classical” circulating lipid species and 

traditional risk factors for coronary artery disease provided improved classification of unstable 

coronary artery disease from stable coronary artery disease than models containing only 11 

traditional risk factors (including cholesterol, HDL-cholesterol, triglycerides and the very strong 

determinants, C-reactive protein and systolic blood pressure) [10]. Another study found that 

particular lipid species (mainly TG) with lower carbon number and double bond content were 

associated with increased risk of T2D, and correlated with IR [13]. 

 

Therefore, plasma lipid profiling, defined as the quantification of multiple individual lipid 

species, provides the opportunity to focus on individual lipid species or groups of lipids as 

potential biomarkers for disease classification and as risk factors for specific disease states (for 

example, T2D). In this regard, improved risk assessment tools could be developed to predict an 

individual‟s risk of developing T2D, and to allow early detection and implementation of early 

lifestyle and pharmaceutical intervention to prevent or reduce the risk of progression to T2D 

[14,15]. The measurement of changes in the levels of multiple “non-classical” lipid classes and 

species in plasma and tissues with the onset and progression of T2D, combined with an 

understanding of the underlying changes in lipid metabolism, pathways and biological functions 

will provide the necessary foundation for the development of new tests to identify those 

individuals at increased risk of developing T2D.  
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1.2.4 Lipid nomenclature 

 

It is impractical to attempt to fully elucidate the composition of every isomeric lipid species 

when high throughput targeted lipid profiling is required to perform comparative lipidomic 

analysis of large population cohorts. The limited structural elucidation of lipid species identified 

and characterised in our laboratory is reflected in the nomenclature. We have tried to remain 

consistent with the nomenclature proposed by the International Lipid Classification and 

Nomenclature Committee [16], which was updated in 2009 [17] and is available online on the 

LIPID MAPS website (http://www.lipidmaps.org).  Although some ambiguity may exist with the 

nomenclature, particularly the abbreviated names given to some lipid classes/subclasses, we 

have tried to follow the rule of reflecting the structural information obtained in the particular 

experiment. For example, phospatidylcholine (PC) species are reported at the level of bond type 

level (i.e., acyl, alkyl or alkenyl), with the sum of the number of carbons in the two esterified 

fatty acids and the sum number of double bonds (e.g. PC 36:3). In addition, DG and TG species 

are reported at the fatty acyl/alkyl level (DG 16:1/18:1, TG 16:1/18:1/18:2), but not at the fatty 

acyl/alkyl position level. In the case of sphingomyelin (SM) species, we assumed that the major 

sphingoid backbone in SM species was dihydroxy (d18:1) sphingosine, even though the 

precursor ion scan of m/z 184.1 for SM analysis was only indicative of the phosphocholine head 

group (e.g. SM 38:1). The abbreviations used for the measured lipid class/subclasses are shown 

in the Abbreviations section of this thesis. 

 

1.3 LIPID ABNORMALITIES ASSOCIATED WITH OBESITY, INSULIN 

RESISTANCE AND TYPE 2 DIABETES 

 

1.3.1 Changing lipid profiles with progression to type 2 diabetes 

 

When performing lipidomic analysis to determine lipid abnormalities associated with obesity, IR 

and/or T2D, there are many variables that may explain the differences observed in the relative 

abundance and direction of change in some lipid classes/subclasses and individual species 

between groups. It is likely that the severity of disease in each individual, along with genetic 

background, gender, age, environmental factors (diet, physical activity, lifestyle and 

medications), use of appropriate control groups, heterogenous nature of the disease, number of 

subjects, and type of statistical tests may influence whether a particular lipid species is 

significantly elevated or reduced in obese/IR subjects compared with a lean healthy control 

http://www.lipidmaps.org/
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group. Therefore, it is critical to reduce the influence of confounding variables on lipidomic 

analyses by matching each group closely for clinical measures [e.g. age, sex, genotype, body 

mass index (BMI)], and using an appropriate but stringent statistical test that adjusts for 

appropriate covariates and corrects the P-value for multiple comparisons (e.g. the number of 

measured lipids).  

 

Even with all of these safeguards in place, the same lipid species may be significantly reduced 

with acute IR to protect the cell against the initial metabolic insult, but gradually increase with 

chronic exposure to IR. Most studies compare one-off samples in treatment and control groups, 

effectively determining lipid abnormalities that occur at a snapshot in time in the disease 

process. The power of comparing multiple lipid abnormalities in sequential samples from plasma 

and different tissues before and during the onset and progression of IR and T2D cannot be 

underestimated, as it allows investigation of the complex relationships that exist between lipid 

dysregulation, lipid metabolic pathways and disease progression. 

 

1.3.2 Role of fatty acids, sphingolipids and diacylglyerols in insulin resistance 

 

Despite the complexity of the metabolic phenotype associated with the development of obesity, 

IR and T2D, the mechanism of action and direction of change of some lipid classes/subclasses 

with disease progression is well understood. There are two mechanisms by which the oversupply 

of nutrients (obesity) antagonizes insulin action in peripheral tissues. Firstly, when adipocytes 

exceed their storage capacity, fats begin to accumulate in ectopic tissues (e.g. liver, skeletal 

muscle, heart, pancreatic β-cells), leading to the formation of putative intermediates [long-chain 

fatty acyl-CoA, ceramide (Cer), DG] that inhibit insulin signal transduction. Secondly, obesity 

triggers a chronic inflammatory state and cytokines, released from adipocytes and/or 

macrophages that infiltrate adipose tissue, antagonize insulin action [18]. However, not all obese 

patients develop IR, and many are normal glucose tolerant (NGT) with a low risk of developing 

T2D. 

 

Circulating factors associated with obesity [e.g. increased saturated fatty acids (FA) such as 

palmitate (16:0) and stearate (18:0), and inflammatory cytokines such as tumour necrosis factor 

(TNF)-α and interleukin (IL)-6] selectively induce enzymes that synthesise sphingolipids (e.g. 

Cer and/or its derivatives GM3 gangliosides and sphingosine), which antagonize insulin 

signalling, induce oxidative stress, inhibit glucose uptake and storage [19], and contribute to 
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pancreatic β-cell failure, cardiomyopathy, hypertension, diabetes and atherosclerosis [20]. There 

are two distinct mechanisms by which Cer accumulation in insulin-sensitive tissues can inhibit 

insulin action. Firstly, Cer specifically blocks the translocation of Akt/PKB to the plasma 

membrane, and secondly, Cer stimulates the dephosphorylation of Akt/PKB by protein 

phosphatase 2 [21]. However, pharmacological inhibition of de novo Cer synthesis (by myriocin 

or fumonisin B1) ameliorates the IR induced by corticosteroids, saturated fats, and genetic 

models of obesity [19]. In contrast, unsaturated FAs [e.g. linoleate (18:2)] induce IR by Cer-

independent mechanisms involving, for example, DG-activated protein kinase C isoforms or 

phosphatidic acid [22]. Notably, in Wistar rats fed either standard rat chow, high-

polyunsaturated FA diet or high-saturated FA diet for 5 weeks ad libitum, the Cer content did 

not change in any muscle in the polyunsaturated FA diet group, but increased by 46% and 52% 

respectively in the soleus and red gastrocnemius (and was unchanged in white gastrocnemius) in 

the high-saturated FA diet group [23]. Therefore, the regulation of Cer levels depends on the diet 

(FA composition) and type of skeletal muscle. 

 

In NGT male subjects, a strong negative correlation was found between fasting skeletal muscle 

total Cer (and several Cer species) content and insulin sensitivity, independently of BMI, waist-

to-hip ratio, percent body fat, and fasting plasma glucose, insulin, FFA, cholesterol and 

triglyceride levels [24]. In contrast, there were marked positive correlations between fasting 

skeletal muscle total SM and BMI, waist-to-hip ratio, and percent body fat, but no association 

with insulin sensitivity. Moreover, Haus et al. showed that elevated fasting plasma levels of total 

Cer and several Cer species in obese/T2D subjects compared with lean healthy subjects may 

contribute to IR through activation of inflammatory mediators, such as TNF-α [25]. 

 

Using logistic regression analyses, adjusted for multiple covariates, Meikle et al. found that both 

prediabetes and T2D were positively associated with the Cer, dihydroceramide (dhCer), DG, 

TG, cholesteryl ester (CE), phosphatidylethanolamine (PE), phosphatidylglycerol (PG) and 

phosphatidylinositol (PI) classes/subclasses in fasting plasma, and negatively associated with the 

dihexosylceramide (DHC), trihexosylceramide (THC) and alkylphosphatidylcholine (PC(O)) 

subclass in two large human cohorts (versus NGT subjects) [9]. However, there was no 

association of other sphingolipid subclasses [i.e., monohexosylceramide (MHC), GM3 

ganglioside or SM)] with prediabetes (i.e., patients with impaired fasting glucose and/or 

impaired glucose tolerance) and T2D. These findings suggest that there was an upregulation of 
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de novo Cer synthesis, most likely driven by elevated free FAs (FFA), which play a key role in 

the dysregulation of lipid homeostasis associated with T2D [9]. 

 

1.3.3 Elevated glycerolipids and cholesteryl esters are markers of obesity 

 

Elevated circulating TG, DG and CE levels are established markers of obesity [26,27,28,29,30], 

prediabetes [9] and T2D [9,13]. The FA composition (total FA-carbon number and total FA 

double bond number) are critical in determining whether a particular circulating TG species is 

positively or negatively associated with obesity, IR and T2D [26,30,31]. Generally, circulating 

TG species containing low total FA-carbon number (≤ 52) and low total FA double bond number 

(≤ 2) are associated with IR and increased risk of T2D, whereas TG species containing higher 

total FA-carbon number and higher total FA double bond number are associated with decreased 

risk of T2D, and are not correlated with IR. Notably, diet-induced weight loss in obese 

individuals led to a reduction in circulating saturated and short-chain FA-containing TG species, 

which was associated with improved insulin sensitivity [30]. Furthermore, 13 fasting plasma TG 

species with high total FA-carbon number and high total FA double bond number, along with 

CE 18:2, were upregulated in active compared with inactive same-sex co-twins who had been 

discordant for leisure-time physical activity for 30 years [32]. These plasma TG species were 

also positively associated with insulin sensitivity. 

 

These studies demonstrate the power of targeted plasma lipid profiling of TG species for 

determining the severity of disease (i.e., increasing obesity and IR) at any point in time, and 

provides the opportunity to identify one or more circulating TG species (biomarkers) that can 

accurately predict an individual‟s risk of developing T2D. Meikle et al. found that multivariate 

classification models incorporating lipid species (including TG 14:0/16:0/18:2) and traditional 

risk factors provided improved classification of unstable coronary artery disease from stable 

coronary artery disease compared with models containing only traditional risk factors [10]. In 

contrast to the TG findings in plasma, metabolically active long-chain fatty acyl-CoA lipids are 

considered better predictors of insulin sensitivity than the relatively inert TG lipids in skeletal 

muscle [33,34]. Also of interest was the finding that intramyocellular triglycerides (IMTG) 

levels were markedly elevated in both obese/IR and endurance-trained/insulin sensitive humans 

compared with lean subjects, but the lipid peroxidation/IMTG ratio was 4.2-fold higher in the 

obese subjects [35]. This suggests that endurance training protects against IMTG peroxidation, 

and that there is a link between lipid peroxidation/IMTG ratio and IR. 
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Some DG species also appear to be highly associated with obesity and IR, and predictive of 

T2D. Chronic high-fat diet induced obesity in male C57BL/6J mice was associated with 

markedly elevated fasting plasma 16:0, 18:0 or 18:1 FA-containing TG and DG species [26], and 

only low abundant skeletal muscle DG species that contained an unsaturated FA on both 

positions (e.g. DG 16:1/18:1) were significantly elevated in obese/sedentary subjects compared 

with both normal weight/sedentary and normal weight/endurance trained athletes [36]. 

Moreover, skeletal muscle 18:1 FA-containing DG species and saturated Cer content were 

elevated in obese and T2D subjects compared with lean subjects [37]. In the same study, the 

ratio of diacylglycerol hydrolase-to-triacylglycerol hydrolase activity (an index of incomplete 

TG hydrolysis) correlated with both total DG and total Cer content, and skeletal muscle total DG 

content was the main determinant of IR [37]. In lean healthy men who underwent either a 6 h 

hyperinsulinaemic-euglycaemic clamp or clamp combined with intralipid (Liposyn II)/heparin 

infusion, there was a ~4-fold increase in plasma FFA levels (versus clamp alone), which resulted 

in a marked reduction in IR [38]. In addition, the intralipid infusion induced striking increases in 

skeletal muscle protein kinase C (PKC) activity, DG mass and membrane-associated PKC-βII 

and PKC-δ abundance, and a 70% reduction in IκB-α mass, an inhibitor of NF-κB, all of which 

contribute to IR [38]. 

 

As the proportions of fatty acids in circulating CEs reflect the amount of fatty acids in the diet 

[39], certain CE species are considered biomarkers of obesity and T2D. Fasting serum CE 

species containing high proportions of 16:0, 16:1 and 18:0 FAs are positively associated with 

obesity and T2D, and CE species containing a low proportion of 18:2 FA are negatively 

associated with obesity [40] and T2D [41,42,43]. Therefore, obesity and T2D are to a large 

extent driven by altered lipid metabolism resulting from the oversupply of FFA in many Western 

diets. 

 

1.3.4 Diet influences hepatic de novo lipogenesis and lipid profiles 

 

Stearoyl CoA desaturase 1 (SCD1) belongs to the delta-9 desaturase family, and is a crucial 

lipogenic endoplasmic reticulum-bound enzyme that converts saturated FAs (primarily 16:0 and 

18:0), the end-products of lipogenesis, to monounsaturated FAs (16:1 and 18:1). 

Monounsaturated FAs derived from the activity of SCD1 are predominantly incorporated into 

TG, CE and phospholipids [44].  It would appear counter-intuitive that increased SCD1 protein 
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expression and activity promotes multiple aspects of the metabolic syndrome [45] given that 

saturated fats are incorporated into DG and Cer, which promote IR. The inhibition of SCD1 with 

20 weeks antisense oligonucleotide treatment in mice protected against saturated fat diet-induced 

obesity, IR, and hepatic steatosis, but also strongly promoted aortic atherosclerosis, 

independently of obesity and IR, which could not be reversed by dietary oleate (18:2) [46]. 

Therefore, there appear to be detrimental effects associated with the prolonged upregulation of 

hepatic de novo lipogenesis and sustained accumulation of saturated fats.  

 

It is also important to note that dietary fat and carbohydrate composition can greatly influence 

hepatic de novo lipogenesis [47] and lipidomic profiles [26,48,49]. Hepatic de novo lipogenesis 

is activated by low-fat/high-carbohydrate diets, and high levels of circulating insulin and 

carbohydrate [47]. Long-chain FAs (16:0, 16:1, 18:0 and 18:1) derived from increased hepatic 

de novo lipogenesis are released into the circulation as VLDL-bound triglyceride [50] to 

maintain normal 16:1/16:0 and 18:1/18:0 ratios in metabolic tissues [47]. Conversely, high-fat 

diets provide plentiful long-chain saturated and monounsaturated FAs, thereby inhibiting hepatic 

de novo lipogenesis and delta-9 desaturase activity [47]. Therefore, mouse models of high fat 

diet-induced obesity are likely to generate some differences in plasma and tissue lipidomic 

profiles compared with genetic mouse models of obesity (e.g. db/db and ob/ob), in which mice 

are fed an unrestricted low-fat/high-carbohydrate (standard chow) diet. However, the 

development of obesity and IR in mice may induce hepatic de novo lipogenesis in the presence 

of a high-fat diet [51,52]. 

 

1.3.5 Role of lysophosphocholines in obesity and insulin resistance 

 

There is no solid consensus as to whether the association of lysophosphocholine (LPC) lipids 

with obesity and insulin resistance is beneficial or detrimental to lipid metabolism and glucose 

homeostasis. In favour of the former notion, decreased fasting plasma LPC levels have been 

found in glucose intolerant and insulin resistant individuals [13,53], the elevation in IR observed 

in healthy adults in response to 28 days overfeeding was accompanied by reductions in many 

fasting plasma LPC species [54], and LPC lipids from full-fat dairy diets were positively 

associated with insulin sensitivity and inversely associated with IR [55]. Recent evidence 

suggests that LPC may be a novel insulin-independent signal that regulates blood glucose levels 

[56]. In addition, Barber et al. showed a significant reduction in many fasting plasma LPC 

species in obese/insulin sensitive and obese/T2D subjects compared with lean healthy subjects, 
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and found that fasting circulating LPCs were negatively associated with both BMI, but were not 

associated with IR or T2D per se [26].  

 

In contrast, Pietilainen et al.found that young adult monozygotic obese co-twins had increased 

levels of five fasting serum LPC species compared with non-obese co-twins, and that LPC 16:0 

and LPC 20:4 were negatively correlated with insulin sensitivity, independent of genetic factors 

[29]. Another study showed that elevated LPC levels in young pigs with early obesity were 

associated with endothelial dysfunction and oxidative stress [57], and Kim et al. found that 

dietary fatty acid composition influenced the relative abundances of LPC species in 

overweight/obese IR men (with a higher fat intake) compared with age-matched lean healthy 

men [48]. Notably, LPCs can increase plasminogen activator inhibitor-1, a potent prothrombotic 

and proatherogenic protein [58], induce endothelial cell expression of cell adhesion molecules 

[59], and inhibit hepatic fatty acid oxidation in mitochondria [60].  

 

As mentioned earlier, the contrasting LPC results in the studies described above may be 

attributable to the severity of disease in each individual, combined with differences in gender, 

age, genetic background, environmental factors (especially diet), species-type, and the 

robustness of the statistical tests. More consistent LPC results may be achieved by sequentially 

tracking the changes in LPC levels in plasma and metabolic tissues with the onset and 

progression of T2D using a genetic mouse model of obesity/diabetes (i.e., db/db with 

C57BL/KsJ background) with known metabolic consequences, a controlled dietary intake, and 

less intra-genotype variation in metabolic and lipidomic measurements. 

 

1.3.6 Lipid abnormalities associated with early onset insulin resistance 

 

Although the onset of human obesity and IR usually overlap, it would be invaluable to discover 

which lipid abnormalities are associated early in the development of IR, independent of obesity, 

both from a diagnostic and therapeutic viewpoint. It is also of interest to know the relative 

contributions of ectopic lipid accumulation (lipotoxicity) or inflammation to the early onset of 

IR. Time course studies in high-fat fed obese rodent models have shed some light on these 

issues. In male C57BL/6J mice fed a high-fat diet (HFD; 60% kcal from fat) for 3 days, 1 week, 

2 weeks, 5 weeks or 10 weeks, body weight, adipose tissue mass and IR was already 

significantly increased by 3 days HFD, as was liver and skeletal muscle TG, non-esterified FA, 

DG and Cer content, but plasma adiponectin was reduced compared with low-fat fed control 
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mice [61]. The study concluded that different mechanisms appear to evolve over the 10 week 

HFD period; i.e., early onset (as early as 3 days) IR is more likely related to acute tissue lipid 

overload (lipotoxicity), whereas the more chronic state of IR in established obesity is largely 

mediated by macrophage-induced proinflammatory actions (i.e., the secretion of adipocytokines 

such as IL-6 and TNF-α from both adipose tissue and infiltrating macrophages) [61]. 

 

In another study, female Sprague-Dawley rats fed either a chow diet (12% kcal from fat; control 

group) or HFD (60% kcal from lard) for 3 days, 2 wk, or 4 wk, adiponectin significantly 

stimulated FA oxidation and acetyl-CoA carboxylase phosphorylation in isolated soleus muscle 

in low-fat fed control rats, but not the HFD group (i.e., as early as 3 days) [62]. After 2 wks 

HFD, plasma membrane FA transporters, skeletal muscle DG and Cer increased, and insulin-

stimulated phosphorylation of both protein kinase B and protein kinase B substrate 160 were 

significantly blunted compared with control rats. After 4 wk of HFD, maximal insulin-stimulated 

glucose transport was impaired compared with control rats. Therefore, early loss of 

adiponectin‟s stimulatory effect on FA oxidation with 3 days HFD preceded an increase in 

plasmalemmal FA transporters (i.e., increased rate of FA uptake), accumulation of skeletal 

muscle DG and Cer and blunted insulin signalling (by 2 weeks), and ultimately impaired 

maximal insulin-stimulated glucose transport in skeletal muscle (by 4 weeks) [62]. These 

findings suggest that early onset adiponectin resistance may have contributed to the development 

of IR. These high-fat fed obese rodent studies give a valuable insight into the mechanisms 

responsible for the early onset and progression of IR, including adiponectin resistance, 

lipotoxicity and inflammation in the presence of obesity. 

 

1.3.7 Other lipids implicated in the pathogenesis of type 2 diabetes 

 

Despite the large number of lipid species that have been shown to be associated with obesity, IR 

and/or T2D (section 1.3) there is also evidence that lipid species from other lipid subclasses may 

be implicated in the pathogenesis ofobesity, IR, T2D and coronary artery disease. These lipids 

include other PE species, and lipids from the alkylphosphatidylethanolamine (PE(O)), 

alkenylphosphatidylethanolamine (PE(P)), lysophosphatidylethanolamine (LPE) and cardiolipin 

(CL) subclasses [9,10,29,54,63,64,65,66,67]. These lipids are described in greater detail in 

Chapter 3 (sections 3.1.2 to 3.1.4). 
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1.3.8 Limitations associated with human lipidomic studies 

 

Although many studies have revealed lipidomic abnormalities associated with human obesity, IR 

and T2D, they are generally restricted by specific limitations in experimental design and lipid 

measurement capabilities, including the collection of one-off samples (usually plasma) to 

compare the levels of a modest number of lipid species representing one or two lipid 

classes/subclasses in two groups of subjects (e.g. obese versus lean controls) 

[25,28,29,66,67,68,69]. Lipid abnormalities associated with animal models of obesity, IR and 

T2D offer certain advantages over human studies, including the capacity to relate lipid 

abnormalities in the circulation to those observed in different tissue beds, and to compare global 

gene expression profiling with lipid profiling in the same individuals. To date, few studies have 

sequentially tracked the lipid abnormalities in plasma and metabolic tissues that occur with 

disease progression in animal models over a relatively short time-frame and/or compared global 

gene expression and targeted lipid profiling in the same individual [65,70,71]. 

 

1.4 THE LEPTIN RECEPTOR-DEFICIENT DB/DB MOUSE MODEL 

 

1.4.1 Characteristics of the C57BL/KsJ obese/diabetic db/db mouse 

 

The diabetes db gene mutation (autosomal recessive mutation on chromosome 4 with complete 

penetrance) occurred spontaneously in the C57BL/KsJ strain of mice from the Jackson 

Laboratory (Bar Harbor, ME, USA), resulting in global deficiency in the protein expression of 

the leptin receptor and the development of T2D in homozygous (db/db) mice [72]. The diabetic 

phenotype of db/db mice is determined by the genetic background on which the mutation is 

expressed. In this regard, homozygous db/db mice with a C57BL/KsJ genetic background 

exhibit a more severe diabetic phenotype with obesity due to hyperphagia, and eventual islet 

degeneration and secretory deficit compared with db/db mice with a C57BL/6J background, 

which is characterised by pancreatic hyperplasia [73]. The diabetic db/db genetic mouse 

(C57BL/KsJ background) serves as a good monogenic model of IR, obesity and T2D, and 

closely resembles disease progression to T2D in humans, in which hyperinsulinaemia and IR is 

followed by progressive hyperglycaemia and gradual pancreatic insufficiency [74,75]. The time-

frame of disease progression in C57BL/KsJ db/db mice is described in more detail in Chapter 4 

(section 4.1.2).  
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1.4.2 Lipid and metabolic defects in db/db mice 

 

As the db/db genetic mouse model closely resembles the development of human obesity, IR and 

T2D, the lipid abnormalities in the db/db mice may be similar to those observed in comparable 

models of animal obesity and human cohort studies. Ussher et al. found that TG and long-chain 

fatty acyl-CoA (total and 16:0) levels were elevated, but DG and Cer levels were not found to be 

significantly higher in gastrocnemius muscle of 6 week old db/db versus age-matched db/h lean 

mice on unrestricted standard chow diet [76]. Similar to chronic high-saturated fat-fed C57BL/6 

mice, both respiratory exchange ratio and whole-body oxygen consumption were significantly 

lower in db/db versus db/h lean mice, confirming increased fat oxidation. Treatment with 

myriocin (an inhibitor of serine palmitoyl transferase-1, the rate-limiting enzyme of de novo Cer 

synthesis) for 4 weeks had no effect on gastrocnemius muscle TG, long-chain fatty acyl-CoA or 

DG levels, but significantly reduced Cer levels in db/db mice, which was associated with an 

improvement in fasting glucose, glucose and insulin tolerance, insulin sensitivity and insulin-

signalling [76]. 

 

Recently, DeMarco et al. found significant elevations in the levels of total TG and DG levels 

(and increased number of lipid droplets) in the left ventricle of 12- and 15-week old obese/IR 

male db/db mice compared with age-matched db/wild-type mice, which included an increase in 

the relative abundance of TG and DG species containing low total FA-carbon number and low 

total FA double bond number in db/db mice at 15 weeks of age [77]. In addition, total FAs, Cer, 

SM, PC, LPC, PE and PC/PE ratio were significantly elevated in 12 week old db/db mice, and 

total FAs, SM, PC and PC/PE ratio remained elevated at 15 weeks of age compared with age-

matched db/wild-type mice. These lipid abnormalities in the left-ventricle of male db/db mice 

corresponded to a worsening of non-dipping blood pressure pattern, persistent mitochondrial 

ultrastructural abnormalities, increased capacity for mitochondrial FA oxidation, and increased 

nitrosative and oxidative stress (generation of reactive oxygen species (ROS)), resulting in the 

development of diastolic dysfunction [77].  

 

Furthermore, defects in hepatic insulin signalling (decreased gene expression of hepatic insulin 

receptor substrates-1 and 2, and decreased insulin-stimulated Akt-phosphorylation) occurred in 

primary hepatocytes from C57BLKS/J-db/db mice at one month of age [78]. Kimura et al. 

showed that obesity associated endoplasmic reticulum stress in 8-10 week old male C57BLKs/J 

background db/db mice inhibited signal-transducer and activator of transcription 3 (STAT3)-
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dependent suppression of hepatic gluconeogenic enzymes, resulting in increased hepatic glucose 

production [79]. In agreement with these findings, increased expression of hepatic 

gluconeogenic enzyme genes have been demonstrated in db/db mice [80], and increased hepatic 

glycogenolytic and gluconeogenic enzyme activities contributed to the chronic hyperglycaemia 

found in db/db mice [81]. A summary of the key metabolic and lipid abnormalities observed in 

C57BL/KsJ db/db mice compared with IR and/or T2D humans is shown in Table 1.1. 

 

1.4.3 Treatments targeting lipid and metabolic defects in db/db mice 

 

Treatment of obese db/db mice with specific drugs or genetic ablation of enzymes can give 

insights into the metabolic pathways that may be responsible for aberrant lipid profiles, glucose 

homeostasis and insulin sensitivity, and how best to ameliorate these metabolic defects in human 

obesity and/or T2D.  

 

Treatment of 9 week old C57BL/KsJ male db/db mice with metformin (an insulin-sensitising 

and glucose-lowering drug that improves hepatic IR and inhibits hepatic gluconeogenesis and 

glycogenolysis) for 4 weeks significantly decreased body weight, epididymal fat mass, fasting 

glucose and insulin levels [82]. However, only fasting glucose was significantly decreased by 4 

weeks of intensive insulin treatment, and neither treatment significantly increased serum or 

adipose adiponectin levels. Treatment of obese 9 week old male C57BL/KsJ db/db mice (and 

ob/ob mice) with berberine for 3 weeks [a glucose-lowering drug that improves glucose 

tolerance and insulin action by activating AMP-dependent protein kinase (AMPK), a key sensor 

of cellular energy status and stress] significantly decreased body weight and respiratory quotient, 

and significantly increased energy expenditure, with no change in food intake [83]. Notably, 

berberine reversed the dyslipidaemia (i.e., decreased plasma TG, FFA, and cholesterol levels) 

and fatty liver (decreased hepatic TG) in male C57BL/KsJ db/db mice by promoting hepatic and 

skeletal muscle AMPK-activation of FA oxidation via upregulation of FA oxidation genes and 

downregulation of  lipogenic genes. 

 

In another study, combination therapy with peroxisome proliferator-activated receptor (PPAR)-α 

and PPAR-γ agonists (insulin-sensitising drugs that enhance the synthesis and secretion of 

adipose adiponectin, a key regulator of insulin sensitivity) significantly reduced body weight and 

plasma glucose, insulin, triglyceride and FFA levels, and increased plasma adiponectin and 

glucose-stimulated insulin secretion in obese diabetic C57BL/KsJ db/db mice [84]. In 10 week 
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Table 1.1 Summary of the key metabolic and lipid abnormalities in C57BL/KsJ db/db mice compared with IR
a
 and/or T2D

b
 humans 

Major findings in db/db mice Ref. Major findings in IR and/or T2D humans Ref. 
The diabetes db gene mutation led to global deficiency in the protein 

expression of the leptin receptor, resulting in:  
 

Decreased energy expenditure and excess caloric intake,  which is 

manifested primarily by obesity (hyperphagia), followed by 

hyperinsulinaemia, IR, hyperlipidaemia (raised FFA and triglycerides), 

progressive hyperglycaemia, and eventual islet degeneration and secretory 

deficit (vs. db/h mice) 
 

[72-75] 

 

The oversupply of nutrients (obesity) antagonizes 

insulin action in peripheral tissues by two mechanisms:  
 

1) When adipocytes exceed their storage capacity, fats 

accumulate in ectopic tissues (liver, skeletal muscle, heart, 

pancreatic β-cells), leading to the formation of putative 

intermediates (long-chain fatty acyl-CoA, Cer, DG) that 

inhibit insulin signal transduction; 
 

2) Obesity triggers a chronic inflammatory state and 

cytokines, released from adipocytes and/or macrophages 

that infiltrate adipose tissue, antagonize insulin action 

 

 

[18] 

 

 

 
 

 

Gastrocnemius muscle: Increased TG
c
, long-chain fatty acyl-CoA (total and 

16:0); decreased RER
d
 and whole-body oxygen consumption; increased FA 

oxidation; glucose and insulin intolerance, IR and decreased insulin signalling 

at 6 weeks of age (vs. lean db/h mice) 

[76] 

Left ventricle: Increased total FA, TG, DG, Cer, SM, PC, LPC, PE levels and 

PC/PE ratio at 12 weeks of age, and total TG, DG, FAs, SM, PC and PC/PE 

ratio remained elevated at 15 weeks of age, which corresponded to increased 

FA oxidation, nitrosative and oxidative stress (reactive oxygen species
 

generation), persistent mitochondrial ultrastructural abnormalities and diastolic 

dysfunction (vs. db/wild-type mice 

[77] Circulating lipids: Elevated TG, DG and CE levels are 

established markers of obesity 

 

Both pre-diabetes and T2D are positively associated with 

Cer, dhCer, TG, DG, CE, PE, PG and PI, and negatively 

associated with DHC, THC and PC(O) 
 

   

[26-30] 

 

 

[9,13] 

Adipose tissue: Decreased total Cer and SM, but increased mRNA levels of 

genes encoding key enzymes involved in adipose Cer generation 
  

[70] TG species with lower FA carbon number (≤ 52) and 

lower double bond content (≤ 2) are associated with 

increased risk of T2D, and correlate with IR 

[13] 

Liver: Increased endoplasmic reticulum stress and hepatic glucose production; 

decreased STAT3
d
-dependent suppression of gluconeogenic enzymes, and 

increased mRNA expression of genes encoding gluconeogenic enzymes 
 

[79,80] Elevated saturated FAs (16:0; 18:0) and cytokines (TNF-

α; IL-6) selectively induce the synthesis of sphingolipids 

(Cer, GM3 gangliosides), which inhibit insulin action and 

glucose uptake, and induce oxidative stress 

[19] 

 
a 
IR, insulin resistant 

b
 T2D, type 2 diabetes 

c 
Abbreviations for lipid classes and subclasses are shown in Abbreviations section of thesis 

d 
STAT3, signal-transducer and activator of transcription 3 
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old obese C57BL/KsJ db/db mice either untreated or treated with phlorizin (which selectively 

lowers blood glucose) or bezafibrate (which selectively lowers plasma non-esterified FA and 

triglycerides) for 2 weeks, abnormalities in glucose-induced insulin secretion and gene 

expression relating to β-cell differentiation and stress response mediators in pancreatic β-cells 

were normalised by phlorizin but unchanged by bezafibrate [85]. Therefore, hyperglycemia (in 

the presence of hyperinsulinaemia), independent of plasma hyperlipidemia, is sufficient for the 

gradual loss of β-cell differentiation and secretory function in db/db mice. Importantly, similar 

mechanisms may be responsible for β-cell dysfunction in human T2D [86]. 

 

Furthermore, treatment with resolvin D1 (an endogenous lipid mediator of homeostasis after an 

inflammatory insult) for 8 or 16 days in 8 week old male obese B6.BKS(D) db/db mice 

improved glucose tolerance, and decreased fasting blood glucose and homeostasis model 

assessment of IR (HOMA-IR) [87]. Additionally, adiponectin production, insulin-stimulated 

Akt/protein kinase B phosphorylation and alternatively activated macrophages were increased, 

but IL-6 expression and F4/80
+
CD11c

+
 inflammatory macrophages were reduced in adipose 

tissue. 

 

The improvements in lipid profiles and glucose homeostasis induced by treatments targeting 

specific metabolic pathways in db/db mice were similar to those observed with comparable 

treatments in other animal models of obesity, IR and T2D [88,89,90], and provide strong 

evidence that these beneficial outcomes may also occur in comparable human cohorts. 

 

1.4.4 Comparison of genetically obese db/db and ob/ob mouse models 

 

The genetic leptin-deficient ob/ob mouse model is an alternative to the genetic leptin receptor-

deficient db/db mouse model. The C57BL/6J-ob/ob mouse originated from the Jackson 

Laboratory in Bar Harbor, ME, USA [91]. Mutation of the ob gene on chromosome 6 caused a 

defect in leptin production, resulting in glucocorticoid-dependent obesity and diabetes [92]. The 

ob/ob mouse develops morbid obesity, hyperinsulinemia and hyperglycemia by 8 weeks of age 

[93,94], but is less hyperglycaemic than the db/db mouse [95]. They also manifest hepatic 

steatosis due to excessive de novo lipogenesis driven by the low fat/high carbohydrate chow diet 

and chronic hyperinsulinaemia [96]. Both ob/ob and db/db mice genetic models closely resemble 

the onset of obesity and IR observed in humans, but circulating leptin levels are elevated in 

db/db mice, reflecting severe leptin resistance [97,98], and db/db mice are insensitive to leptin 
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due to a mutation in the leptin receptor [99]. Therefore, central or peripheral administration of 

recombinant leptin has no effect on food intake or body weight in C57BL/KsJ db/db mice [100]. 

Furthermore, leptin treatment reversed the metabolic defects associated with impaired activity 

and mRNA expression of the glucocorticoid regulator, hepatic 11β-hydroxysteroid 

dehydrogenase type 1 (11β-HSD1), in ob/ob mice, but did not influence hepatic 11β-HSD1 

expression in db/db mice, indicating that the effects of leptin on hepatic 11β-HSD1 are mediated 

by the leptin receptor [101]. However, a lack of leptin signaling also results in elevated liver 

triglycerides in db/db mice (hepatosteatosis), and larger, more triglyceride-rich very-LDL 

(VLDL) particles [102]. In skeletal muscle, leptin stimulates FA oxidation via AMPK, resulting 

in a decrease of lipid accumulation in skeletal muscle [103]. In human populations, nonalcoholic 

fatty liver disease (NAFLD) is associated with obesity, abnormal glucose tolerance, elevated 

circulating triglyceride levels, IR and diabetes, and has been described as the hepatic 

manifestation of the metabolic syndrome [104]. 

 

Importantly, however, the increases in mRNA levels of genes encoding key enzymes involved in 

adipose Cer generation and hydrolysis, and the changes in sphingolipid levels in adipose tissues 

(i.e., significant reduction in both total Cer and SM levels) were similar in obese C57BL-ob/ob 

mice at 14–16 weeks of age and obese db/db mice compared with their corresponding lean 

counterparts [70]. These findings give confidence that gene expression and lipid abnormalities 

associated with sphingolipid metabolism in these genetically distinct obese mouse models are 

very similar, despite differences in genetic background and severity of disease. This pattern of 

adipose sphingolipid metabolism was also similar to that observed in obese non-diabetic and 

obese/T2D human subjects, in which elevated mRNA expression and increased activity of most 

key enzymes responsible for adipose Cer metabolism corresponded to significantly lower 

adipose total Cer content compared with lean subjects [105].  

 

In contrast to adipose tissue, plasma levels of total Cer and SM were elevated in ob/ob mice 

compared with lean mice [70]. This was also similar to the elevation of fasting plasma total Cer 

and several Cer species observed in obese/T2D subjects compared with lean healthy subjects 

[25], and the finding that both prediabetes and T2D were positively associated with total Cer and 

dhCer levels [9]. These results reinforce the notion that lipid abnormalities and gene expression 

of key enzymes in the sphingolipid metabolic pathway in genetically obese/diabetic db/db and 

ob/ob mouse models may be translatable to comparable human cohort studies. 
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1.5 RELATIONSHIP BETWEEN GENE EXPRESSION AND LIPID PROFILES IN 

OBESITY, INSULIN RESISTANCE AND TYPE 2 DIABETES 

 

1.5.1 Hepatic gene expression profiling and metabolic defects in db/db mice 

 

Comparison of gene expression profiles and simultaneous lipid abnormalities associated with 

obesity, IR and the progression to T2D can help to define the underlying mechanisms and 

metabolic pathways involved in the pathogenesis of T2D. In particular, the liver is crucial in 

maintaining glucose homeostasis, and impaired hepatic glucose metabolism, including an 

increased rate of hepatic gluconeogenesis, leads to the development of T2D [74,75,106]. 

Additionally, impaired hepatic FA oxidation, synthesis and storage contributes to the 

development of T2D [107,108,109].  

 

Recently, Zhang et al. used high-throughput RNA sequencing to compare gene expression 

profiling in the livers of 9 week old male wild-type C57BL/6 and male diabetic db/db mice, and 

found that the upregulated genes were mainly associated with lipid and FA metabolic processes, 

and the downregulated genes were mainly associated with immune-related processes in male 

diabetic db/db mice [110]. Detailed pathway network analyses revealed that genes associated 

with hepatic glucose metabolism (specifically glycolysis, gluconeogenesis and glycogenolysis) 

and FA metabolism (specifically FA oxidation and storage) were upregulated in male diabetic 

db/db mice [110].  

 

Gene expression profiling is also a powerful tool for examining which hepatic metabolic 

pathways are enhanced by specific drug treatments to overcome the metabolic defects associated 

with T2D. A single dose of the hypoglycaemic agent, metformin, not only reduced blood 

glucose levels and hepatic glucose-6-phosphatase gene expression and enzyme activity (a key 

rate-limiting enzyme in gluconeogenesis) in the livers of 8 week old obese diabetic male 

C57BL/KsJ-db/db mice, but also significantly altered the gene expression profiles of ten 

metabolic pathways, including those involved in glycolysis/gluconeogenesis, the citrate cycle, 

FA and glycerolipid metabolism, and amino acid metabolism [111]. In support of these findings, 

the expression of genes encoding enzymes involved in hepatic lipogenesis, gluconeogenesis and 

FA β-oxidation were upregulated in 12 week old male C57BL/6J-ob/ob mice compared with 

their lean counterparts, which was accompanied by increased body weight and plasma glucose, 

insulin and glucosylceramide levels, as well as increased hepatic steatosis [112]. Most of these 
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gene expression and metabolic/lipidomic defects were restored by 5 weeks treatment with an 

inhibitor of the enzyme glucosylceramide synthase, suggesting that the pharmacological 

lowering of glycosphingolipids improves insulin signalling, glucose homeostasis and hepatic 

steatosis in ob/ob mice at the transcriptional level [112].  

 

1.5.2 Gene candidates associated with obesity, insulin resistance and type 2 diabetes 

 

Global gene expression studies have been performed in obese and/or T2D humans to identify 

candidate genes associated with these disease states [113]. In a study that examined seven 

independent modelling methods used to select the most likely candidate genes for human obesity 

and T2D from data obtained from genome-wide linkage analysis and association studies, seven 

of the nine primary candidate genes identified for human T2D alone were involved in the 

processing of metabolites in the glycolytic and mitochondrial oxidative phosphorylation 

pathways [113]. These findings confirm that the diabetic db/db mouse model is a suitable model 

for tracking gene expression profiling in obesity, IR and T2D, and may identify specific gene 

candidates or lipid classes/species as potential therapeutic targets for early prevention or 

treatment in comparable human disease cohorts. 

 

1.6 Statement of the research problem(s) 

 

Dyslipidaemia as assessed by standard measures (raised plasma triglycerides and LDL-

cholesterol, and decreased HDL-cholesterol) is an important independent risk factor for IR and 

T2D in the adult population. However, the measurement of these “classical” lipids alone does 

not adequately represent the complex lipid abnormalities in the circulation and tissues that are 

associated with the pathogenesis of T2D. At present, there is a lack of understanding of the 

biological interplay that exists between abnormalities in lipid metabolism and the pathogenesis 

of T2D. Further to this, the contribution of lipid abnormalities to the onset and progression of 

T2D is unclear. Numerous studies have successfully employed a variety of “lipid profiling” 

approaches using MS techniques to identify and quantify a limited number of individual 

molecular lipid species in models of obesity, IR and/or T2D. However, there are specific 

limitations relating to the measurement of these lipid abnormalities regarding 1) the number of 

individual lipid species able to be quantified in a single patient sample; 2) the lack of large 

cohorts consisting of sequential samples in individuals before and during the onset and 

progression of IR and T2D; 3) the ability to relate the lipid abnormalities in the circulation to 
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those observed in different tissue beds; 4) the ability for meaningful comparisons between the 

dyslipidaemia and abnormal lipid metabolism observed with obesity, IR and/or T2D in animal 

models versus human cohorts; and 5) the capacity to associate global gene expression profiling 

with lipid profiling in the same individual.  

 

My PhD research project will address these specific limitations using comprehensive 

experimental designs in suitable animal models and human diabetic cohorts, and high-

throughput targeted lipid profiling employing reverse phase LC ESI-MS/MS. A more complete 

understanding of the relationship that exists between lipid abnormalities and the onset and 

progression of T2D will provide the opportunity to identify new therapeutic targets and possible 

lipid biomarkers that can accurately predict an individual‟s risk of developing T2D. 

 

1.7 Central hypothesis 

 

Altered lipid metabolism in the circulation and tissues is a major contributor to the onset and 

progression of type 2 diabetes 

 

1.8 Primary goal 

 

Lipidomics offers a global view of lipid metabolism, providing a solid platform to investigate 

the complex relationship between changing lipid levels and multiple metabolic and gene 

expression pathways associated with the pathogenesis of T2D. The wealth of information 

derived from lipidomic studies will identify new avenues for research into T2D, leading to 

hypothesis-driven targets for the development of new treatments and the discovery of lipid 

biomarkers that can accurately predict an individual‟s risk of developing T2D in a clinical 

setting. 

 

The primary goal is to improve our understanding of the relationship between lipid metabolism 

and the pathogenesis of T2D by employing targeted lipid profiling techniques to map out the 

abnormal lipid metabolism in different tissue beds and resultant changes in plasma lipids over 

time in the db/db (leptin-receptor deficient) diabetic mouse model. I will then integrate this lipid 

profiling with global gene expression profiling to define the metabolic pathways involved. These 

findings will be compared with plasma and skeletal muscle lipid profiling in comparable human 

cohort studies. 
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1.9 Specific aims 

 

1) Develop targeted lipid profiling methodology to characterise lipid species that are thought to 

contribute to the pathogenesis of T2D. 

2) Characterise the lipid abnormalities in the circulation and tissues associated with the onset and 

progression of T2D in the db/db (leptin-receptor deficient) mouse model. 

3) Compare the lipid abnormalities in the circulation and tissues observed in the db/db diabetic 

mouse model with that observed in comparable human cohort studies. 

4) Perform global gene expression profiling on selected tissue(s) from db/db mice to define 

associations between gene expression and the progressive lipid abnormalities associated with 

T2D. 
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CHAPTER 2 GENERAL METHODS 

 

2.1 PLASMA AND TISSUE COLLECTION FROM STUDIES 

 

2.1.1 Obese/diabetic db/db mouse study 

 

The Obese/diabetic db/db mouse study, in which male and female leptin receptor-deficient H/H, 

db/h, and db/db mice (C57BL/KsJ background) were placed on an unrestricted standard chow 

diet (8% energy from fat) with free access to water for either 6, 10 or 16 weeks (7-12 mice per 

group) is described in Chapter 4 of this thesis (Materials and Methods, section 4.2). A total of 

170 mice completed the study, which resulted in the collection of 165 plasma, 167 liver, 166 

skeletal muscle (gastrocnemius), 168 heart (left-ventricle), and 162 adipose (omental) samples at 

the time of cull (after a 6 h fast) for subsequent targeted lipidomic and selective gene expression 

profiling (liver only). This study was in collaboration with Professor Josephine Forbes and 

Brooke Harcourt, Glycation and Diabetes Laboratory, Baker IDI Heart & Diabetes Institute, 

Melbourne, and Mater Research, University of Queensland, Brisbane. 

 

2.1.2 Human insulin resistance and obesity study 

 

The Human insulin resistance and obesity study, in which 80 adult participants were classified 

into the four groups according to BMI, homeostasis model assessment of insulin resistance 

(HOMA-IR) and diabetic status, and underwent procedures for the measurement of insulin 

sensitivity (hyperinsulinemic-euglycemic clamp), body composition (dual energy X-ray 

absorptiometry), abdominal fat distribution (computed tomography) and plasma and skeletal 

muscle lipidomic analysis (mass spectrometry) is described in chapter 6 of this thesis (Materials 

and Methods, section 6.2). For lipidomic analysis, a total of 160 paired fasting baseline and 

steady-state hyperinsulinaemic-euglycaemic clamp blood samples were collected into EDTA 

tubes from 80 subjects on the metabolic study day. In addition, a total of 144 skeletal muscle 

(vastus lateralis) biopsy samples were obtained from 77 of the 80 subjects (77 samples at fasting 

baseline, and 67 samples at 150 min steady-state clamp). This study was a collaboration with 

Dorit Samocha-Bonet, Katherine Tonks, and Jerry Greenfield, Diabetes and Obesity Research 

Program, Garvan Institute of Medical Research, Sydney. 
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2.2 PREPARATION OF MOUSE LIVER FOR LIPID EXTRACTIONAND GENE 

EXPRESSION 

 

2.2.1 Cryomilling of mouse liver 

 

As part of the Obese/diabetic db/db mouse study, frozen mouse liver samples were powdered 

using a cryomilling procedure in preparation for lipid extraction (targeted lipid profiling) and 

any subsequent whole-mouse genome DNA microarray gene expression profiling analysis. Each 

frozen mouse liver sample (wet weight range 0.4-1.8 g; approximately three-quarters of the 

liver) was placed in a cryomill canister (in a liquid nitrogen bath) containing a 10 mm diameter 

ballbearing, fastened to the Cryomill Dismembranator (Sartorius „Mikro-Dismembranator S‟, 

Stedim Biotech) and dismembranated for 1.0 min at 2,000 rpm to form a fine homogenous 

powder. The canister containing the liver powder was immediately returned to the liquid 

nitrogen bath, and one flat spoonful of liver powder (weighing ~30-70 mg) was scooped into a 

1.5 ml eppendorf tube (for subsequent lipidomic analysis), and placed on dry ice. The remaining 

mouse liver powder was scooped into a 2.0 ml DNase-free and RNase-free tube (for any 

subsequent gene expression analysis), and placed on dry ice. Both tubes were stored at -80°C for 

later analysis. 

 

2.2.2 Reconstitution and sonication of mouse liver powder 

 

The frozen mouse liver powder collected for lipidomic analysis was stored on dry ice, accurately 

weighed on a weighing balance (Mettler Toledo), and reconstituted in 10 volumes of ice-cold 1 

x phosphate buffered saline (PBS), pH 7.5, with vigorous vortexing for 30-60 sec. Each mouse 

liver „homogenate‟ was sonicated on ice for 15 sec at amplitude 23° using a digital probe-

sonifier (Branson). 

 

2.2.3 Determination of total protein content in mouse liver homogenates 

 

Each sonicated mouse liver homogenate was diluted 1:25 with milliQ water, vortexed 

thoroughly and assayed in duplicate using the bicinchoninic acid (BCA) Protein Assay (Pierce 

Biotechnology BCA™ Protein Assay Kit) according to manufacturer‟s kit instructions [114]. 

The mean total protein content calculated for the 167 mouse liver homogenates was 13.3 ± 0.3 

(SEM) mg protein/ml homogenate. Each mouse liver homogenate was diluted to a final stock 
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concentration of 5.0 mg protein/ml with ice-cold PBS (pH 7.5) and stored at -80°C. In addition, 

liver homogenate quality control (QCs) samples were prepared for the liver lipid extraction run 

by pooling equal volumes from at least five stock mouse liver homogenates, and dividing the 

mixture into suitable aliquots. 

 

2.3 PREPARATION OF MOUSE SKELETAL MUSCLE, LEFT-VENTRICLE AND 

ADIPOSE TISSUE FOR LIPID EXTRACTION 

 

2.3.1 Cutting, homogenisation and sonication 

 

Each frozen piece of mouse tissue (skeletal muscle, left-ventricle or adipose) was placed on dry 

ice, cut into a suitable size (~30-70 mg wet weight) with a sterile scalpel blade/handle, placed 

into a 2.0 ml graduated flat-bottomed micro-centrifuge tube (Astral Scientific) on dry ice, 

accurately weighed on a weighing balance, and stored at -80°C for subsequent electric 

homogenisation, sonication, protein determination, and lipid extraction. 

 

On the day of homogenisation, each frozen tissue sample was homogenised in 10 volumes of 

ice-cold PBS (pH 7.5) for 10-15 sec at 30,000 rpm with a PT 3100 Electric Homogeniser 

(Polytron). Between each homogenisation, the homogeniser probe was washed consecutively in 

distilled water, 70% w/v ethanol, and distilled water at 30,000 rpm for 3-5 sec. The tissue 

homogenates were sonicated on ice as previously described for liver homogenates (section 

2.2.2), and kept on ice. 

 

2.3.2 Determination of total protein content 

 

Each sonicated mouse skeletal muscle and left-ventricle homogenate was diluted 1:25, and each 

sonicated mouse adipose homogenate was diluted 1:4 with milliQ water, vortexed thoroughly, 

and assayed in duplicate using the BCA Protein Assay as previously described for liver 

homogenates (section 2.2.3). These dilutions were required to ensure that the protein content of 

each tissue homogenate was comfortably detected on the quadratic-polynomial equation-

generated standard curve (range 1.25-25 μg protein/well). The mean protein content calculated 

for 166 mouse skeletal muscle homogenates, 168 left-ventricle homogenates and 162 adipose 

homogenates was 12.7 ± 0.2, 10.9 ± 0.2, and 4.4 ± 0.2 mg protein/ml respectively. Each mouse 

skeletal muscle and left-ventricle homogenate was diluted to a final stock concentration of 5.0 
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mg protein/ml homogenate, and each mouse adipose homogenate was diluted to a final stock 

concentration of 2.0 mg protein/ml homogenate with the appropriate volume of ice-cold PBS 

(pH 7.5), and stored at -80°C. Furthermore, separate skeletal muscle, left-ventricle and adipose 

homogenate QCs were prepared for the corresponding lipid extraction run as previously 

described for stock mouse liver homogenates (section 2.2.3).  

 

2.4 PREPARATION OF HUMAN SKELETAL MUSCLE FOR LIPID EXTRACTION 

 

2.4.1 Homogenisation, sonication and determination of protein content 

 

As part of the Human insulin resistance and obesity study, a total of 144 frozen human skeletal 

muscle biopsy samples were received on dry ice from the Garvan Institute of Medical Research. 

Each frozen piece of skeletal muscle weighed 20-45 mg wet weight. The electric 

homogenisation, sonication, total protein determination, and preparation of human skeletal 

muscle stock homogenates (5.0 mg protein/ml homogenate) for subsequent lipid extraction was 

performed as previously described for mouse skeletal muscle (sections 2.3.1 and 2.3.2). The 

mean total protein content calculated for the human skeletal muscle homogenates was 10.2 ± 0.2 

mg protein/ml. In addition, 2 µl of the antioxidant butylhydroxytoluene (50 mM in ethanol) was 

added per ml of stock homogenate (final concentration 100 µM), and the stock homogenates 

were stored at -80°C. 

 

2.5 LIPID EXTRACTION OF MOUSE AND HUMAN PLASMA AND TISSUE STOCK 

HOMOGENATES 

 

2.5.1 Lipid extraction protocol 

 

Prior to lipid extraction, 1 µl of the antioxidant butylhydroxytoluene (20 mM in ethanol) was 

added to 200 µl aliquots of plasma samples obtained from the human cohort study (final 

concentration 100 µM) to prevent the oxidation of lipids. A total of eight lipid extraction runs 

were performed for the mouse and human cohort studies, with separate lipid extraction runs 

performed for plasma and each of the tissues for the mouse and human studies.  

 

For each lipid extraction run, plasma or tissue stock homogenate samples were randomised using 

the random number generator website: www.psychicscience.org. In tube order, each extraction 

http://www.psychicscience.org./


27 
 

assay consisted of a “reagent blank” tube (10 µl milliQ water, but no internal standards), a 

“sample blank + internal standards” tube repeated every 40 tubes throughout the assay, a 

“Tamm-Horsfall protein-1 (THP-1) monocyte QC” tube (2 mg protein/ml), specific QC tubes 

corresponding to plasma or tissue samples being extracted (repeated every 15 tubes throughout 

the assay), and an “unextracted internal standards” tube, which does not undergo lipid extraction 

(and can be used to calculate the recovery of lipid internal standards from the extraction 

procedure). 

 

2.5.2 Lipid extraction method 

 

A mixture of 16 different internal standards (50-1000 pmol, 15 µl; Table 2.1) dissolved in 

chloroform:methanol (1:1 v/v) was added to 10 µl plasma or tissue stock homogenate (2-5 mg 

protein/ml) samples in a 1.5 ml eppendorf tube. Lipids were extracted in 20 volumes 

chloroform/methanol (2:1 v/v, 200 µl) using a single-phase extraction method [10,11,115]. 

Briefly, samples were vortexed for 3-5 sec, mixed for 10 min on a rotation mixer, sonicated for 

30 min, and left to stand at room temperature for a further 20 min. Extracts were centrifuged at 

13,000 rpm (16,200 g) for 10 min (Heraeus Fresco 17 centrifuge, Thermo Electron Corporation), 

the supernatant was transferred to a 96-well plate, and dried under nitrogen at 40
o
C for 45 min. 

Lipids were then reconstituted in 50 µl water-saturated butanol, sonicated for 10 min, and 50 µl 

methanol containing 10 mM ammonium formate was added. The extracts were centrifuged at 

4,000 rpm (3,041 g) for 5 min (Heraeus multifuge 1S-R, Thermo Electron Corporation). The 

supernatant (200 µl) was transferred to a 300 µl glass insert placed in a 2.0 ml glass vial with a 

Teflon lined cap (Agilent Technologies) designed to sit in a 54-well plate of an auto-sampler 

attached to a API 4000 Q/TRAP (triple quadrupole) mass spectrometer (Applied Biosystems PE 

Sciex). 

 

2.5.3 Established targeted lipid profiling methodology 

 

Prior to the commencement of my PhD project, targeted lipid profiling methodology was already 

established in the Metabolomics Laboratory at Baker IDI Heart & Diabetes Institute, Melbourne 

(headed by A/Prof Peter Meikle) for the routine measurement of ~270 lipid species (representing 

20-25 classes/subclasses) in human plasma samples (Table 2.1). [11]. The separation of 

extracted lipids was performed using rapid resolution, reverse phase high pressure liquid 

chromatography (HPLC) using 1.8 µm (particle size), 50 × 2.1 mm (internal diameter) Zorbax 
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C18 columns (Agilent Technologies) with gradients of water/methanol/tetrahydrofuran 

combined with electrospray ionisation-tandem mass spectrometry (ESI-MS/MS) and established 

multiple reaction monitoring (MRM) experiments in positive ion-mode. Two solvents were 

prepared for HPLC, with solvents A and B consisting of tetrahydrofuran:methanol:water in the 

ratios 30:20:50 and 75:20:5 by volume respectively, both containing 10 mM ammonium 

formate. In the first chromatography run lasting 14 min, all measured lipid species (5 µl 

injection) except diacylglycerol (DG) and triacylglycerol (TG) species were separated under 

gradient conditions (300 µl/min) as follows: 0% solvent B to 100% solvent B over 8.0 min, then 

100% solvent B for 2.5 min, a return to 0% solvent B over 0.5 min, and 0% solvent B for 2.5 

min prior to the next injection. Columns were heated to 50°C and the auto-sampler regulated to 

25°C. In the second chromatography run, ~70 DG and TG species (1 µl injection) were 

separated using an isocratic flow (100 µl/min) of 85% solvent B over 6 min. The MS default 

settings were: Curtain gas, 10 psi; Turbo-ion spray source, 5000 volts and 350°C; Ion source gas 

1, 40 psi; and Ion source gas 2, 40 psi. Internal standards were commercially available for most 

lipid classes and subclasses investigated. These lipid standards were either commercially 

available stable isotope-labelled (deuterated) or non-physiological (very low abundance in 

biological fluids) (Table 2.1) [11].  

 

LC ESI-MS/MS quantification assays were developed to target many lipid classes, subclasses 

and individual species in plasma, including sphingolipids [dihydroceramide (dhCer), ceramide 

(Cer), monohydrosylceramide (MHC), dihydrosylceramide (DHC), trihydrosylceramide (THC) 

sphingomyelin (SM) and ganglioside (GM3)], glycerophospholipids [phosphatidylcholine (PC),  

phosphatidylethanolamine (PE), phosphatidylinositol (PI), phosphatidylserine (PS), 

phosphatidylglycerol (PG) and bis(monoacylglycerol)phosphate (BMP)], ether-phospholipids 

[alkylphosphatidylcholine (PC(O)) and alkenylphosphatidylcholine (PC(P))], lysophospholipids 

[lysophosphatidylcholine (LPC) and lysoalkylphosphatidylcholine (LPC(O)], sterol lipids 

[cholesteryl ester (CE) and free cholesterol (COH)], and the glycerolipids, DG and TG [9,10,11]. 

 

2.5.4 Acquisition of comparative lipidomic data 

 

Lipid analysis of the chromatographically separated lipids was performed using Analyst 1.5 and 

Multiquant data systems. Lipid peak integration was performed using AB Sciex MultiQuant 

software v1.2. Comparative lipid abundances were calculated by relating the peak area of each 

species to the peak area of the corresponding internal standard. Not all lipid species were  
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Table 2.1 Established methodology for measurement of lipid species using liquid 

chromatography electrospray ionisation tandem mass spectrometry in positive ion mode. 

 

Lipid class or 

subclass
a
 

No. of 

species Internal Standard
b 

 

   Pmol
c 

Parent ion Experiment
d 

dhCer 6 dhCer 8:0 100 [M+H]
+ 

PI, m/z 284.3 

Cer 6 Cer 17:0 100 [M+H]
+
 PI, m/z 264.3 

MHC 6 MHC 16:0 d3 50 [M+H]
+ 

PI, m/z 264.3 

DHC 6 DHC 16:0 d3 50 [M+H]
+
 PI, m/z 264.3 

THC 6 THC 17:0 50 [M+H]
+ 

PI, m/z 264.3 

GM3 6 THC 17:0 50 [M+H]
+
 PI, m/z 264.3 

SM 12 SM 30:1 200 [M+H]
+ 

PI, m/z 184.1 

PC 35 PC 13:0/13:0 100 [M+H]
+
 PI, m/z 184.1 

PC(O) 16 PC 13:0/13:0 100 [M+H]
+ 

PI, m/z 184.1 

LPC 19 LPC 13:0 100 [M+H]
+
 PI, m/z 184.1 

LPC(O) 3 LPC 13:0 100 [M+H]
+ 

PI, m/z 285. 2 

PE 18 PE 17:0/17:0 100 [M+H]
+
 NL, 141 Da 

PI 17 PE 17:0/17:0 100 [M+NH4]
+ 

PI, m/z 184.1 

PS 7 PS 17:0/17:0 100 [M+H]
+
 NL, 185 Da 

PG 4 PG 17:0/17:0 100 [M+NH4]
+
 NL, 189 Da 

BMP 1 BMP 14:0/14:0 100 [M+NH4]
+
 PI, m/z 339.3 

CE 31 CE 18:0 d6 1000 [M+NH4]
+
 PI, m/z 369.3 

COH 1 COH d7 1000 [M+NH4]
+
 PI, m/z 369.3 

DG 27 DG 15:0/15:0 200 [M+NH4]
+
 NL, fatty acid 

TG 44 TG 17:0/17:0/17:0 100 [M+NH4]
+
 NL, fatty acid 

 

a 
For definition of abbreviated lipid class or subclass, see section 2.5.3. 

b 
Amount of internal standard per sample. d3, d6 and d7, deuterated 

c 
Amount of internal standard per sample. 

d 
This methodology was established within the Metabolomics laboratory prior to the commencement of 

this candidature. PI, precursor ion; NL, neutral loss 
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observed in all plasma and tissue samples. The criteria for accepting lipid species for further 

statistical analyses were: 

 

1) The signal was at least three times greater than the average background concentration of the 

“blank + internal standards” tubes. 

2)   The lipid species was detected in at least 93% of mouse samples; and   

3)   The percent coefficient of variance (%CV) of the lipid species (measured in 12-14 specific 

QC samples spaced evenly throughout the lipid extraction assay) was less than 30%.  

 

Lipid levels were calculated as pmol/ml of plasma or pmol/mg protein in tissues. The total 

abundance of each lipid class was calculated as the sum of individual lipid species within that 

class [11]. 

 

2.6 Statistical Analyses 

 

The statistical analyses used to compare body composition, biochemical, metabolic and 

lipidomic data between groups is fully described for the Obese/diabetic db/db mouse study in 

Chapter 4 (section 4.2.6), and for the Human insulin resistance and obesity study in Chapter 6 

(section 6.2.7). Each statistical test was chosen to best suit the unique features of the data being 

analysed, taking into account the distribution and variance of the data, the number of subjects in 

each group, and the question being addressed. 
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CHAPTER 3 ESTABLISHMENT OF TARGETED LIPID PROFILING 

METHODOLOGY TO CHARACTERISE LIPID SPECIES IMPLICATED 

IN THE PATHOGENESIS OF TYPE 2 DIABETES 

 

3.1 INTRODUCTION 

 

3.1.1 Expansion of established targeted lipid profiling methodology 

 

As previously described in Chapter 2 (section 2.5.3), the Metabolomics Laboratory at Baker IDI 

Heart & Diabetes Institute, Melbourne (headed by A/Prof Peter Meikle) already had established 

targeted lipid profiling methodology for the routine measurement of ~270 lipid species in human 

plasma samples using liquid chromatography electrospray ionisation tandem mass spectrometry 

(LC ESI-MS/MS) and established multiple reaction monitoring (MRM) experiments in positive 

ion mode. These lipid species represented 20 different lipid classes and subclasses (Table 2.1).  

 

Despite this comprehensive lipid profiling capability, a number of lipid classes and subclasses 

were not covered by the existing methodology. Furthermore, the measurement of 

phosphatidylethanolamine (PE) species was limited to the measurement of 18 species containing a 

total of 32-40 even-numbered carbons and 0-7 double bonds in the two acyl-linked fatty acids.  

 

In this chapter, I describe the development of targeted lipid profiling methodology and MRM 

experiments to characterise lipids implicated in the pathogenesis of type 2 diabetes (T2D), 

including additional PE species, and species representing the alkylphosphatidylethanolamine 

(PE(O)), alkenylphosphatidylethanolamine (PE(P)), lysophosphatidylethanolamine (LPE) and 

cardiolipin (CL) subclasses. 

 

3.1.2 Evidence that phosphatidylethanolamines, ether-phospholipids and lysophospholipids 

are associated with type 2 diabetes 

 

Targeted lipid profiling using MS techniques quantifies multiple individual lipid species in 

plasma, tissues, and cell culture samples. Using this approach, a number of lipids from various 

classes/subclasses have been linked to the pathogenesis of T2D, including free fatty acids (FFA),  
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the glycerophospholipids phosphatidylcholine (PC) and PE, the sphingolipids ceramide (Cer) and 

sphingomyelin (SM), and the glycerolipids diacylglycerol (DG) and triacylglycerol (TG) 

[9,25,28,29,65,66,67,68,69]. 

 

However, there is evidence that other lipids may be implicated in the pathogenesis of T2D, 

including other species representing PE, its ether-phospholipid and lysophospholipid subclasses, 

and CL (see below). The chemical structure of lipid species representing the PE class, and the 

PE(P), LPE, alkylphosphatidylcholine (PC(O)) and lysophosphatidylcholine (LPC) subclasses 

are shown in Figure 3.1. The PE and PC glycerophospholipid classes are classified according to 

whether the polar head group attached to the phosphate ester group at the sn-3 position of the 

glycerol backbone is ethanolamine or choline respectively. The ether-phospholipid subclasses 

are further divided into alkyl- and alkenyl-phospholipids [i.e., PE(O) and PE(P)] according to 

whether an alkyl chain is linked to the glycerol backbone via an ether- or vinyl-ether bond at the 

sn-1 position respectively]. Lysophospolipids are classified by the attachment of a single fatty 

acid to the glycerol backbone (e.g. LPE and LPC) (Figure 3.1). 

 

PE is an abundant class of phospholipids that are key building blocks of membrane bilayers in 

animal and plants, especially in mitochondria. Graessler et al. showed that some PE species were 

significantly elevated in obese men compared with a group of leaner men [28], and Meikle et al. 

showed that prediabetes and T2D were positively associated with fasting plasma total PE and 

most PE species in two large human cohorts, independent of obesity [9]. In another study, 

Meikle et al. also found that stable coronary artery disease was positively associated with total 

PE and most PE species [10]. Some PE lipids are a source of arachidonic acid for the production 

of proinflammatory eicosanoids. 

 

Some PE(P) species are required for intracellular cholesterol transport and signalling in animal 

tissues [116]. PE(P) deficiency has been implicated in ageing and various degenerative diseases. 

In one study, circulating levels of the eight identified PE(P) species, especially the 20:4 and 22:6 

FA-containing PE(P) species, were significantly reduced in clinical dementia subjects compared 

with normal-cognitive controls, and the magnitude of this decrease correlated with the severity 

of the dementia [117]. Furthermore, young adult monozygotic obese co-twins had decreased 

levels of fasting serum ether-linked PC(O) and PE(O) phospholipids compared with non-obese 

co-twins [29], and both prediabetes and T2D were negatively associated with fasting plasma 

PC(O) and alkenylphosphatidylcholine (PC(P)) subclasses [9].  The vinyl ether linkage of the 
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A. PE 16:1/16:1  

 

B. PE(P-18:0/18:1)  

 

C. LPE 18:1 

 

D. PC(O-18:1/18:1) 

 

E. LPC 18:1 

 

 

 

Figure 3.1 Chemical structures of glycerophospholipid species. Lipid species representing the 

phosphatidylethanolamine (PE) class (A), and alkenylphosphatidylethanolamine plasmalogen (PE(P)) 

(B), lysophosphoethanolamine (LPE) (C), alkylphosphatidylcholine (PC(O)) (D) and 

lysophosphatidylcholine (LPC) (E) subclasses. Source: www.avantilipids.com 

http://www.avantilipids.com/
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PE(P) and PC(P) plasmalogens is susceptible to oxidation by reactive oxygen species [118,119], 

and the double bonds associated with polyunsaturated fatty acids in ether-linked PE(O) and 

PC(O) phospholipids are susceptible to oxidative modification [9]. 

 

In contrast, Donovan et al. found that five PC(O) species and the plasmalogen PE(P-18:0/20:4) 

were elevated in morbidly obese subjects compared with lean subjects, and that the treatment of 

human coronary artery endothelial cells with the PE(P-18:0/20:4) induced expression of cell 

adhesion molecules, indicative of endothelial cell activation and atherogenesis [63]. Heilbronn et 

al. also observed elevations in fasting plasma PE(P) and PE(O) subclasses in response to 28 days 

overfeeding by 1250 kcal/day (45% total energy as fat) in healthy adults [54]. These mixed 

findings highlight the uncertainty of the role of ether-linked phospholipids as antioxidants and/or 

anti-inflammatory molecules. It is likely that disease severity and the heterogenous nature of the 

populations may account for the large discrepancy in relative abundance, pattern of change, and 

phenotypes associated with individual ether-linked phospholipid species.  

 

Although very little is known about the role of LPE lipids in obesity, insulin resistance (IR) and 

T2D, both LPC and LPE are derived from the oxidation of polyunsaturated (particularly 20:4 

and 22:6) FA-containing vinyl ether-linked plasmalogens, PC(P) and PE(P), but are also 

products of PC and PE hydrolysis by secretory phospholipases [54,63]. In subjects with 

myocardial infarction or unstable ischemic attack fed a fatty fish diet for 8 weeks, the significant 

increase in the percentage of the omega n-3 series FAs [eicosapentaenoic acid (20:5n-3), 

docosahexaenoic acid (22:6n-3) and α-linolenic acid (18:3n-3)] in fasting plasma proved 

beneficial, resulting in a significant decrease in lipids from the LPE, LPC, Cer and DG 

classes/subclasses that are potential mediators of IR and inflammation [120]. In agreement with 

these findings, logistic regression analysis revealed that the LPE subclass, and particularly LPE 

20:4 and LPE 22:6 were positively associated with stable coronary artery disease (versus healthy 

controls), which was likely due to the degradation of PE(P) species (i.e., elimination of the vinyl 

ether linkage) by reactive oxygen species [10]. 

 

3.1.3 Chemical and structural features of cardiolipins 

 

Cardiolipins (CL) or diphosphatidylglycerols (1,3-diphosphatidyl-sn-glycerol) are complex 

anionic phospholipids containing two negative charges, with a dimeric structure consisting of 

two phosphatidyl moieties, three distinct glycerol backbones, and four FA side-chains (Figure 



35 
 

3.2). CLs are found predominantly in the mitochondrial inner membrane of eukaryotic cells, but 

also in the mitochondria of higher plants, yeasts, and bacteria, with genetic ancestry traced back 

to bacterial membranes [121]. In mammals, CL is most abundant in heart, in which 80-90% of 

the FA chains are linoleate [18:2(n-6)], with lesser amounts of 18:1, 20:4 and 22:6, and 

tetralinoleoyl-CL (CL 18:2/18:2,18:2/18:2) is the most abundant species [122]. In fact, there is a 

very limited array of fatty acids involved in the biosynthesis of CL species, and the FA 

composition of CL is highly specific to species, organ and cell-type [123]. This highly restrictive 

FA pattern is believed to confer structural uniformity and molecular symmetry across species 

[122]. The predominant 18:2-rich FA composition within CL species is believed to be achieved 

by an acyl chain remodelling process [124].  

 

 

 

Figure 3.2 Chemical structure of tetralinoleoyl-cardiolipin, CL 18:2/18:2,18:2/18:2. 

 

3.1.4 Role of cardiolipins in mitochondrial dysfunction and diabetes 

 

CL is also required for the proper structure and activity of mitochondrial respiratory chain 

supercomplexes involved in oxidative phosphorylation [125], and maintains inner membrane 

fluidity, osmotic stability and potential by interacting with numerous mitochondrial proteins 

[126]. A loss of CL content, alterations in FA chain composition and/or CL peroxidation can 

result in mitochondrial dysfunction leading to a number of pathological conditions including 

ischemia, hypothyroidism, ageing, and heart failure [127]. 

 

CL has also been implicated in the pathogenesis of diabetes and cardiovascular disease. Within 

days after the induction of streptozotocin-induced diabetes in C57BL/6 wild-type mice, there 

was dramatic loss of the two most abundant CL molecular species present in heart, CL 

18:2/18:2,18:2/18:2 and CL 18:1/18:2,18:2/18:2, and a profound remodelling of the remaining 
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CL molecular species, including a 16-fold increase in the content of CL 18:2/22:6,18:2/22:6, 

which preceded the TG accumulation in the diabetic myocardium [64]. Similar alterations in CL 

molecular species were seen in the 4 months old C57BL/6 ob/ob mice (hyperglycaemic diabetic 

state) compared with wild-type mice, but even at 2 months of age (IR, but not hyperglycaemic), 

there were higher quantities of CL 16:1/18:2,18:2/18:2, CL 20:3/18:2,18:2/18:2 and CL 

20:3/18:2,22:6/18:2 in the ob/ob mouse heart compared with wild-type mice [64]. These findings 

are consistent with a role for early (pre-diabetic) alterations in CL species content contributing to 

mitochondrial dysfunction in diabetic cardiomyopathy. 

 

Due to the high content of unsaturated FAs in CL species, and its location near the site of 

reactive oxygen species production, CL is particularly susceptible to peroxidative attack by 

reactive oxygen species. CL peroxidation has been shown to play a critical role in several 

pathophysiological situations, including human and experimental heart failure [128], non-

alcoholic fatty liver [129], and neurodegeneration [130]. Using negative ion mode electrospray 

ionization mass spectrometry, it was found that the major cardiac CL species, CL 

18:2/18:2,18:2/18:2, decreased significantly in failing hearts from spontaneously hypertensive 

male rats, whereas minor species containing a 20:3, 20:4 or 22:6 FA side-chain were 

significantly increased [131]. However, despite the importance of CL in mitochondrial function 

and the pathogenesis of disease states, few studies have quantified individual CL molecular 

species compared with other cellular lipid classes.  

 

3.1.5 Measurement of cardiolipin species by mass spectrometry in positive ion mode 

 

The majority of studies using LC ESI-MS/MS technology have quantified individual CL species 

by measuring negatively charged ions [64,121,123]. Impressively, Han et al. used shotgun 

lipidomics in negative ion mode to identify and quantitate cardiolipin molecular species from 

lipid extracts of mouse heart, liver, and skeletal muscle [123], but this is incompatible with the 

quantification of many other lipid species that use positive ion mode. Therefore, it was important 

to develop targeted profiling methodology for the measurement of CL species using optimal LC 

ESI-MS/MS conditions and established MRM experiments in positive ion mode so that they 

could be measured in a single experiment with the other lipid species of interest. Crucially, Hsu 

et al. was able to structurally characterise CL species isolated from E. coli by detecting sodiated 

adduct ions [M−2H+3Na]
+
 using multiple-stage ion-trap mass spectrometric methods in positive 

ion mode [132].  
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Given the potentially crucial roles that PE, LPE, PE(O), PE(P) and CL lipid species play in the 

pathogenesis of T2D, it was important to identify and characterise as many of these species as 

possible in human and mouse plasma and tissue extracts, so that targeted lipid profiling could be 

developed to measure species of interest in mouse and human studies examining obesity, IR, and 

diabetes. The measurement of these biologically important lipids would complement the list of 

~270 other lipids that are already routinely quantified in our laboratory using LC ESI-MS/MS 

and established MRM experiments in positive ion mode. 

 

3.2 MATERIALS AND METHODS 

 

3.2.1 Optimisation of mass spectrometer acquisition parameters for lipid standards 

 

To develop targeted lipid profiling methodology for the measurement of PE, LPE, PE(O), PE(P) 

and CL species using LC ESI-MS/MS, it was necessary to optimise the MS settings for each 

lipid class and subclass. Acquisition parameters for PE 16:1/16:1 (exact mass = 687.5 Da), 

PE(P-18:0/18:1) (exact mass = 729.6 Da) and CL 14:0/14:0,14:0/14:0 (exact neutral mass = 

1240.9 Da; purchased as a diammonium salt) lipid standards (Avanti Polar Lipids, Alabaster, 

AL) were optimised in both positive- and negative ion mode on an API 4000 Q/TRAP triple 

quadrupole mass spectrometer (Applied Biosystems) using a combination of Q1 (first 

quadrupole) ion scans, product ion scans, and precursor ion scans. 

 

For each standard, a 20 μM stock solution was initially prepared in chloroform/methanol (1:1 

v/v), and 200 nM working solutions were prepared on the day of the experiments with 

methanol/10 mM ammonium formate. Each 200 nM working solution was infused separately 

into the mass spectrometer at 20 l/min. For each lipid standard, Q1 ion scans were acquired 

over 1 min using manual and/or auto tuning to identify distinct molecular parent ion(s) and 

adducts both in positive- and negative ion mode. The Edit Ramp feature was ramped from 0 to 

400 volts to identify the lowest declustering potential (DP) voltage that produced maximum 

signal intensity of the selected parent ion peak in the Q1 ion scan, with the entrance potential 

(EP) set at 10 volts or -10 volts for positive and negative ion modes respectively. 
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Using the assigned optimal voltages for DP and EP and medium collision gas setting, product 

ion scans were acquired to identify distinct daughter ions in Q3 (third quadrupole) generated 

from the fragmentation of the selected parent ion in the collision cell (Q2, second quadrupole). 

Based on the signal intensity and confirmed identification of the daughter ion fragments (from 

isotopic masses), the Edit Ramp feature was used to optimise the collision energy (CollE) 

voltage and subsequently the collision exit potential (CXP) voltage to produce maximum signal 

intensity of the selected daughter ion. In the case of the protonated CL 

14:0/14:0,14:0/14:0[M+H]
+
parent ion, no product ion peaks were initially detected in the 

product ion scan, but the improved resolution obtained with enhanced product ion scans resulted 

in the detection and identification of distinct daughter ion fragments in both positive and 

negative ion mode.  

 

At the time of method development, no suitable LPE standard was available. However, during 

this developmental period, many LPE species were detected in the plasma and tissue extracts by 

MRM experiments incorporating the neutral loss (NL) of mass 141.0 Da (equivalent to the mass 

of the phosphoethanonolamine head group) using the optimal voltages applied to the internal 

standard PE 17:0/17:0. Subsequently, LPE 14:0 became available, was purchased from Avanti 

Polar Lipids, and was included as an internal standard for plasma and tissue samples obtained 

from the Obese/diabetic db/db mouse study (Chapter 4), the Human insulin resistance and 

obesity study (Chapter 6), and the Human short-term overfeeding study [54] using the PE 

17:0/17:0 internal standard for the quantification of LPE species [11].  

 

3.2.2 Identification of phosphatidylethanolamine, ether-phospholipid and lysophospholipid 

species in human plasma 

 

3.2.2.1 Identification of species in human plasma using neutral loss scans 

 

NL scans were performed by LC ESI-MS/MS on a 10 µL human plasma extract from a healthy 

volunteer containing 100 pmol of PE 17:0/17:0 as internal standard using the acquisition 

parameters and optimal voltages determined for the PE 16:1/16:1 standard in positive ion mode 

(Table 1), combined with LC conditions as described previously (section 2.5.3). Three separate 

experiments (5 µl injections) were performed in positive ion mode to identify [M+H]
+
parent ions 

that underwent a NL of mass 141.0 Da in the ranges 400-600 m/z, 600-800 m/z, and 800-1000 

m/z. 
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3.2.2.2 Identification of species in human plasma using stepwise unscheduled multiple 

reaction monitoring experiments 

 

To perform a comprehensive search for other PE, PE(O), PE(P) or LPE species present in the 

same human plasma extract, a total of 16 acquisition methods consisting of stepwise 

unscheduled MRM assignments were constructed, with Q1 values ranging from 451-850 m/z. 

Each acquisition method consisted of 25 paired MRM assignments covering a Q1 range of 25 

m/z units, with each Q1 m/z value corresponding to a potential protonated ([M+H]
+
) parent ion. 

Each Q1 m/z value was paired with two Q3 values representing a NL of mass 141.0 or 142.0 Da 

respectively. MRM experiments were performed by LC ESI-MS/MS using the acquisition 

parameters determined for the PE 16:1/16:1 standard in positive ion mode (Table 3.1), combined 

with LC conditions as described previously (section 2.5.3). The stepwise design of these 16 

acquisition methods enabled the detection of any PE, PE(O), PE(P) or LPE [M+H]
+
 parent ions 

and their corresponding [M+1]
+
 and [M+2]

+
 isotopologues (containing one or two 

13
C-atoms 

respectively in the biological range 451-850 m/z (cut-off < 500 cps peak height). As lipids have a 

distribution of masses driven primarily by 
13

C atoms (accounting for ~1% of the total lipid 

abundance), the scanning of NL of mass 142.0 Da will detect non-monoisotopic lipids 

containing at least one 
13

C-atom. As we are only interested in the signal arising from a NL of 

mass 141.0 Da for monoisotopic lipids, this method allows monoisotopic lipids to be 

chromatographically distinguished from non-monoisotopic lipids. 

 

3.2.2.3 Determination of fatty acid composition of species in human plasma 

 

To confirm the identity and chemical structure of the 65 PE, PE(O) and PE(P) species detected 

in human plasma, it was important to determine the FA-chain composition of each species in the 

same human plasma extract by established LC ESI-MS/MS using the acquisition parameters 

determined for the PE 16:1/16:1 standard in negative ion mode (Table 3.1). A total of 16 

acquisition methods consisting of unscheduled MRM experiments were designed to detect these 

65 species using 46 different Q1 m/z values corresponding to negatively charged [M-H]
-
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Table 3.1 Optimised acquisition parameters for lipid standards on an API 4000 Q/TRAP mass spectrometer. 

 

Lipid Standard
a 

 

Ion mode 

Selected 

parent ion Q1 m/z 

 

Selected daughter ion Q3 m/z 

Voltage settings (volts) 

DP EP CollE CXP 

PE 16:1/16:1 Positive [M+H]
+
 688.5 NL, 141.0 Da 547.5 80 10 30 14 

 Negative [M-H]
-
 686.5 Fatty acid 16:1[M-H]

-
 253.2 -120 -10 -50 -14 

PE(P-18:0/18:1) Positive [M+H]
+
 730.6 NL, 141.0 Da 589.6 55 10 21 8 

 Negative [M-H]
-
 728.5 Fatty acid 18:1[M-H]

-
 281.3 -120 -10 -50 -14 

CL 14:0/14:0,14:0/14:0 Positive *[M+H]
+
 1242.0 DG 14:0/14:0[M+H]

+
 -H2O 495.5 130 10 39 12 

 Negative [M-H]
-
 1239.8 Distinct ion at m/z 525.0 525.0 NM NM NM NM 

 

a 
Mass spectrometer default settings: Curtain gas, 10 psi ; Turbo-ion spray source, 5000 or -5000 volts, 350°C; Ion source gas 1, 40 psi; Ion source gas 2, 40 

psi 

PE, phospatidylethanolamine; PE(P), alkenylphosphatidylethanolamine; CL, cardiolipin; Q1, first quadrupole; Q3, third quadrupole; NL, neutral loss; DG, 

diglyceride; DP, declustering potential; EP, entrance potential; CollE, collision energy; CXP, collision cell exit potential; NM, not measured 

* Distinct parent ions were also detected at m/z 1258.9 for [M+NH4]
+
 and m/z 1264.0 for [M+Na]

+
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parent ions. Each acquisition method consisted of three Q1 [M-H]
- 
parent ion m/z values, with 

each Q1 value assigned to 13 different Q3 [M-H]
- 
daughter ion m/z values corresponding to the  

most abundant FAs found in human plasma, namely 14:0, 15:0, 16:0, 16:1, 17:0, 18:0, 18:1, 

18:2, 18:3, 20:3, 20:4, 22:5 and 22:6. 

 

3.2.3 Identification of cardiolipin species in human plasma and mouse tissues 

 

3.2.3.1 Identification of species in human plasma using unscheduled multiple reaction 

monitoring  

 

Initially, an acquisition method using unscheduled MRM experiments consisting of CL[M+H]
+
 

parent ions (Q1) and their paired diglyceride (DG) adduct daughter ions, DG[M+H]
+
 -H2O (Q3), 

were constructed to identify major CL species [64,121,123,128,131] in positive ion mode using 

the optimal acquisition voltage settings and parameters determined for the CL 

14:0/14:0,14:0/14:0 standard (Table 3.1). Initially, a 10 μl human plasma extract from a healthy 

volunteer containing 50 pmol CL 14:0/14:0,14:0/14:0 as internal standard was analysed using 

established LC ESI-MS/MS conditions in positive ion mode.  

 

3.2.3.2 Identification of species in mouse heart using precursor ion scans 

 

Four separate precursor ion scan experiments (5 µl injections) were performed on a 10 µl wild-

type C57BL/6 mouse heart extract containing 50 pmol CL 14:0/14:0,14:0/14:0 as internal 

standard using the acquisition parameters determined for the CL 14:0/14:0,14:0/14:0 standard in 

positive ion mode (Table 3.1). These experiments were constructed to identify CL[M+H]
+
 parent 

ions that generated the major daughter ions DG 18:2/18:2[M+H]
+
 -H2O, DG 18:2/18:1[M+H]

+
 -

H2O, DG 18:2/20:4[M+H]
+
 -H2O or DG 18:2/22:6[M+H]

+
 -H2O (with Q3 m/z values of 599.5, 

601.5, 623.5 and 647.5 respectively). 

 

3.2.3.3 Identification of species in different mouse tissues using unscheduled multiple 

reaction monitoring experiments 

 

An acquisition method with unscheduled MRM assignments in positive ion mode was 

constructed to quantify the 16 CL species identified in the four precursor ion scans in the mouse 

heart extract. Another acquisition method with unscheduled MRM assignments in positive ion 
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mode was then constructed to identify further CL species [123] in 10 µl wild-type C57BL/6 

mouse heart, skeletal muscle, liver and adipose tissue extracts (two samples from each tissue-

type) containing 50 pmol CL 14:0/14:0,14:0/14:0 as internal standard using the acquisition 

parameters determined for the CL 14:0/14:0,14:0/14:0 standard in positive ion mode (Table 3.1). 

From the 31 CL species tested, 20 CL species were identified and quantified in wild-type 

C57BL/6 mouse heart, with a lesser number of CL species detected in the liver, skeletal muscle 

and adipose tissue extracts. An acquisition method with unscheduled MRM assignments in 

positive ion mode was designed and tested in the same wild-type C57BL/6 mouse heart, skeletal 

muscle, liver and adipose tissue extracts to capture all the DG adduct daughter ions generated 

from each of these 20 abundant CL[M+H]
+
 parent ions, ensuring full coverage of measurements 

(Table 3.5).  

 

3.2.3.4 Quantification of the 20 most abundant cardiolipin species in mouse heart 

 

Finally, an acquisition method with scheduled MRM assignments was constructed to quantify 

the 20 most abundant CL species found in mouse heart extracts. This acquisition method was 

designed so that each CL[M+H]
+
 parent ion was assigned to one of the paired Q3 DG[M+H]

+
 -

H2O adduct daughter ions generated from each isomer within that CL species (Table 3.6). This 

method was used for subsequent measurement of these 20 CL species in plasma and tissue 

samples obtained from the Obese/diabetic db/db mouse study (Chapter 4), the Human insulin 

resistance and obesity study (Chapter 6), and the Human short-term overfeeding study [54] using 

the same optimal voltage settings applied to the CL 14:0/14:0,14:0/14:0 standard in positive ion 

mode.    

 

3.3 RESULTS 

 

3.3.1 Optimal API 4000 Q/TRAP mass spectrometer acquisition parameters and voltages 

for lipid standards 

 

The optimal API 4000 Q/TRAP triple quadrupole MS acquisition parameters obtained for PE 

16:1/16:1, PE(P-18:0/18:1), and CL 14:0/14:0,14:0/14:0 lipid standards in both positive- and 

negative ion modes are shown in (Table 3.1). In positive ion mode, Q1 ion scans showed distinct 

[M+H]
+ 

parent ions for all three standards, and CL 14:0/14:0,14:0/14:0 also generated distinct  
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Figure 3.3 Q1 spectra of a cardiolipin standard, CL 14:0/14:0,14:0/14:0. A 200 nM working solution 

of CL 14:0/14:0,14:0/14:0 was prepared in methanol/10 mM ammonium formate and infused into the 

API 4000 Q/TRAP mass spectrometer at 20 ul/min. Q1 ion scans were performed in positive ion mode 

over 1 min using default settings: Curtain gas, 10 psi ; Turbo-ion spray, 5000 volts, 350°C; Ion source 

gas 1, 40 psi; Ion source gas 2, 40 psi. 
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Figure 3.4 Product ion spectra of alkenylphosphatidylethanolamine plasmalogen and cardiolipin 

standards. Working solutions (200 nM) of the lipid standards were prepared in methanol/10 mM 

ammonium formate, and infused separately into the API 4000 Q/TRAP mass spectrometer at 20 µl/min. 

A product ion scan of PE(P-18:0/18:1)[M+H]
+ 

(A) or enhanced product ion scan of CL 

14:0/14:0,14:0/14:0[M+H]
+
 (B) were performed in positive ion mode over 1 min using optimal voltages 

and default settings (Table 3.1). 

NL, neutral loss; DG, diglyceride 
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[M+NH4]
+
 and [M+Na]

+
 parent ions at m/z 1259.0 and 1263.9 respectively (Figure 3.3). Product 

ion scans revealed that the parent ions PE 16:1/16:1[M+H]
+ 

and PE(P-18:0/18:1)[M+H]
+ 

generated distinct daughter ions at m/z 547.5 and 589.6 respectively, indicating a NL of 141.0 

Da, equivalent to the mass of the phosphoethanolamine head group. The product ion spectra of 

PE(P-18:0/18:1) is shown in Figure 3.4A. An enhanced product ion scan of CL 

14:0/14:0,14:0/14:0[M+H]
+ 

showed a distinct daughter ion peak corresponding to DG 

14:0/14:0[M+H]
+
 -H2O at m/z 495.4 (Figure 3.4B). In negative ion mode, Q1 ion scans showed 

that all three lipid standards generated a distinct [M-H]
- 
parent ion. Product ion scans revealed 

that the parent ions PE 16:1/16:1[M-H]
- 
and PE(P-18:0/18:1)[M-H]

- 
generated distinct daughter 

ions corresponding to fatty acid 16:1[M-H]
- 
and fatty acid 18:1[M-H]

- 
at m/z 253.2 and m/z 281.3 

respectively, whereas CL 14:0/14:0,14:0/14:0[M-H]
-
 generated an unidentified ion fragment at 

m/z 525.0. 

 

3.3.2 Phosphatidylethanolamine, ether-phospholipid and lysophospholipid species 

identified in human plasma 

 

The NL of 141.0 Da scan of a plasma extract from a healthy volunteer using LC ESI-MS/MS 

identified 42 species, including 7 PE, 8 PE(O), 8 PE(P) and 4 LPE species (intensity cut-off  > 

1.0 % of the major species detected). The lipids were initially characterised according to their 

isotopic masses and comparison of retention times with other closely related species (Figure 

3.5). The resolution of the LC is sufficient enough to obtain separate peaks for lipid species with 

identical isotopic masses, and allows identification of these species based on retention times 

[11]. 

 

The sensitivity of MRM experiments is superior to that achieved by NL scans, enabling the 

detection of other PE, PE(O), PE(P) and LPE species in the same human plasma extract. A total 

of 13 LPE and 65 PE, PE(O) and PE(P) species were detected and identified in the human 

plasma extract from a healthy volunteer by stepwise unscheduled MRM experiments (Q1 values 

ranging from 451-850 m/z) according to isotopic mass and comparison of retention times with 

other closely related species (Table 3.2). For example, the isomeric lipid species PE 36:6, PE(O-

37:6) and PE(P-37:5) were detected using the same ion pair (736.6/595.6), but they were able to 

be separated chromatographically at the bond type level (i.e., acyl, alkyl or alkenyl) [133], with 

distinct peaks generated at retention times of 5.91, 6.20 and 6.35 min respectively.  
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Figure 3.5 Identification of phosphatidylethanolamine, alkylphosphatidylethanolamine and alkenylphosphatidylethanolamine species in human 

plasma. Neutral loss of 141.0 Da scans were performed in positive ion mode on a API 4000 Q/TRAP mass spectrometer using optimal voltages and default 

settings (Table 3.1). Species of phosphatidylethanolamine (A), alkylphosphatidylethanolamine (B) and alkenylphosphatidylethanolamine (C) were identified 

according to isotopic mass and comparison of retention times with other closely related species. 
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Table 3.2 Identification of 78 phosphatidylethanolamine, ether-phospholipid and 

lysophospholipid species in human plasma. 

 

No. Lipid species
a 

Q1 m/z of [M+H]
+ 

parent ion 

Q3 m/z of [M+H]
+ 

daughter ion
b
 

Retention time 

(min) 

1 LPE 16:1
 

452.3 311.2 1.53 

2 LPE 16:0 454.3 313.2 2.48 

3 LPE 18:3 476.3 335.2 1.63 

4 LPE 18:2 478.3 337.2 2.01 

5 LPE 18:1 480.3 339.2 2.9 

6 LPE 18:0 482.3 341.2 3.69 

7 LPE 20:4 502.4 361.3 2.13 

8 LPE 20:3 504.4 363.3 2.59 

9 LPE 20:2 506.4 365.3 2.47 

10 LPE 20:1 508.4 367.3 3.27 

11 LPE 22:6 526.4 385.3 2.25 

12 LPE 22:5 528.4 387.3 2.32 

13 LPE 22:4 530.4 389.3 2.52 

14 PE 32:2 688.5 547.4 5.88 

15 PE 32:1 690.5 549.4 6.12 

16 PE 32:0 692.5 551.4 6.35 

17 PE(P-34:2) 700.5 559.4 6.33 

18 PE(O-34:2) 702.5 561.4 6.37 

19 PE(P-34:1) 702.5 561.4 6.5 

20 PE 33:1 704.5 563.4 6.27 

21 PE(O-34:1) 704.5 563.4 6.55 

22 PE(O-34:0) 706.5 565.4 6.79 

23 PE 34:4 712.5 571.4 5.92 

24 PE(O-35:4) 712.5 571.4 6.22 

25 PE 34:3 714.5 573.4 6.03 

26 PE(O-35:3) 714.5 573.4 6.48 

27 PE 34:2 716.5 575.4 6.22 

28 PE 34:1 718.5 577.4 6.43 

 
PE 17:0/17:0 (IS) 720.5 579.4 6.64 

29 PE(O-36:6) 722.5 581.4 6.17 

30 PE(O-36:5) 724.5 583.4 6.2 

31 PE(P-36:4) 724.5 583.4 6.34 

32 PE(O-36:4) 726.6 585.5 6.39 

33 PE 35:3 728.6 587.5 6.2 

34 PE(O-36:3) 728.6 587.5 6.5 

35 PE(P-36:2) 728.6 587.6 6.65 

36 PE 35:2 730.6 589.5 6.4 

37 PE(O-36:2) 730.6 589.5 6.66 

38 PE 35:1 732.6 591.5 6.6 

39 PE 35:0 734.6 593.5 6.81 

40 PE 36:6 736.6 595.5 5.91 

41 PE(O-37:6) 736.6 595.5 6.2 

42 PE(P-37:5) 736.6 595.6 6.35 

43 PE 14:0/22:5 738.6 597.5 6.07 
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No. Lipid species
a 

Q1 m/z of [M+H]
+ 

parent ion 

Q3 m/z of [M+H]
+ 

daughter ion
b
 

Retention time 

(min) 

44 PE(P-37:4) 738.6 597.5 6.49 

45 PE 36:4 740.6 599.5 6.26 

46 PE(P-37:3) 740.6 599.5 6.5 

47 PE 36:3 742.6 601.5 6.31 

48 PE(P-37:2) 742.6 601.5 6.65 

49 PE 36:2 744.6 603.5 6.54 

50 PE 36:1 746.6 605.5 6.72 

51 PE(P-38:6) 748.6 607.5 6.32 

52 PE 36:0 748.6 607.5 6.94 

53 PE(O-38:6) 750.6 609.5 6.38 

54 PE(O-38:5) 752.6 611.5 6.44 

55 PE(P-38:4) 752.6 611.5 6.65 

56 PE(O-38:4) 754.6 613.5 6.68 

57 PE(O-38:3) 756.6 615.5 6.92 

58 PE 38:7 762.6 621.5 6 

59 PE(P-39:6) 762.6 621.5 6.48 

60 PE 38:6 764.6 623.5 6.23 

61 PE 38:5 766.6 625.5 6.32 

62 PE 38:4 768.6 627.5 6.56 

63 PE 38:3 770.6 629.5 6.63 

64 PE 38:2 772.6 631.5 6.76 

65 PE(O-40:7) 776.6 635.5 6.48 

66 PE(P-40:6) 776.6 635.5 6.63 

67 PE 39:6 778.6 637.5 6.38 

68 PE(O-40:6) 778.6 637.5 6.49 

69 PE(P-40:5) 778.6 637.5 6.67 

70 PE(O-40:5) 780.6 639.5 6.73 

71 PE(P-40:4) 780.6 639.5 6.94 

72 PE(O-40:4) 782.6 641.5 6.88 

73 PE(O-40:3) 784.6 643.5 7.18 

74 PE 40:7 790.6 649.5 6.32 

75 PE 40:6 792.6 651.5 6.53 

76 PE 40:5 794.6 653.5 6.69 

77 PE 40:4 796.6 655.5 6.75 

78 PE(O-42:7) 804.7 663.6 7.54 

 
a 
The 11 LPE species highlighted in blue were added to the list of ~270 lipid species routinely measured 

using liquid chromatography electrospray ionisation-tandem mass spectrometry and established multiple 

reaction monitoring experiments (MRM) in positive ion mode (Table 2.1). 
b 
MRM experiments (incorporating NL of 141.0 Da) were performed in positive ion mode on a API 4000 

Q/TRAP mass spectrometer using optimal voltages and default settings (Table 3.1) 

Q1, first quadrupole; Q3, third quadrupole; LPE, lysophosphatidylethanolamine; PE, 

phosphatidylethanolamine; PE(O), alkylphosphatidylethanolamine; PE(P), 

alkenylphosphatidylethanolamine; NL, neutral loss; IS, internal standard 
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Figure 3.6 Determination of fatty acid composition in lipid species in human plasma. Typical spectra for PE 36:4 (Panels A and B) and PE(P-38:4) 

(Panels C and D) in positive ion mode (by neutral loss of mass 141.0 Da) and in negative ion mode (by detection of selected fatty-acid daughter ions) 

respectively on a API 4000 Q/TRAP mass spectrometer using optimal voltages and default settings (Table 3.1).  
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3.3.3 Fatty acid composition of lipid species in human plasma 

 

Full or partial fatty acyl-chain composition was determined in 36 of the 65 PE, PE(O) and PE(P) 

species previously identified by stepwise unscheduled MRM experiments in positive ion mode. 

Typical spectra showing the matching retention times of the peaks detected for PE 36:4 and 

PE(P-38:4) in positive ion mode (incorporating NL of 141.0 Da) and negative ion mode  

(unscheduled MRM experiments incorporating the detection of selected fatty acid daughter ions) 

respectively under optimal LC ESI-MS/MS conditions are shown in Figure 3.6. In positive ion 

mode, the Q1 parent ion PE 36:4[M+H]
+
 (m/z 740.6) generated a Q3 daughter ion (m/z 599.6) 

with a retention time of 6.23 min (Figure 3.6A). In negative ion mode, the Q1 parent ion PE 

36:4[M-H]
-
 (m/z 738.6) generated two Q3 daughter ions, fatty acid 16:0[M-H]

-
 (m/z 255.2) and 

fatty acid 20:4[M-H]
-
 (m/z 303.2), with the same retention time of 6.21 min (Figure 3.6B). 

Subsequent examination of the fatty acid product corresponding to 18:2 or other possible fatty 

acids failed to produce a signal at the specified retention time. These findings indicate that PE 

36:4 consists primarily of fatty acids 16:0 and 20:4, allowing re-identification at the fatty 

acyl/alkyl level as PE 16:0/20:4 [133]. Using the same steps, fatty acid 20:4 was detected as the 

only product of PE(P-38:4) with a retention time of 6.60 min (Figures 3.6C and D).  As 

plasmalogens do not have a fatty acid in the vinyl ether-linked sn-1 position, we deduced that 

this lipid corresponded to PE(P-38:4), and could be re-defined as PE(P-18:0/20:4). Overall, full 

or partial fatty-acyl chain composition was detected in 36 of the 65 PE, PE(O) and PE(P) species 

(Table 3.3). In cases where more than two fatty acids were detected in the same species (e.g. 

18:0, 18:1 and 18:2 were detected in PE 36:2), the possible isomers were identified (i.e., PE 

18:1/18:1 and PE 18:0/18:2), and the relative abundance was measured, but the nomenclature 

remained at the less specific bond type level (PE 36:2).  

 

From the list of 13 LPE and 65 PE, PE(O) and PE(P) species that were identified in the human 

plasma extract using LC ESI-MS/MS and stepwise unscheduled MRM experiments in positive 

ion mode (section 3.3.2), 40 species, including 11 LPE species (highlighted in blue in Table 3.2), 

along with 5 PE, 14 PE(O) and 10 PE(P) species (highlighted in blue in Table 3.3) were added to 

the list of ~270 lipid species routinely measured using LC ESI-MS/MS and established MRM 

experiments in positive ion mode as part of a targeted lipid profiling strategy. Despite 

determining the fatty acid composition of 17 of the 29 selected PE, PE(O) and PE(P) species 

(Table 3.3), the nomenclature used for these species in future mouse and human studies 

examining the pathogenesis of T2D remained at the less specific bond type level (e.g., PE 34:2),  
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Table 3.3 Fatty acid composition of phosphatidylethanolamine and ether-phospholipid 

species in human plasma. 

 

 
Positive ion mode Negative ion mode 

No. 

Q1 m/z of 

[M+H]
+ 

parent ion Lipid  species
a, c 

Q1 m/z of 

[M-H]
- 

parent ion 

Q3 [M-H]
-
 fatty 

acids detected
b 

Possible lipid species
 

1 688.5 PE 32:2 686.5 None PE 32:2 

2 690.5 PE 32:1 688.5 None PE 32:1 

3 692.5 PE 32:0 690.5 None PE 32:0 

4 700.5 PE(P-34:2) 698.5 18:2 PE(P-16:0/18:2) 

5 702.5 PE(O-34:2) 700.5 None PE(O-34:2) 

6 702.5 PE(P-34:1) 700.5 18:1 PE(P-16:0/18:1) 

7 704.5 PE 33:1 702.5 None PE 33:1 

8 704.5 PE(O-34:1) 702.5 None PE(O-34:1) 

9 706.5 PE(O-34:0) 704.5 None PE(O-34:0) 

10 712.5 PE 34:4 710.5 None PE 34:4 

11 712.5 PE(O-35:4) 710.5 None PE(O-35:4) 

12 714.5 PE 34:3 712.5 None PE 34:3 

13 714.5 PE(O-35:3) 712.5 18:2 PE(O-17:1/18:2) 

14 716.5 PE 34:2 714.5 16:0, 18:2 PE 16:0/18:2 

15 718.5 PE 34:1 716.5 16:0, 18:1 PE 16:0/18:1 

 
720.5 PE 17:0/17:0 (IS) 718.5 17:0 PE 17:0/17:0 (IS) 

16 722.5 PE(O-36:6) 720.5 None PE(O-36:6) 

17 724.5 PE(O-36:5) 722.5 None PE(O-36:5) 

18 724.5 PE(P-36:4) 722.5 20:4 PE(P-16:0/20:4) 

19 726.6 PE(O-36:4) 724.6 18:2 PE(O-18:2/18:2) 

20 728.6 PE 35:3 726.6 18:2 PE 17:1/18:2 

21 728.6 PE(O-36:3) 726.6 18:1 PE(O-18:1/18:2) 

22 728.6 PE(P-36:2) 726.6 18:2 PE(P-18:0/18:2) 

23 730.6 PE 35:2 728.6 None PE 35:2 

24 730.6 PE(O-36:2) 728.6 18:2 PE(O-18:0 /18:2) 

25 732.6 PE 35:1 730.6 None PE 35:1 

26 734.6 PE 35:0 732.6 None PE 35:0 

27 736.6 PE 36:6 734.6 None PE 36:6 

28 736.6 PE(O-37:6) 734.6 None PE(O-37:6) 

29 736.6 PE(P-37:5) 734.6 None PE(P-37:5) 

30 738.6 PE 36:5 736.6 14:0 PE 14:0/22:5 

31 738.6 PE(P-37:4) 736.6 20:4 PE(P-17:0/20:4) 

32 740.6 PE 36:4 738.6 16:0, 20:4 PE 16:0/20:4 

33 740.61 PE(P-37:3) 738.6 None PE(P-37:3) 

34 742.6 PE 36:3 740.6 18:1, 18:2 PE 18:1/18:2 

35 742.6 PE(P-37:2) 740.6 None PE(P-37:2) 

36 744.6 PE 36:2 742.6 18:0, 18:1, 18:2 PE 18:1/18:1; PE 18:0/18:2 

37 746.6 PE 36:1 744.6 18:0, 18:1 PE 18:0/18:1 

38 748.6 PE(P-38:6) 746.6 22:6 PE(P-16:0/22:6) 

39 748.6 PE 36:0 746.6 None PE 36:0 

40 750.6 PE(O-38:6) 748.6 20:4, 22:5 

PE(O-18:2/20:4); 

PE(O-16:1/22:5) 
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Positive ion mode Negative ion mode 

No. 

Q1 m/z of 

[M+H]
+ 

parent ion Lipid  species
a, c 

Q1 m/z of 

[M-H]
- 

parent ion 

Q3 [M-H]
-
 fatty 

acids detected
b 

Possible lipid species
 

41 752.6 PE(O-38:5) 750.6 20:3, 22:5 

PE(O-18:2/20:3); 

PE(O-16:0/22/5 

42 752.6 PE(P-38:4) 750.6 20:4 PE(P-18:0/20:4) 

43 754.6 PE(O-38:4) 752.6 20:3 PE(O-18:1/20:3) 

44 756.6 PE(O-38:3) 754.6 18:2 PE(O-20:1/18:2) 

45 762.6 PE 38:7 760.6 None PE 38:7 

46 762.6 PE(P-39:6) 760.6 None PE(P-39:6) 

47 764.6 PE 38:6 762.6 16:0, 18:0, 22:6 PE 16:0/22:6 

48 766.6 PE 38:5 764.6 16:0, 18:1, 20:4, 22:5 PE 18:1/20:4; PE 16:0/22:5 

49 768.6 PE 38:4 766.6 18:0, 20:4 PE 18:0/20:4 

50 770.6 PE 38:3 768.6 20:3 PE 18:0/20:3 

51 772.6 PE 38:2 770.6 None PE 38:2 

52 776.6 PE(O-40:7) 774.6 22:5 PE(O-18:2/22:5) 

53 776.6 PE(P-40:6) 774.6 22:6 PE(P-18:0/22:6) 

54 778.6 PE 39:6 776.6 None PE 39:6 

55 778.6 PE(O-40:6) 776.6 None PE(O-40:6) 

56 778.6 PE(P-40:5) 776.6 22:5 PE(P-18:0/22:5) 

57 780.6 PE(O-40:5) 778.6 22:5 PE(O-18:0/22:5) 

58 780.6 PE(P-40:4) 778.6 20:4 PE(P-20:0/20:4) 

59 782.6 PE(O-40:4) 780.6 None PE(O-40:4) 

60 784.6 PE(O-40:3) 782.6 18:2 PE(O-22:1/18:2) 

61 790.6 PE 40:7 788.6 18:1 PE 18:1/22:6 

62 792.6 PE 40:6 790.6 18:0, 22:6 PE 18:0/22:6 

63 794.6 PE 40:5 792.6 None PE 40:5 

64 796.6 PE 40:4 794.6 18:0 PE 18:0/22:4 

65 804.7 PE(O-42:7) 802.7 None PE(O-42:7) 

 

a  
The identity of 65 PE, PE(O) and PE(P) species was initially determined using liquid chromatography 

electrospray ionisation-tandem mass spectrometry (LC ESI-MS/MS) and stepwise unscheduled multiple 

reaction monitoring (MRM) experiments (incorporating NL of 141.0 Da) in positive ion mode on a API 

4000 Q/TRAP mass spectrometer using optimal voltages and default settings (Table 3.1). 
 

b 
The fatty acid composition of lipid species was determined using unscheduled MRM experiments in 

negative ion mode (by detection of selected fatty acid daughter ions)  
c  

The 29 PE, PE(O) and PE(P) species highlighted in blue were added to the list of ~270 lipid species 

routinely measured using LC ESI-MS/MS and established (MRM) in positive ion mode (Table 2.1). 

Q1, first quadrupole; Q3, third quadrupole; PE, phosphatidylethanolamine; PE(O) 

alkylphosphatidylethanolamine; PE(P), alkenylphosphatidylethanolamine; NL, neutral loss; IS, internal 

standard  
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as the abundance of specific isomers of these lipids was likely to vary in human versus mouse 

plasma, and in different tissues. 

 

3.3.4 Cardiolipin species identified in human plasma and mouse tissues 

 

Using unscheduled MRM experiments consisting of Q1 [M+H]
+ 

parent ions coupled to Q3 DG 

adduct daughter ions (DG[M+H]
+
 -H2O) in positive ion mode, only two CL species, namely CL 

18:2/18:2,18:2/18:2 and CL 18:2/18:2,18:2/18:1, were identified in a human plasma extract. 

Using precursor ion scans, a total of 16 individual CL species were identified that generated the 

major daughter ions DG 18:2/18:2[M+H]
+
-H2O, DG 18:2/18:1[M+H]

+
-H2O, 

DG18:2/20:4[M+H]
+
 -H2O or DG 18:2/22:6[M+H]

+
 -H2O in a C57BL/6 wild-type mouse heart 

extract (Figure 3.7 and Table 3.4). 

 

Using more sensitive unscheduled MRM experiments, at least 11 of the 31 CL species tested 

were detected in all C57BL/6 wild-type mouse tissue (heart, liver, skeletal muscle, and adipose) 

extracts. The mean percent abundance of the 20 most abundant CL species across the four mouse 

tissues is shown in Figure 3.8, with the distribution of the six most abundant CL species in each 

of the tissues shown in Figure 3.9. These six CL species contributed at least 85% to the total CL 

content in all mouse tissue extracts. The total CL content was highest in the heart, with the liver, 

skeletal muscle and adipose tissue containing 31%, 13% and 5% of the heart content 

respectively. Interestingly, CL species containing at least one 22:6 FA chain contributed 24% 

and 21% to the total CL content in heart and skeletal muscle respectively, but only ~2% in liver 

and adipose tissue. The two most abundant CL species in all tissues tested were CL 

18:2/18:2,18:2/18:2 and CL 18:2/18:2,18:2/18:1, combining to contribute 64%, 77%, 52% and 

77% to the total CL content in heart, liver, skeletal muscle and adipose tissue respectively. 

 

3.3.5 Full coverage of the 20 most abundant cardiolipin species in mouse tissues 

 

An acquisition method consisting of unscheduled MRM experiments designed to capture all DG 

adduct daughter ions (DG[M+H]
+
 -H2O) generated from the 20 most abundant CL species in 10 

µL C57BL/6 wild-type mouse tissue extracts (heart, liver, skeletal muscle and adipose) is shown in 

Table 3.5. These 20 CL species consisted of 33 isomers, requiring 63 MRM experiments to 

cover all possible combinations of Q3 DG [M+H]
+
 -H2O daughter ions obtained from collision- 
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Figure 3.7 Precursor ion spectra to identify CL species in C57BL/6 wild-type mouse heart. A total lipid extract from 

mouse heart was infused into the mass spectrometer at 20 ul/min. Precursor ion scans were performed in positive ion 

mode over 30 sec in mass-correlated acceleration mode using optimal voltages and default settings (Table 3.1). Precursor 

ion scans of m/z  647.5 corresponding to DG 18:2/22:6[M+H]
+ 

-H2O (A), m/z 601.5 corresponding to DG 

18:2/18:1[M+H]
+
-H2O (B), and m/z 599.5 corresponding to DG 18:2/18:2[M+H]

+ 
-H2O (C) were acquired to identify CL 

species. 
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Table 3.4 Identity of cardiolipin species in C57BL/6 wild-type mouse heart using precursor 

ion scans in positive ion mode. 

 

No. CL species
a Q1 m/z of [M+H]

+ 

parent ion 

Retention time 

(min) 

% of total CL 

content 

1 CL 18:2/18:2,18:2/16:1 1423.9 7.47 3.0
b
 

2 CL 18:2/18:1,18:2/16:1 1426.0 7.6 1.1 

3 CL 18:2/18:1,18:1/16:1 1428.0 7.73 0.5 

4 CL 18:2/18:2,18:2/18:3 1448.0 7.40 0.4 

5 CL 18:2/18:2,18:2/18:2 1450.0 7.51 27.9
b
 

6 CL 18:2/18:2,18:2/18:1 1452.0 7.63 26.9
b
 

7 CL 18:2/18:1,18:2/18:1 1454.0 7.75 7.0
b
 

8 CL 18:2/18:2,18:2/20:3 1476.0 7.57 1.2 

9 CL 18:2/18:1,18:2/20:3 1478.0 7.67 1.3 

10 CL 18:2/18:1,18:2/20:2 1480.0 7.78 1.2 

11 CL 18:2/22:6,18:2/18:3 1496.0 7.38 1.8 

12 CL 18:2/18:2,18:2/22:6 1498.0 7.48 15.9
b
 

13 CL 18:2/18:1,18:2/22:6 1500.0 7.59 8.8
b
 

14 CL 18:2/18:1,18:2/22:5 1502.0 7.73 0.4 

15 CL 18:2/22:6,18:1/20:4 1524.0 7.58 0.8 

16 CL 18:2/22:6,18:2/22:6 1546.0 7.47 1.8 

 

a Precursor ion scans that generated the major daughter ions DG 18:2/18:2[M+H]
+
 -H2O, DG 

18:2/18:1[M+H]
+
 -H2O, DG 18:2/20:4[M+H]

+
 -H2O or DG 18:2/22:6[M+H]

+
 -H2O were 

performed on a mouse heart lipid extract in positive ion mode on a API 4000 Q/TRAP mass 

spectrometer using optimal voltages and default settings (Table 3.1). 
b 

the six most abundant CL species 

CL, cardiolipin; %, percent 
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Figure 3.8 The 20 most abundant cardiolipin species in C57BL/6 wild-type mouse tissues. Liquid 

chromatography electrospray ionisation-tandem mass spectrometry and unscheduled multiple reaction 

monitoring experiments were performed on mouse tissue extracts (two each from heart, liver, skeletal 

muscle and adipose) in positive ion mode on a API 4000 Q/TRAP mass spectrometer using optimal 

voltages and default settings (Table 3.1). CL data is expressed as mean % abundance ± SEM. At least 11 

of the CL species tested were detected in all mouse tissues.  

CL, cardiolipin; %, percent 
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Figure 3.9 Content and distribution of the six most abundant cardiolipin species in C57BL/6 wild-

type mouse tissue. Liquid chromatography electrospray ionisation-tandem mass spectrometry and 

unscheduled multiple reaction monitoring experiments were performed on mouse tissue extracts (two 

each from heart, liver, skeletal muscle and adipose) in positive ion mode on a API 4000 Q/TRAP mass 

spectrometer using optimal voltages and default settings (Table 3.1). CL data is expressed as mean 

species content (pmol/mg protein). Only two lipid extracts were obtained for each tissue-type. Hence, no 

error bars were generated.  

CL, cardiolipin 

 

 

 

 

 

 

 

 

 

 

 

0

500

1000

1500

2000

2500

heart liver skeletal muscle adipose

p
m

o
l/

m
g

 p
ro

te
in

CL[18:2/18:2,18:2/16:1]

CL[18:2 /18:2,18:2/18:2]

CL[18:2/18:2,18:2/18:1]

CL[18:2/18:1,18:2/18:1]

CL[18:2/18:2,18:2/22:6]

CL[18:2/18:1,18:2/22:6]



58 
 

Table 3.5 Full coverage acquisition method to quantify the 20 most abundant cardiolipin 

species (and corresponding isomers) in C57BL/6 wild-type mouse tissue. 

 

CL Species
a 

Q1 m/z 

[M+H]
+ 

parent ion 

 

DG [M+H]
+
 -H2O 

daughter ion Q3 m/z 

CL 14:0/14:0,14:0/14:0 (IS) 1242.0 DG 14:0/14:0 495.5 

CL 18:2/16:1,18:2/18:2 1423.9 DG 18:2/16:1 573.5 

CL 18:2/18:2,18:2/16:1 1423.9 DG 18:2/18:2 599.5 

CL 18:2/16:1,18:2/18:1 1426.0 DG 18:2/16:1 573.5 

CL 18:1/16:1,18:2/18:2 1426.0 DG 18:1/16:1 575.5 

CL 18:2/18:2,18:1/16:1 1426.0 DG 18:2/18:2 599.5 

CL 18:2/18:1,18:2/16:1 1426.0 DG 18:2/18:1 601.5 

CL 18:2/16:1,18:1/18:1 1428.0 DG 18:2/16:1 573.5 

CL 18:1/16:1,18:2/18:1 1428.0 DG 18:1/16:1 575.5 

CL 18:2/18:1,18:1/16:1 1428.0 DG 18:2/18:1 601.5 

CL 18:1/18:1,18:2/16:1 1428.0 DG 18:1/18:1 603.5 

CL 18:2/18:3,18:2/18:2 1448.0 DG 18:2/18:3 597.5 

CL 18:2/18:2,18:2/18:3 1448.0 DG 18:2/18:2 599.5 

CL 18:2/18:2,18:2/18:2 1450.0 DG 18:2/18:2 599.5 

CL 18:2/18:2,18:2/18:1 1452.0 DG 18:2/18:2 599.5 

CL 18:2/18:1,18:2/18:2 1452.0 DG 18:2/18:1 601.5 

CL 18:2/18:2,18:1/18:1 1454.0 DG 18:2/18:2 599.5 

CL 18:2/18:1,18:2/18:1 1454.0 DG 18:2/18:1 601.5 

CL 18:1/18:1,18:2/18:2 1454.0 DG 18:1/18:1 603.5 

CL 18:2/18:1,18:1/18:1 1456.0 DG 18:2/18:1 601.5 

CL 18:1/18:1,18:2/18:1 1456.0 DG 18:1/18:1 603.5 

CL 18:2/16:1,18:2/22:6 1472.0 DG 18:2/16:1 573.5 

CL 18:2/18:2,16:1/22:6 1472.0 DG 18:2/18:2 599.5 

CL 16:1/22:6,18:2/18:2 1472.0 DG 16:1/22:6 621.5 

CL 18:2/22:6,18:2/16:1 1472.0 DG 18:2/22:6 647.5 

CL 18:2/18:2,18:2/20:4 1474.0 DG 18:2/18:2 599.5 

CL 18:2/20:4,18:2/18 :2 1474.0 DG 18:2/20:4 623.5 

CL 18:2/18:2,18:2/20:3 1476.0 DG 18:2/18:2 599.5 

CL 18:2/20:3,18:2/18:2 1476.0 DG 18:2/20:3 625.5 

CL 18:2/18:2,18:1/20:3 1478.0 DG 18:2/18:2 599.5 

CL 18:2/18:1,18:2/20:3 1478.0 DG 18:2/18:1 601.5 

CL 18:2/20:3,18:2/18:1 1478.0 DG 18:2/20:3 625.5 

CL 18:1/20:3,18:2/18:2 1478.0 DG 18:1/20:3 627.5 

CL 18:2/18:2,18:1/20:2 1480.0 DG 18:2/18:2 599.5 

CL 18:2/18:1,18:2/20:2 1480.0 DG 18:2/18:1 601.5 

CL 18:2/20:2,18:2/18:1 1480.0 DG 18:2/20:2 627.5 

CL 18:1/20:2,18:2/18:2 1480.0 DG 18:1/20:2 629.5 

CL 18:2/18:2,18:1/20:1 1482.0 DG 18:2/18:2 599.5 

CL 18:2/18:1,18:2/20:1 1482.0 DG 18:2/18:1 601.5 

CL 18:2/20:1,18:2/18:1 1482.0 DG 18:2/20:1 629.5 

CL 18:1/20:1,18:2/18:2 1482.0 DG 18:1/20:1 631.5 

CL 18:2/18:2,18:2/22:6 1498.0 DG 18:2/18:2 599.5 
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CL Species
a 

Q1 m/z 

[M+H]
+ 

parent ion 

 

DG [M+H]
+
 -H2O 

daughter ion Q3 m/z 

CL 18:2/22:6,18:2/18:2 1498.0 DG 18:2/22:6 647.5 

CL 18:2/18:2,18:1/22:6 1500.0 DG 18:2/18:2 599.5 

CL 18:2/18:1,18:2/22:6 1500.0 DG 18:2/18:1 601.5 

CL 18:2/22:6,18:2/18:1 1500.0 DG 18:2/22:6 647.5 

CL 18:1/22:6,18:2/18:2 1500.0 DG 18:1/22:6 649.5 

CL 18:2/18:2,18:1/22:5 1502.0 DG 18:2/18:2 599.5 

CL 18:2/18:1,18:2/22:5 1502.0 DG 18:2/18:1 601.5 

CL 18:2/22:5,18:2/18:1 1502.0 DG 18:2/22:5 649.5 

CL 18:1/22:5,18:2/18:2 1502.0 DG 18:1/22:5 651.5 

CL 18:2/18:2,20:3/22:6 1524.0 DG 18:2/18:2 599.5 

CL 18:2/20:3,18:2/22:6 1524.0 DG 18:2/20:3 625.5 

CL 18:2/22:6,18:2/20:3 1524.0 DG 18:2/22:6 647.5 

CL 20:3/22:6,18:2/18:2 1524.0 DG 20:3/22:6 673.5 

CL 18:2/18:1,20:3/22:6 1526.0 DG 18:2/18:1 601.5 

CL 18:2/20:3,18:1/22:6 1526.0 DG 18:2/20:3 625.5 

CL 18:1/20:3,18:2/22:6 1526.0 DG 18:1/20:3 627.5 

CL 18:2/22:6,18:1/20:3 1526.0 DG 18:2/22:6 647.5 

CL 18:1/22:6,18:2/20:3 1526.0 DG 18:1/22:6 649.5 

CL 20:3/22:6,18:2/18:1 1526.0 DG 20:3/22:6 673.5 

CL 18:2/18:2,22:6/22:6 1546.0 DG 18:2/18:2 599.5 

CL 18:2/22:6,18:2/22:6 1546.0 DG 18:2/22:6 647.5 

CL 22:6/22:6,18:2/18:2 1546.0 DG 22:6/22:6 695.5 

 

Liquid chromatography electrospray ionisation-tandem mass spectrometry and unscheduled multiple 

reaction monitoring experiments were performed in positive ion mode on a API 4000 Q/TRAP mass 

spectrometer using optimal voltages and default settings (Table 3.1). Dwell time: 15 msec 
a 

This acquisition method was designed to capture all DG adduct daughter ions (DG[M+H]
+
 -H2O) 

generated from the 20 most abundant CL species in C57BL/6 wild-type mouse tissue extracts (heart, 

liver, skeletal muscle and adipose).  

CL, cardiolipin; DG, diglyceride 
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induced dissociation (CID) of each CL[M+H]
+ 

parent ion. For example, CID of the CL 

18:2/16:1,18:2/18:1[M+H]
+ 

parent ion (Q1 m/z 1426.00) generates four  DG [M+H]
+
 -H2O 

daughter ions (DG 18:2/16:1[M+H]
+
 -H2O, DG 18:1/16:1[M+H]

+
 -H2O, DG 18:2/18:2[M+H]

+
 -

H2O and DG 18:2/18:1[M+H]
+
 -H2O (Q3 m/z values 573.50, 575.50, 599.50 and 601.50 

respectively). The simultaneous measurement of these four daughter ions revealed that the signal 

intensity of each paired Q3 DG [M+H]
+
 -H2O daughter ion was almost identical (i.e., DG 

18:2/16:1[M+H]
+
 -H2O had the same signal intensity as DG 18:2/18:1[M+H]

+
 -H2O; and DG 

18:1/16:1[M+H]
+
 -H2O had the same signal intensity as DG 18:2/18:2[M+H]

+
 -H2O) (data not 

shown). Therefore, each of the 20 CL species could be quantified by assigning one of the paired 

Q3 DG [M+H]
+
 -H2O daughter ions generated from each isomer within that CL species, and that 

the content of each CL species was equal to the sum of the contents of each isomer within that 

CL species.  

 

Finally, an acquisition method containing scheduled MRM experiments and corresponding 

degeneracy factors designed to quantify these 20 CL species in mammalian tissues using LC 

ESI-MS/MS and optimal voltages for CL in positive ion mode is shown in Table 3.6. In cases 

where the CL[M+H]
+ 

parent or isomer ion (e.g. CL 18:2/18:1,18:2/18:1[M+H]
+
) generates two 

identical DG [M+H]
+
 -H2O fragments (i.e., DG 18:2/18:1[M+H]

+
 -H2O), the signal intensity 

generated by this single MRM assignment must be divided by 2 to correct for the redundancy of 

the detected daughter ion.  

 

Therefore, the developmental methods established in this chapter resulted in a total of 60 species 

[11 LPE, 5 PE, 14 PE(O), 10 PE(P) and 20 CL] being added to the list of ~270 lipid species that 

are routinely measured in our laboratory using LC ESI-MS/MS (Table 3.7). 

 

3.4 DISCUSSION 

 

Targeted lipid profiling using mass spectrometry techniques enables the comparative analysis of 

multiple lipid species in plasma, tissues, and cell culture samples, and offers the opportunity to 

examine the complex lipid abnormalities associated with specific disease states. Using this 

approach, a number of lipid species have been associated with obesity, IR and/or T2D, including 

FFA, the phospholipids PC and PE, the sphingolipids Cer and SM, and the glycerolipids DG and 

TG [9,25,28,29,65,66,67,68,69]. Recent evidence suggests that lipid species from other classes 

and subclasses may also contribute to the pathogenesis of T2D, including LPE [10,120], PE(O)  
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Table 3.6 Final acquisition method to quantify the 20 most abundant cardiolipin species in 

C57BL/6 wild-type mouse tissue. 

 

CL species
a 

Q1 m/z of 

[M+H]
+
 parent 

ion
 

 

DG[M+H]
+
-H2O 

daughter ion Q3 m/z 

Retention 

time (min) 

Degeneracy 

Factor 

CL 14:0/14:0,14:0/14:0 (IS) 1242.0 DG 14:0/14:0 495.5 7.11 2 

CL 18:2/16:1,18:2/18:2 1423.9 DG 18:2/16:1 573.5 7.46 1 

CL 18:2/16:1,18:2/18:1 1426.0 DG 18:2/16:1 573.5 7.58 1 

CL 18:1/16:1,18:2/18:2 1426.0 DG 18:1/16:1 575.5 7.58 1 

CL 18:2/16:1,18:1/18:1 1428.0 DG 18:2/16:1 573.5 7.71 1 

CL 18:1/16:1,18:2/18:1 1428.0 DG 18:1/16:1 575.5 7.71 1 

CL 18:2/18:3,18:2/18:2 1448.0 DG 18:2/18:3 597.5 7.40 1 

CL 18:2/18:2,18:2/18:2 1450.0 DG 18:2/18:2 599.5 7.51 2 

CL 18:2/18:1,18:2/18:2 1452.0 DG 18:2/18:1 601.5 7.62 1 

CL 18:2/18:1,18:2/18:1 1454.0 DG 18:2/18:1 601.5 7.74 2 

CL 18:1/18:1,18:2/18:2 1454.0 DG 18:1/18:1 603.5 7.74 1 

CL 18:1/18:1,18:2/18:1 1456.0 DG 18:1/18:1 603.5 7.86 1 

CL 16:1/22:6,18:2/18:2 1472.0 DG 16:1/22:6 621.5 7.45 1 

CL 18:2/22:6,18:2/16:1 1472.0 DG 18:2/22:6 647.5 7.45 1 

CL 18:2/20:4,18:2/18:2 1474.0 DG 18:2/20:4 623.5 7.51 1 

CL 18:2/20:3,18:2/18:2 1476.0 DG 18:2/20:3 625.5 7.56 1 

CL 18:2/20:3,18:2/18:1 1478.0 DG 18:2/20:3 625.5 7.67 1 

CL 18:1/20:3,18:2/18:2 1478.0 DG 18:1/20:3 627.5 7.67 1 

CL 18:2/20:2,18:2/18:1 1480.0 DG 18:2/20:2 627.5 7.78 1 

CL 18:1/20:2,18:2/18:2 1480.0 DG 18:1/20:2 629.5 7.78 1 

CL 18:2/20:1,18:2/18:1 1482.0 DG 18:2/20:1 629.5 7.88 1 

CL 18:1/20:1,18:2/18:2 1482.0 DG 18:1/20:1 631.5 7.88 1 

CL 18:2/22:6,18:2/18:2 1498.0 DG 18:2/22:6 647.5 7.48 1 

CL 18:2/22:6,18:2/18:1 1500.0 DG 18:2/22:6 647.5 7.58 1 

CL 18:1/22:6,18:2/18:2 1500.0 DG 18:1/22:6 649.5 7.58 1 

CL 18:2/22:5,18:2/18:1 1502.0 DG 18:2/22:5 649.5 7.71 1 

CL 18:1/22:5,18:2/18:2 1502.0 DG 18:1/22:5 651.5 7.71 1 

CL 18:2/20:3,18:2/22:6 1524.0 DG 18:2/20:3 625.5 7.52 1 

CL 20:3/22:6,18:2/18:2 1524.0 DG 20:3/22:6 673.5 7.52 1 

CL 18:2/18:1,20:3/22:6 1526.0 DG 18:2/18:1 601.5 7.64 1 

CL 18:2/20:3,18:1/22:6 1526.0 DG 18:2/20:3 625.5 7.64 1 

CL 18:2/22:6,18:1/20:3 1526.0 DG 18:2/22:6 647.5 7.64 1 

CL 18:2/22:6,18:2/22:6 1546.0 DG 18:2/22:6 647.5 7.43 2 

CL 22:6/22:6,18:2/18:2 1546.0 DG 22:6/22:6 695.5 7.43 1 

 

a 
Liquid chromatography electrospray ionisation-tandem mass spectrometry and scheduled multiple 

reaction monitoring experiments were performed in C57BL/6 wild-type mouse tissue extracts (heart, 

liver, skeletal muscle and adipose) in positive ion mode on a API 4000 Q/TRAP mass spectrometer using 

optimal voltages and default settings (Table 3.1). 

CL, cardiolipin; DG, diglyceride 
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Table 3.7 Targeted lipid profiling strategy for the measurement of lipid species using liquid 

chromatography electrospray ionisation tandem mass spectrometry in positive ion mode. 

 

Lipid class or subclass
a 

No. of 

species Internal Standard
 

Parent ion Experiment
b 

Dihydroceramide 6 dhCer 8:0 [M+H]
+ 

PI, 284.3 m/z 

Ceramide 6 Cer 17:0 [M+H]
+
 PI, 264.3 m/z 

Monohexosylceramide 6 MHC 16:0 d3 [M+H]
+
 PI, 264.3 m/z 

Dihexosylceramide 6 DHC 16:0 d3 [M+H]
+
 PI, 264.3 m/z 

Trihexosylceramide 6 THC 17:0 [M+H]
+
 PI, 264.3 m/z 

GM3 ganglioside 6 THC 17:0 [M+H]
+
 PI, 264.3 m/z 

Sphingomyelin 12 SM 12:0 [M+H]
+
 PI, 184.1 m/z 

Phosphatidylcholine 35 PC 13:0/13:0 [M+H]
+
 PI, 184.1 m/z 

Alkylphosphatidylcholine 16 PC 13:0/13:0 [M+H]
+
 PI, 184.1 m/z 

Alkenylphosphatidylcholine 13 PC 13:0/13:0 [M+H]
+
 PI, 184.1 m/z 

Lysophosphatidylcholine 19 LPC 13:0 [M+H]
+
 PI, 184.1 m/z 

Lysoalkylphosphatidylcholine 3 LPC 13:0 [M+H]
+
 PI, 285.2 m/z 

Phosphatidylethanolamine 20 PE 17:0/17:0 [M+H]
+
 NL, 141 Da 

Alkylphosphatidylethanolamine 14 PE 17:0/17:0 [M+H]
+
 NL, 141 Da 

Alkenylphosphatidylethanolamine 12 PE 17:0/17:0 [M+H]
+
 NL, 141 Da 

Lysophosphatidylethanolamine 8 LPE 14:0 [M+H]
+
 NL, 141 Da 

Phosphatidylinositol 17 PE 17:0/17:0 [M+NH4]
+
 PI, 184.1 m/z 

Phosphatidylserine 7 PS 17:0/17:0 [M+H]
+
 NL, 185 Da 

Phosphatidylglycerol 4 PG 17:0/17:0 [M+NH4]
+
 NL, 189 Da 

Bis(monoacylglycerol) phosphate 1 BMP 14:0/14:0 [M+NH4]
+
 PI, 339. m/z 

Cardiolipin 20 CL 14:0/14:0/14:0/14:0 [M+H]
+
 PI, DG[M+H]

+
-H2O 

Cholesterol ester 31 CE 18:0 d6 [M+NH4]
+
 PI, 369.3 m/z 

Free cholesterol 1 COH d7 [M+NH4]
+
 PI, 369.3 m/z 

Diacylglycerol 27 DG 15:0/15:0 [M+NH4]
+
 NL, fatty acid 

Triacylglycerol 44 TG 17:0/17:0/17:0 [M+NH4]
+
 NL, fatty acid 

 

a 
Targeted lipid profiling methodology (multiple reaction monitoring experiments) was developed for 60 

additional lipid species from the classes/subclasses highlighted in blue  
b 
PI, precursor ion scan; NL, neutral loss scan; DG, diglyceride 
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[29,54], PE(P) [29,54,63,117] and CL [64,128,129,130,131]. As part of this PhD project, 

targeted lipid profiling methodology was developed to characterise PE, LPE, PE(O), PE(P) and 

CL species in both human and mouse models of obesity, IR and T2D. 

 

3.4.1 Targeted lipid profiling of PE, PE(O), PE(P) and LPE species 

 

This developmental methodology commenced with the optimisation of acquisition parameters 

and voltage settings for commercially available lipid standards (representing each class/subclass) 

on the API 4000 Q/TRAP triple quadrupole mass spectrometer using Q1 ion scans, product ion 

scans and precursor ion scans. Next, major lipid species in human plasma and mouse plasma and 

tissue extracts were identified using a combination of precursor ion scans, NL loss scans, 

unscheduled stepwise and scheduled MRM experiments in positive ion mode. In addition, full or 

partial fatty acid chain composition was determined in 36 of the 65 PE, PE(O) and PE(P) species 

identified in human plasma using unscheduled MRM experiments in negative ion mode. The 

fatty acid chain composition was unable to be determined in the other 29 species PE, PE(O) and 

PE(P) due to the high background and lower sensitivity encountered in negative ion mode, 

resulting in a higher limit of detection for these lipid product ions.  

 

Although the neutral loss of 141.0 Da resulting from the CID of [M+H]
+ 

diacyl-PE and 1-O-

alkyl-2-acyl-PE parent ions has been used as a diagnostic tool for the determination of PE and 

PE(O) species content in complex lipid mixtures [134], the signal intensity generated by the NL 

of 141.0 Da from [M+H]
+ 

1-O-alk-1‟-enyl-2-acyl-PE parent ions is far less than that generated 

from [M+H]
+ 

diacyl-PE parent ions (34). Using LC ESI-MS/MS in positive ion mode, Zemski 

Berry and Murphy showed that the CID of [M+H]
+ 

PE(P) parent ions in the phospholipid 

membranes of human neutrophils generated two prominent fragment ions [135]. Therefore, it 

was possible to detect all PE(P) species containing arachidonate (20:4) at the sn-2 position by a 

precursor ion scan of m/z 361, and all PE(P) species containing palmitate (16:0) at the sn-1 

position by a precursor ion scan of m/z 364. Although a smaller neutral loss of 141.0 Da was 

observed, this was not the major fragment ion of PE(P) species [135]. Our identification of PE, 

PE(O), PE(P) or LPE species in human plasma was based on stepwise unscheduled MRM 

assignments constructed to detect fragment ions generated from the NL of mass 141.0. The NL 

of mass 141.0 had previously been found to generate the major fragment ion when MS 

acquisition parameters were optimised for the PE 17:0/17:0 standard [11], and we did not 

consider using precursor ion scans to detect the unique fragment ions generated from the CID of 
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the [M+H]
+ 

PE(P-18:0/18:1) parent ion in positive ion mode. Nonetheless, we were still able to 

perform comparative analysis of PE(P) species content from different subject groups, despite the 

lower signal generated by the NL of mass 141.0. However, the abundance of PE(P) species 

relative to other lipids within the same sample could not be considered without an appropriate 

correction. 

 

3.4.2 Targeted lipid profiling of CL species in positive ion mode 

 

Given that CL or diphosphatidylglycerols are complex anionic phospholipids with a dimeric 

structure containing two negative charges, most CL species were previously detected and 

identified in mammalian plasma and tissues using a variety of mass spectrometry methods in 

negative ion mode [64,121,123,128,129,130,131]. However, this was incompatible with the 

established methodology in our laboratory that routinely measures ~270 lipids in positive ion 

mode. One study, however, did employ multiple-stage ion-trap mass spectrometric methods for 

the structural characterization of CL isolated from E. coli, by detecting sodiated adduct ions [M 

−2H + 3Na]+ in positive ion mode [132]. This study reinforced the possibility that targeted 

profiling methodology could be developed using optimal LC ESI-MS/MS conditions in positive 

ion mode to detect, identify and compare relative levels of CL species obtained in mammalian 

plasma and/or tissue extracts from different population cohorts.  

 

It was important to carefully design MRM experiments in positive ion mode to accurately 

quantify each CL species identified in mammalian plasma and/or tissues. An acquisition method 

consisting of unscheduled MRM experiments designed to capture all DG adduct daughter ions 

(DG[M+H]
+
 -H2O) generated from the 20 most abundant CL species in mouse tissue extracts 

(Table 3.5) revealed that each Q1 CL[M+H]
+ 

parent ion m/z value only needed to be assigned to 

one of the paired Q3 DG [M+H]
+
 -H2O daughter ion fragments generated from each isomer 

within that CL species. For example, the parent ion CL 18:2/18:1,18:2/18:1[M+H]
+
 with Q1 m/z 

1454.0 theoretically exist as two isomers, namely CL 18:2/18:2,18:1/18:1[M+H]
+
 and CL 

18:2/18:1,18:2/18:1[M+H]
+
. The signal intensity of the peak area generated by the daughter ions 

DG 18:2/18:2[M+H]
+
 -H2O (Q3 m/z 599.5) and DG 18:1/18:1[M+H]

+
-H2O (Q3 m/z 603.5) from 

the first parent isomer CL 18:2/18:2,18:1/18:1[M+H]
+
 was found to be equal, necessitating one 

MRM experiment only. However, the signal intensity of the peak area generated by the daughter 

ion DG 18:2/18:1[M+H]
+
-H2O (Q3 m/z value 601.5) from the second parent isomer CL 

18:2/18:1,18:2/18:1[M+H]
+
 has to be divided by 2 to correct for the redundancy of the detected 
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daughter ion (second MRM experiment). The total signal intensity obtained for the CL species, 

CL 18:2/18:1,18:2/18:1, was calculated by adding the signal intensity generated from the first 

parent isomer (first MRM experiment) to the redundancy-corrected signal intensity generated 

from the second parent isomer (second MRM experiment; Table 3.6). Redundancy factors also 

needed to be applied the internal standard CL 14:0/14:0,14:0/14:0, and the abundant CL species, 

CL 18:2/18:2,18:2/18:2 and CL 18:2/22:6,18:2/22:6 (Table 3.6).  

 

It was also important to distinguish between low and high abundant isomers in each CL species 

so that only abundant isomers (with inclusion cut-off > 1.0 % of the major species detected) 

were measured in tissue extracts. For example, at Q1 m/z 1450.0, two parent isomers 

theoretically exist in positive ion mode, namely CL 18:2/18:2,18:2/18:2[M+H]
+ 

and 

CL18:2/18:1,18:2/18:3[M+H]
+
. In mouse heart extract, the daughter ion DG 18:2/18:2[M+H]

+
 -

H2O with Q3 m/z 599.5 yielded ~10
6
counts/sec for  peak area (with redundancy factor of 2), 

whereas the paired daughter ions DG 18:2/18:1[M+H]
+
 -H2O and DG 18:2/18:3[M+H]

+
 -H2O 

with Q3 m/z values 601.5 and 597.5 respectively both yielded ~6000 counts/sec for peak area. 

Therefore, the parent isomer CL 18:2/18:2,18:2/18:2 was ~83 times more abundant than CL 

18:2/18:1,18:2/18:3, indicating that the low abundant CL parent isomer was below the inclusion 

cut-off. Likewise, at Q1 m/z 1452.0, two CL parent isomers theoretically exist in positive ion 

mode, namely CL 18:2/18:2,18:2/18:1[M+H]
+
 and CL18:2/18:1,18:1/18:3[M+H]

+
. In a mouse 

heart extract, the paired daughter ions DG 18:2/18:2[M+H]
+
 -H2O and DG 18:2/18:1[M+H]

+
 -

H2O detected at Q3 m/z values 599.5 and 601.5 respectively both yielded ~45000 counts/sec for  

peak area, whereas the paired daughter ions DG 18:2/18:3 [M+H]
+
-H2O and DG 

18:1/18:1[M+H]
+
 -H2O detected at Q3 m/z values 597.5 and 603.5 respectively both yielded 

~500 counts/sec respectively. Therefore, the parent isomer CL 18:2/18:2,18:2/18:1 was ~90 

times more abundant than CL 18:2/18:1,18:1/18:3, indicating that the low abundant CL parent 

isomer was below the inclusion cut-off. 

 

3.4.3 Conclusion 

 

In conclusion, 78 LPE, PE, PE-O and PE-P species were detected and identified in a 10 µl 

human plasma extract using an acquisition method in positive ion mode consisting of scheduled 

MRM experiments incorporating the NL of mass 141.0 Da. Fatty acid composition was 

determined in 36 of the 65 identified PE, PE-O and PE-P species using unscheduled acquisition 

methods in negative ion mode consisting of MRM experiments designed to detect negatively 
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charged fatty acid daughter ions. The fatty acid content of the 13 identified LPE species was 

evident from the positive ion analyses. Based on the abundance and biological significance of 

species identified in each of these classes/subclasses, a total of 40 species (11 LPE, 5 PE, 14 PE-

O and 10 PE-P) were added to the list of ~270 lipid species routinely measured in our laboratory 

using optimal LC ESI-MS/MS conditions and established MRM experiments in positive ion 

mode. 

 

Similarly, from the 31 CL species identified, the 20 most abundant CL species identified in 10 µl 

wild-type C57BL/6 mouse heart extracts (cut-off >1.5 % of the major species detected) were 

quantified in 10 µl wild-type C57BL/6 mouse heart extracts using scheduled MRM experiments 

in positive ion mode designed to detect specific DG daughter ion fragments. These 20 CL 

species were also tested in wild-type C57BL/6 mouse liver, skeletal muscle and adipose extracts, 

and added to the final list of lipid species routinely measured in positive ion mode in a single 

experiment. Simultaneously, MRM experiments were developed by other personnel in our 

laboratory to identify PC(P) species. Therefore, an enhanced targeted lipid profiling strategy 

containing a final list of 330 lipid species (Table 3.7) was employed to characterise lipid profiles 

in plasma and tissue samples obtained from the Obese/diabetic db/dbmouse study (Chapter 4) 

and the Human insulin resistance and obesity study (Chapter 6). 
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CHAPTER 4 CHARACTERISATION OF PLASMA AND TISSUE LIPID 

PROFILES IN A MOUSE MODEL OF TYPE 2 DIABETES 

 

4.1 INTRODUCTION 

 

4.1.1 The db/db genetic mouse model 

 

Leptin is a hormone secreted by adipocytes which acts as a feedback signal on the brain to 

suppress feeding and stimulate metabolism. Normally, leptin production increases in proportion 

to the size of body fat stores [136], and stimulation of a hypothalamic leptin receptor suppresses 

hunger and food intake [100]. Leptin also increases fatty acid oxidation rates in peripheral 

tissues by central and peripheral signaling via leptin receptors [137]. The db gene mutation 

(autosomal recessive point mutation on chromosome 4 with complete penetrance) occurred 

spontaneously in the C57BL/KsJ-db/db strain of mice from the Jackson Laboratory, (Bar 

Harbor, ME, USA). This mutation is a single nucleotide substitution which encodes for an amino 

acid substitution near the carboxyl terminus of a leptin receptor that has a long intracellular 

domain, the long-form leptin receptor (ObRb) [138]. This gene mutation results in a global 

deficiency in the protein expression of the leptin receptor [72], which leads to the development 

of type 2 diabetes (T2D) in homozygous (db/db) mice. 

 

In the db/db mouse, peripheral leptin signalling via short-form leptin receptors is intact, but 

signal transduction via long-form leptin receptors is inhibited in the hypothalamus as well as in 

the periphery [138,139]. Leptin receptor deficiency results in weight gain (due to increased food 

intake), decreased energy expenditure, and insulin resistance (IR). The diabetic phenotype of 

db/db mice is determined by the genetic background on which the mutation is expressed [73]. 

Circulating leptin levels are elevated in db/db mice, reflecting severe leptin resistance [97,98]. 

Central or peripheral administration of recombinant leptin had no effect on food intake or body 

weight in C57BL/KsJ db/db mice [100]. 

 

4.1.2 Progression of disease in the homozygous C57BL/KsJ db/db mouse 

 

The db/db mice with a C57BL/KsJ genetic background provides a good monogenic model of IR, 

obesity and T2D, which is characterised by early obesity, hyperinsulinaemia and IR, progressive 
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hyperglycaemia, hyperlipidaemia and hyperglucagonaemia, and a gradual loss of pancreatic 

function (insulin secretion) resulting in low insulin and extremely high glucose levels 

[73,85,140,141,142,143]. This model closely resembles disease progression to T2D in humans, 

in which the first stage is IR, followed by progressive hyperglycemia, and endocrine pancreatic 

secretory dysfunction [72,91]. 

 

The time-frame of disease progression in the homozygous C57BL/KsJ db/db mouse can be 

divided into three distinct phases. Firstly, at 4-6 weeks of age, the db/db mouse overeats 

(unrestricted standard chow diet), weighs significantly more than the H/H littermates, and has 

hyperinsulinaemia and IR (and normoglycaemia). By 7-9 weeks of age, the time-dependent 

increases in obesity and IR are accompanied by persisting hyperinsulinaemia, hyperlipidaemia 

(elevated plasma non-esterified fatty acids and triglyceride levels), hyperglucagonaemia, and 

hyperglycaemia (diabetes). However, by 14-16 weeks of age, both chronic hyperglycaemia and 

hyperlipidaemia lead to severely decreased insulin secretion in the presence of sustained 

hyperglucagonaemia and IR [85,141,142,143,144]. In contrast, the heterozygous male db/h mice 

develop a milder form of obesity and IR, and do not develop diabetes. The female mice are less 

obese and suffer less severe pathology than their equivalent male genotypes, likely as a result of 

cardio-protection by oestrogen, and survive longer [95,143]. The C57BL/KsJ H/H littermates act 

as appropriate controls.  

 

4.1.3 Other metabolic abnormalities associated with the db/db mice 

 

Homozygous db/db mice also suffer renal impairment from birth (kidney function declines 

rapidly with the onset of diabetes) and contractile cardiac dysfunction (i.e., an increased reliance 

on fatty acids as the preferred fuel for oxidative metabolism), which manifests at 8-10 weeks of 

age [93,145]. There is a significant decrease in respiratory exchange ratio, whole-body oxygen 

consumption rate, exercise capacity, and insulin-stimulated Akt and glycogen synthase kinase 3β 

phosphorylation in six week old db/db mice fed an unrestricted standard chow diet compared 

with age-matched db/h mice [76].  
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4.1.4 Lipidomic analysis of plasma and metabolic tissues in obesity, insulin resistance and 

type 2 diabetes 

 

In humans, obesity, IR and T2D are associated with elevated circulating free fatty acids (FFA) 

and triglycerides [146,147], but the lipid classes and species associated with the onset and 

progression of disease have not been fully elucidated. While there have been a number of studies 

in human cohorts that have examined the plasma lipidome in obesity, IR, prediabetes and/or 

T2D [9,13,26,28,29,148], very few studies have performed comprehensive lipidomic analysis 

(by mass spectrometry) that has compared plasma and metabolic tissue lipid abnormalities in 

obesity, IR and/or T2D [70,149] or sequentially tracked the lipid abnormalities that occur with 

disease progression [65]. Most lipidomic studies to date have only collected one-off fasting 

blood samples from two groups of subjects (e.g. obese versus lean controls) to compare relative 

levels of lipid species from a small number of lipid groups. 

 

The db/db genetic mouse model of leptin receptor deficiency (C57BL/KsJ background) closely 

resembles disease progression to T2D in humans [72,91] and offers an ideal model to investigate 

real time lipid abnormalities associated with the onset of obesity, IR and T2D. In the present 

study, comprehensive lipidomic analysis using liquid chromatography and tandem mass 

spectrometry (LC ESI-MS/MS) was used to investigate temporal (6, 10 and 16 weeks of age) 

and tissue-specific (plasma and liver, adipose, heart and skeletal muscle) changes in the levels of 

lipid classes, subclasses and species associated with the onset of obesity, IR and progression to 

T2D in male and female db/h and db/db mice compared with their corresponding H/H littermates 

(a total of 170 mice were classified into 18 groups containing 7-12 mice per group). As well as 

employing LC ESI-MS/MS and MRM experiments in positive ion mode to routinely quantify 

~270 lipids from 19 lipid subclasses, targeted lipid profiling methodology was developed to 

characterise 60 additional lipid species (11 LPE, 5 PE, 14 PE-O, 10 PE-P and 20 CL) considered 

to be implicated in the pathogenesis of T2D (Chapter 3).  

 

4.2 MATERIALS AND METHODS 

 

4.2.1 Mouse genotypes 

 

All animal experiments were approved by the Alfred Medical Research and Education Precinct 

(AMREP) Animal Ethics Committee. Both homozygous db/db and heterozygous db/h mice were 
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generated in the Jackson Laboratory by backcrossing onto a C57BL/KsJ background (H/H) for 

nine generations, with genotypes verified by PCR using primers previously reported [150]. 

Animals were housed in a temperature-controlled environment with a 12 h light-dark cycle in 

specific pathogen-free conditions, and the study was performed at Baker IDI Heart and Diabetes 

Institute, Melbourne, Australia, in accordance with guidelines from the AMREP Ethics 

Committee and the National Health and Medical Research Council of Australia. 

 

4.2.2 Diet, health monitoring and metabolic tests 

 

The experimental design employed for the db/db mouse study is summarised in Table 4.1A. 

Mice from six groups (male and female H/H, db/h and db/db mice with a C57BL/KsJ 

background) were placed on an unrestricted standard chow diet (14.0 MJ/kg, 8% energy as fat, 

69% as carbohydrate, 23% as protein; Specialty Feeds, Perth, WA, Australia) with free access to 

water for either 6, 10 or 16 weeks (7-12 mice per group at each time-point). The calculated fatty 

acid composition of the chow diet (according to the manufacturer) is shown in Table 4.1B. 

Throughout the designated study period, body weight, blood and urinary glucose, and glycated 

haemoglobin (%) of each mouse were monitored weekly. Once the appearance of glucose in the 

urine was confirmed by consecutive measurements at 8-10 weeks of age (where applicable), the 

above mentioned clinical and biochemical parameters were measured three times weekly leading 

up to the final metabolic tests performed within one week of cull.  

 

One week before the cull (i.e., at 5, 9 or 15 weeks of age), Intraperitoneal Glucose Tolerance 

Test (IPGTT; glucose injection = 1.0 g/kg lean body mass) and Intraperitoneal Insulin Tolerance 

Test (IPITT; insulin injection = 0.5 U/kg lean body mass) were performed in 6 h fasted mice on 

separate days, with blood samples taken from the tail tip at 0, 15, 30, 60 and 120 min for blood 

glucose measurements. Metabolic caging was performed in the Mouse Metabolic Phenotyping 

Facility to measure 24 h food and water intake, and urinary output, preceded by a 200 µl 

submandibular blood sample for measurement of creatinine clearance. 

 

4.2.3 Collection of plasma and tissues from mice at time of cull 

 

At the designated age (6, 10 or 16 weeks), each mouse in the db/db mouse study was fasted for 6 

h, then weighed. A 50-100 ul blood sample was taken from the tail tip, with a drop used for 

glucose measurement (glucometer), and the remainder collected into an appropriate EDTA tube,  



71 
 

 

Table 4.1A Experimental design
a 
for the db/db mouse study. 

Genotypes C57BL/KsJ male and female H/H, db/h and db/db mice 

Sex 87 male and 83 female 

Ages 6 weeks, 10 weeks and 16 weeks  

Numbers 7-12 per group (18 groups: total 170 mice) 

Diet Unrestricted standard mouse chow (8% fat as energy) 

Regular maintenance tests 

Body weight, blood and urinary glucose, glycated 

haemoglobin % 

Tests performed within one 

week of cull 

Metabolic Caging: 24 h food and water intake; urinary output 

2 h IPGTT
b
, 2 h IPITT

c 
(serial blood glucose measurements) 

Cull samples following 6 h 

fast 

Blood (cardiac puncture) and liver, skeletal muscle 

(gastrocnemius), left-ventricle, and adipose (omental) tissue 

for targeted lipid profiling/gene expression
d
 

 
a 

Collaboration with Professor Josephine Forbes and Brooke Harcourt PhD, Glycation and Diabetes 

Laboratory, Baker IDIHeart & Diabetes Institute, Melbourne 
b 

IPGTT, intraperitoneal glucose tolerance test  
c 

IPITT, intraperitoneal insulin tolerance test 
d 

The PhD candidate collected and processed blood and tissue samples, but did not perform maintenance 

or metabolic tests 

 

 

Table 4.1B Calculated fatty acid composition of the chow diet fed ad libitum to the mice.  

Fatty acid
 

Calculated fatty acid composition
e
  

Myristic acid 14:0 0.03%  

Palmitic acid 16:0 0.50% 

Stearic acid 18:0 0.14% 

Palmitoleic acid 16:1  0.01% 

Oleic acid 18:1 1.90% 

Gadoleic acid 20:1 0.03% 

Linoleic acid 18:2 n6 1.30% 

α-Linolenic acid 18:3 n3  0.30% 

Arachidonic acid 20:4 n6 0.01% 

EPA 20:5 n3
f
 0.02% 

DHA 22:6 n3
g 0.05% 

 

e 
Reproduced in part from Specialty Feeds, Perth, WA, Australia (  

f
 EPA, eicosapentaenoic acid 

g 
DHA, docosahexaenoic acid
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placed on ice, centrifuged within 2 h (4,000 g, 15 min, 4°C), and the separated plasma frozen 

and stored at -80°C for subsequent lipid analysis. Each mouse was anaesthetised with an 

intraperitoneal injection of the barbiturate euthal (non-recovery; 100 mg/kg body mass). Mice 

were then exsanguinated by taking a blood sample via cardiac puncture (1 ml, 27G needle), 

followed by immediate removal of the heart (left-ventricle), liver, skeletal muscle 

(gastrocnemius) and adipose (omental) tissues. Tissues were weighed, placed separately into 

pre-labelled 2.0 ml DNase-free and RNase-free tubes, snap frozen in liquid nitrogen, and stored 

at -80°C (freezer). Of the 170 mice that completed the study, a total of 165 plasma, 167 liver, 

166 skeletal muscle, 168 heart, and 162 adipose samples were collected. 

 

4.2.4 Laboratory Analyses 

 

Blood glucose was measured using a glucometer (AccuCheck II, Roche, Castle Hill, NSW, 

Australia) [151], serum insulin was measured using a standard ELISA kit [152] and plasma 

glycated haemoglobin (%) was measured by HPLC [153]. Homeostasis model assessment of 

insulin resistance (HOMA-IR) was calculated as fasting insulin (mU/l) × fasting glucose 

(mmol/l)/22.5. HOMA-IR has yet to be validated as a true measure of “insulin sensitivity” in 

mice, but is used as a comparative surrogate measure in different mouse groups alongside fasting 

plasma glucose and insulin levels. The total glucose area under the curve calculated during the 

IPGTT (AUCIPGTT, mmol/l) and IPITT (AUCIPITT, mmol/l) were used as measures of glucose 

tolerance and insulin tolerance respectively.  

 

4.2.5 Lipid analysis of mouse tissues and plasma 

 

Fasting mouse plasma and tissue (liver, skeletal muscle, left-ventricle and adipose) samples 

collected at the time of cull were prepared for lipid extraction and subsequent targeted lipid 

profiling using LC ESI-MS/MS and Analyst 1.5 MultiQuant data system (AB Sciex) as 

previously described (Chapter 2; sections 2.2, 2.3 and 2.5) [10]. A separate lipid extraction and 

LC ESI-MS/MS analysis was performed for each tissue or plasma sample set. Each analytic run 

containing approximately 170 samples also contained 12-14 evenly spaced quality control (QC) 

samples prepared specifically from a pool of at least eight mouse tissue or plasma samples being 

extracted. All lipids with the exception of the DG and TG species were analyzed in a single LC 

ESI-MS/MS experiment of 14 min, using gradient solvent conditions as described in Materials 
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and Methods, Chapter 2. The DG and TG species were analysed in a separate experiment of 6 

min using isocratic conditions as described in Materials and Methods, Chapter 2.  

 

4.2.6 Statistical analyses 

 

Clinical characteristics and non-lipidomic laboratory data are presented as means ± SEM. Lipid 

levels are expressed as median ± lower and upper quartile values to accommodate for the non-

normal (usually right-skewed) distribution of many lipids. Statistical comparisons of relative 

lipid levels in liver, skeletal muscle, left-ventricle, adipose and plasma between study groups 

was performed using Matlab R2013a (Mathworks Inc, Natick, MA, USA) as detailed below. 

Lipid names were matched to LIPID MAPs nomenclature [16,17] which places lipids into eight 

main categories, and is available online (website http://www.lipidmaps.org). 

 

4.2.6.1 Principal component analysis of global lipid profiles 

 

Principal component analysis (PCA) is a statistical dimension reduction method which converts 

large numbers of lipid species into a few linearly uncorrelated variables, known as principal 

components. These components are basically a linear combination of lipid species, but derived 

in such a way that first component accounts for as much of the variability in the data as possible. 

Each of the subsequent components is derived such that it not only explains the highest variance 

of the data, but is also uncorrelated with the previous components [154]. 

 

In the present study, PCA modelling was used to compare the internal structure of the lipid data 

from different groups. Samples from different groups (e.g. H/H vs. db/h vs. db/db mice) were 

plotted according to their first and second principal components, which were derived using lipid 

levels that were log-transformed to normalise their distribution. In this way, PCA modelling was 

employed to compare the independent effects of 1) gender; 2) age (6 vs. 10 vs. 16 weeks); and 3) 

genotype (H/H vs. db/h vs. db/db) on global liver lipid profiles in each of the tissues and plasma 

for all mice using Matlab R2013a statistical software package (Mathworks). 

 

4.2.6.2 Relationship between gender and lipid levels  

 

Statistical testing of the relationship between gender and lipid classes, subclasses and species in 

plasma and each of the tissues was determined for the three genotypes at each age by the non-

http://www.lipidmaps.org/


74 
 

parametric Mann-Whitney U test (corrected for multiple comparisons using the Benjamini-

Hochberg method [155]. A corrected P-value < 0.05 was considered significant. The following 

analyses were performed:  

 

1)  male H/H vs. female H/H mice at 6 weeks of age 

2)  male H/H vs. female H/H mice at 10 weeks of age 

3)  male H/H vs. female H/H mice at 16 weeks of age 

4)  male db/h vs. female db/h mice at 6 weeks of age 

5)  male db/h vs. female db/h mice at 10 weeks of age 

6)  male db/h vs. female db/h mice at 16 weeks of age 

7)  male db/db vs. female db/db mice at 6 weeks of age 

8)  male db/db vs. female db/db mice at 10 weeks of age 

9)  male db/db vs. female db/db mice at 16 weeks of age 

 

4.2.6.3 Relationship between age and lipid levels 

 

Having established that there were significant differences between gender and lipid levels in 

many of the study groups (see Results section 4.3.3.4), statistical testing of the relationship 

between age (6 vs. 10 vs. 16 weeks) and lipid classes, subclasses and species in plasma and each 

of the tissues was determined independently of gender and genotype. The non-parametric one-

way Kruskal-Wallis test was employed to determine whether any lipid classes, subclasses and/or 

species were statistically different between the three age groups in female or male mice in the 

three genotypes (i.e., six statistical tests). The overall P-value obtained across the three age 

groups was corrected for multiple comparisons using the Benjamini-Hochberg method [155] (P 

< 0.05 was considered significant), and post-hoc analyses between groups were performed using 

the Mann Whitney U test with Dunn-Sidak correction for multiple group comparisons. The 

following analyses were performed: 

 

10)  female H/H mice at 6 weeks of age vs. 10 weeks of age vs. 16 weeks of age  

11) female db/h mice at 6 weeks of age vs. 10 weeks of age vs. 16 weeks of age 

12) f emale db/db mice at 6 weeks of age vs. 10 weeks of age vs. 16 weeks of age 

13)  male H/H mice at 6 weeks of age vs. 10 weeks of age vs. 16 weeks of age  

14)  male db/h mice at 6 weeks of age vs. 10 weeks of age vs. 16 weeks of age 

15)  male db/db mice at 6 weeks of age vs. 10 weeks of age vs. 16 weeks of age 
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4.2.6.4 Relationship between genotype and lipid levels  

 

Statistical testing of the relationship between genotype (H/H vs. db/h vs. db/db) and lipid 

classes, subclasses and species in plasma and each of the tissues was determined independently 

of gender and age. The non-parametric one-way Kruskal-Wallis test was employed to determine 

whether any lipid species and/or lipid classes in each of the tissues were statistically different 

between the three genotype groups in female or male mice at each age (i.e., six statistical tests). 

 

The overall P-value obtained across the three genotype groups was corrected for multiple 

comparisons using the Benjamini-Hochberg approach [155] (P < 0.05 was considered 

significant), and post-hoc analyses between groups were performed using the Mann Whitney U 

test with Dunn-Sidak correction for multiple group comparisons. The following analyses were 

performed: 

 

16) female H/H vs. female db/h vs. female db/db mice (at 6 weeks of age)   

17)  female H/H vs. female db/h vs. female db/db mice (at 10 weeks of age)   

18)  female H/H vs. female db/h vs.female db/db mice (at 16 weeks of age)   

19)  male H/H vs. male db/h vs. male db/db mice (at 6 weeks of age) 

20)  male H/H vs. male db/h vs. male db/db mice (at 10 weeks of age) 

21)  male H/H vs. male db/h vs. male db/db mice (at 16 weeks of age) 

 

4.3 RESULTS 

 

4.3.1 Body composition, biochemical and metabolic characteristics in female mice 

 

In the female mice, there was no significant difference in daily food consumption between the 

H/H, db/h and db/db genotypes at 6 and 10 weeks of age (range: 2.3 to 3.1 g/day). At 16 weeks 

of age, the female db/db mice ate 50% more chow than the female db/h mice (3.3 ± 0.2 vs. 2.2 ± 

0.2 g/day; P < 0.01), and 38% more than their H/H counterparts (2.4 ± 0.3 g/day; P non-

significant (NS)). Body weight was significantly higher in the female db/h and db/db mice 

compared with their H/H littermates at 10 weeks of age (but not six weeks), and strikingly 

higher in the female db/db mice compared with their H/H and db/h littermates at 16 weeks of 

age (Figure 4.1A). Body weight was significantly higher in all genotypes in female mice at 16 

weeks compared with 10 weeks of age. In contrast to body weight, omental fat weight was  
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Figure 4.1 Body composition and biochemical measures in female mice. Body weight (A), omental fat weight 

(B), fasting plasma glucose (C) and fasting plasma insulin (D) in female (F) H/H, db/h and db/db mice on 

unrestricted chow diet at 6, 10 and 16 weeks of age. Values are expressed as mean ± SEM (7-12 mice per group). 
* P < 0.05 vs. corresponding genotype at 6 weeks of age; † P < 0.05 vs. corresponding genotype at 10 weeks of age; 

‡ P < 0.05 vs. H/H mice at same age; $ P < 0.05 vs. db/h mice at same age using Mann-Whitney U  test. 
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already significantly elevated by ≥ 90% in female db/db mice compared withH/H and db/h mice 

at 6 weeks of age (Figure 4.1B). Omental fat weight rose significantly in female db/db mice, but 

not female H/H or db/h mice, at 10 weeks of age compared with 6 weeks of age. Although 

omental fat weight rose significantly in the H/H and db/h mice at 16 weeks of age compared 

with 10 weeks of age, omental fat weight remained significantly higher by ≥ 120% in the female 

db/db mice compared with their H/H and db/h counterparts at 16 weeks of age. There were no 

significant differences in fasting plasma glucose levels in female H/H, db/h and db/db mice at 6 

weeks of age, and fasting glucose levels significantly dropped in female H/H and db/db mice at 

10 weeks of age (Figure 4.1C). At 16 weeks of age, fasting glucose levels significantly increased 

in both female H/H and db/db mice compared with 10 weeks of age, and were now significantly 

higher by 70% in the female db/db mice compared with their db/h counterparts at 16 weeks of 

age. In addition, the female db/db mice had significantly higher glycated haemoglobin (%) than 

the female db/h mice at 16 weeks of age (7.4 ± 1.1 vs. 4.9 ± 0.1%; P < 0.05), but not their H/H 

counterparts (5.9 ± 0.9%; P NS). Similar to the results obtained for omental fat weight, fasting 

plasma insulin levels in the female db/db mice were significantly higher (by ≥ 3-fold) compared 

with both female H/H and db/h mice at 6 weeks of age. Fasting plasma insulin levels remained 

significantly elevated in female db/db mice compared with female H/H mice at 10 weeks of age, 

and compared with female db/h mice 16 weeks of age (Figure 4.1D).  

 

Based mainly on the results obtained for fasting plasma insulin, HOMA-IR in the female db/db 

mice was significantly elevated compared with the H/H mice at 6 and 10 weeks of age, and 

significantly higher than the db/h mice at 16 weeks of age (Figure 4.2A). Of note, total glucose 

area under the curve during the 2 h IPGTT (AUCIPGTT; measure of glucose tolerance) was 

significantly elevated in the female db/h mice compared with H/H mice at 6 weeks of age, and 

significantly higher (by 90%) in the female db/db mice compared with H/H mice at 10 weeks of 

age (Figure 4.2B). Glucose tolerance continued to worsen in female db/db mice, with AUCIPGTT 

significantly higher in female db/db mice compared with both H/H and db/h mice at 16 weeks of 

age. Total glucose area under the curve during the 2 h IPITT (AUCIPITT; measure of insulin 

tolerance) was significantly increased in female db/db mice compared with both H/H and db/h 

mice at 6, 10 and 16 weeks of age, but little change in AUCIPITT was seen in female db/h mice 

with increasing age (Figure 4.2C). The phenotypic abnormalities in female db/h and db/db mice 

compared with their corresponding female H/H littermates at 6, 10 and 16 weeks of age are 

summarised in Table 4.2.  
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4.3.2 Body composition, biochemical and metabolic characteristics in male mice 

 

In the male mice, there was no significant difference in daily food consumption between the 

H/H, db/h and db/db genotypes at 6 weeks of age (range: 2.8 to 3.6 g/day). However, food 

consumption was significantly lower by ≤ 20% in male db/h mice compared with their H/H 

counterparts at 10 and 16 weeks of age, while the male db/db mice showed a trend for greater 

chow consumption compared with the male db/h mice at 16 weeks of age (3.4 ± 0.8 vs. 2.1 ± 0.1 

g/day; P = 0.08). Body weight was significantly elevated in the male db/db mice compared with 

both H/H and db/h mice at 6 weeks of age (Figure 4.3A). Body weight significantly increased in 

the three genotypes at 10 weeks of age, but was proportionally higher in the male db/db mice, 

followed by the db/h and H/H mice. Body weight continued to rise significantly in the male 

db/db and db/h mice at 16 weeks of age, but was 50% higher in the db/db mice relative to the 

db/h mice. Similar to body weight, omental fat weight was significantly higher in male db/db 

mice compared with both H/H and db/h mice at 6 weeks of age (Figure 4.3B). Omental fat 

weight continued to rise significantly in male db/db mice at 10 weeks of age, but not at 16 weeks 

of age. However, there was a significant 2.9-fold rise in omental fat weight in the db/h mice at 

16 weeks of age compared with 10 weeks of age. 

 

There were almost no significant differences in fasting plasma glucose levels in male H/H, db/h 

and db/db mice at 6, 10 or 16 weeks of age (Figure 4.3C). This was similar to the plasma glucose 

findings in female db/db mice, and indicates that the db/db mice in this study did not develop 

diabetes by 16 weeks of age (i.e., fasting plasma glucose was expected to reach 25-30 mmol/l). 

However, these db/db mice were pre-diabetic, and would have developed diabetes if they were 

allowed to age more. 
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Figure 4.2 Metabolic measures in female mice. HOMA-IR, homeostasis model assessment of insulin resistance 

(A), AUCIPGTT, total glucose area under the curve during intraperitoneal glucose tolerance test (B), and AUCIPITT, 

total glucose area under the curve during intraperitoneal insulin tolerance test (C) in female (F) H/H, db/h and db/db 

mice on unrestricted chow diet at 6, 10 and 16 weeks of age. Values are expressed as mean ± SEM (7-12 mice per 

group). * P < 0.05 vs. corresponding genotype at 6 weeks of age; † P < 0.05 vs. corresponding genotype at 10 

weeks of age; ‡ P < 0.05 vs. H/H mice at same age; $ P < 0.05 vs. db/h mice at same age using Mann-Whitney U 

test. 
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Table 4.2 Female and male db/h and db/db mice phenotypes compared with their 

corresponding H/H littermates. 
 

Age 

(weeks) 

db/h mice db/db mice 

Female Male Female Male 

6 Glucose intolerant Not different to male 

H/H mice 

Fasting 

hyperinsulinaemia and 

IR 

Mildly obese and 

glucose intolerant, 

with trend for raised 

fasting insulin  

(P = 0.07) 

10 Mildly obese with 

fasting 

hyperglycaemia and 

IR 

Mildly obese and 

glucose intolerant 

Mildly obese and 

glucose intolerant, with 

fasting hyperglycaemia 

and hyperinsulinaemia,  

and IR 

Obese with 

fasting 

hyperinsulinaemia 

and IR 

16 Not different to 

female H/H mice 

Obese and glucose 

intolerant, with low 

fasting insulin and 

insulin sensitive 

Obese and glucose 

intolerant 
Severely obese and 

glucose intolerant, 

with trend for raised 

fasting insulin  

(P = 0.08) 

 

IR, insulin resistant based on homeostasis model assessment of insulin resistance (HOMA-IR) 
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Figure 4.3 Body composition and biochemical measures in male mice. Body weight (A), omental fat weight (B), 

fasting plasma glucose (C) and fasting plasma insulin (D) in male (M) H/H, db/h and db/db mice on unrestricted 

chow diet at 6, 10 and 16 weeks of age. Values are expressed as mean ± SEM (7-12 mice per group).  

* P < 0.05 vs. corresponding genotype at 6 weeks of age; † P < 0.05 vs. corresponding genotype at 10 weeks of age; 

‡ P < 0.05 vs. H/H mice at same age; $ P < 0.05 vs. db/h mice at same age using Mann-Whitney U  test. 
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However, the male db/db mice had significantly higher glycated haemoglobin (%) than the male 

db/h mice at 16 weeks of age (8.7 ± 1.1vs. 5.1 ± 0.1%; P < 0.01), but not their H/H counterparts 

(7.0 ± 1.7%; P NS). Although there appeared to be a substantial rise in fasting plasma insulin 

levels in male db/db mice compared with H/H and db/h mice at 6 and 10 weeks of age, this rise 

was only significant at 10 weeks of age (Figure 4.3D). Fasting plasma insulin remained 

significantly elevated in the male db/db compared with db/h mice at 16 weeks of age.  

 

Although HOMA-IR appeared to be elevated in the male db/db mice compared with the H/H and 

db/h mice at all three age groups, this rise was only significant at 10 weeks of age (Figure 4.4A) 

due to the large variance in the db/db mice. Notably, AUCIPGTT was significantly elevated in the 

male db/db compared with H/H and db/h mice at 6 weeks of age (Figure 4.4B). At 10 weeks of 

age, AUCIPGTT rose significantly in the male db/h mice compared with H/H mice, but AUCIPGTT 

remained significantly elevated in the male db/db compared with both H/H and db/h mice at 16 

weeks of age. Similar to the pattern seen with fasting plasma insulin, AUCIPITT was significantly 

increased in male db/db mice compared with H/H and db/h mice at 10 and 16 weeks of age, but 

not at 6 weeks of age (Figure 4.4C). However, there was a significant rise in AUCIPITT in male 

db/h mice compared with H/H mice at 16 weeks of age. The phenotypic abnormalities in male 

db/h and db/db mice compared with their corresponding male H/H littermates at 6, 10 and 16 

weeks of age are summarised in Table 4.2. 

 

4.3.3. Assay performance of lipid measurements 

 

The number of individual lipid species that were sufficiently abundant (i.e., detected in at least 

93% of samples) in mouse tissue homogenates (liver, skeletal muscle, left-ventricle and adipose) 

and plasma for comparative statistical analyses between study groups is shown in Table 4.3. This 

number ranged from 227 lipid species in liver to 271 species in left-ventricle and plasma. 

Notably, plasma contained more ether- and vinyl ether-linked species (PC(O), PC(P), PE(O) and 

PE(P)) and lyso-species (LPC and LPE), but less DG and CL species than the tissues.  

 

To assess the assay performance of our lipidomic profiling we determined the coefficient of 

variation (%CV) of each lipid species using the 12-14 specific QC samples spaced evenly 

throughout each tissue analysis. The median %CV in the plasma QCs was 9.6% (from 271 lipid 

species), while the median %CV in skeletal muscle homogenate QCs was 19.7% (from 238 lipid 

species) (Table 4.4). In plasma QCs, 90% of the lipid species had a CV less than 18.6%, and this 
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Figure 4.4 Metabolic measures in male mice. HOMA-IR, homeostasis model assessment of insulin resistance (A), 

AUCIPGTT, total glucose area under the curve during intraperitoneal glucose tolerance test (B), and AUCIPITT, total 

glucose area under the curve during intraperitoneal insulin tolerance test (C) in male (M) H/H, db/h and db/db mice 

on unrestricted chow diet at 6, 10 and 16 weeks of age. Values are expressed as mean ± SEM (7-12 mice per group). 

* P < 0.05 vs. corresponding genotype at 6 weeks of age; † P < 0.05 vs. corresponding genotype at 10 weeks of age; 

‡ P < 0.05 vs. H/H mice at same age; $ P < 0.05 vs. db/h mice at same age using Mann-Whitney U  test.
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.Table 4.3 Lipid species quantified in mouse tissues and plasma. 

 

 

Lipid class or subclass 

Number of lipid species 

Liver 

Skeletal 

muscle 

Left-

ventricle Adipose Plasma 

Sphingosine 0 0 1 1 1 

Ceramide 6 5 6 6 6 

Monohexosylceramide 5 5 3 4 6 

Dihexosylceramide 1 0 2 0 0 

Trihexosylceramide 0 0 1 0 0 

GM3 ganglioside 0 1 5 0 0 

Sphingomyelin 10 13 15 15 19 

Phosphatidylcholine 42 45 43 45 48 

Alkylphosphatidylcholine 12 10 17 17 20 

Phosphatidylcholine plasmalogen 9 9 13 9 13 

Lysophosphatidylcholine 7 8 15 13 22 

Lysoalkylphosphatidylcholine 0 0 1 1 7 

Phosphatidylethanolamine 20 18 18 19 13 

Alkylphosphatidylethanolamine 5 7 11 9 11 

Phosphatidylethanolamine plasmalogen 3 9 9 10 9 

Lysophosphatidylethanolamine 5 4 8 6 6 

Phosphatidylinositol 8 14 13 10 15 

Lysophosphatidylinositol 0 0 0 0 3 

Phosphatidylserine 7 7 7 7 2 

Phosphatidylglycerol 5 5 5 4 0 

Bis(monoacylglycerol) phosphate 1 0 2 1 0 

Cardiolipin 11 13 17 5 0 

Cholesteryl ester 10 5 7 14 18 

Free cholesterol 1 1 1 1 1 

Diacylglycerol 22 17 16 20 11 

Triacylglycerol 37 42 35 41 40 

Total 227 238 271 258 271 
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result was highest in liver homogenate QCs (32.2%). In plasma, only 1% of lipid species had a 

CV of greater than 30%, and this result was highest in liver homogenate QCs (11%). Those lipid 

species within QC samples that had a CV greater than 30% were primarily found in low 

abundance (< 50 pmol/mg protein in tissues or < 200 pmol/ml in plasma). 

 

4.3.4 Early changes in plasma and tissue lipid profiles in db/h mice 

 

Given that the db/h mouse is a good monogenic model of obesity, it was biologically important 

to determine which lipid abnormalities occurred in db/h mice before the onset of obesity, and 

whether these lipids were precursors (biomarkers) to the worsening lipid abnormalities that 

accompanied the onset of obesity and insulin resistance. As shown in Table 4.5, the earliest lipid 

abnormalities were detected in both male db/h mice (plasma only) and female db/h mice (plasma 

and all tissues) at 6 weeks of age, even though these mice were clinically and metabolically 

similar to the corresponding H/H mice (i.e., no significant differences were found in body 

weight, omental fat weight, fasting plasma glucose, fasting plasma insulin, HOMA-IR, 

AUCIPGTT or AUCIPITT; Figures 4.1 to 4.4).  

 

Significantly elevated levels of five plasma lipid classes/subclasses (MHC, PC, PE, PI and CE) 

and 42 species were observed in male db/h compared with male H/H mice at 6 weeks of age. 

These included multiple species of sphingolipids (Cer, MHC and SM), major 

glycerophospholipids (PC and PE), plasmalogens (PE(P)), lysophospholipids (LPE), PI and CE 

(Table S4.5). Notably, this list did not include any DG or TG species. However, only 13 plasma 

lipid species were significantly different in female db/h mice compared with female H/H mice at 

6 weeks of age, including significantly higher levels of three TG species (TG 14:0/16:1/18:1, TG 

14:1/16:1/18:0 and TG 16:1/16:1/16:1) and significantly lower levels of multiple species of 

PC(O), PC(P) and PE(O) (Table S4.10).  

 

Similar to the pattern seen in plasma, relatively few lipid abnormalities occurred in liver, skeletal 

muscle, left-ventricle and adipose tissue in female db/h mice compared with female H/H mice at 

6 weeks of age (Table 4.5). There were 14 liver lipid species that were significantly increased in 

female db/h mice compared with female H/H mice at 6 weeks of age, including three CE species 

(CE 16:1, CE 18:0 and CE 18:1), two DG species (DG 16:1/18:0 and DG 16:1/18:1) and eight
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Table 4.4 Assay performance of lipid measurements in mice tissue and plasma. 

 

Assay performance
a
 Liver 

Skeletal 

muscle 

Left-

ventricle Adipose Plasma 

Total number of lipids measured 227 238 271 258 271 

Median %CV
b
 for lipid species 13.6 19.7 13.2 15.4 9.6 

90% Percentile %CV 32.2 30.2 25.8 28.0 18.6 

Number of lipid species with CV > 30% 26 24 20 17 3 

 

a  
Based on 12-14 quality controls prepared specifically for each tissue or plasma extraction procedure, 

and evenly spaced throughout run  
b  

%CV, percent coefficient of variation
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Table 4.5 Early lipid abnormalities in male db/h mice (plasma only) and female db/h mice 

(plasma and tissues) at 6 weeks of age compared with corresponding H/H mice.  
 

Male db/h mouse 

phenotype Early lipid abnormalities in male db/h mice  

Not different to 

male H/H mice 

Plasma: five lipid classes/subclasses (MHC, PC, PE, PI and CE) and 

42 species significantly elevated, including multiple species of Cer, 

MHC, SM (six species), PC (eight species containing only even-

numbered carbon fatty acids), PE (all 13 species), PE(P), LPE, PI and 

CE 

Female db/h 

mouse phenotype Early lipid abnormalities in female db/h mice 

Glucose intolerant Plasma: three TG species significantly elevated (TG 14:0/16:1/18:1, 

TG 14:1/16:1/18:0 and TG 16:1/16:1/16:1); and ten lipids significantly 

lower, including two PC(O) species, two PC(P) species and three PE(O) 

species 

 

Liver: CE subclass and 14 lipids significantly elevated, including three 

CE species (CE 16:1, CE 18:0 and CE 18:1), two DG species (DG 

16:1/18:0 and DG 16:1/18:1) and eight TG species 

 

Skeletal muscle: three PC species significantly elevated (PC 28:0, PC 

32:1 and PC 34:4); and PC(O-38:4) significantly lower 

 

Left-ventricle: CL 18:2/18:2/18:2/16:1, DG 18:1/20:4 and TG 

18:1/18:1/20:4 significantly elevated 

 

Adipose: eight lipids significantly elevated, including five PC(P) 

species, PE(O-36:5) and PE(P-36:4); and two lipids significantly lower 
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TG species (containing only even-numbered carbon fatty acids) (Table S4.6). Additionally, CL 

18:2/18:2/18:2/16:1 was significantly elevated in left-ventricle, and there was a significant rise 

in five PC(P) species and PE(P-36:4) in adipose in female db/h mice at 6 weeks of age (Table 

S4.9). 

 

4.3.5 Dominant effect of genotype, and not gender or age, on global lipid profiles 

 

Initially, PCA modelling was employed to compare the independent effects of 1) gender; 2) age 

(6 vs. 10 vs. 16 weeks); and 3) genotype (H/H vs. db/h vs. db/db) on global liver lipid profiles 

(i.e., levels of all measured lipid species) in plasma and each of the tissues for all mice. In 

particular, PCA plots comparing global liver lipid profiles in the three genotypes revealed good 

right-shifted separation of the PC1 axis in db/db mice compared with both H/H and db/h mice 

(Figure 4.5A). In contrast, PCA plots comparing global liver lipid profiles in female and male 

mice (Figure 4.5B) and the three age groups (Figure 4.5C) revealed little separation between the 

groups. Therefore, PCA plots comparing the independent effect of genotype on global lipid 

profiles in skeletal muscle, left-ventricle, adipose and plasma are presented in Figure 4.6 (A to 

D). Good right-shifted separation of the PC1 lipid axis occurred in left-ventricle of db/db mice 

compared with both H/H and db/h mice (Figure 4.6B), and there was a tendency towards right-

shifted separation of the PC1 lipid axis in skeletal muscle, adipose and plasma of db/db mice. In 

contrast, PCA plots comparing the independent effects of gender and age on global lipid profiles 

in skeletal muscle, left-ventricle, adipose and plasma revealed little separation between the 

groups (data not shown).  

 

4.3.6 Relationship between gender and global lipid profiles 

 

Using the non-parametric Mann-Whitney U test corrected for multiple comparisons with the 

Benjamini-Hochberg method [155], lipid species and classes/subclasses that were significantly 

different between male and female H/H, db/h and db/db mice at 6, 10 and 16 weeks of age were 

identified (Table 4.6). There were substantial differences between genders in the liver lipid 

profiles in H/H and db/h mice at 16 weeks of age, in the skeletal muscle lipid profile in H/H 

mice at 10 weeks of age, and in the left-ventricle lipid profile in db/h mice at 10 weeks of age. 

There were also very large differences between genders in the plasma lipid profiles in H/H mice 

at 10 and 16 weeks of age, and in db/h mice at 6, 10 and 16 weeks of age, whereby the number 
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Figure 4.5 Principal component analysis (PCA) modellingof liver lipid profiles. The independent 
effects of genotype (H/H  vs. db/h vs. db/db) (A), gender (B) and age (6 vs. 10 vs.16 weeks) (C) on liver 

lipid profiles (i.e., log-transformed lipid levels) were compared in mice fed an unrestricted chow diet. 
Each PCA plot shows the 95 percentile ellipse. F, female; M, male. 
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Figure 4.6 Principal component analysis (PCA) modelling of tissue and plasma lipid profiles. The 

independent effects of genotype (H/H vs. db/h vs. db/db) on lipid profiles (i.e., log-transformed lipid 

levels) in skeletal muscle (A), left-ventricle (B), adipose (C) and plasma (D) were compared in mice fed 

an unrestricted chow diet. Each PCA plot shows the 95 percentile ellipse.        

H/H 
95 percentile ellipse (H/H) 
db/db 
95 percentile ellipse (db/db) 
db/h 
95 percentile ellipse (db/h) 

 

 

 

 

A 

B 

C 

D 



91 
 

Table 4.6 Relationship between gender and lipid species and classes/subclasses in tissues 

and plasma in H/H, db/h and db/db mice. 
 

  Number of significant lipids
b 

Tissue
a 

Genotype 6 weeks
 

10 weeks
 

16 weeks 

Liver H/H 0 (0)
 

4 (0) 44 (3) 

227 (21)
 

db/h 0 (0) 0 (0) 80 (2) 

 db/db 0 (0) 0 (0) 0 (0) 

Skeletal muscle H/H 0 (0) 84 (5) 0 (0) 

238 (21) db/h 0 (0) 0 (0) 0 (0) 

 db/db 0 (0) 0 (0) 0 (0) 

Left-ventricle H/H 0 (0) 15 (0) 0 (0) 

271 (25) db/h 0 (0) 42 (2) 15 (0) 

 db/db 0 (0) 0 (0) 0 (0) 

Adipose H/H 0 (0) 0 (0) 0 (0) 

258 (22) db/h 0 (0) 0 (0) 2 (1) 

 db/db 0 (0) 0 (0) 0 (0) 

Plasma H/H 0 (0) 202 (12) 52 (0) 

271 (20) db/h 152 (13) 121 (5) 192 (16) 

 db/db 0 (0) 0 (0) 0 (0) 

 
a 
 Tissue analysed and the total number of lipid species and (classes/subclasses) measured 

b 
The number of lipid species and (classes/subclasses) found to be significantly different between male 

and female mice (P < 0.05 using Mann-Whitney U  test with Benjamini-Hochberg correction for multiple 

lipid comparisons). 
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of lipid species and classes that were significantly different between male and female mice in 

these groups ranged from 121 to 202 lipid species and five to 16 classes/subclasses (Table 4.6). 

In contrast, there were almost no differences between genders in adipose lipid profiles in any of 

the groups, and more specifically, there was no difference between genders in any tissue or 

plasma lipid profiles in db/db mice (Table 4.6). 

 

4.3.7 Relationship between age and global lipid profiles 

 

Using the Kruskal-Wallis test across the three age groups (with the overall P-value corrected for 

multiple comparisons with the Benjamini-Hochberg method [155], and subsequent post-hoc 

analyses, we identified lipid species and classes/subclasses that were significantly different 

between the different ages in female and male mice within each genotype (Table 4.7). The effect 

of age on lipid profiles in each tissue is summarised as follows: 

 

Liver: There was no difference in the liver lipid profiles at different ages in any genotypes in the 

female mice. However, there were significant differences between ages (overall) in 25 liver lipid 

species in male db/db mice, which were mainly attributable to significant differences in lipid 

levels at 16 weeks of age (Table 4.7). 

 

Skeletal muscle: There were significant differences between ages (overall) in 45 skeletal muscle 

lipid species (and five classes/subclasses) in female H/H mice, but no differences in male H/H 

mice. In female db/h mice, there were significant differences between ages (overall) in 124 

skeletal muscle lipid species (and 11 classes/subclasses), which were mainly due to differences 

in lipid levels at 6 weeks of age (Table 4.7). In contrast, the significant differences between ages 

(overall) in the skeletal muscle lipid profile in female db/db mice was mainly attributable to 

differences in lipid levels at 16 weeks of age. Notably, there were fewer significant differences 

between ages (overall) in skeletal muscle lipids in male db/h and db/db mice compared with the 

corresponding female genotypes.  

 

Left-ventricle: There was no difference in the left-ventricle lipid profiles at different ages in 

female H/H mice. A small number of lipids (23) overall were affected in the female db/h mice, 

while a relatively large number of lipids overall were affected in the female db/db mice, which 

was mainly driven by differences at 16 weeks of age. In contrast, all male genotypes had a  
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Table 4.7 Relationship between age and lipid species and classes/subclasses in tissues and 

plasma in H/H, db/h and db/db mice. 
 

  Female mice Male mice 

  Number of significant lipids Number of significant lipids 

Tissue
a 

Genotype Overall
b 

10 vs. 6 

weeks
c 

16 vs. 6 

weeks
c 

16 vs. 10 

weeks
c
 Overall

b 
10 vs. 6 

weeks
c
 

16 vs. 6 

weeks
c
 

16 vs. 10 

weeks
c
 

Liver H/H 0(0)
 

0 (0)
 

0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 

227 (21)
 

db/h 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 

 db/db 0 (0) 0 (0) 0 (0) 0 (0) 25 (0) 3 (0) 19 (0) 20 (0) 

Skeletal 

muscle H/H 45 (5) 15 (2) 33 (3) 26 (4) 0 (0) 0 (0) 0 (0) 0 (0) 

238 (21) db/h 124 (11) 101 (10) 86 (7) 26 (1) 48 (3) 27 (3) 48 (3) 11 (0) 

 db/db 45 (1) 4 (0) 34 (1) 41 (1) 26 (0) 13 (0) 24 (0) 17 (0) 

Left-

ventricle H/H 0 (0) 0 (0) 0 (0) 0 (0) 74 (10) 55 (8) 70 (9) 0 (0) 

271 (25) db/h 23 (0) 20 (0) 19 (0) 5 (0) 106 (13) 89 (12) 88 (12) 4 (0) 

 db/db 100 (13) 0 (0) 89 (13) 82 (11) 100 (11) 37 (9) 81 (6) 44 (1) 

Adipose H/H 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 

258 (22) db/h 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 

 db/db 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 

Plasma H/H 158 (12) 106 (10) 21 (1) 85 (7) 8 (1) 8 (1) 8 (1) 0 (0) 

271 (20) db/h 0 (0) 0 (0) 0 (0) 0 (0) 10 (0) 1 (0) 10 (0) 9 (0) 

 db/db 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 
 

a 
Tissue analysed and the total number of lipid species and (classes/subclasses) measured

 

b 
The number of lipid species and (classes/subclasses) found to be significantly different between ages for 

each genotype (overall) using the Kruskal Wallis test with Benjamini-Hochberg correction for multiple 

lipid comparisons. P < 0.05 was considered significant 
c 

The number of lipid species and (classes/subclasses) found to be significantly different using post-hoc 

analysis by Mann Whitney U test with Dunn-Sidak correction for multiple group comparisons. P < 0.05 

was considered significant. 
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relatively large number of left-ventricle lipids affected by age, which were primarily driven by 

differences at 6 weeks of age (Table 4.7).  

 

Adipose: There was no difference in adipose lipid profiles at different ages in any genotypes in 

female or male mice (Table 4.7). 

 

Plasma: There were many differences in plasma lipid profiles in female H/H mice at different 

ages (Table 4.7).  

 

4.3.8 Relationship between genotype and global lipid profiles 

 

From this point onwards, the term “effect of genotype” is regularly used to describe the 

differences in lipid profiles (i.e., lipid classes/subclasses and/or species) observed between 

genotype groups, independently of gender and age. We acknowledge that genotype was not 

adjusted for other independent variables (covariates) that may influence lipid profiles (e.g. diet, 

body weight, fasting plasma glucose, fasting plasma insulin), but prefer to use the term “effect of 

genotype”  for convenience and simplicity.   

 

Using the Kruskal-Wallis test across the three genotypes (with the overall P-value corrected for 

multiple comparisons with the Benjamini-Hochberg method [155]), and subsequent post-hoc 

analyses, we identified lipid species and classes/subclasses that were significantly different 

between the different genotypes in female and male mice at 6, 10 and 16 weeks of age (Table 

4.8). Generally, the genotype effect was stronger than that seen for gender (Table 4.6) or age 

(Table 4.7). However, there was no effect of genotype on lipid profiles in liver, skeletal muscle 

and adipose in female mice at 16 weeks of age. In male mice, there was no effect of genotype on 

lipid profiles in liver, skeletal muscle, left-ventricle and adipose at 6 weeks of age, and only 

minimal effects on the plasma lipid profile at 16 weeks of age. The effect of genotype on lipid 

profiles in each tissue is summarised as follows: 

 

Liver: A genotype effect was apparent for a substantial number of lipid species and classes 

overall in female mice both at 6 and 10 weeks of age, resulting primarily from differences in the 

db/db mice (Table 4.8). A similar genotype effect was seen in male mice both at 10 and 16 

weeks of age.  
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Table 4.8 Relationship between genotype and lipid species and classes/subclasses in tissues 

and plasma in H/H, db/h and db/db mice. 

 

 
a 
Tissue analysed and the total number of lipid species and (classes/subclasses) measured. 

b 
The number of lipid species and (classes/subclasses) found to be significantly different between 

genotypes at each age (overall) using the Kruskal Wallis test with Benjamini-Hochberg correction for 

multiple lipid comparisons. P < 0.05 was considered significant. 
c 

The number of lipid species and (classes/subclasses) found to be significantly different using post-hoc 

analysis by Mann Whitney U test with Dunn-Sidak correction for multiple group comparisons. P < 0.05 

was considered significant. 

 

  Female mice Male mice 

  Number of significant lipids Number of significant lipids 

Tissue
a 

Age 

(wks) Overall
b 

db/hvs. 

H/H
c 

db/db vs. 

H/H
c
 

db/db vs. 

db/h
c
 Overall

b
 

db/h  vs. 

H/H
c 

db/db vs. 

H/H
c
 

db/dbvs.     

db/h
c
 

Liver 6 101 (5)
 

14 (1)
 

84(4) 70 (4) 0 (0) 0 (0) 0 (0) 0 (0) 

227(21)
 

10 61 (3) 0 (0) 56 (3) 57 (2) 108 (6) 21 (2) 102 (5) 85 (4) 

 16 0 (0) 0 (0) 0 (0) 0 (0) 107 (9) 6 (0) 100 (9) 85 (5) 

Skeletal 

muscle 6 52 (3) 4 (0) 47 (3) 44 (3) 0 (0) 0 (0) 0 (0) 0 (0) 

238 (21) 10 146 (14) 99 (13) 75 (3) 108 (8) 88 (4) 9 (0) 82 (3) 19 (1) 

 16 0 (0) 0 (0) 0 (0) 0 (0) 116 (7) 34 (5) 80 (2) 82 (4) 

Left-

ventricle 6 117 (9) 3 (0) 108 (7) 97 (7) 0 (0) 0 (0) 0 (0) 0 (0) 

271 (25) 10 161 (15) 19 (2) 136 (9) 142 (13) 155 (10) 36 (2) 116 (4) 114 (7) 

 16 73 (2) 0 (0) 54 (1) 68 (2) 111 (5) 19 (2) 93 (4) 86 (2) 

Adipose 6 165 (14) 10 (0) 144 (13) 147 (10) 0 (0) 0 (0) 0 (0) 0 (0) 

258 (22) 10 156 (12) 7 (1) 145 (12) 60 (8) 137 (14) 17 (3) 130 (12) 19 (0) 

 16 0 (0) 0 (0) 0 (0) 0 (0) 192 (16) 124 (10) 172 (15) 11 (0) 

Plasma 6 151 (7) 13 (0) 97 (3) 136 (6) 105 (8) 42 (5) 85 (7) 40 (3) 

271 (20) 10 99 (4) 21 (1) 97 (4) 61 (2) 46 (1) 1 (0) 43 (1) 40 (2) 

 16 62 (2) 2 (0) 45 (1) 60 (2) 6 (0) 3 (0) 3 (0) 6 (0) 
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Skeletal muscle: A substantial number of lipids (52) overall were affected by genotype in 

female mice at 6 weeks of age, which was mainly attributable to differences in the db/db mice 

(Table 4.8). Impressively, 146 lipid species overall were affected by genotype in female mice at 

10 weeks of age, with all three genotypes contributing to the differences in lipid species. A large 

number of lipids overall were affected by genotype in male mice both at 10 and 16 weeks of age, 

mainly driven by differences between db/db and H/H mice at 10 weeks of age, and by 

differences in db/db mice at 16 weeks of age. 

 

Left-ventricle: A very large number of lipids overall were affected by genotype in female mice 

at 6, 10 and 16 weeks of age, which was mainly attributable to differences in db/db mice (Table 

4.8). A similar genotype effect was seen in male mice both at 10 and 16 weeks of age. 

 

Adipose: A very large number of lipids overall were affected by genotype in female mice at 6 

and 10 weeks of age, mainly driven by differences in db/db mice (Table 4.8). A very large 

number of lipids overall were affected by genotype in male mice both at 10 and 16 weeks of age, 

primarily driven by differences between db/db and H/H mice at 10 weeks of age, and by 

differences in db/db and db/h mice compared with H/H mice at 16 weeks of age. 

 

Plasma: The genotype effects on plasma lipid profiles overall in female mice at 6 and 10 weeks 

of age were similar to those seen in liver, left-ventricle and adipose, being mainly attributable to 

differences in the female db/db mice (Table 4.8). The genotype effect on the plasma lipid profile 

overall in female mice at 16 weeks of age was very similar to that seen in left-ventricle. A large 

number of plasma lipids overall were affected by genotype in male mice at 6 weeks of age, with 

all three genotypes contributing to the differences in lipid species. In contrast, the tissues 

exhibited no genotype effect on lipid profiles in male mice at 6 weeks of age. A substantial 

number of lipid species (46) overall were affected by genotype in male mice at 10 weeks of age, 

mainly driven by differences in db/db mice. 

 

The results described in sections 4.3.6 to 4.3.8 above clearly show that the independent effect of 

genotype on global lipid profiles in tissues and plasma was consistently more substantial and 

ubiquitous than the independent effects of gender or age, which confirm the earlier findings 

using PCA modelling (section 4.3.5). 
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4.3.9 Comparison of lipid classes and species in db/db vs. H/H mice 

 

The dominant effect of genotype was examined in greater detail by determining not only which 

lipid classes, subclasses and species in each of the tissues and plasma were significantly different 

between genotypes (H/H, db/h or db/db) in both male and female mice at 6, 10 and 16 weeks of 

age, but also the magnitude and direction of change. This information is highlighted in Tables 

4.9 to 4.13 (relationship between genotype and lipid classes and subclasses) and Supplementary 

Tables S4.1 to S4.10 (relationship between genotype and lipid species). 

 

Based on the results shown in Table 4.8 and section 4.3.8, it is clear that, in the majority of 

cases, the effects of genotype on the lipid profiles in tissues and plasma were mainly due to 

differences in lipid levels in the db/db mice relative to the db/h or H/H mice for both genders. In 

addition, the differences in lipid profiles seen in db/db versus H/H mice and db/db versus db/h 

mice in each tissue or plasma were generally very similar. However, the effects of genotype on 

lipid profiles in each tissue and plasma were quite different in male compared with female mice. 

Therefore, for clarity and convenience, the following results section summarizes the most 

important effects of genotype (based on the number, magnitude and direction of change of 

significantly different lipid classes, subclasses and species) in each tissue and plasma in male 

db/db mice compared with male H/H mice, and in female db/db mice compared with female H/H 

mice (at each age group). 

 

For ease of comparison, the lipid classes and subclasses were divided into seven main lipid 

groups, namely 1) sphingolipids (Sph, Cer, MHC, DHC, THC, GM3 and SM); 2) the major 

glycerophospholipids (PC and PE); 3) ether- and vinyl ether-linked phospholipids (PC(O), 

PC(P), PE(O) and PE(P)); 4) lysophospholipids (LPC, LPC(O) and LPE); 5) other 

glycerophospholipids (PI, PS, PG and BMP); 6) cardiolipins (CL); and 7) cholesteryl esters and 

glycerolipids (CE, DG and TG). 

 

4.3.9.1 Liver lipid profiles in male db/db vs. H/H mice  

 

There were no differences in the liver lipid profiles in 6 week old male mice. Early liver lipid 

abnormalities in male db/db versus H/H mice (at 10 weeks of age) included significantly higher 

total levels of five lipid classes (LPE, BMP, CE, DG and TG) (Table 4.9A and Figure 4.7) and  
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Table 4.9A Relationship between genotype and liver lipid classes and subclasses in male mice. 

 

Lipid 

class 

6 weeks  10 weeks  16 weeks  

P-

valuea 

db/h 

vs. 

H/Hb 

db/db 

vs. 

H/Hb 

db/db 

vs. 

db/hb 

P-

valuea 

db/h 

vs. 

H/Hb 

db/db 

vs. 

H/Hb 

db/db 

vs. 

db/hb 

P-

valuea 

db/h 

vs. 

H/Hb 

db/db 

vs. 

H/Hb 

db/db 

vs. 

db/hb 

Cer 0.823 0.0 0.0 0.1 0.686 0.0 -0.1 0.2 0.746 0.0 0.0 0.1 

MHC 0.533 0.3 0.0 -0.2 0.991 0.0 0.0 0.0 0.378 0.0 -0.1 -0.4 

DHC 0.719 -0.1 0.0 0.1 0.704 0.0 0.3 0.0 0.080 0.8 1.1 0.0 

SM 0.362 0.2 0.0 -1.3 0.449 0.0 -0.1 -0.4 0.046 0.0 -1.4 -1.1 

PC 0.953 0.0 0.0 0.0 0.628 0.1 0.2 0.0 0.265 -0.1 -0.5 -0.3 

PC(O) 0.467 0.0 -0.8 -0.3 0.112 0.0 -1.0 -0.6 0.076 0.0 -1.5 -0.5 

PC(P) 0.514 0.1 -0.1 -0.5 0.257 0.0 -0.7 -0.3 0.002 -0.7 -3.2 -2.1 

LPC 0.459 0.7 0.4 0.0 0.041 0.4 1.0 1.3 0.024 0.1 1.7 1.2 

PE 0.730 0.1 0.0 -0.1 0.733 -0.1 0.1 0.0 0.131 0.0 -1.0 -0.6 

PE(O) 0.467 0.0 -0.1 -0.8 0.167 -0.1 -1.1 0.1 0.319 0.0 -0.5 -0.2 

PE(P) 0.469 0.0 -0.1 -0.8 0.704 0.0 -0.1 0.0 0.013 0.0 -2.1 -1.5 

LPE 0.398 1.1 0.5 0.0 0.005 1.8 3.3 0.2 0.006 1.2 2.5 0.5 

PI 0.825 0.0 0.0 0.0 0.465 0.0 0.5 0.0 0.559 -0.1 -0.1 0.1 

PS 0.613 0.0 0.0 -0.5 0.961 0.0 0.0 0.0 0.033 -0.1 -1.9 -0.7 

PG 0.794 0.0 0.0 -0.1 0.909 0.0 0.0 0.0 0.075 0.0 -1.0 -1.0 

BMP 0.516 0.0 0.1 0.5 0.021 0.0 2.4 0.8 0.378 0.2 0.4 0.0 

CL 0.717 0.0 0.0 -0.2 0.827 0.0 0.0 0.0 0.148 -0.6 -0.8 0.0 

CE 0.339 0.1 0.9 0.9 0.001 0.3 3.5 3.1 0.009 0.0 1.7 2.2 

COH 0.448 0.2 0.0 -0.9 0.856 0.0 0.0 0.0 0.974 0.0 0.0 0.0 

DG 0.516 0.3 0.3 0.0 0.005 0.1 2.6 2.1 0.013 0.0 1.9 1.8 

TG 0.549 0.0 0.1 0.4 0.001 1.4 4.1 3.1 0.002 -0.1 3.1 3.0 

 
Table 4.9B Relationship between genotype and liver lipid classes and subclasses in female mice. 

 

Lipid 

class  

6 weeks  10 weeks  16 weeks  

P-

valuea 

db/h 

vs. 

H/Hb 

db/db 

vs. 

H/Hb 

db/db 

vs. 

db/hb 

P-

valuea 

db/h 

vs. 

H/Hb 

db/db 

vs. 

H/Hb 

db/db 

vs. 

db/hb 

P-

valuea 

db/h 

vs. 

H/Hb 

db/db 

vs. 

H/Hb 

db/db 

vs. 

db/hb 

Cer 0.016 -0.1 1.8 2.3 0.248 0.0 0.2 1.1 0.181 -0.6 0.0 1.3 

MHC 0.087 0.0 -1.6 -0.3 0.004 -0.4 -3.3 -3.0 0.195 -0.1 -0.9 -0.7 

DHC 0.395 -0.4 0.0 0.1 0.769 0.0 0.0 -0.2 0.332 -0.4 -0.6 0.0 

SM 0.189 0.0 -0.8 -0.4 0.829 0.0 0.0 0.0 0.322 -0.6 -0.4 0.0 

PC 0.179 0.0 -0.7 -0.5 0.853 0.0 0.0 0.0 0.474 -0.3 -0.3 0.0 

PC(O) 0.018 -0.5 -2.3 -1.0 0.004 -0.2 -3.3 -3.9 0.192 -0.4 -1.1 -0.5 

PC(P) 0.043 0.0 -1.5 -1.4 0.445 -0.1 -0.4 0.0 0.195 -0.6 -1.1 -0.2 

LPC 0.477 0.0 0.3 0.1 0.424 0.3 0.3 0.0 0.918 0.0 0.0 0.0 

PE 0.961 0.0 0.0 0.0 0.726 -0.1 0.0 0.0 0.322 -0.6 -0.4 0.0 

PE(O) 0.063 -0.3 -1.6 -0.3 0.142 -0.1 -1.3 -0.4 0.181 -1.1 -1.0 -0.1 

PE(P) 0.105 0.0 -1.1 -0.6 0.051 -0.6 -1.6 -0.8 0.162 -1.1 -1.9 -0.9 

LPE 0.076 1.1 0.9 0.0 0.562 0.0 0.2 0.2 0.537 -0.1 0.0 0.2 

PI 0.189 0.1 0.0 -1.4 0.993 0.0 0.0 0.0 0.301 -0.4 -0.6 -0.1 

PS 0.116 0.0 -0.5 -1.1 0.039 -0.9 -2.4 0.1 0.352 -0.2 -0.6 -0.1 

PG 0.660 -0.1 0.0 0.1 0.414 -0.1 0.0 0.5 0.322 -0.2 -0.9 0.0 

BMP 0.009 -0.1 2.1 3.3 0.105 -0.1 0.4 1.7 0.162 -0.4 0.1 1.8 

CL 0.738 0.0 0.0 -0.1 0.998 0.0 0.0 0.0 0.322 -0.7 -0.2 0.1 

CE 0.048 1.3 0.0 -1.4 0.461 0.5 0.0 0.0 0.918 0.0 0.0 0.0 

COH 0.305 -0.1 -0.8 0.0 0.981 0.0 0.0 0.0 0.368 -0.7 0.1 0.1 

DG 0.149 0.7 0.6 0.0 0.321 0.6 0.4 0.0 0.918 0.0 0.0 0.0 

TG 0.055 1.6 0.7 -0.1 0.375 0.7 0.0 0.0 0.294 0.0 0.6 0.6 
 

a 
P-value for the comparison of levels of each lipid class or subclass between genotypes at each age using the 

Kruskal Wallis test with Benjamini-Hochberg correction for multiple comparisons. P < 0.05 was considered 

significant (highlighted in pink).  
b 

Post-hoc analysis was performed using the Mann Whitney U test with Dunn-Sidak correction for multiple group 

comparisons. Values were derived from the formula: sign(difference in median levels)*-log10(post-hoc P-value). 

Colour-coded values 1.3 to 2.0 (light red, P = 0.05-0.01) and > 2.0 (dark red, P < 0.01) indicate a significant 

increase relative to the reference group. Colour-coded values -1.3 to -2.0 (light green, P = 0.05-0.01) and < -2.0 

(dark green, P < 0.01) indicate a significant decrease relative to the reference group.  
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Table 4.10A Relationship between genotype and skeletal muscle lipid classes and subclasses in male 

mice. 
 

Lipid 

class  

6 weeks  10 weeks 16 weeks 

P-

valuea 

db/h 

vs. 

H/Hb 

db/db 

vs. 

H/Hb 

db/db 

vs. 

db/hb 

P-

valuea 

db/h 

vs. 

H/Hb 

db/db 

vs. 

H/Hb 

db/db 

vs. 

db/hb 

P-

valuea 

db/h 

vs. 

H/Hb 

db/db 

vs. 

H/Hb 

db/db 

vs. 

db/hb 

Cer 0.284 -0.8 -0.2 0.1 0.296 -0.5 -0.4 0.0 0.058 -1.5 -0.2 0.5 

MHC 0.354 -0.3 0.0 0.3 0.325 -0.2 0.0 0.6 0.802 0.0 0.0 0.0 

GM3 0.293 -0.7 -0.3 0.0 0.033 -0.8 -1.8 -0.5 0.081 -1.1 -0.8 0.0 

SM 0.284 -0.5 0.0 0.6 0.056 -0.9 0.0 1.5 0.022 -1.5 0.1 1.8 

PC 0.257 -0.8 0.0 0.9 0.176 -0.8 0.0 0.5 0.043 -1.8 0.0 0.7 

PC(O) 0.626 -0.2 0.0 0.0 0.519 -0.1 -0.2 0.0 0.636 -0.2 0.0 0.0 

PC(P) 0.279 -0.6 -0.7 0.0 0.056 -0.6 -1.2 -0.7 0.221 -0.5 -0.5 0.0 

LPC 0.593 0.0 0.0 0.2 0.344 -0.1 0.0 0.5 0.123 0.1 1.2 0.3 

PE 0.279 -0.3 0.0 0.9 0.127 -1.1 -0.2 0.4 0.013 -2.5 -0.1 1.0 

PE(O) 0.269 -0.2 0.0 1.3 0.084 -1.3 -0.2 0.5 0.464 -0.2 0.0 0.3 

PE(P) 0.302 -0.4 0.0 0.4 0.192 -0.8 -0.2 0.2 0.240 -0.8 0.0 0.2 

LPE 0.733 0.0 0.0 0.0 0.338 -0.3 0.0 0.4 0.212 0.0 0.4 0.7 

PI 0.325 -0.5 0.0 0.2 0.251 -0.7 -0.1 0.1 0.043 -1.8 -0.2 0.4 

PS 0.288 -0.6 0.0 0.4 0.288 -0.4 0.0 0.4 0.197 -0.7 0.0 0.5 

PG 0.269 -0.4 0.0 0.9 0.050 -0.9 0.0 1.7 0.483 -0.2 0.0 0.2 

CL 0.255 -0.8 0.0 1.5 0.101 -0.4 0.0 1.4 0.006 -2.5 0.0 2.7 

CE 0.381 0.0 -0.1 -0.4 0.846 0.0 0.0 0.0 0.051 -0.3 1.0 1.2 

COH 0.320 -0.5 0.0 0.2 0.350 -0.4 -0.1 0.1 0.182 -0.1 0.3 0.8 

DG 0.269 0.1 0.8 0.4 0.024 0.1 3.3 0.5 0.009 0.1 2.5 1.5 

TG 0.284 0.4 0.4 0.3 0.011 0.7 4.1 0.7 0.004 0.3 3.2 2.2 

 
Table 4.10B Relationship between genotype and skeletal muscle lipid classes and subclasses in 

female mice. 

 

Lipid 

class  

6 weeks 10 weeks  16 weeks  

P-

valuea 

db/h 

vs. 

H/Hb 

db/db 

vs. 

H/Hb 

db/db 

vs. 

db/hb 

P-

valuea 

db/h 

vs. 

H/Hb 

db/db 

vs. 

H/Hb 

db/db 

vs. 

db/hb 

P-

valuea 

db/h 

vs. 

H/Hb 

db/db 

vs. 

H/Hb 

db/db 

vs. 

db/hb 

Cer 0.026 0.1 -1.6 -2.1 0.035 -2.5 -0.9 0.2 0.404 0.0 -0.3 -0.5 

MHC 0.241 0.4 0.8 0.0 0.304 -1.2 -0.1 0.5 0.993 0.0 0.0 0.0 

GM3 0.015 0.2 -2.3 -2.3 0.035 -2.4 -0.4 0.9 0.649 -0.2 0.0 0.1 

SM 0.697 0.1 0.1 0.0 0.006 -3.3 0.0 3.9 0.590 0.0 0.0 0.4 

PC 0.208 0.2 -0.4 -0.8 0.008 -3.0 -0.8 2.4 0.844 -0.1 -0.1 0.0 

PC(O) 0.076 0.0 -1.0 -1.6 0.012 -2.9 -2.0 0.1 0.328 -0.2 -0.7 -0.1 

PC(P) 0.060 -0.1 -0.7 -2.3 0.034 -1.9 -2.2 0.0 0.343 0.0 -0.6 -0.3 

LPC 0.103 0.0 -0.3 -2.5 0.028 -2.3 -0.1 1.7 0.948 0.0 0.0 0.0 

PE 0.255 0.0 -0.7 -0.4 0.014 -2.9 -0.2 1.7 0.629 -0.2 0.0 0.1 

PE(O) 0.294 0.2 -0.3 -0.4 0.107 -2.0 -0.1 0.6 0.919 0.0 0.0 0.0 

PE(P) 0.103 0.3 -0.4 -1.5 0.089 -2.0 -0.9 0.0 0.404 0.0 -0.5 -0.4 

LPE 0.156 0.5 -0.2 -1.0 0.096 -1.8 0.0 1.1 0.787 0.0 0.0 0.1 

PI 0.035 0.1 -1.6 -1.8 0.019 -2.6 -0.3 1.5 0.971 0.0 0.0 0.0 

PS 0.269 0.3 0.0 -0.8 0.017 -2.8 -0.7 1.0 0.707 -0.1 0.0 0.1 

PG 0.091 1.2 0.9 -0.1 0.011 -2.2 0.1 3.6 0.894 -0.1 0.0 0.0 

CL 0.523 0.3 0.0 -0.1 0.019 -2.3 0.0 2.4 0.317 -0.2 0.1 0.8 

CE 0.717 0.0 0.0 -0.1 0.287 -1.4 -0.3 0.2 0.452 0.0 0.1 0.4 

COH 0.376 0.4 0.0 -0.4 0.037 -2.3 -0.4 0.9 0.926 0.0 0.0 0.0 

DG 0.536 0.0 0.1 0.3 0.192 0.0 1.0 1.6 0.216 0.0 0.5 1.0 

TG 0.146 0.0 0.5 1.5 0.014 -0.1 2.2 3.9 0.190 0.0 0.6 1.5 
 

a 
P-value for the comparison of levels of each lipid class or subclass between genotypes at each age using the 

Kruskal Wallis test with Benjamini-Hochberg correction for multiple comparisons. P < 0.05 was considered 

significant (highlighted in pink).  
b 

Post-hoc analysis was performed using the Mann Whitney U test with Dunn-Sidak correction for multiple group 

comparisons. Values were derived from the formula: sign(difference in median levels)*-log10(post-hoc P-value). 

Colour-coded values 1.3 to 2.0 (light red, P = 0.05-0.01) and > 2.0 (dark red, P < 0.01) indicate a significant 

increase relative to the reference group. Colour-coded values -1.3 to -2.0 (light green, P = 0.05-0.01) and < -2.0 

(dark green, P < 0.01) indicate a significant decrease relative to the reference group.  
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Table 4.11A Relationship between genotype and L-V lipid classes and subclasses in male mice. 

Lipid 
class  

6 weeks  10 weeks  16 weeks  

P-

value
a 

db/h 

vs. 

H/H
b
 

db/db 

vs. 

H/H
b 

db/db 

vs. 

db/h
b
 

P-

value
a 

db/h 

vs. 

H/H
b
 

db/db 

vs. 

H/H
b
 

db/db 

vs. 

db/h
b
 

P-

value
a 

db/h 

vs. 

H/H
b
 

db/db 

vs. 

H/H
b
 

db/db 

vs. 

db/h
b
 

Sph 0.236 0.3 0.0 -0.8 0.247 0.0 0.1 0.7 0.084 -1.6 0.0 0.5 

Cer 0.236 -0.7 -0.2 0.2 0.013 -2.5 -0.8 0.7 0.041 -1.7 -0.1 0.8 
MHC 0.328 0.2 -0.1 -0.5 0.123 -0.5 -0.9 0.0 0.006 -0.4 -3.1 -1.3 

DHC 0.983 0.0 0.0 0.0 0.220 0.1 0.6 0.2 0.406 0.0 -0.2 -0.4 

THC 0.473 0.0 0.2 0.3 0.460 0.0 0.0 0.3 0.343 -0.4 -0.4 0.0 
GM3 0.345 0.0 -0.5 -0.3 0.468 0.0 -0.2 -0.2 0.783 0.0 0.0 0.1 

SM 0.230 -0.2 -1.1 -0.1 0.049 -1.0 -1.4 0.0 0.007 -2.4 -2.2 0.0 

PC 0.384 -0.4 0.0 0.1 0.182 -0.7 0.0 0.5 0.158 -0.8 0.0 0.7 
PC(O) 0.124 -1.1 -1.4 0.0 0.086 -1.0 -0.9 0.0 0.212 -0.7 0.0 0.6 

PC(P) 0.060 -1.3 -2.3 -0.1 0.036 -0.9 -1.3 -0.5 0.289 -0.1 0.1 0.7 

LPC 0.877 0.0 0.0 0.0 0.018 -1.3 0.0 1.9 0.186 -1.0 0.0 0.3 
LPC(O) 0.127 0.0 -1.5 -0.9 0.561 0.0 0.0 0.2 0.132 0.0 -0.7 -1.0 

PE 0.124 -0.1 0.8 1.3 0.054 -0.5 0.2 1.4 0.118 -0.3 0.3 1.1 

PE(O) 0.619 -0.1 0.1 0.1 0.213 -0.8 0.0 0.3 0.590 -0.1 0.0 0.2 
PE(P) 0.457 -0.2 0.0 0.3 0.124 -1.1 -0.4 0.1 0.329 -0.6 0.0 0.2 

LPE 0.874 0.0 0.0 0.0 0.025 -0.2 0.5 2.0 0.658 0.0 -0.2 0.0 

PI 0.448 -0.2 0.0 0.3 0.093 -1.0 0.0 0.8 0.460 -0.2 0.0 0.3 
PS 0.235 -0.5 -0.7 0.1 0.247 -0.7 -0.2 0.0 0.446 -0.3 0.0 0.3 

PG 0.180 -0.3 0.6 0.8 0.010 -0.8 0.6 2.3 0.713 -0.2 0.0 0.0 

BMP 0.230 0.2 0.7 0.3 0.053 0.1 1.4 0.7 0.097 -0.2 0.8 1.0 
CL 0.302 -0.2 -0.1 0.6 0.007 -1.1 0.4 2.5 0.125 -0.1 0.3 1.3 

CE 0.383 0.0 0.5 0.2 0.026 -1.1 0.1 1.6 0.883 0.0 0.0 0.0 

COH 0.484 0.1 0.0 -0.4 0.355 -0.3 -0.3 0.0 0.658 -0.1 -0.1 0.0 
DG 0.292 0.0 0.4 0.6 0.001 -0.8 2.3 2.8 0.008 0.1 2.5 1.9 

TG 0.209 0.3 0.8 0.3 0.001 0.0 2.8 3.2 0.006 0.0 2.6 2.4 

Table 4.11B Relationship between genotype and L-V lipid classes and subclasses in female mice. 

Lipid 

class  

6 weeks  10 weeks  16 weeks of age 

P-

value
a 

db/h 

vs. 

H/H
b 

db/db 

vs. 

H/Hb 

db/db 

vs. 

db/h
b
 

P-

value
a
 

db/h 

vs. 

H/H
b
 

db/db 

vs. 

H/H
b
 

db/db 

vs. 

db/h
b
 

P-

value
a 

db/h 

vs. 

H/H
b
 

db/db 

vs. 

H/H
b
 

db/db 

vs. 

db/h
b
 

Sph 0.419 -0.1 -0.4 -0.1 0.391 -0.3 -0.2 0.0 0.262 -0.1 0.1 1.0 

Cer 0.072 -1.0 0.1 1.1 0.004 -2.2 0.4 1.9 0.578 -0.1 -0.2 0.0 

MHC 0.020 -0.6 -1.9 -0.9 0.063 -0.3 -1.0 -0.8 0.045 0.0 -1.2 -2.0 

DHC 0.201 -0.4 0.0 1.0 0.187 -0.2 0.3 0.6 0.514 0.2 0.0 -0.2 

THC 0.749 -0.1 0.0 0.1 0.959 0.0 0.0 0.0 0.201 0.9 0.1 -0.4 

GM3 0.004 0.0 -3.9 -2.8 0.003 -0.3 -3.0 -2.2 0.262 0.1 -0.2 -0.8 

SM 0.421 -0.3 -0.3 0.0 0.122 -1.1 -0.4 0.0 0.091 0.0 -1.1 -1.2 

PC 0.632 -0.1 0.0 0.2 0.021 -0.6 1.1 1.5 0.376 -0.1 -0.5 -0.1 

PC(O) 0.955 0.0 0.0 0.0 0.286 -0.6 0.0 0.2 0.591 0.0 -0.3 0.0 

PC(P) 0.559 0.0 -0.3 0.0 0.824 -0.1 0.0 0.0 0.220 -0.4 -0.7 -0.1 

LPC 0.955 0.0 0.0 0.0 0.012 -2.2 -0.1 1.0 0.719 0.0 0.1 0.1 

LPC(O) 0.016 0.2 -1.0 -2.8 0.005 -0.6 -3.0 -1.2 0.648 0.1 0.0 -0.1 

PE 0.007 0.0 3.1 2.0 0.002 0.0 3.9 3.3 0.483 -0.5 0.0 0.0 

PE(O) 0.510 0.0 0.3 0.2 0.038 0.0 1.2 1.5 0.902 0.0 0.0 0.0 

PE(P) 0.510 0.0 0.2 0.2 0.038 0.0 0.9 1.9 0.227 -0.6 -0.6 -0.1 

LPE 0.939 0.0 0.0 0.0 0.151 -1.1 -0.2 0.0 0.551 0.2 0.2 0.0 

PI 0.018 0.0 2.3 1.5 0.004 -0.1 2.2 3.0 0.469 -0.4 -0.1 0.0 

PS 0.393 -0.2 0.0 0.4 0.028 -0.7 0.4 1.7 0.190 -0.2 -0.9 -0.3 

PG 0.022 -0.2 0.8 2.3 0.009 0.0 2.6 1.7 0.880 0.0 0.0 0.0 

BMP 0.399 0.3 0.3 0.0 0.197 -0.6 0.1 0.4 0.514 0.0 0.3 0.2 

CL 0.092 0.0 1.5 0.5 0.002 0.0 3.9 3.3 0.736 -0.1 0.0 0.0 

CE 0.006 0.0 2.8 2.3 0.002 -0.2 2.6 3.9 0.144 -0.1 0.2 1.4 

COH 0.593 0.2 0.0 0.1 0.196 -0.7 -0.1 0.3 0.269 0.0 -0.6 -0.5 

DG 0.021 0.2 2.8 0.5 0.001 -0.7 3.9 3.9 0.082 0.0 0.8 1.6 

TG 0.006 0.2 3.9 1.5 0.002 0.0 2.4 3.9 0.032 0.0 1.6 2.4 
 

a 
P-value for the comparison of levels of each lipid class or subclass between genotypes at each age using the 

Kruskal Wallis test with Benjamini-Hochberg correction for multiple comparisons. P < 0.05 was considered 

significant (highlighted in pink).  
b 

Post-hoc analysis was performed using the Mann Whitney U test with Dunn-Sidak correction for multiple group 

comparisons. Values were derived from the formula: sign(difference in median levels)*-log10(post-hoc P-value). 

Colour-coded values 1.3 to 2.0 (light red, P = 0.05-0.01) and > 2.0 (dark red, P < 0.01) indicate a significant 

increase relative to the reference group. Colour-coded values -1.3 to -2.0 (light green, P = 0.05-0.01) and < -2.0 

(dark green, P < 0.01) indicate a significant decrease relative to the reference group. L-V, left-ventricle 
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Table 4.12A Relationship between genotype and adipose lipid classes and subclasses in male mice. 

Lipid 

class  

6 weeks 10 weeks  16 weeks 

P-

valuea 

db/h 

vs. 

H/Hb 

db/db 

vs. 

H/Hb 

db/db 

vs. 

db/hb 

P-

valuea 

db/h 

vs. 

H/Hb 

db/db 

vs. 

H/Hb 

db/db 

vs. 

db/hb 

P-

valuea 

db/h 

vs. 

H/Hb 

db/db 

vs. 

H/Hb 

db/db 

vs. 

db/hb 

Sph 0.627 0.2 0.0 -0.1 0.517 0.0 0.4 0.0 0.671 0.0 0.0 -0.1 

Cer 0.401 0.6 0.0 -0.3 0.049 -1.1 -1.4 0.0 0.006 -2.4 -1.2 0.4 

MHC 0.366 0.6 -0.1 -1.2 0.046 0.0 -1.6 -0.9 0.018 -0.8 -2.1 0.0 

SM 0.980 0.0 0.0 0.0 0.350 -0.2 0.0 0.4 0.062 -0.1 0.8 1.0 

PC 0.368 0.0 -0.3 -0.7 0.045 -1.1 -1.6 0.0 0.002 -2.9 -2.0 0.0 

PC(O) 0.407 0.0 -0.1 -0.6 0.095 0.0 -0.9 -0.7 0.012 -0.6 -2.1 -0.5 

PC(P) 0.366 0.0 -0.5 -1.1 0.031 -1.1 -2.1 0.0 0.012 -1.6 -1.6 0.0 

LPC 0.653 0.0 0.0 -0.3 0.042 -0.9 -2.0 0.0 0.004 -2.7 -1.6 0.0 

LPC(O) 0.366 0.6 0.9 0.0 0.044 1.3 0.0 -1.2 0.635 0.0 0.0 -0.2 

PE 0.366 0.0 -0.3 -0.9 0.193 -0.6 -0.4 0.1 0.001 -3.1 -2.8 0.0 

PE(O) 0.366 0.0 -1.4 -1.1 0.043 0.0 -2.8 -0.2 0.048 -0.7 -1.4 0.0 

PE(P) 0.366 0.0 -0.3 -0.8 0.043 -0.7 -2.1 0.0 0.023 -1.0 -1.7 0.0 

LPE 0.951 0.0 0.0 0.0 0.045 -0.3 -1.3 -0.8 0.011 -2.0 -1.3 0.0 

PI 0.401 0.0 -0.4 -0.3 0.040 -1.6 -1.0 0.1 0.009 -1.7 -1.8 0.0 

PS 0.384 0.1 -0.1 -0.7 0.770 0.0 0.0 0.1 0.169 -0.7 -0.2 0.2 

PG 0.366 0.0 -0.8 -0.7 0.295 -0.7 -0.2 0.0 0.002 -2.8 -2.4 0.0 

BMP 0.366 1.6 0.8 -0.1 0.019 2.1 2.8 0.7 0.696 0.0 0.0 0.1 

CL 0.366 0.0 -1.2 -1.8 0.167 -0.1 -0.8 -0.2 0.001 -3.6 -3.6 -0.4 

CE 0.629 0.2 0.1 0.0 0.019 1.2 2.6 0.7 0.002 0.9 3.1 1.2 

COH 0.401 0.6 0.0 -0.3 0.985 0.0 0.0 0.0 0.343 -0.2 0.0 0.3 

DG 0.366 0.1 1.2 0.1 0.023 0.8 1.7 1.1 0.001 1.2 3.6 1.3 

TG 0.378 0.0 0.4 0.6 0.019 0.6 2.8 0.9 0.001 2.5 2.9 1.0 

 
Table 4.12B Relationship between genotype and adipose lipid classes and subclasses in female mice. 

Lipid 

class  

6 weeks   10 weeks 16 weeks 

P-

valuea 

db/h 

vs. 

H/Hb 

db/db 

vs. 

H/Hb 

db/db 

vs. 

db/hb 

P-

valuea 

db/h 

vs. 

H/Hb 

db/db 

vs. 

H/Hb 

db/db 

vs. 

db/hb 

P-

valuea 

db/h 

vs. 

H/Hb 

db/db 

vs. 

H/Hb 

db/db 

vs. 

db/hb 

Sph 0.066 -0.2 0.4 1.3 0.151 0.9 0.3 0.0 0.692 -0.2 0.0 0.0 

Cer 0.003 0.9 -3.9 -3.3 0.020 -0.4 -1.6 -1.8 0.926 0.0 0.0 0.0 

MHC 0.035 0.1 -1.6 -0.7 0.018 0.0 -2.4 -2.4 0.120 -0.7 -1.6 -0.3 

SM 0.199 -0.1 -0.8 -0.1 0.893 0.0 0.0 0.0 0.647 0.0 0.1 0.2 

PC 0.003 0.2 -3.3 -3.3 0.019 -0.5 -2.4 -0.9 0.193 0.0 -0.8 -0.7 

PC(O) 0.149 0.0 -0.9 -0.2 0.018 0.0 -2.2 -2.2 0.092 -0.1 -1.3 -1.5 

PC(P) 0.003 0.9 -3.6 -3.3 0.027 -0.1 -1.8 -1.3 0.163 0.0 -0.5 -1.4 

LPC 0.025 0.4 -0.8 -1.8 0.191 0.0 -0.6 -0.5 0.417 0.0 -0.2 -0.5 

LPC(O) 0.622 -0.1 -0.1 0.0 0.263 0.4 0.0 -0.4 0.347 -0.3 -0.5 0.0 

PE 0.003 0.0 -3.3 -3.0 0.053 -0.2 -1.5 -0.6 0.696 0.0 0.0 -0.2 

PE(O) 0.004 0.0 -2.6 -3.0 0.018 0.0 -2.4 -2.2 0.176 -0.2 -0.6 -1.0 

PE(P) 0.003 0.7 -3.6 -3.3 0.022 -0.2 -1.8 -1.6 0.199 0.0 -0.3 -1.2 

LPE 0.055 0.4 -0.2 -1.5 0.165 0.0 -0.8 -0.5 0.856 0.0 0.0 -0.1 

PI 0.192 0.1 -0.1 -0.9 0.398 -0.1 -0.6 0.0 0.351 0.1 -0.1 -0.6 

PS 0.014 0.1 -2.6 -0.9 0.314 0.0 -0.2 -0.5 0.748 -0.1 0.0 0.0 

PG 0.003 -0.1 -3.6 -2.4 0.018 0.0 -2.2 -2.2 0.155 -0.3 -1.1 -0.7 

BMP 0.684 0.0 -0.1 0.0 0.791 0.1 0.0 0.0 0.930 0.0 0.0 0.0 

CL 0.003 0.0 -3.9 -3.0 0.018 0.0 -3.4 -2.4 0.152 0.0 -0.5 -1.8 

CE 0.825 0.0 0.0 0.0 0.022 1.4 1.8 0.0 0.081 1.0 2.2 0.3 

COH 0.036 -0.1 -1.8 -0.5 0.688 0.1 0.0 -0.1 0.809 0.0 0.1 0.0 

DG 0.036 0.0 1.4 1.2 0.020 1.0 2.1 0.4 0.067 0.5 2.4 1.4 

TG 0.014 -0.1 2.1 1.6 0.022 0.8 1.8 0.8 0.160 0.0 1.4 0.6 

 
a 

P-value for the comparison of levels of each lipid class or subclass between genotypes at each age using the 

Kruskal Wallis test with Benjamini-Hochberg correction for multiple comparisons. P < 0.05 was considered 

significant (highlighted in pink).  
b 

Post-hoc analysis was performed using the Mann Whitney U test with Dunn-Sidak correction for multiple group 

comparisons. Values were derived from the formula: sign(difference in median levels)*-log10(post-hoc P-value). 

Colour-coded values 1.3 to 2.0 (light red, P = 0.05-0.01) and > 2.0 (dark red, P < 0.01) indicate a significant 

increase relative to the reference group. Colour-coded values -1.3 to -2.0 (light green, P = 0.05-0.01) and < -2.0 

(dark green, P < 0.01) indicate a significant decrease relative to the reference group.  
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Table 4.13A Relationship between genotype and plasma lipid classes and subclasses in male mice. 
 

Lipid 

class  

6 weeks 10 weeks 16 weeks 

P-

valuea 

db/h 

vs. 

H/Hb 

db/db 

vs. 

H/Hb 

db/db 

vs. 

db/hb 

P-

valuea 

db/h 

vs. 

H/Hb 

db/db 

vs. 

H/Hb 

db/db 

vs. 

db/hb 

P-

valuea 

db/h 

vs. 

H/Hb 

db/db 

vs. 

H/Hb 

db/db 

vs. 

db/hb 

Sph 0.151 0.0 -0.8 -0.6 0.909 0.0 0.0 0.0 0.631 0.0 0.2 0.0 

Cer 0.044 0.9 1.4 0.6 0.654 0.0 0.0 0.5 0.307 0.5 0.5 0.0 

MHC 0.031 2.0 1.6 0.0 0.742 0.0 0.0 0.2 0.141 1.1 -0.1 -0.9 

SM 0.058 1.2 1.2 0.0 0.689 0.0 0.0 0.3 0.791 0.0 0.1 0.0 

PC 0.024 1.3 1.8 1.8 0.193 0.0 0.8 0.7 0.083 0.6 1.8 0.2 

PC(O) 0.085 1.0 0.8 0.0 0.935 0.0 0.0 0.0 0.658 0.0 -0.1 -0.1 

PC(P) 0.096 0.8 0.9 0.0 0.617 -0.2 -0.3 0.0 0.434 0.0 -0.3 -0.3 

LPC 0.047 0.4 1.4 1.0 0.089 0.2 1.1 1.1 0.223 0.0 0.7 0.7 

LPC(O) 0.094 0.4 0.9 0.3 0.791 0.1 0.1 0.0 0.201 0.7 0.0 -0.8 

PE 0.024 3.0 0.9 -0.6 0.778 0.0 -0.1 -0.1 0.594 0.2 0.1 0.0 

PE(O) 0.051 0.6 1.2 0.8 0.426 0.0 0.2 0.6 0.338 0.1 0.6 0.2 

PE(P) 0.062 0.7 1.1 0.5 0.742 -0.1 0.0 0.2 0.959 0.0 0.0 0.0 

LPE 0.043 0.6 1.6 0.8 0.177 0.0 0.3 1.3 0.230 0.0 0.8 0.6 

PI 0.024 1.4 2.0 1.6 0.181 0.2 0.8 0.6 0.201 0.2 1.0 0.2 

LPI 0.495 0.0 0.0 0.3 0.079 0.0 1.0 1.5 0.352 0.0 0.3 0.6 

PS 0.062 1.3 0.9 0.0 0.889 0.0 0.0 0.0 0.972 0.0 0.0 0.0 

CE 0.024 1.7 2.0 1.6 0.040 0.1 1.8 1.4 0.141 0.1 1.3 0.6 

COH 0.082 0.5 1.1 0.2 0.635 0.1 0.4 0.0 0.167 0.0 0.8 1.0 

DG 0.128 0.1 0.6 0.7 0.936 0.0 0.0 0.0 0.141 0.5 1.0 0.6 

TG 0.078 0.1 0.7 1.2 0.885 0.0 0.0 0.0 0.113 0.9 1.3 0.2 

 

Table 4.13B Relationship between genotype and plasma lipid classes and subclasses in female mice. 

 

Lipid 

class  

6 weeks 10 weeks 16 weeks 

P-

valuea 

db/h 

vs. 

H/Hb 

db/db 

vs. 

H/Hb 

db/db 

vs. 

db/hb 

P-

valuea 

db/h 

vs. 

H/Hb 

db/db 

vs. 

H/Hb 

db/db 

vs. 

db/hb 

P-

valuea 

db/h 

vs. 

H/Hb 

db/db 

vs. 

H/Hb 

db/db 

vs. 

db/hb 

Sph 0.659 0.0 0.0 -0.2 0.344 0.1 -0.1 -0.5 0.271 0.4 0.7 0.0 

Cer 0.040 -1.0 0.1 1.5 0.283 0.1 0.6 0.3 0.125 -0.3 0.2 1.4 

MHC 0.119 -0.9 0.1 0.6 0.844 0.0 0.0 0.0 0.524 0.0 -0.2 -0.2 

SM 0.033 -0.8 0.1 2.0 0.300 0.3 0.4 0.1 0.478 0.0 0.0 0.7 

PC 0.021 -0.3 1.0 2.0 0.048 0.9 1.4 0.4 0.109 0.0 0.8 1.4 

PC(O) 0.135 -0.7 0.0 0.8 0.375 0.1 0.6 0.0 0.895 0.0 0.0 0.0 

PC(P) 0.143 -0.9 -0.1 0.4 0.286 0.4 0.5 0.0 0.972 0.0 0.0 0.0 

LPC 0.062 0.0 1.0 1.1 0.609 0.1 0.2 0.0 0.139 0.0 0.7 1.1 

LPC(O) 0.370 -0.2 0.0 0.3 0.783 0.1 0.0 0.0 0.648 0.1 0.0 0.2 

PE 0.135 -1.0 -0.2 0.2 0.003 1.5 3.5 2.2 0.627 0.0 0.2 0.1 

PE(O) 0.127 -0.4 0.2 0.9 0.229 0.3 0.7 0.1 0.535 -0.1 0.1 0.2 

PE(P) 0.561 -0.2 -0.1 0.0 0.299 0.4 0.5 0.0 0.972 0.0 0.0 0.0 

LPE 0.012 -0.4 1.6 2.0 0.450 0.0 0.4 0.1 0.254 0.0 0.4 0.8 

PI 0.008 -0.4 1.3 3.0 0.216 0.2 0.6 0.5 0.078 0.0 0.8 1.9 

LPI 0.348 0.0 0.3 0.3 0.931 0.0 0.0 0.0 0.439 -0.1 0.1 0.4 

PS 0.133 -0.5 -0.9 0.0 0.822 0.0 0.1 0.0 0.427 0.0 -0.4 -0.2 

CE 0.055 0.0 0.7 1.6 0.422 0.1 0.4 0.1 0.035 -0.1 0.8 3.9 

COH 0.085 -0.4 0.4 1.0 0.117 0.0 1.3 0.7 0.363 -0.1 0.1 0.6 

DG 0.023 0.0 2.1 1.2 0.012 1.1 2.4 0.8 0.107 0.0 0.9 1.3 

TG 0.004 0.5 2.8 3.0 0.008 0.6 2.9 1.7 0.035 0.0 2.1 2.4 

 
a 

P-value for the comparison of levels of each lipid class or subclass between genotypes at each age using the 

Kruskal Wallis test with Benjamini-Hochberg correction for multiple comparisons. P < 0.05 was considered 

significant (highlighted in pink).  
b 

Post-hoc analysis was performed using the Mann Whitney U test with Dunn-Sidak correction for multiple group 

comparisons. Values were derived from the formula: sign(difference in median levels)*-log10(post-hoc P-value). 

Colour-coded values 1.3 to 2.0 (light red, P = 0.05-0.01) and > 2.0 (dark red, P < 0.01) indicate a significant 

increase relative to the reference group. Colour-coded values -1.3 to -2.0 (light green, P = 0.05-0.01) and < -2.0 

(dark green, P < 0.01) indicate a significant decrease relative to the reference group.  
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90 lipid species, including multiple species of PC containing only even-numbered carbon fatty 

acids (FA) (ten species), PE, LPC, LPE (five species), PI, CL (five species) CE (nine species), 

DG (11 species) and TG (37 species) (Table S4.1). In contrast, only 12 lipid species were 

significantly lower in male db/db mice, including multiple species of PC containing an odd-

numbered carbon FA (five species), PC(O), PC(P) and the most abundant CL species, CL 

18:2/18:2,18:2/18:2. Notably, three of the five liver CL species that were significantly increased 

in the male db/db mice at 10 weeks of age contained one ester-linked 16:1 FA chain, and the 

other two CL species contained a combination of 18:1 and 18:2 FA chains (Figure 4.8). Despite 

these findings, total CL was not significantly different between the study groups at 10 weeks of 

age because the magnitude of the significant decrease in CL 18:2/18:2,18:2/18:2 cancelled out 

the sum of the significant elevations in the other CL species. 

 

At 16 weeks of age, total LPE, CE, DG and TG remained significantly increased (Figure 4.7), 

total LPC was now significantly increased, and total SM, PC(P), PE(P) and PS were now 

significantly decreased in the now pre-diabetic male db/db versus corresponding male H/H mice. 

The 56 liver lipid species that were now significantly increased in the male db/db mice included 

multiple species of LPC, LPE, CE (six species), DG (eight species) and TG (35 species) that 

remained significantly increased, and now some Cer species, but no longer any PC, PE, PI or CL 

species. The 44 liver lipid species that were now significantly decreased in male db/db mice at 

16 weeks of age included a greater number of PC (14 species), PC(O) and PC(P) (six species), 

and now some SM (five species), PE (seven species), PE(O), PI and PS species. There were 59 

liver lipid species that were significantly different in male db/db mice at both 10 and 16 weeks 

of age (Table S4.1). 

 

4.3.9.2 Skeletal muscle lipid profiles in male db/db vs. H/H mice 

 

There were no differences in the skeletal muscle lipid profiles in six week old male mice. By ten 

weeks of age, total DG and TG (Table 4.10, panel A) and 62 lipid species were elevated in male 

db/db versus H/H mice, including eight DG species, all 42 TG species, and multiple species of 

SM, PE, and PC species containing only even-numbered carbon FA (Table S4.2). Twenty lipid 

species were lower in the male db/db mice, including eight PC species (most containing an odd-

numbered carbon FA), and multiple species of PC(P), PI and CL. At 16 weeks of age, total 

skeletal muscle DG and TG remained significantly higher, and 67 lipid species were elevated in 

the now pre-diabetic male db/db mice relative to the H/H mice, including multiple species of  
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Figure 4.7 Relative liver lipid levels in male mice. Levels of lipid classes or subclasses in male (M) 

mice at 6, 10 and 16 weeks of age are expressed as median ± upper and lower quartile (7-12 mice per 

group). The P-value for the comparison of each lipid class or subclass between genotypes at each age was 

obtained using the Kruskal Wallis test with post-hoc analysis by Mann Whitney U test with Dunn-Sidak 

correction for multiple group comparisons. ‡ P < 0.05 vs. H/H mice at same age; $ P < 0.05 vs. db/h 

mice at same age. 
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Figure 4.8 Relative liver cardiolipin (CL) levels in male mice. Levels of CL species in male (M) mice 

at 6, 10 and 16 weeks of age are expressed as median ± upper and lower quartile (7-12 mice per group). 

The P-value for the comparison of each lipid class or subclass between genotypes at each age was 

obtained using the Kruskal Wallis test with post-hoc analysis by Mann Whitney U test with Dunn-Sidak 

correction for multiple group comparisons. ‡ P < 0.05 vs. H/H mice at same age; $ P < 0.05 vs. db/h 

mice at same age. 
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DG, TG and SM, and additional species of LPC and CE. However, PC and PE species were no 

longer significantly higher in the db/db mice. The 13 lipid species that were now lower in the 

male db/db mice included multiple species of PC and CL, and some additional PE species, but 

no longer any PC(P) or PI species. There were 61 skeletal muscle lipid species that were 

significantly different in male db/db mice versus H/H mice at both 10 and 16 weeks of age 

(Table S4.2).  

 

4.3.9.3 Left-ventricle lipid profiles in male db/db vs. H/H mice  

 

There were no differences in the left-ventricle lipid profiles in six week old male mice. By 10 

weeks of age, total DG and TG were elevated, but total SM and PC(P) were significantly lower 

in male db/db versus H/H mice (Table 4.11, panel A; and Figure 4.9). The 78 left-ventricle lipid 

species that were higher in the male db/db mice included nine DG species, 31 TG species, 12 PC 

species containing only even-numbered carbon FA, ten PE species, and multiple species of LPC, 

LPE, PI, PG, CL and CE. (Table S4.3). The 38 lipid species that were significantly lower in the 

male db/db mice included eight PC species (most containing an odd-numbered carbon FA), nine 

PC(O) species), five PC(P) species, and multiple species of SM and CL.  

 

At 16 weeks of age, total left-ventricle DG and TG remained significantly higher, and total SM 

subclass remained lower in the now pre-diabetic male db/db relative to the H/H mice. The 64 

lipid species that were higher in the male db/db mice included multiple species of DG, TG, PC 

containing only even-numbered carbon FA, PE, LPC, PI and CL, and some additional PC(O), 

PC(P) and PE(O) species, but no longer any LPE, PG or CE species. The 29 lipid species that 

were now lower in the male db/db mice included multiple species of PC (most containing an 

odd-numbered carbon FA), PC(O) and SM, and some additional PE(O) species, but no longer 

any PC(P) or CL species. There were 65 left-ventricle lipid species that were significantly 

different in male db/db mice versus H/H mice at both 10 and 16 weeks of age (Table S4.3). 

 

The early onset and progression of left-ventricle CL remodelling in male db/db mice at 6 and 10 

weeks of age is shown in Figure 4.10. Two 16:1 FA-containing CL species and two 16:1 FA-

containing PC species (PC 32:1 and PC 32:2) were nearly significantly elevated (P-value 0.05-

0.10), and two 22:6-containing CL species and two 22:6 FA-containing PC species (PC 38:6b  
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Figure 4.9 Relative left-ventricle (L-V) lipid levels in male mice. Levels of lipid classes or subclasses in male 

(M) mice at 6, 10 and 16 weeks of age are expressed as median ± upper and lower quartile (7-12 mice per group). 

The P-value for the comparison of each lipid class or subclass between genotypes at each age was obtained using 

the Kruskal Wallis test with post-hoc analysis by Mann Whitney U test with Dunn-Sidak correction for multiple 

group comparisons. * P < 0.05 vs. corresponding genotype at 6 weeks of age; † P < 0.05 vs. corresponding 

genotype at 10 weeks of age; ‡ P < 0.05 vs. H/H mice at same age; $ P < 0.05 vs. db/h mice at same age. 
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Figure 4.10 Left-ventricle cardiolipin (CL) remodelling in db/db mice. The percent (%) difference in median 

levels of CL 18:2/18:2/18:2/18:2 (shaded green), 16:1 fatty acid (FA)-containing CL and PC species (shaded red), 

and 22:6 FA-containing CL, PC and PE species (shaded blue) in male mice at 6 weeks (A) and 10 weeks of age (B), 

and in female mice at 6 weeks (C) and 10 weeks of age (D) compared with corresponding H/H mice (7-12 mice per 

group). * P < 0.05 vs. corresponding H/H mice using Mann Whitney U test. 
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the corresponding H/H mice (Figure 4.10, Panel A). These PC species are involved in the CL 

and PC 40:6) were nearly significantly lower in six week old male db/db mice compared with 

remodelling process, donating sn-2 acyl-16:1 or 22:6 FA chains to monolysocardiolipin (via 

transacylases) to yield mature CL species (41). By 10 weeks of age, the 16:1 FA-CL species and 

three donor 16:1 FA-containing PC species (including PC 34:2) were significantly elevated (% 

difference), and the 22:6 FA-containing CL species, donor 22:6 FA-containing PC species and 

donor 22:6 FA-containing PE 40:6 were significantly lower in male db/db mice compared with 

the corresponding H/H mice (Figure 4.10, Panel B). 

 

4.3.9.4 Adipose lipid profiles in male db/d vs. H/H mice  

 

There were no differences in the adipose lipid profiles in 6 week old male mice. Early adipose 

lipid abnormalities in male db/db versus H/H mice (at 10 weeks of age) were unique, involving 

significant increases in total CE, DG and TG, but significant decreases in eight classes (Cer, 

MHC, PC, PC(P), PE(O), PE(P), LPC and LPE) (Table 4.12, panel A; and Figures 4.11 and 

4.12). The 71 lipid species that were significantly increased in the male db/db mice included 

(almost exclusively) ten of 14 CE species, 18 of 20 DG species, and all 41 TG species (Table 

S4.4). In contrast, the 59 lipid species that were significantly decreased in the male db/db mice 

included multiple species of MHC, PC (26 species), PC(O) (six species), PC(P) (eight of nine 

species), PE(O), PE(P), LPC (six species), LPE and CL 18:2/18:2,18:2/18:2. 

 

At 16 weeks of age, total CE, DG and TG remained significantly increased, seven of eight 

classes remained significantly decreased (MHC, PC, PC(P), PE(O), PE(P), LPC and LPE), and 

now total PE, PC(O), PI, PG and CL were significantly decreased in the male db/db versus H/H 

mice. The 73 adipose lipid species that were now significantly increased in the male db/db mice 

included (almost exclusively) multiple species of CE (ten species), DG (20 species) and TG (39 

species) that remained significantly increased, and now some SM species. The 99 adipose lipid 

species that were now significantly decreased in the male db/db mice at 16 weeks of age 

included multiple species of MHC, PC (35 species), PC(O) (11 species), PC(P) (seven species), 

PE(O), PE(P), LPC (six species) and LPE that remained significantly decreased, and now some 

Cer, PE (12 species), PI, PG, and CL (five species). There were 115 adipose lipid species that 

were significantly different in male db/db mice at both 10 and 16 weeks of age (Table S4.4). 
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Figure 4.11 Relative adipose lipid levels in male mice. Levels of lipid classes or subclasses in male (M) mice at 6, 

10 and 16 weeks of age are expressed as median ± upper and lower quartile (7-12mice per group). The P-value for 

the comparison of each lipid class or subclass between genotypes at each age was obtained using the Kruskal Wallis 

test with post-hoc analysis by Mann Whitney U test with Dunn-Sidak correction for multiple group comparisons.  

‡ P < 0.05 vs. H/H mice at same age. 
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Figure 4.12 Relative adipose lipid levels in male mice. Levels of lipid classes or subclasses in male (M) mice at 6, 

10 and 16 weeks of age are expressed as median ± upper and lower quartile (7-12 mice per group). The P-value for 

the comparison of each lipid class or subclass between genotypes at each age was obtained using the Kruskal Wallis 

test with post-hoc analysis by Mann Whitney U  test with Dunn-Sidak correction for multiple group comparisons.  

‡ P < 0.05 vs. H/H mice at same age. 
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4.3.9.5 Plasma lipid profiles in male db/db vs. H/H mice  

 

Early plasma lipid abnormalities in male db/db versus H/H mice occurred at 6 weeks of age, and 

included significant increases in seven lipid classes (Cer, MHC, PC, LPC, LPE, PI and CE) 

(Table 4.13, panel A; and Figure 4.13). The 85 lipid species that were significantly increased in 

male db/db mice included multiple species of Cer, MHC, SM (seven species), PC (23 species), 

PE (five species), PC(O), PC(P), PE(P), LPC (ten species), LPE, PI (12 of 15 species), CE 

(seven species) and TG (Table S4.5). No plasma lipid species were significantly decreased in the 

male db/db mice at 6 weeks of age. 

 

At 10 weeks of age, only total CE lipid remained significantly increased in the male db/db mice 

versus H/H mice. The 35 plasma lipid species that were now significantly increased in the male 

db/db mice included multiple species of SM, PC containing only even-numbered carbon FA 

(nine species), LPC (eight species), PI (five species), CE (five species) and TG that remained 

significantly increased, but no longer any Cer, MHC, PE, PC(O), PC(P), PE(P) or LPE species. 

The eight plasma lipid species that were now significantly decreased in the male db/db mice 

included some species of PC(P) and (surprisingly) TG. There were 31 plasma lipid species that 

were significantly different in male db/db mice at both 6 and 10 weeks of age (Table S4.5). 

 

4.3.9.6 Liver lipid profiles in female db/db vs. H/H mice 

 

Early liver lipid abnormalities in female db/db versus H/H mice (at 6 weeks of age) included 

significant increases in total Cer and BMP, and significant decreases in total PC(O) and PC(P) 

(Table 4.9, panel B; and Figure 4.14). The 49 liver lipid species that were significantly increased 

in the female db/db mice included multiple species of Cer, PC containing only even-numbered 

carbon FA (eight species), PE (eight species), LPC, PI, CL, DG (six species) and TG (12 

species). (Table S4.6). The 35 lipid species that were significantly decreased in the female db/db 

mice at 6 weeks of age included multiple species of SM, PC (ten species), PE, PC(O) (five 

species), PC(P), PE(O), CL and DG.  

 

At 10 weeks of age, total PC(O) remained highly significantly decreased, and total MHC and PS 

were now highly significantly decreased in the female db/db versus H/H mice. The 27 liver lipid 

species that were now significantly increased in the female db/db mice included multiple species 

of PC containing only even-numbered carbon FA (eight species), PE, CL, DG (five species) and  
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Figure 4.13 Relative plasma lipid levels in male mice. Levels of lipid classes or subclasses in male (M) mice at 6, 

10 and 16 weeks of age are expressed as median ± upper and lower quartile (7-12 mice per group). The P-value for 

the comparison of each lipid class or subclass between genotypes at each age was obtained using the Kruskal Wallis 

test with post-hoc analysis by Mann Whitney U  test with Dunn-Sidak correction for multiple group comparisons. 

‡ P < 0.05 vs. H/H mice at same age; $ P < 0.05 vs. db/h mice at same age. 
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Figure 4.14 Relative liver lipid levels in female mice. Levels of lipid classes or subclasses in female (F) mice at 6, 

10 and 16 weeks of age are expressed as median ± upper and lower quartile (7-12 mice per group). The P-value for  

the comparison of each lipid class or subclass between genotypes at each age was obtained using the Kruskal Wallis 

test with post-hoc analysis by Mann Whitney U test with Dunn-Sidak correction for multiple group comparisons.  

* P < 0.05 vs. corresponding genotype at 6 weeks of age; ‡ P < 0.05 vs. H/H mice at same age; $ P < 0.05 vs. db/h 

mice at same age. 
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TG that remained significantly increased, but no longer any Cer, LPC or PI species. The 29 liver 

lipid species that were now significantly decreased in the female db/db mice at 10 weeks of age 

included multiple species of PC (nine species), PC(O) (five species), PC(P), PE(O) and CL that 

remained significantly decreased, and now some MHC species, but no longer any PE or DG 

species. There were 48 liver lipid species that were significantly different in female db/db mice 

at both 6 and 10 weeks of age (Table S4.6). There were no differences in the liver lipid profiles 

in 16 week old female mice. Comparison of the earliest liver lipid abnormalities detected in the 

hyperinsulinaemic/IR female db/db mice (at 6 weeks of age) and obese/IR male db/db mice (at 

10 weeks of age) indicated that the CE, DG and TG classes contributed 57 of the 90 species that 

were significantly elevated in male db/db mice (versus corresponding male H/H mice), but only 

contributed 19 of the 49 species that were significantly elevated in female db/db mice. However, 

there was a greater number of PC, PC(O), PC(P) and PE(O) species that were significantly 

decreased in the female db/db mice.  

 

4.3.9.7 Skeletal muscle lipid profiles in female db/db vs. H/H mice 

 

Early skeletal muscle lipid abnormalities in female db/db versus H/H mice at 6 weeks of age 

included significant decreases in total Cer, GM3 and PI (Table 4.10, panel B). The 23 lipid 

species that were significantly increased in the female db/db mice included multiple species of 

SM, PC containing only even-numbered carbon FA (eight species), PE and TG (ten species) 

(Table S4.7). The 24 lipid species that were significantly decreased in the female db/db mice 

included multiple species of PC (most containing an odd-numbered carbon FA) (ten species), 

PC(O) and PI. 

 

At 10 weeks of age, total TG subclass was now significantly increased, and total PC(O) and 

PC(P) were now significantly decreased in the female db/db versus H/H mice. The 48 skeletal 

muscle lipid species that were now significantly increased in the female db/db mice included 

multiple species of PC (eight species, seven which contained only even-numbered carbon FA), 

PE and TG (31 species) that remained significantly increased, and now some DG species, but no 

longer any SM species. The 27 skeletal muscle lipid species that were now significantly 

decreased in the female db/db mice at 10 weeks of age included multiple species of PC (six 

species), PC(O) (five species) and PI that remained significantly decreased, and now some PE, 

PC(P) and PE(P) species. There were 37 skeletal muscle lipid species that were significantly 
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different in female db/db mice at both 6 and 10 weeks of age (Table S4.7). There were no 

differences in the skeletal muscle lipid profiles in 16 week old female mice. 

 

Comparison of the earliest skeletal muscle lipid abnormalities detected in female db/db mice (at 

6 weeks of age) and male db/db mice (at 10 weeks of age) indicated that the DG and TG classes 

contributed 50 of the 62 species that were significantly elevated in male db/db mice (versus 

corresponding male H/H mice), but only contributed 11 of the 23 species that were significantly 

elevated in female db/db mice. Otherwise, the profile of early skeletal muscle lipid abnormalities 

seen in male and female db/db mice was very similar.  

 

4.3.9.8 Left-ventricle lipid profiles in female db/db vs. H/H mice 

 

Early left-ventricle lipid abnormalities in female db/db versus H/H mice at 6 weeks of age 

included significant increases in five classes (PE, PI, CE, DG and TG), and significant decreases 

in total MHC and GM3 (Table 4.11, panel B; and Figure 4.15). The 97 lipid species that were 

significantly increased in the female db/db mice included multiple species of PC containing only 

even-numbered carbon FA (17 species), PE (nine species), PC(P), PE(O), PE(P), LPC, LPE, PI 

(six species), PS, PG, CL (four species), CE, DG (ten species) and TG (29 species) (Table S4.8). 

The 11 lipid species that were significantly decreased in the female db/db mice at 6 weeks of age 

included multiple species of GM3, SM, PC and PC(O). 

 

At 10 weeks of age, total PE, PI, CE, DG and TG remained highly significantly increased, and 

total PG and CL were now highly significantly increased in the female db/db versus H/H mice. 

Furthermore, total GM3 remained significantly decreased, and total LPC(O) was now 

significantly decreased in the diabetic female db/db mice. The 115 left-ventricle lipid species 

that were now significantly increased in the female db/db mice included multiple species of PC 

containing only even-numbered carbon FA (20 species), PE (13 species), PC(P), PE(O), PE(P), 

LPC (five species), LPE, PI (seven species), PS, PG, CL (seven species), CE, DG (14 species) 

and TG (25 species) that remained significantly increased. The 21 left-ventricle lipid species that 

were now significantly decreased in the female db/db mice included multiple species of GM3, 

SM and PC (six species) that remained significantly decreased, and now some LPC and CL 

species, but no longer any PC(O) species. There were 92 left-ventricles lipid species that were 

significantly different in female db/db mice at both 6 and 10 weeks of age (Table S4.8). 
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Figure 4.15 Relative left-ventricle (L-V) lipid levels in female mice. Levels of lipid classes or subclasses in 

female (F) mice at 6, 10 and 16 weeks of age are expressed as median ± upper and lower quartile (7-12 mice per  

group). The P-value for the comparison of each lipid class or subclass between genotypes at each age was obtained 

using the Kruskal Wallis test with post-hoc analysis by Mann Whitney U  test with Dunn-Sidak correction for   

multiple group comparisons. ‡ P < 0.05 vs. H/H mice at same age; $ P < 0.05 vs. db/h mice at same age. 
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At 16 weeks of age, some lipid abnormalities persisted in the left-ventricle, but only total TG 

was significantly different (i.e., increased) in the now pre-diabetic female db/db mice versus H/H 

mice (Table 4.11, panel B). The 32 left-ventricle lipid species that were now significantly 

increased in the female db/db mice included a smaller number of CL and DG species, and 20 TG 

species that remained significantly increased (Table S4.8). The 22 left-ventricle lipid species that 

were now significantly lower in the female db/db mice at 16 weeks of age included multiple 

species of SM and PC (five species) that remained significantly lower, and now some PC(O) 

(eight species) and PC(P) species (Table S4.8). 

 

The early onset and progression of left-ventricle CL remodelling in female db/db mice at 6 and 

10 weeks of age is shown in Figure 4.10. There was already a significant elevation (% 

difference) in the most abundant CL species, CL 18:2/18:2,18:2/18:2, both 16:1 FA-containing 

CL species, and the three donor 16:1 FA-containing PC species (PC 32:1, PC 32:2 and PC 34:2) 

in the six week old female db/db mice compared with the corresponding H/H mice (Figure 4.10, 

Panel C). This was accompanied by a non-significant drop (P-value 0.05-0.10) in the 22:6 FA-

containing CL species, CL 18:2/18:2,18:2/22:6, and a significant fall in the donor 22:6 FA-

containing PC species, PC 38:6b and PC 40:6. At 10 weeks of age, this CL effect was sustained, 

but now there was a significant fall in CL 18:2/18:1,18:2/22:6 (Figure 4.10, Panel D). However, 

there was also a significant rise in the CL subclass and four other CL species in the ten week old 

female db/db mice (Table S4.8).  

 

Comparison of the earliest left-ventricle lipid abnormalities detected in female db/db mice (at 6 

weeks of age) and male db/db mice (at 10 weeks of age) indicated that there was a very similar 

and substantial contribution of CE, DG and TG subclasses to the total number of species that 

were significantly elevated in male and female db/db mice (versus corresponding male H/H 

mice). Otherwise, the profile of early left-ventricle lipid abnormalities seen in male and female 

db/db mice was very similar, except some PC(P), PE(O) and PE(P) species were (surprisingly) 

significantly increased in female db/db mice, but not in male db/db mice.  

 

4.3.9.9 Adipose lipid profiles in female db/db vs. H/H mice  

 

Early adipose lipid abnormalities in female db/db versus H/H mice at 6 weeks of age were 

unique, involving significant increases in total DG and TG, but significant decreases in 11 

classes (Cer, MHC, PC, PE, PC(P), PE(O), PE(P), PS, PG, CL and COH) (Table 4.12, panel B; 
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and Figures 4.16 and 4.17). The 58 lipid species that were significantly increased in the female 

db/db mice included multiple species of SM, CE, DG (12 species) and TG (40 species) (Table 

S4.9). The 86 lipid species that were significantly decreased in the female db/db mice at 6 weeks 

of age included multiple species of Cer (all six species), SM, PC (30 species), PE (ten species), 

PC(P) (nine species), PE(O) (seven species), PE(P) (six species), LPC, PS, PG and CL. 

 

At 10 weeks of age, total DG and TG remained significantly increased, and the CE class was 

now significantly increased in the female db/db versus H/H mice. Moreover, total Cer, MHC, 

PC, PC(P), PE(O), PE(P), PG and CL remained significantly decreased, and total PC(O) was 

now significantly decreased in the female db/db mice. The 75 adipose lipid species that were 

now significantly increased in the female db/db mice included multiple species of SM, CE (nine 

species), DG (19 species) and TG (all 41 species) that remained significantly increased, and now 

some PE species. The 70 adipose lipid species that were now significantly decreased in the 

female db/db mice at 10 weeks of age included multiple species of Cer (five species), PC (21 

species), PE (seven species), PC(P) (six species), PE(O) (seven species), PE(P), LPC, PS, PG 

and CL that remained significantly decreased, and now some MHC and five PC(O) species, but 

no longer any SM species. There were 118 adipose lipid species that were significantly different 

in female db/db mice at both 6 and 10 weeks of age (Table S4.9). There were no differences in 

the adipose lipid profiles in 16 week old female mice. 

 

Comparison of the earliest adipose lipid abnormalities detected in female db/db mice (at 6 weeks 

of age) and male db/db mice (at 10 weeks of age) indicated very similar profiles. Total CE, DG 

and TG contributed almost exclusively to the species that were significantly elevated in both 

male and female db/db mice (versus corresponding male H/H mice), and most of the other lipid 

groups, including lysophospholipids, contributed to the large number of species that were 

significantly decreased in db/db mice. 

 

4.3.9.10 Plasma lipid profiles in female db/db vs. H/H mice  

 

Early plasma lipid abnormalities in female db/db versus H/H mice (at 6 weeks of age) were also 

unique, involving significant increases in total LPE, DG and TG (Table 4.13, panel B; and 

Figure 4.18) and 91 lipid species, including multiple species of SM, PC containing only even-

numbered carbon FA (14 species), LPC (seven species), LPE, PI (11 species), CE (seven 

species), DG (eight species) and TG (33 species) (Table S4.10). Only six lipid species were  
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Figure 4.16 Relative adipose lipid levels in female mice. Levels of lipid classes or subclasses in female (F) mice 

at 6, 10 and 16 weeks of age are expressed as median ± upper and lower quartile (7-12 mice per group). The P-value 

for the comparison of each lipid class or subclass between genotypes at each age was obtained using the Kruskal 

Wallis test with post-hoc analysis by Mann Whitney U  test with Dunn-Sidak correction for multiple group 

comparisons.  ‡ P < 0.05 vs. H/H mice at same age; $ P < 0.05 vs. db/h mice at same age. 
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Figure 4.17 Relative adipose lipid levels in female mice. Levels of lipid classes or subclasses in female (F) mice 

at 6, 10 and 16 weeks of age are expressed as median ± upper and lower quartile (7-12 mice per group). The P-value  

for the comparison of each lipid class or subclass between genotypes at each age was obtained using the Kruskal 

Wallis test with post-hoc analysis by Mann Whitney U test with Dunn-Sidak correction for multiple group 

comparisons.  ‡ P < 0.05 vs. H/H mice at same age; $ P < 0.05 vs. db/h mice at same age. 
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significantly decreased in the female db/db mice, including PC(O-34:0), PC(O-34:1) and PC(P-

40:6). 

 

At 10 weeks of age, total DG and TG remained significantly increased, and total PC and PE 

were now also significantly increased in the female db/db mice versus H/H mice. The 97 plasma 

lipid species that were now significantly increased in the female db/db mice included multiple 

species of SM (five species), PC (25 species) LPC, PI (six species), CE, DG (five species) and 

TG (28 species) that remained significantly increased, and now some PE (13 species), PC(O) 

(five species) and PC(P) species, but no longer any LPE species. No plasma lipid species were 

significantly decreased in the female db/db mice at 10 weeks of age. There were 61 plasma lipid 

species that were significantly different in female db/db mice at both 6 and 10 weeks of age 

(Table S4.10). At 16 weeks of age, some lipid abnormalities persisted in plasma, but only total 

TG was significantly different (i.e., increased) in the pre-diabetic female db/db mice versus H/H 

mice (Table 4.13, panel B). The 44 plasma lipid species that were now significantly increased in 

the female db/db mice included multiple species of SM, PI, CE and TG (28 species) that 

remained significantly increased, but no longer any PC, PE, PC(O), PC(P), LPC or DG species. 

(Table S4.10). Only one plasma lipid species (CE 20:5) was now significantly decreased in the 

female db/db mice at 16 weeks of age (Table S4.10). 

 

The earliest plasma lipid abnormalities were detected in both male and female db/db mice at 6 

weeks of age. Comparison of these early plasma lipid abnormalities indicated that the CE, DG 

and TG classes contributed only 10 of the 85 species that were significantly elevated in male 

db/db mice (versus corresponding male H/H mice), but contributed 48 of the 91 species that 

were significantly elevated in female db/db mice. In addition, some PC(O), PC(P) and PE(P) 

species were (surprisingly) significantly increased in male db/db mice, but not in female db/db 

mice. 

 

4.3.10 Fatty acid composition of elevated triacylglycerol species in db/db mice 

 

The fatty acid (FA) composition of individual TG species has been identified as a critical factor 

in the association of TG species with obesity, IR and risk of T2D [13,29,31,156,157]. To assess 

this relationship, the 40-odd TG species measured in plasma and each of the tissues were divided 

into “saturated” or “unsaturated” species according to the definition described in Table 4.14. 

This definition is similar to that employed by Barber et al. [26], and attempts to distinguish
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Figure 4.18 Relative plasma lipid levels in female mice. Levels of lipid classes or subclasses in female (F) mice at 

6, 10 and 16 weeks of age are expressed as median ± upper and lower quartile (7-12 mice per group). The P-value  

for the comparison of each lipid class or subclass between genotypes at each age was obtained using the Kruskal 

Wallis test with post-hoc analysis by Mann Whitney U test with Dunn-Sidak correction for multiple group 

comparisons. * P < 0.05 vs. corresponding genotype at 6 weeks of age; ‡ P < 0.05 vs. H/H mice at same age; $ P < 

0.05 vs. db/h mice at same age. 
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between TG species incorporating “saturated” FA derived from hepatic de novo lipogenesis (e.g. 

16:0, 16:1, 18:0, 18:1) and those TG species incorporating “unsaturated” FA with two or more 

double bonds (e.g. 16:2, 18:2). The number of “saturated” and “unsaturated” TG species that 

were significantly elevated in plasma and tissues of male and female db/db mice at 6, 10 and 16 

weeks of age compared with the corresponding H/H mice is shown in Table 4.14. There was no 

statistical difference in the number of “saturated” versus “unsaturated” TG species that were 

significantly elevated in male or female db/db mice in any of the treatment groups, regardless of 

age or the tissue-type.  

 

4.3.11 Role of hepatic de novo lipogenesis in the supply of circulating fatty acids 

 

Hepatic de novo lipogenesis is activated by high circulating levels of insulin and carbohydrate 

generated from a low-fat/high-carbohydrate diet [47,158], and repressed by high dietary fat [47]. 

The unrestricted standard chow diet fed to mice in our db/db mouse study was low in total fatty 

acid content (4.8% w/w; but 8.0% total energy as fat) and high in carbohydrate content (59.4% 

w/w). Notably, the diet contained virtually no palmitoleate (16:1) or arachidonic acid (20:4n-6), 

but 30% of the total fatty acid composition consisted of linoleic acid (18:2n-6) (Table 4.1B). In 

these circumstances, 16:1 is generated almost exclusively from hepatic de novo lipogenesis via 

delta-9 desaturase activity [47]. Long-chain fatty acids (16:0, 16:1, 18:0 and 18:1) derived from 

hepatic de novo lipogenesis are incorporated into hepatic DG and TG and released into the 

circulation as VLDL-bound triglyceride [50]. On the other hand, 18:2n-6 is an essential FA that 

must be provided in the diet. Thus, the ratio of total 16:1 acyl-FA to total 18:2 acyl-FA content 

in liver DG species (total 16:1/18:2 in DG) and liver TG species (total 16:1/18:2 in TG) was 

evaluated as a surrogate measure of hepatic de novo lipogenesis in the db/db mouse study. 

 

4.3.11.1 Contribution of hepatic de novo lipogenesis to liver diacylglycerols and 

triacylglycerols  

 

The mean ratio of liver total 16:1/18:2 in DG species was already markedly higher (by ~3.5-

fold) in six week old male db/db mice compared with the corresponding H/H and db/h mice, and 

this strong effect was sustained at 10 weeks of age (Figure 4.19, Panel A). However, this ratio 

had significantly dropped (by ~50%) in the male db/db mice at 16 weeks of age compared with 

the value observed at 10 weeks of age, and was no longer significantly higher than the value 

obtained in the corresponding db/h mice. A very similar pattern was seen in the mean ratio of
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Table 4.14 Number of significantly elevated “saturated” and “unsaturated” triacylglycerol 

species in plasma and tissues of male and female db/db mice compared with corresponding 

H/H mice.  
 

Tissue 

 

No. of TG 

species measured
 

Male db/db mice  

 (6 weeks)  

Male db/db mice  

(10 weeks)  

Male db/db mice 

 (16 weeks) 

Sat
a 

Unsat
b 

No. of  sat 

TG species  

No. of unsat 

TG species  

No. of sat 

TG species  

No. of unsat 

TG species  

No. of sat 

TG species  

No.of unsat 

TG species  

Plasma 20 20 1 2 1 2 NS NS 

Liver 19 18 NS NS 19 18 17 18 

SkM
 

22 20 NS NS 22 20 22 20 

L-V
 

17 18 NS NS 15 16 15 16 

Adip
 

23 18 NS NS 23 18 21 18 

 

 

 

Tissue 

 

No. of TG 

species measured 

Female db/db  mice  

(6 weeks) 

Female db/db mice  

(10 weeks) 

Female db/db mice  

(16 weeks) 

Sat
a 

Unsat
 

No. of sat 

TG species  

No. of unsat 

TG species  

No. of sat 

TG species  

No. of unsat 

TG species  

No. of sat 

TG species  

No. of unsat 

TG species  

Plasma 20 20 18 15 17 12 16 15 

Liver 19 18 6 6 2 2 NS NS 

SkM 22 20 4 6 14 18 NS NS 

L-V 17 18 15 15 11 14 10 10 

Adip 23 18 22 18 23 18 NS NS 

 
No., number; TG, triacylglycerol; Sat, saturated; Unsat, unsaturated; SkM, skeletal muscle; L-V, left-

ventricle; Adip, adipose; NS, not significant. 
b  

“Saturated” TG species were defined as having a total of two or less fatty acid-double bonds, and that 

each fatty acid within the TG species contained no more than one double bond (e.g. TG 14:0/16:1/18:1). 
c  

“Unsaturated” TG species were defined as having a total of more than two fatty acid-double bonds, but 

also included TG species that contained a total of two fatty acid-double bonds when one fatty acid moiety 

contained two double bonds (e.g. TG 14:0/16:0/18:2, TG 14:0/16:1/18:2). 
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Figure 4.19 Surrogate measures of hepatic de novo lipogenesis in mice. Ratio of total 16:1to total 18:2 fatty acid 

content in liver diacylglyerol (DG) species and triacylglycerol (TG) species in male (M) mice (A and B  

respectively) and female (F) mice (C and D respectively) on unrestricted chow diet at 6, 10 and 16 weeks of age. 

Values are expressed as mean ± SEM (7-12 mice per group). * P < 0.01 vs. corresponding genotype at 6 weeks of 

age; † P < 0.01 vs. corresponding genotype at 10 weeks of age; ‡ P < 0.01 vs. H/H mice at same age; $ P < 0.01 vs. 

db/h mice at same age using Mann-Whitney U  test. 
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Figure 4.20 Surrogate measures of hepatic de novo lipogenesis in mice are reflected in plasma. Ratio of total 

16:1 to total 18:2 fatty acid content in plasma diacylglyerol (DG) species and triacylglycerol (TG) species in male  

(M) mice (A and B respectively) and female (F) mice (C and D respectively) on unrestricted chow diet at 6, 10 and 

16 weeks of age. Values are expressed as mean ± SEM (7-12 mice per group). † P < 0.01 vs. corresponding  

genotype at 10 weeks of age; ‡ P < 0.01 vs. H/H mice at same age; $ P < 0.01 vs. db/h mice at same age using 

Mann-Whitney U  test. 
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liver total 16:1/18:2 in TG species in male db/db mice (Figure 4.19, Panel B). A similar pattern 

of marked elevations in the ratios of liver total 16:1/18:2 in DG species and TG species also 

occurred in female db/db mice at 6 and 10 weeks of age (Figure 4.19, Panels C and D). 

However, unlike the findings in male db/db mice, both measures remained significantly higher 

in female db/db mice at 16 weeks of age compared with the corresponding H/H and db/h mice, 

despite a small but significant drop (~15%) in the mean ratio of liver total 16:1/18:2 in TG 

species in female db/db mice at 16 weeks of age. 

 

4.3.11.2 Contribution of hepatic de novo lipogenesis to plasma diacylglycerols and 

triacylglycerols  

 

The same total 16:1/18:2 ratios were measured in plasma DG and TG species to establish 

whether these surrogate measures of hepatic de novo lipogenesis were reflected in plasma. 

Similar to the findings in liver, the mean ratios of plasma total 16:1/18:2 in DG and TG species 

were already significantly higher (by 2 to 2.5-fold) in six week old male db/db mice, and 

sustained at 10 weeks of age, but significantly attenuated (by ~50%) by 16 weeks of age, being 

no longer different to the values obtained in the corresponding H/H and db/h mice (Figure 4.20, 

Panels A and B). Also similar to the findings in liver, there were significant elevations in the 

mean ratios of plasma total 16:1/18:2 in DG and TG species in female db/db mice at 6 and 10 

weeks of age, and both of these measures remained significantly higher in female db/db mice at 

16 weeks of age compared with the corresponding H/H and db/h mice, despite being blunted by 

~30% in female db/db mice (Figure 4.20, Panels C and D). 

 

4.4 DISCUSSION 

 

4.4.1 The db/db mouse represents a progressive model of type 2 diabetes 

 

The leptin receptor-deficient db/db mouse model with a C57BL/KsJ background provides a good 

monogenic model of IR, obesity and T2D [73,85,140,141,142,143,144], and closely resembles 

disease progression to T2D in humans [72,91]. However, one must be conservative when 

comparing the key metabolic and lipidomic changes observed in any suitable mouse model and 

comparable human subjects, as inevitable inter-species differences occur. For example, the fatty 

acid composition of mouse tissues is different to humans, containing much more DHA (22:6), 

and leptin receptor deficiency is rare in humans, accounting for only 3 per cent of obesity.   
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It was anticipated that female db/db mice would become less obese and suffer less severe 

pathology than age-matched male db/db mice due to cardio-protection by oestrogen [95,143]. In 

the present study, the six week old female db/db mice were non-obese, but already had elevated 

omental fat weight, hyperinsulinaemia and IR (versus corresponding female H/H mice) (Table 

4.2; Figures 4.1 and 4.2). Even though our six week old male db/db mice were mildly obese, 

with elevated omental fat weight and glucose intolerance, they were not statistically considered 

to be hyperinsulinaemic or IR, despite having mean fasting plasma insulin and HOMA-IR values 

that were 2-3 fold higher than the female db/db mice, and 5-6 fold higher than the corresponding 

male H/H mice (Figures 4.3 and 4.4). The failure to reach statistical significance may relate to 

the high inter-animal variance in these measurements, possibly due to the more unstable male 

db/db phenotype. If more mice had been studied, it is likely that fasting plasma insulin and 

HOMA-IR levels may have been significantly elevated in the six week old male db/db mice, 

which would better reflect the more severe pathology expected in male db/db mice compared 

with age-matched female db/db mice.  

 

At 10 weeks of age, the female db/db mice were mildly obese, with sustained hyperinsulinaemia 

and IR, and glucose homeostatic abnormalities. By 16 weeks of age, the female db/db mice were 

severely obese, with modest hyperglycaemia, very high fasting insulin and IR levels, and 

sustained glucose and insulin intolerance. Similar phenotypic changes were observed in male 

db/db mice at 10 and 16 weeks of age, but obesity was more pronounced in the male db/db mice 

at 10 weeks of age, and glucose was not elevated at any age. Contrary to literature findings 

[73,85,140,141,142,143], the severe obesity in the db/db mice at 16 weeks of age was not 

accompanied by decreased insulin secretion and severe hyperglycaemia. Therefore, the db/db 

mice were not diabetic by 16 weeks of age, but may have developed diabetes later. Given that 

food intake was not significantly higher in the 16 week old db/db mice compared with their 

corresponding db/h and H/H littermates, the main effect of genotype in this batch of mice 

appears to be reduced energy expenditure due to the leptin receptor-deficient mutation.  

 

4.4.2 Genotype, rather than gender or age, is the dominant effect on mouse lipid profiles 

 

In the present study, targeted lipid profiling using LC ESI-MS/MS and subsequent 

comprehensive lipidomic analysis was employed to characterise temporal (6, 10 and 16 weeks of 

age) and tissue-specific (liver, skeletal muscle, left-ventricle, adipose and plasma) changes 
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among 25 lipid classes/subclasses and ~330 lipid species (Table 4.3) associated with the onset of 

obesity, IR and/or T2D in male and female intermediate (db/h) and more severe (db/db) mouse 

phenotypes compared with their corresponding H/H littermates. These lipid abnormalities were 

compared with those observed in studies investigating human obesity, IR and T2D (Chapter 6). 

 

The independent effects of gender, age and mouse genotype on global lipid profiles in plasma 

and tissues were assessed using conventional statistical methods (Tables 4.6 to 4.8) and PCA 

modelling (Figures 4.5 and 4.6). Not surprisingly, the effect of the db/db genotype on plasma 

and tissue lipid abnormalities was clearly the dominant effect in the majority of cases. The 

following sections summarize and discuss the effect of the db/db genotype (versus 

corresponding H/H mice), and where appropriate, the effect of gender and age, on lipid 

abnormalities in the seven main lipid groups defined previously in Results section 4.3.9. 

 

4.4.3 Higher inter-animal variance in lipid levels in male db/db mice prevents detection of 

early lipid abnormalities in tissues 

 

Despite the expectation that cardio-protection by oestrogen in female db/db mice would result in 

less significant changes in lipid profiles than their age-matched male equivalent [28], we found 

substantial early plasma and tissue lipid abnormalities in our six week old non-obese, 

hyperinsulinaemic/IR female db/db mice (versus female H/H mice). In contrast, substantial early 

lipid abnormalities were observed in plasma, but not in any tissues, in our six week old mildly 

obese, glucose intolerant (almost hyperinsulinaemic) male db/db mice (versus male H/H mice).  

 

The failure to reach statistical significance for any lipids in any tissues in the six week old male 

db/db mice may relate to the higher inter-animal variance in tissue lipid levels observed in the 

more unstable male db/db phenotype (e.g., sporadic dietary consumption), and the relatively 

smaller early changes observed in tissue lipids versus plasma lipids. These factors, combined 

with the superior assay performance of plasma lipid versus tissue lipid measurements (Table 

4.4), low animal numbers (7-12 mice per group) and stringent statistical testing (Benjamini-

Hochberg correction for multiple lipid comparisons) resulted in no tissue lipids, but 85 plasma 

lipids being significantly different in male db/db mice compared with male H/H mice at 6 weeks 

of age. 
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4.4.4 Metabolic pathway maps for plasma, liver and left-ventricle in male db/db mice 

 

The remaining sections of this chapter discuss the lipidomic changes in plasma and the different 

tissues in db/db mice compared with H/H mice at each age, particularly focusing on the seven 

major lipid groups defined in section 4.3.9, and how these changes relate to the literature 

findings. For clarity and ease of comparison, and given the magnitude and contrasting nature of 

the lipid abnormalities associated with plasma, liver and left-ventricle of male db/db mice, three 

metabolic pathway maps were constructed to highlight the alterations in these lipid groups in 

plasma (Figure 4.21), liver (Figure 4.22) and left-ventricle (Figure 4.23) of male db/db mice with 

increasing severity of disease compared with the corresponding male H/H mice. These metabolic 

maps offer a visual representation of the temporal and tissue-specific lipid abnormalities 

associated with the progression to pre-diabetes, and will be referred to where appropriate. 

 

4.4.5 Differential elevation of glycerolipids and cholesteryl esters in plasma and tissues of 

db/db mice 

 

Given that elevated circulating CE, DG and TG lipid levels are established markers of obesity 

[26,27,28,29,51], pre-diabetes [9] and T2D [9,13], it was puzzling that total CE but very few 

plasma DG and TG species were significantly elevated in the male db/db mice at 6 and 10 weeks 

of age compared with H/H mice (Table 4.13A, Figure 4.13 and Table S4.5). In contrast, both 

plasma total DG and TG were markedly elevated in the six week old non-obese/IR female db/db 

mice, and this effect was sustained for both classes at 10 weeks of age, and for TG thereafter 

(Table 4.13B, Figure 4.18 and Table S4.10). The higher inter-animal variance and relatively 

smaller elevations in the levels of many plasma DG and TG species may explain the lack of DG 

and TG species that were significantly elevated in male db/db mice. 

 

Paradoxically, there was an early trend for elevated liver total CE, DG and TG in the six week 

old male db/db mice (Figure 4.7), and all three classes were significantly elevated at 10 and 16 

weeks of age with increasing severity of disease (Table S4.1). However, there was only a modest 

effect on liver DG and TG in female db/db mice at 6 weeks of age and beyond (Figure 4.14 and 

Table S4.6). The early elevations in plasma CE, DG and TG species (dyslipidaemia) in female 

db/db mice were of greater magnitude and/or appeared much earlier than changes in the liver, 

which precede fatty liver. Regardless, there is enough evidence to suggest that the db/db mouse 

phenotype was characterised by early elevations of CE, DG and TG lipids in plasma and/or  
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Figure 4.21 Metabolic pathways altered in plasma of male db/db mice with progression to type 2 

diabetes. Partial lipid metabolic pathways showing the major lipids (blue and yellow boxes), the measured 

lipids (yellow boxes), and the enzymes involved (pink boxes). The sphingolipid (blue lines), cholesteryl ester 

(pink lines), cardiolipin (orange lines), glycerolipid (black lines), choline/ethanolamine phospholipids (green 

lines), plasmalogen (red lines) and arachidonic acid (dotted lines) biosynthetic pathways are shown. The 

direction of association between lipids in the plasma of male db/db mice compared with male H/H mice at 6 

weeks of age (orange arrows) and 10 weeks of age (green arrows) is indicated. 

Metabolite abbreviations: Cho, choline; CDP, cytidine diphosphate; DHAP, dihydroxyacetonephosphate; 

Etn, ethanolamine; G-3-P, glycerol-3-phosphate; PGP, phosphatidylglycerolphosphate. Abbreviations of 

measured lipids are shown in Table 7.1. Enzyme abbreviations: A4GALT, lactosylceramide 4-

alphagalactosyltransferase; B4GALT6, beta-1,4-galactosyltransferase 6; CDIPT, CDP-diacylglycerol-inositol 

3-phosphatidyltransferase; CDS1, phosphatidate cytididyltransferase; CerS, ceramide synthase; cls, cardiolipin 

synthase; CPT1, diacylglycerol cholinephosphotransferase; ∆1 Desat, delta-1 desaturase; DEGS, sphingolipid 

delta-4 desaturase; DGAT, diacylglycerol O-acyltransferase; EPT1, ethanolaminephosphotransferase; Lp-

PLA2, lipoprotein phospholipase A2; PEMT, phosphatidylethanolamine N-methyltransferase; pgpA, 

phosphatidylglycerophosphatase A; pgsA, phosphatidylglycerosynthase A; PPAP2, phosphatidate 

phosphatase; SMGS, sphingomyelin synthase; UGCG, ceramide glucosyltransferase. 
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Figure 4.22 Metabolic pathways altered in liver of male db/db mice with progression to type 2 diabetes. 
Partial lipid metabolic pathways showing the major lipids (blue and yellow boxes), the measured lipids 

(yellow boxes), and the enzymes involved (pink boxes). The sphingolipid (blue lines), cholesteryl ester (pink 

lines), cardiolipin (orange lines), glycerolipid (black lines), choline/ethanolamine phospholipids (green lines), 

plasmalogen (red lines) and arachidonic acid (dotted lines) biosynthetic pathways are shown. The direction of 

association between lipids in the liver of male db/db mice compared with male H/H mice at 10 weeks of age 

(green arrows) and 16 weeks of age (red arrows) is indicated. 
Metabolite abbreviations: Cho, choline; CDP, cytidine diphosphate; DHAP, dihydroxyacetonephosphate; 

Etn, ethanolamine; G-3-P, glycerol-3-phosphate; PGP, phosphatidylglycerolphosphate. Abbreviations of 

measured lipids are shown in Table 7.1. Enzyme abbreviations: A4GALT, lactosylceramide 4-

alphagalactosyltransferase; B4GALT6, beta-1,4-galactosyltransferase 6; CDIPT, CDP-diacylglycerol-inositol 

3-phosphatidyltransferase; CDS1, phosphatidate cytididyltransferase; CerS, ceramide synthase; cls, cardiolipin 

synthase; CPT1, diacylglycerol cholinephosphotransferase; ∆1 Desat, delta-1 desaturase; DEGS, sphingolipid 

delta-4 desaturase; DGAT, diacylglycerol O-acyltransferase; EPT1, ethanolaminephosphotransferase; Lp-

PLA2, lipoprotein phospholipase A2; PEMT, phosphatidylethanolamine N-methyltransferase; pgpA, 

phosphatidylglycerophosphatase A; pgsA, phosphatidylglycerosynthase A; PPAP2, phosphatidate 

phosphatase; SMGS, sphingomyelin synthase; UGCG, ceramide glucosyltransferase. 
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Figure 4.23 Metabolic pathways altered in left-ventricle of db/db mice with progression to type 2 

diabetes. Partial lipid metabolic pathways showing the major lipids (blue and yellow boxes), the measured 

lipids (yellow boxes), and the enzymes involved (pink boxes). The sphingolipid (blue lines), cholesteryl ester 

(pink lines), cardiolipin (orange lines), glycerolipid (black lines), choline/ethanolamine phospholipids (green 

lines), plasmalogen (red lines) and arachidonic acid (dotted lines) biosynthetic pathways are shown. The 

direction of association between lipids in the left-ventricle of male db/db mice compared with male H/H mice 

at 10 weeks of age (green arrows) and 16 weeks of age (red arrows) is indicated. 
Metabolite abbreviations: Cho, choline; CDP, cytidine diphosphate; DHAP, dihydroxyacetonephosphate; 

Etn, ethanolamine; G-3-P, glycerol-3-phosphate; PGP, phosphatidylglycerolphosphate. Abbreviations of 

measured lipids are shown in Table 7.1. Enzyme abbreviations: A4GALT, lactosylceramide 4-

alphagalactosyltransferase; B4GALT6, beta-1,4-galactosyltransferase 6; CDIPT, CDP-diacylglycerol-inositol 

3-phosphatidyltransferase; CDS1, phosphatidate cytididyltransferase; CerS, ceramide synthase; cls, cardiolipin 

synthase; CPT1, diacylglycerol cholinephosphotransferase; ∆1 Desat, delta-1 desaturase; DEGS, sphingolipid 

delta-4 desaturase; DGAT, diacylglycerol O-acyltransferase; EPT1, ethanolaminephosphotransferase; Lp-

PLA2, lipoprotein phospholipase A2; PEMT, phosphatidylethanolamine N-methyltransferase; pgpA, 

phosphatidylglycerophosphatase A; pgsA, phosphatidylglycerosynthase A; PPAP2, phosphatidate 

phosphatase; SMGS, sphingomyelin synthase; UGCG, ceramide glucosyltransferase. 
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liver by six weeks of age. The early accumulation of fat in the liver of the six week old male 

db/db mice (hepatosteatosis) may be linked to the lack of leptin signaling in db/db mice [102], 

and the potential role of leptin-receptor deficiency (as opposed to the imbalance between energy 

intake and consumption) in mediating many of the genotype-dependent lipid abnormalities in 

db/db mice relative to H/H mice should not be underestimated. Similar to our findings in db/db 

mice, Graessler et al. reported that nearly all fasting plasma TG and DG species, and CE 16:0 

and CE 16:1 were significantly elevated in obese men [28], and Meikle et al. found that nearly 

all 26 CE species, 22 DG species and 43 TG species measured in fasting plasma were positively 

associated with both pre-diabetes and T2D subjects, independent of obesity, in two large human 

cohort studies [9]. Moreover, chronic high-fat diet induced obesity in male C57BL/6J mice was 

associated with markedly elevated fasting plasma 16:0, 18:0 or 18:1 FA-containing TG and DG 

species [26]. 

 

In our mouse study, total CE subclass and seven CE species, including CE 16:1 and six essential 

polyunsaturated FA-containing CE species were significantly elevated in fasting plasma in the 

six week old mildly obese, almost hyperinsulinaemic male db/db mice, and this pattern was 

sustained at 10 weeks of age. Similarly, CE 14:0, CE 16:1 and five essential polyunsaturated 

FA-containing CE species (with CE 20:3, CE 20:5 and CE 22:5 being common to both male and 

female db/db mice) were significantly elevated in six week old non-obese/IR female db/db mice, 

and this pattern was sustained at 10 weeks of age. Therefore, fasting plasma CE 16:1 and 

specific polyunsaturated FA-containing CE species are precursors to obesity and IR in db/db 

mice. These findings compare to previous studies have shown that the proportions of 14:0, 16:0, 

18:0 and 18:2 fatty acids (but not 18:1) in serum CEs reflect the amount of fatty acids in the diet 

[39], and that fasting serum CE species containing high proportions of 16:0, 16:1 and 18:0 fatty 

acids, and a low proportion of 18:2 fatty acid are related to obesity [40] and T2D [41,42,43]. 

 

4.4.5.1 Diet induced activation of hepatic de novo lipogenesis in db/db mice  

 

Caution must be exercised when comparing plasma lipid profiles in db/db mice fed an 

unrestricted standard chow diet to high-fat fed models of rodent obesity, as dietary fat and 

carbohydrate composition can greatly influence hepatic de novo lipogenesis [47] and lipidomic 

profiles [26,48]. Hepatic de novo lipogenesis is activated by low-fat/high-carbohydrate diets, and 

high levels of insulin and carbohydrate [47]. Long-chain fatty acids (16:0, 16:1, 18:0 and 18:1) 

derived from increased hepatic de novo lipogenesis are released into the circulation as VLDL-
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bound triglyceride [50] to maintain normal 16:1/16:0 and 18:1/18:0 ratios in metabolic tissues 

[47]. Conversely, high-fat diets provide plentiful long-chain saturated and monounsaturated fatty 

acids, thereby inhibiting hepatic de novo lipogenesis and delta-9 desaturase activity [47]. 

However, the development of obesity and IR may induce hepatic de novo lipogenesis in the 

presence of a high-fat diet [51,52].  

 

The standard chow diet fed to our mice was also low in fatty acid content (8% total energy as 

fat) and high in carbohydrate content (69% total energy as carbohydrate), and likely to activate 

early hepatic de novo lipogenesis in our hyperinsulinaemic db/db mice before the onset of 

chronic obesity, IR or increased caloric uptake. Given the fatty acid composition of the diet, the 

ratio of liver total 16:1/18:2 in DG species and TG species were considered surrogate measures 

of hepatic de novo lipogenesis in our db/db mouse study (Figure 4.19). The same total 16:1/18:2 

ratios were measured in plasma DG and TG species to confirm whether the surrogate measures 

of de novo hepatic lipogenesis were reflected in plasma (Figure 4.20). 

 

The results indicated that hepatic de novo lipogenesis was significantly elevated by six weeks of 

age in male and female db/db mice, increasing the available pool of 16:1 FA for use by 

peripheral tissues to compensate for the lack of dietary 16:1 FA. Hepatic de novo lipogenesis and 

the circulating pool of 16:1 FA in DG and TG remained significantly elevated in male and 

female db/db mice at 10 weeks of age, but was significantly attenuated in male db/db mice by 16 

weeks of age, suggesting that 16:1 FA stores were depleted in the now severely obese/pre-

diabetic male db/db mice. This same pattern of results was observed for total 16:1/18:2 ratios in 

plasma DG and TG species, confirming that surrogate measures of de novo hepatic lipogenesis 

in db/db mice were reflected in plasma. Monounsaturated fatty acids are major components of 

membrane phospholipids, TG and CE, and are required for normal membrane fluidity and 

transmembrane receptor/enzyme activity [159]. Palmitoleate also acts as an endocrine signal, 

improving muscle insulin sensitivity and decreasing hepatosteatosis [160].  

 

4.4.5.2 “Saturated” and “unsaturated” triacylglycerol species are equally predictive of pre-

diabetes in db/db mice  

 

The fatty acid composition is critical in determining whether a particular TG species is positively 

or negatively associated with obesity, IR and risk of T2D. Kotronen et al. reported that total 

fasting serum esterified 16:0, 16:1 n-7, and 18:1 n-9 fatty acids were positively correlated, and 
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18:2 n-6 was negatively correlated with HOMA-IR in non-diabetic individuals [31]. In the same 

study, serum saturated and monounsaturated TG species such as TG 16:0/16:0/18:1 and TG 

16:0/18:1/18:0 were positively correlated, and polyunsaturated TG species containing essential 

fatty acids such as TG 18:1/18:2/18:2 were negatively correlated with HOMA-IR. Importantly, 

the same saturated and monounsaturated TG species contained in VLDL particles also positively 

correlated with HOMA-IR, which may reflect increased hepatic de novo lipogenesis [156,157]. 

Rhee et al. found that circulating TG species containing low total FA-carbon number (≤ 52) and 

low total FA double bond number (≤ 2) were associated with IR (by HOMA-IR) and increased 

risk of T2D, whereas TG species containing higher total FA-carbon number and higher total FA 

double bond number were associated with decreased risk of T2D, and were not correlated with 

IR [13]. Furthermore, diet-induced weight loss in obese individuals led to a reduction in 

circulating saturated and short-chain FA-containing TG species, which was associated with 

improved insulin sensitivity [30]. 

 

In our db/db mouse study, the number of “saturated” TG species (defined as having a total of 

two or less FA double bonds, as long as each FA within the TG species contained no more than 

one double bond) and “unsaturated” TG species (defined as having a total of more than two FA 

double bonds, but included TG species that contained a total of two FA double bonds when one 

FA moiety contained two double bonds) that were significantly elevated in plasma and each of 

the tissues in male and female db/db mice at each age compared with corresponding H/H mice 

was not statistically different (Table 4.14). Therefore, “saturated” and “unsaturated” TG species 

were equally predictive of obesity, IR and pre-diabetes in db/db mice, despite evidence of 

elevated hepatic de novo lipogenesis (Figures 4.19 and 4.20), which should result in higher 

levels of liver TG species containing “saturated” FAs (particularly 16:0 and 18:0) and 

monounsaturated FAs (particularly 16:1 and 18:1) for distribution to plasma and other metabolic 

tissues.  

 

The inability to discriminate between “saturated” and “unsaturated” TG species as biomarkers of 

disease progression in our db/db mice may relate to the severity of disease, which often resulted 

in nearly all of the measured TG species being significantly elevated, particularly in male db/db 

mice (Table 4.14). However, even when 12 or less TG species were significantly elevated in 

db/db mice, as was seen in liver and skeletal muscle of six week old female db/db mice, the 

number of significantly elevated “saturated” and “unsaturated” TG species remained similar. 

Although the definition of “saturated” and “unsaturated” TG species was rationalised in section 
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4.3.10, a clearer definition and outcome may have been achieved if TG species were defined as 

“polyunsaturated” (i.e., TG species containing one or more fatty-acyl moieties with two or more 

double bonds) or “non-polyunsaturated” (i.e., TG species containing no fatty-acyl moieties with 

two or more double bonds).  

 

4.4.5.3 Early elevation of glycerolipids and chlolesteryl esters in adipose of db/db mice  

 

There was already a trend towards elevated adipose total DG and TG in our six week old mildly 

obese/glucose intolerant male db/db mice (Figure 4.10), and these lipid classes contributed 

almost exclusively to the adipose lipid species that were significantly elevated in non-obese/IR 

female db/db mice at 6 weeks of age (versus corresponding H/H mice) (Figure 4.15 and Table 

S4.9). By 10 weeks of age, the CE, DG and TG classes contributed almost exclusively to the 

adipose lipid species that were significantly elevated in both male and female db/db mice, and 

this strong effect was sustained in the male db/db mice at 16 weeks of age (Table S4.4).  

 

Adipocyte cell size has been shown to correlate with obesity and T2D [161,162]. Large et al. 

found that mean fat cell volume was significantly higher (by ~77%) in morbidly obese adults 

(mean BMI 43.1 kg/m
2
) than non-obese subjects (mean BMI 23.5 kg/m

2
) [163]. The TGs stored 

within lipid droplets are surrounded by a phospholipid monolayer consisting mainly of PC lipids, 

a lesser amount of PE lipids [77], and some mitochondria for FA utilization. Theoretically, the 

greatly increased uptake and storage of TG in lipid droplets would also lead to an increase in 

adipocyte size in our obese db/db mice, resulting in a significantly higher volume to surface 

area, but little rise in overall protein content of the cell. Given these morphological changes, and 

the fact that lipid levels in our study are normalised to protein content, it is not surprising that 

TG and its putative lipolytic product, DG, were markedly elevated, but the relative levels of 

shingolipids (particularly Cer and MHC) and phospholipids, including PC(O), PC(P), LPC, PC, 

PE and CL, were significantly lower in adipose tissue in db/db mice compared with H/H mice. 

Similarly, most adipose TG species were found to be elevated in obese women with high fatty 

liver content compared with age- and BMI-matched women with low liver fat content [66]. 

However, adipose DG species content was not different in the two groups, despite the presence 

of higher serum insulin concentrations and infiltration of macrophages (inflammation) in the 

adipose tissue of obese women with high fatty liver content [66].  
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4.4.5.4 Early elevation of glycerolipids in left-ventricle and skeletal muscle in db/db mice  

 

There was also an early trend towards elevated total DG and TG (but not CE) in left-ventricle 

and skeletal muscle in the six week old male db/db mice, leading to significant elevations of the 

DG and TG classes at 10 and 16 weeks of age (Figure 4.9; and Tables S4.2 and S4.3). Thus, DG 

and TG accumulation in left-ventricle and skeletal muscle preceded the development of whole-

body hyperinsulinaemia and IR in male db/db mice. Similarly, total CE, DG and TG were 

already significantly elevated, and numerous TG species were elevated in the left-ventricle of six 

week old female db/db mice prior to the onset of obesity (Figure 4.15; and Tables S4.7 and 

S4.8). Therefore, early elevation of hepatic de novo lipogenesis in db/db mice resulted in 

increased circulation and ectopic deposition of excess fatty acids (particularly 16:1) as TG and 

DG in left-ventricle and skeletal muscle.  

 

There are few published articles that have examined individual CE, DG and TG species in 

metabolic tissues in animal or human obesity, IR and/or T2D. DeMarco et al. found that total 

TG and DG levels were significantly elevated in the left-ventricles of 12- and 15-week old male 

db/db compared with age-matched db/wild-type mice [77]. In addition, the relative increase in 

TG species containing low acyl-chain double-bond number and low acyl-chain carbon number 

was higher in the db/db mice at 15 weeks compared with the corresponding db/wild-type mice, 

which was accompanied by increased capacity for myocardial mitochondrial FA oxidation, 

increased oxidative stress (generation of reactive oxygen species), and the development of 

diastolic dysfunction. In another study, only low abundant skeletal muscle DG species that 

contained an unsaturated FA on both positions (e.g. DG 16:1/18:1) were significantly elevated in 

obese-sedentary subjects compared with both normal weight-sedentary and normal weight-

endurance trained athletes [36]. The authors concluded that even relatively small amounts of 

specific intramuscular DG species may be lipotoxic. Other studies have shown that elevated 

skeletal muscle DGs are associated with impaired insulin signaling and IR [38], and that skeletal 

muscle DGs induce IR associated with human obesity and T2D [164].  

 

In our mouse study, both “saturated” and “unsaturated” DG species, as defined for TG species in 

Table 4.14, were equally predictive of obesity, IR and pre-diabetes in plasma and each of the 

tissues in male and female db/db mice compared with corresponding H/H mice at each age 

group (data not shown). The only exception to these findings occurred in the liver of male db/db 

mice at 10 weeks of age, in which all nine “saturated” DG species, but only two of 13 
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“unsaturated” DG species were significantly elevated in male db/db mice. This latter result 

suggests that hepatic “saturated” DG species were associated with increased hepatic de novo 

lipogenesis, which corresponded to the onset of IR in male db/db mice at 10 weeks of age.  

 

4.4.6 Relationship between saturated fatty acids, inflammation, sphingolipid synthesis and 

insulin resistance 

 

Circulating factors associated with obesity [e.g., increased saturated FAs such as palmitate 

(16:0) and stearate (18:0), and inflammatory cytokines such as TNF-α and IL-6] selectively 

induce enzymes that induce the synthesis of sphingolipids (e.g. ceramide and/or its derivatives 

GM3 gangliosides and sphingosine), which are associated with certain metabolic diseases, 

including IR (via inhibited activation of both Akt and glycogen synthase kinase3β early in the 

insulin signalling pathway) [165], pancreatic β-cell failure, cardiomyopathy, and vascular 

dysfunction [20]. On the other hand, unsaturated FAs [e.g., linoleate (18:2)] induce IR by 

ceramide-independent mechanisms involving, for example, DG-activated protein kinase C 

isoforms or phosphatidic acid 18:2/18:2 [22,166].  

 

4.4.6.1 Sphingolipids are differentially regulated in plasma and liver in db/db mice  

 

Fasting plasma total Cer, MHC and (almost) SM, along with the 16:1 FA-containing SM 32:2 

and SM 34:2 were already significantly elevated in our six week old mildly obese/glucose 

intolerant (and hyperinsulinaemic) male db/db mice, prior to the onset of IR (Figure 4.12, Table 

S4.5 and Figure 4.21). In the six week old IR female db/db mice, four fasting plasma SM species 

(including the 16:1 FA-containing SM 32:1 and 32:2) were already significantly elevated prior 

to the onset of obesity, and this SM effect persisted with increasing severity of disease (Table 

S4.10). The early elevation of plasma 16:1 FA-containing SM species in our db/db mice may 

reflect the increased pool of 16:1 generated by hepatic de novo lipogenesis (Figures 4.19 and 

4.20).  

 

Similar to our findings in six week old male db/db mice, Haus et al. found that fasting plasma 

total Cer and Cer 18:0, Cer 20:0 and Cer 24:1 levels were significantly higher in obese/T2D 

subjects compared with lean healthy subjects [25]. Additionally, fasting plasma total Cer and 

several Cer species negatively correlated with insulin sensitivity (measured by clamp), and Cer 

18:0 and Cer 18:1 positively correlated with fasting plasma TNF-α, an inflammatory cytokine. 
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Also in agreement with our findings, Barber et al. revealed that fasting plasma levels of several 

species of Cer, SM, MHC and DHC were significantly increased in male C57BL/6J mice fed a 

high-fat diet for 12 weeks compared with low fat-fed mice [26]. Furthermore, Eisinger et al. 

found that fasting serum levels of most SM species (but not polyunsaturated SM species) were 

significantly elevated in high fat-fed male C57BL/6 mice, but serum ceramides were not 

significantly different [27]. Although Meikle et al. found that both T2D and prediabetes were 

positively associated with fasting plasma total Cer and its precursor dhCer in two human 

cohorts, there was no association between T2D or prediabetes and other sphingolipid subclasses 

(i.e., total MHC, DHC, THC, GM3 ganglioside or SM) [9]. In a prospective large case-cohort 

study, Floegel et al. revealed that baseline serum SM 34:2 was independently associated with 

decreased risk of T2D [148], which opposes our finding of elevated SM 34:2 in six week old 

male db/db mice. 

 

In liver, there was no effect of sphingolipids in our male db/db mice until 16 weeks of age, when 

Cer 16:0 and Cer 18:0 were significantly elevated, and the SM subclass and five SM species 

(mostly saturated) were significantly lower compared with the corresponding male H/H mice 

(Table 4.9A, Table S4.1 and Figure 4.22). In contrast, liver total Cer was already significantly 

elevated in the six week old female IR db/db mice prior to the onset of obesity, and the early 

trend for lower total MHC intensified by 10 weeks of age (Table 4.9B, Figure 4.13 and Table 

S4.6). To date, no studies have examined the association of individual sphingolipid species in 

liver with lipid oversupply, obesity and T2D. However, liver total Cer content was found to be 

increased in male C57BL/6J mice after 3 days of high-fat diet [61], unaltered in male Sprague-

Dawley rats after 3 days high saturated- or high unsaturated-fat diet despite elevated hepatic DG, 

activated PKCε and impaired hepatic IRS-2 signalling [167], and unaltered in C57BL/6 mice 

after 12 weeks of high-fat diet, despite marked obesity and IR [76]. 

 

4.4.6.2 Sphingolipids are differentially regulated in adipose, left-ventricle and skeletal 

muscle in db/db mice  

 

In contrast to our sphingolipid findings in plasma, adipose total Cer and MHC were significantly 

lower in the obese/IR male db/db mice at 10 weeks of age. This strong effect was sustained with 

increasing severity of disease (Figure 4.8 and Table 4.12A), and was accompanied by a 

significant elevation of three SM species (SM 34:0, SM 34:1 and SM 34:2) (Table S4.4). In 

female db/db mice, there was already a significantly lower adipose total Cer and all six Cer 



142 
 

species in six week old IR female db/db mice prior to the onset of obesity, which indicates a 

strong negative association between adipose Cer levels and IR (Figure 4.13 and Table S4.9). 

This effect was sustained in the mildly obese/IR female db/db mice at 10 weeks of age, and was 

accompanied by a significantly lower total MHC and all four MHC species.  

 

Few studies have examined adipose sphingolipid species content in models of obesity. Samad et 

al. found contrasting effects of sphingolipids in plasma and adipose tissue of leptin-deficient 

genetically obese C57BL ob/ob mice at 14-16 weeks of age [70]. Fasting plasma levels of total 

Cer and four Cer species, and total SM and five SM species were significantly increased, but 

adipose levels of total Cer and three Cer species, and total SM and five SM species were 

significantly decreased in obese ob/ob mice compared with age-matched lean C57BL/6J mice, 

despite increased mRNA expression of all key enzymes involved in adipose ceramide 

metabolism. In the same study, similar adipose sphingolipid and enzyme mRNA expression 

results were found in obese db/db mice, but this data was not shown [70]. Adipose total 

ceramide content was also found to be significantly lower in both obese non-diabetic and 

obese/T2D subjects compared with lean subjects, which corresponded to elevated mRNA 

expression and increased activity of most key enzymes responsible for adipose ceramide 

metabolism [105]. In the same study, adipose total ceramide content positively correlated with 

plasma adiponectin concentration, and negatively correlated with HOMA-IR index. These 

results generally support our findings of significantly elevated fasting plasma Cer, MHC and SM 

species, and significantly lower adipose total Cer and MHC levels in db/db mice.  

 

In our mouse study, total SM was significantly lower in the left-ventricle of male db/db mice at 

both 10 and 16 weeks of age (Figure 4.7, Table S4.3 and Figure 4.23). Total GM3 and some left-

ventricle SM species were significantly lower in the female db/db mice at 6 and 10 weeks of age, 

and the SM effect was sustained at 16 weeks of age. These findings contrast with those of 

DeMarco et al., who found that left-ventricle total SM levels were significantly higher in male 

obese/IR db/db mice at both 12- and 15-weeks of age, and Cer levels were elevated at 12 weeks 

of age compared with age-matched db/wild-type mice [77]. These differences may be partly 

attributable to the profoundly hyperglycaemic (diabetic) state observed in the db/db mice at both 

12- and 15-weeks of age in the latter study compared to the pre-diabetic state of our db/db mice 

at similar ages.  
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There were only minor effects of skeletal muscle Cer and SM species in our male and female 

db/db mice compared with H/H mice. Ussher et al. also found that total Cer levels were 

unchanged in gastrocnemius muscle of six week old db/db mice compared with age-matched 

heterozygous db/h lean mice, but treatment with myriocin (a serine palmitoyl transferase-1 

inhibitor) for four weeks was associated with an improvement in fasting glucose, glucose and 

insulin tolerance, insulin sensitivity and insulin signalling [76]. In other studies, total Cer and 

most Cer species were significantly elevated in soleus muscle of female diabetic fatty ZDF 

(fa/fa) rats fed a high saturated fat diet for eight weeks [90], and the content of 18:1 FA-

containing DG species and saturated Cer species were significantly elevated in vastus lateralis 

muscle of obese and T2D subjects compared with lean subjects [37]. Furthermore, elevated total 

Cer content in soleus muscle of female Sprague-Dawley rats fed a high saturated fat diet for two 

weeks was associated with blunted insulin signalling [62]. Importantly, total Cer content was 

significantly elevated in soleus and red gastrocnemius muscle (but not white gastrocnemius) in 

male Wistar rats fed a high saturated fat diet for five weeks, but did not change in any muscle 

from rats fed a high polyunsaturated fat diet [23]. These findings indicate that the regulation of 

skeletal muscle Cer content depends on the composition of the diet and type of skeletal muscle, 

and support the lack of change in ceramide species observed in gastrocnemius muscle of our 

unrestricted low-fat chow fed db/db mice. 

 

4.4.7 Differential regulation of the major glycerophospholipids in plasma and liver of db/db 

mice 

 

In the mouse study, total PC along with 23 PC species and five PE species were already 

significantly elevated in fasting plasma in six week old mildly obese/glucose intolerant male 

db/db mice compared with H/H mice, but this rise in PC and PE lipids was attenuated by 10 

weeks of age (Table 4.13A and Table S4.5). In the six week old non-obese/IR female db/db 

mice, 14 fasting plasma PC species were already significantly elevated, and by 10 weeks of age, 

total PC and PE, along with 25 PC species and all 13 PE species were significantly elevated 

(Figure 4.17 and Table S4.10). However, this effect had almost dissipated by 16 weeks of age. 

 

In contrast to plasma, there was a dichotomous and delayed effect on PC species in liver of male 

db/db mice, with ten PC species (containing only even-numbered carbon FA) being significantly 

elevated, but five PC species (containing an odd-numbered carbon FA) being significantly lower 

at 10 weeks of age compared with the male H/H mice (Table S4.1). However, by 16 weeks of 



144 
 

age, 14 PC species and seven PE species were significantly lower in the now severely obese/pre-

diabetic male db/db mice (Figure 4.22). There was also a dichotomous but early effect on liver 

PC and PE species in the six week old female db/db mice, which was sustained at 10 weeks of 

age (Table S4.6).  

 

4.4.7.1 Specific phosphatidylcholine species are risk factors for type 2 diabetes in db/db 

mice and humans  

 

The role of plasma PC and PE species as potential risk factors for obesity, IR and T2D has not 

been fully explored. In the same study that showed that fasting plasma TG species containing FA 

with a lower number of carbons and double bonds were associated with increased risk of T2D, 

fasting plasma PC 16:0/18:2 and PC 18:0/18:2 were independently associated with increased 

risk, and PC 18:1/20:5 and/or PC 18:2/20:4 with decreased risk of T2D [13]. In another 

prospective large case-cohort study, Floegel et al. revealed that four baseline serum diacyl-PC 

species (PC 32:1, PC 36:1, PC 38:3 and PC 40:5) were independently associated with increased 

risk of T2D [148]. Notably, the six PC species that were associated with increased risk of T2D in 

these two prospective human studies were already significantly elevated in plasma in six week 

old male and female db/db mice (except PC 34:2 in the female db/db mice). These findings 

indicate that the same plasma PC species that predict T2D risk in human studies were also 

positively associated with the early onset of obesity and IR in six week old db/db mice.  

 

4.4.7.2 Even-chain and odd-chain phosphatidylcholine species are differentially regulated 

in db/db mice  

 

In the mouse study, a very strong and consistent pattern emerged whereby the PC species that 

were significantly increased in liver, skeletal muscle and left-ventricle in male and female db/db 

mice compared with corresponding H/H mice contained only even-numbered carbon FAs. This 

pattern was also observed in plasma in six week old female db/db mice and ten week old male 

db/db mice. However, most of the PC species that were significantly decreased in liver, skeletal 

muscle and left-ventricle in male db/db mice (but not female db/db mice) contained an odd-

numbered carbon FA. Given that approximately two-thirds of the 40-odd measured PC species 

contained only even-numbered carbon FAs and the other one-third contained an odd-numbered 

carbon FA, these results appear to confirm a negative association between tissue odd-chain PC 

species and obesity, IR and pre-diabetes in our male db/db mice. Odd-chain 15:0 and 17:0 FAs 



145 
 

derived from dietary fat in the standard chow diet may be used as an energy source, but any 

protective role for odd-chain PC species against T2D is speculative. Given that monounsaturated 

16:1 and 18:1 FAs are critical components of lipids in membranes [159] and that hepatic de novo 

lipogenesis was elevated in the male db/db mice (Figures 4.19), the selective uptake of 16:1 and 

18:1 FA-containing PC species into metabolic tissues may have resulted in the simultaneous 

removal of less favoured PC species containing odd-chain 15:0 and 17:0 FAs.  

 

Meikle et al. showed that both T2D and prediabetes were positively associated with fasting 

plasma total PE and most PE species in two large human cohorts (vs. NGT subjects), and with 

total PC in one human cohort [9]. Paradoxically, however, there was a negative association of 

T2D with some fasting plasma PC species containing an odd-numbered carbon FA, specifically 

PC 33:2 and PC 35:2 [9]. In human diets, these odd-chain FAs (products of ruminant digestion) 

are derived primarily from dairy fats [168,169], and negative associations have been found 

between 15:0 and 17:0 FAs and incident T2D [170,171], which supports a protective role for 

dairy lipids against T2D. In another study, Meikle et al. also found that stable coronary artery 

disease was positively associated with total PE and most PE species, and negatively associated 

with PC 33:2 and PC 35:2 (vs. NGT subjects) [10]. Graessler et al. showed that some PC and PE 

species were significantly elevated in a group of obese men compared with leaner men [28]. 

 

In other human studies, Pietilainen et al. found that fasting plasma 22:6 FA-containing PC 

species (PC 16:0/22:6 and PC 18:0/22:6) were negatively correlated with fat depots, and PC 

16:0/22:6 was positively correlated with insulin sensitivity, and negatively correlated with 

fasting serum insulin in young adult monozygotic obese co-twins [29]. These associations 

suggest that PC 16:0/22:6 may be positively linked with insulin signaling. DHA (22:6n-3) is an 

essential FA with known health benefits [172]. In our db/db mice, fasting plasma PC 40:7 was 

significantly elevated in six week old male db/db mice and in ten week old female db/db mice 

compared with the corresponding H/H mice, but there was no association of any other plasma 

22:6 FA-containing PC species with db/db mice.  

 

4.4.7.3 Alterations in phosphatidylcholine and phosphatidylethanolamine species in 

adipose, left-ventricle and skeletal muscle of db/db mice 

 

To date, there are few studies that have performed lipidomic analysis (by mass spectrometry) in 

metabolic tissues to examine the role of individual PC and PE species in lipid oversupply, 
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obesity, IR and T2D. In contrast to the early elevation of plasma PC and species, there was an 

early trend for lower adipose total PC levels in six week old mildly obese/glucose intolerant 

male db/db mice (Figure 4.12). By 10 weeks of age, total PC and 26 PC species were 

significantly lower in male db/db mice, and by 16 weeks of age, total PC and PE, along with 35 

PC species and 12 PE species were significantly lower in the now severely obese/pre-diabetic 

male db/db mice (Figure 4.12 and Table S4.4). Adipose total PC and PE were already markedly 

lower in six week old female db/db mice prior to the onset of obesity, and this strong outcome 

was sustained at 10 weeks of age (vs. H/H mice). 

 

The pattern of lipid abnormalities found in fasting adipose and plasma in the db/db mice was 

similar to that observed in adipocyte-specific fatty acid transport protein 4 (Fatp4)-deficient 

knock-out mice fed a high saturated fat diet for 24 weeks [173]. Body weight, fat pad mass, 

adipocyte size and fasting subcutaneous adipose total TG content were significantly increased in 

Fatp4-deficient mice, but total SM, PC, LPC, PE, PS, PI and CE content were significantly 

decreased, and total Cer, PE(P) and PG content were unaltered compared with control mice fed 

the same diet. However, fasting serum total TG, Cer, PC, LPC and CE content were significantly 

elevated in the Fatp4-deficient mice [173]. These results reinforce our view that the relative 

elevation in adipose TG levels, but lower levels of adipose and phospholipids (including PC and 

PE) and some sphingolipids in our db/db mice may be explained by the increase in adipocyte 

size (storage of TG in lipid droplets).  

 

In left-ventricle, there were no significant changes in total PC and PE levels in our male db/db 

mice at 10 or 16 weeks of age. However, there was a dichotomous effect on PC species and a 

significant elevation in ten PE species at 10 weeks of age, and a blunting of significantly 

elevated PC and PE species at 16 weeks of age (Table S4.3). In contrast, total PE along with 17 

PC species (containing only even-numbered carbon FA) and nine PE species were already 

significantly elevated in the six week old female db/db mice, and these strong PE and PC 

outcomes were sustained in the female db/db mice at 10 weeks of age (Figure 4.12 and Table 

S4.8). Notably, the significant lowering of the 22:6 FA-containing PC 38:6 and PC 40:6 in left-

ventricle were closely associated with the significantly lowering of 22:6 FA-containing CL 

species in both male and female db/db mice at 6 and 10 weeks of age (Figure 4.10). DeMarco et 

al. found that total PC and PE levels were significantly elevated at 12 weeks of age, and total PC 

content remained elevated at 15 weeks of age in male db/db mice compared with age-matched 

db/wild-type mice [77]. 
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In skeletal muscle, we found that the 16:1 FA-containing PC species, PC 32:1, PC 32:2 and PC 

32:3, were significantly elevated in skeletal muscle in male db/db mice at 10 weeks of age 

(Table S4.2), and in female db/db mice at 6 and 10 weeks of age (Table S4.7), but many 

polyunsaturated FA-containing PC species (most containing an odd-numbered carbon FA) were 

significantly lower compared with the corresponding H/H mice (e.g. PC 36:4, PC 37:4, PC 37:6, 

PC 38:6 and PC 39:7). The elevated 16:1 FA-containing PC species in skeletal muscle may 

reflect the increased hepatic de novo lipogenesis seen in the db/db mice at 6 and 10 weeks of age 

(Figures 4.19 and 4.20). Magnusson et al. also found that there was a a reduced relative 

abundance of polyunsaturated FA-containing DG and PC species, and an increased relative 

abundance of monounsaturated FA-containing DG and PC species in the gastrocnemius muscle 

of 10-week-old male obese ob/ob mice compared with lean wild-type C57/BL6 mice [174]. A 

reduction in polyunsaturated FA in skeletal muscle phospholipids can lead to changes in 

membrane fluidity [175], resulting in decreased insulin sensitivity [176]. 

 

4.4.7.4 The db/db phenotype is strongly associated with early elevations in fasting plasma 

phosphatidylinositol species  

 

There was already an early significant increase in total PI and 12 of 15 measured PI species in 

fasting plasma in six week old male db/db mice compared with corresponding H/H mice, but this 

strong effect on PI was slightly attenuated by 10 weeks of age (Figure 4.13, Table S4.5 and 

Figure 4.21). A similar elevation of total PI was evident in female db/db mice at 6 and 10 weeks 

of age, but this effect had almost dissipated by 16 weeks of age (Figure 4.16 and Table S4.10).  

 

In agreement with our findings, Meikle et al. found that T2D and prediabetes were positively 

associated with total PI and most PI species (including many 20:4 FA-containing PI species) in 

two large human cohort studies [9]. In another study, Meikle et al. found that stable coronary 

artery disease was positively associated with total PI and some PI species, including some 20:4 

FA-containing PI species [10]. PE and PI species containing arachidonic acid (20:4) are primary 

substrates for the production of proinflammatory eicosinoids, including prostaglandins. Many of 

the significantly elevated plasma PI species in our db/db mice were also 20:4 FA-containing PI 

species. In male C57BL/6 mice fed a high-fat diet for 14 weeks, fasting serum total 

monounsaturated PI was significantly elevated compared with age-matched low fat-fed mice 

[27]. In addition, the low abundant PI 34:1 remained positively correlated with fasting serum 
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glucose and proinsulin after adjusting for body weight, suggesting that PI 34:1 may be a negative 

modulator of glucose homeostasis and/or insulin signalling. Therefore, the early elevation of 

plasma PI 34:1 in the six week old male and female db/db mice may serve as a biomarker for 

insulin resistance and/or glucose intolerance prior to the onset of obesity. PI and PI-phosphates 

are also a major source of DGs, which serve as negative modulators of insulin signalling [177].  

 

4.4.7.5 Minor glycerophospholipids are differentially regulated in liver and left-ventricle in 

db/db mice 

 

As yet, no studies have examined individual PI, PG and BMP species in metabolic tissues in 

models of lipid oversupply, obesity and/or T2D. In liver, four of eight PI species (including 20:4 

FA-containing PI 38:2, PI 40:4 and PI 40:5) and BMP 18:1/18:1 were significantly elevated in 

male db/db mice at 10 weeks of age (Table S4.1 and Figure 4.22). Similarly, there was an early 

elevation of the same three liver PI species and BMP 18:1/18:1 in the six week old female H/H 

mice, but this effect had almost disappeared by 10 weeks of age (Table S4.6). These findings 

indicate that altered hepatic arachidonic acid metabolism may also contribute to the 

proinflammatory state in db/db mice.  

 

In left-ventricle, three PI species, two PG species and BMP 18:1/18:1 were significantly elevated 

in the ten week old male db/db mice, but this effect was blunted by 16 weeks of age (Table 

S4.3). In contrast, total PI along with six PI species and three PG species (PG 34:2, PG 36:2 and 

PG 36:3) were already significantly elevated in left-ventricle in the six week old female H/H 

mice (Figure 4.12 and Table S4.8). This effect was sustained at 10 weeks of age, but had almost 

vanished by 16 weeks of age. PG is the biosynthetic precursor of mitochondrial-specific 

immature CL, leading to the generation of mature CL [124], and there was marked CL 

remodelling in left-ventricle in db/db mice at 6 and 10 weeks of age (Figure 4.23). The elevation 

of BMP 18:1/18:1 levels in liver, adipose and left-ventricle in male db/db mice at 10 weeks of 

age is also of interest, given that the plasma concentration of BMP 18:1/18:1 (located primarily 

within the endosomal/lysosomal membranes of cells) was significantly elevated in patients with 

lysosomal storage disorders involving storage in macrophages and/or with hepatomegaly 

compared with control plasmas [178]. 
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4.4.8 Cardiolipin remodelling is associated with oxidative stress, obesity and diabetes 

 

Cardiolipins (CL) are mitochondrial membrane phospholipids (diphosphatidylglycerols) found 

in metabolic tissues such as heart, liver and skeletal muscle that are required for oxidative 

phosphorylation and normal mitochondrial function, including the maintenance of the 

mitochondrial membrane proton gradient and activities of mitochondrial enzymes and proteins 

[179,180]. The biological function of CL is determined by the composition of its fatty acyl (FA)-

chains. The predominant 18:2-rich FA composition within CL species is believed to be achieved 

by an acyl-chain remodelling process [124].  

 

Obesity and diabetes are associated with systemic oxidative stress, a primary causative factor of 

IR, which is characterized by increased reactive oxygen species (ROS) production 

[181,182,183]. Elevated levels of ROS induce CL peroxidation and pathological remodelling of 

CL, resulting in a loss of the predominant CL species, CL 18:2/18:2,18:2/18:2, and replacement 

of linoleic acid (18:2n-6) with polyunsaturated FAs, mainly DHA (22:6n-3) [64,184]. The 

increased DHA content in CL stimulates mitochondrial membrane potential and proton leakage, 

and renders CL highly sensitive to oxidative damage, leading to increased cell oxidant 

production [185,186], further lipid peroxidation, mitochondrial dysfunction, and metabolic 

complications associated with diabetes.   

 

4.4.8.1 Left-ventricle cardiolipin remodelling in db/db mice is associated with obesity, 

insulin resistance and diabetes  

 

There was an early trend towards elevation of two left-ventricle 16:1 FA-containing CL species 

and reduction of two 22:6 FA-containing CL species in the six week old mildly obese/glucose 

intolerant male db/db mice (Table S4.3). These CL remodelling effects were consolidated at 10 

weeks of age, but attenuated by 16 weeks of age, with only CL 18:2/18:1,18:2/16:1 remaining 

significantly higher in the now severely obese/diabetic male db/db mice. The three left-ventricle 

16:1 FA-containing CL species and, surprisingly, CL 18:2/18:2,18:2/18:2 were already 

significantly elevated in the six week old IR female db/db mice prior to the onset of obesity 

(Table S4.8). By 10 weeks of age, this CL remodelling effect had intensified, with the CL 

subclass, along with seven CL species being significantly elevated, but CL 18:2/18:1,18:2/22:6 

and CL 18:2/22:6,18:2/20:3 being significantly lower in the now mildly obese/IR female db/db 
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mice (Figure 4.15 and Table 4.11B). However, by 16 weeks of age, only two 16:1 FA-containing 

CL species remained significantly higher in the female db/db mice.   

 

Our findings of elevations of 16:1 FA-containing CL species in left-ventricle in six and ten week 

old male and female db/db mice (Tables S4.3 and S4.8) were similar to those observed in the 

myocardium of male ob/ob mice at two months of age (the onset of IR), in which the content of 

CL 18:2/18:2,18:2/16:1 was significantly elevated compared with age-matched wild-type 

C57BL/6 mice [64]. However, our findings of reductions in left-ventricle 22:6 FA-containing 

CL species in db/db mice, and elevation in left-ventricle CL 18:2/18:2,18:2/18:2 in female db/db 

mice contrast with those of Han et al., who found a progressive redistribution from the abundant 

18:2 FA-containing CL species (including CL 18:2/18:2,18:2/16:1) to 22:6 FA-containing CL 

species in the myocardium of genetically obese male ob/ob mice at two to four months of age 

(onset of hyperglycaemia) [64]. In another study, treatment of male obese/diabetic (NZO x 

NON) mice with rosiglatazone, an insulin-sensitising drug, caused substantial remodelling of 

heart CL, resulting in a significant elevation of 18:2n-6 content, but a significant reduction in 

22:6n-3 content in CL [184]. ALCAT1, an acyltransferase that catalyzes the reacylation of lyso-

CL species to mature CL species using acyl-FA chains donated by acyl CoA [124], has been 

shown to be involved in the pathological remodelling of CL in response to early oxidative stress 

associated with mitochondrial dysfunction, obesity and diabetes [187].  

 

4.4.8.2 Left-ventricle cardiolipin remodelling in db/db mice is associated with increased 

hepatic de novo lipogenesis  

 

The early onset of left-ventricle CL remodelling in our db/db mice (i.e., elevation of 16:1 FA-

containing CL species, and reduction in 22:6 FA-containing CL species) emphasises the 

susceptibility of CL species to the early oxidative stress (ROS production) and peroxidation that 

accompanies mild obesity and IR, but also reflects the increased 16:1 FA pool (from the diet-

induced increase in hepatic lipogenesis; Figures 4.19 and 4.20) and decreased 22:6 FA pool 

(induced by the type of diet, obesity and IR) in db/db mice. The elevated levels of 16:1 FA-

containing CL species in male and female db/db mice at 6 and 10 weeks of age corresponded to 

elevated levels of the donor sn-2 acyl-16:1 FA-containing PC species (PC 32:1, PC 32:2 and PC 

34:2), and the lower levels of 22:6 FA-containing CL species corresponded to lower levels of 

donor sn-2 acyl-22:6 FA-containing species (PC 38:6b, PC 40:6 and PE 40:6) (Figure 4.10). 
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However, left-ventricle CL remodelling was severely attenuated in both male and female db/db 

mice by 16 weeks of age (Tables S4.3 and S4.8), which corresponded to a blunting in surrogate 

measures of hepatic lipogenesis both in liver (Figure 4.19) and plasma (Figure 4.20). This 

indicates that increased caloric intake by the progressively more obese and IR db/db mice may 

repress hepatic de novo lipogenesis [50], thereby reducing the availability of FAs for CL 

remodelling at 16 weeks of age. There is also an increased reliance of the heart on fatty acid 

oxidation with increasing severity of disease in db/db mice [77], which leads to increased 

generation of ROS, and further lipid peroxidation [181,188]. 

 

4.4.8.3 Cardiolipins undergo remodelling in liver and skeletal muscle of db/db mice  

 

Substantial CL remodelling also occurred in other tissues (liver and skeletal muscle) in the db/db 

mice, indicating early oxidative stress and mitochondrial dysfunction. Similar to the CL findings 

in left-ventricle, there were elevations in 16:1 FA-containing CL species in liver (Figure 4.8 and 

Table S4.1) and skeletal muscle (Table S4.2), and reductions in 22:6 FA-containing CL species 

in skeletal muscle of male db/db mice. Notably, there was a lowering of CL 18:2/18:2,18:2/18:2 

in the liver of both male and female db/db mice, which was similar to the findings in the 

myocardium of male ob/ob mice at three and four months of age (with the onset of 

hyperglycaemia) [64]. There was also a significant age effect on some liver CL species in male 

db/db mice at 16 versus 10 weeks of age, which may have negated the significant genotype 

effect (db/db vs. H/H) seen in these CL species at 10 weeks of age (Table S4.1). 

 

4.4.9 Ether- and vinyl ether-linked phospholipids are differentially regulated in plasma 

and tissues of db/db mice 

 

There is no published literature that has examined ether-linked and/or ether vinyl-linked 

phospholipids in db/db mice or other animal models of obesity/diabetes. Therefore, our findings 

of elevated plasma PC(O), PC(P) and PE(P) lipids (Figure 4.21), lower liver PC(O), PC(P) and 

PE(O) lipids (Figure 4.22), marked lowering of adipose PC(O), PC(P), PE(O) and PE(P) lipids, 

gradual lowering of PC(O), PC(P) and PE(P) lipids in skeletal muscle of db/db mice, and 

mixture of elevated and reduced PC(O), PC(P), PE(O) and PE(P) lipids in left ventricle (Figure 

4.23) relative to H/H mice are unique.  
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The early trend for elevated plasma ether-linked (PC(O) and PE(O)) and vinyl-ether linked 

(PC(P) and PE(P)) phospholipids in the six week old mildly obese/glucose intolerant male db/db 

mice (Table 4.13A) was accompanied by significantly elevated total PC levels, probably 

resulting from the over-production of hepatic VLDL induced by de novo lipogenesis (Table 

S4.5; Figures 4.19 and 4.20). In contrast, there was a delayed elevation of five plasma PC(O) 

and two PC(P) species (most containing  16:1 FA) in the mildly obese/IR female db/db mice at 

10 weeks of age, which was accompanied by significant elevations in total PC and PE levels 

(Table 4.13B and Table S4.10).  

 

In contrast to plasma levels, there was a delayed trend for lower liver total PC(O) and PC(P) 

levels in the 10 week old obese/IR male db/db mice (Figure 4.7). By 16 weeks of age, total 

PC(P) and PE(P), along with four PC(O) species and six of nine PC(P) species were significantly 

lower in the now severely obese/pre-diabetic male db/db mice (Table S4.1), which was 

accompanied by the significant lowering of 14 liver PC and 7 PE species (most containing 16:1 

FA), and a significant blunting of hepatic lipogenesis in male db/db mice (Figure 4.19). In 

contrast, liver PC(O) and PC(P) subclasses were already significantly lower in the six week old 

non-obese/IR female db/db mice, and this effect was sustained at 10 weeks of age (Figure 4.14; 

Table 4.9B and Table S4.6). Despite timing differences relating to the onset of abnormalities in 

male versus female db/db mice, it is clear that ether-linked phospholipids and vinyl ether-linked 

plasmalogens were elevated in plasma, and reduced in liver relative to H/H mice. 

 

Similar to our findings, Graessler et al. found that two PE(P) plasmalogen species were 

significantly elevated in fasting plasma in obese men compared with leaner men [28]. Moreover, 

Donovan et al. found that five PC(O) species (including the arachidonic acid containing PC(O-

18:0/20:4) and PE(P-18:0/20:4)) were elevated in morbidly obese subjects (mean BMI 49.9 

kg/m
2
) compared with lean subjects (mean BMI 25.8 kg/m

2
), and that treatment of human 

coronary artery endothelial cells with the plasmalogen PE(P-18:0/20:4) induced expression of 

cell adhesion molecules, indicative of endothelial cell activation and atherogenesis [63]. 

Recently, Heilbronn et al. observed elevations in fasting plasma PE(P) and PE(O) subclasses in 

response to 28 days overfeeding by 1250 kcal/day (45% total energy as fat) in healthy adults 

[54]. In these studies, plasmalogens may function as free radical scavengers, being preferentially 

synthesized as an antioxidant in response to increasing oxidative stress associated with obesity 

and short term overfeeding [189]. 
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Conversely, young adult monozygotic obese co-twins had decreased levels of fasting serum 

ether-linked phospholipids compared with non-obese co-twins [29], and both prediabetes and 

T2D were negatively associated with fasting plasma PC(O) and PC(P) subclasses [9]. 

Furthermore, Floegel et al. revealed that five baseline serum polyunsaturated acyl-alkyl-PC(O) 

species (PC(O-34:3), PC(O-40:6), PC(O-42:5), PC(O-44:4) and PC(O-44:5)) were 

independently associated with decreased risk of T2D [148]. In these studies, decreased 

plasmalogen levels in obesity, prediabetes and T2D were considered indicators of oxidative 

stress. It is likely that the severity of disease and milieu in each individual may explain the large 

discrepancies seen in relative abundance, pattern of change, and effects induced by ether-linked 

PC(O) and PE(O) and plasmalogen PC(P) and PE(P) species in different human cohorts [63]. 

 

Given that the vinyl ether linkage of the PC(P) and PE(P) plasmalogens is particularly 

susceptible to oxidation by reactive oxygen species [119], and obesity and IR are linked to 

oxidative stress, our finding of significantly lower plasmalogen levels in liver, adipose and 

skeletal muscle (but not plasma) of db/db mice at 10 and 16 weeks of age may be due to 

increased free radical attack of the vinyl-ether bond by ROS. Although the ether linkage of the 

ether phospholipids PC(O) and PE(O) is not susceptible to oxidation, species containing 

polyunsaturated fatty acids are susceptible to oxidative modification [9]. We found that many 

polyunsaturated FA-containing PC(O), PC(P) and PE(P) species were significantly lower in 

skeletal muscle of our female db/db mice. The lower levels of PC(O), PC(P) and PE(P) species 

observed in the tissues of our db/db mice may also relate to decreased biosynthesis [189].  

 

4.4.10 Early elevation of lysophospholipids in plasma of db/db mice 

 

In our mouse study, both plasma total LPC and LPE, along with ten LPC species (including LPC 

16:0, LPC 16:1, LPC 18:0, LPC 18:1 and LPC 20:5), LPE 16:0 and LPE 18:0 were already 

significantly elevated in six week old mildly obese/glucose intolerant male db/db mice compared 

with corresponding H/H mice, and the strong LPC outcome was sustained at 10 weeks of age 

(Table 4.13A; Figure 4.13 and Table S4.5). Total LPE (and almost total LPC), along with LPC 

16:1, LPC 18:1 and LPC 20:5 were also already significantly elevated in six week old non-

obese/IR female db/db mice at 6 weeks of age but this effect had almost dissipated by 10 weeks 

of age, although LPC 16:1 remained significantly elevated (Table 4.13B; Figure 4.18 and Table 

S4.10). 
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Similar to our findings in fasting plasma of male db/db mice, Pietilainen et al. found that young 

adult monozygotic obese co-twins had increased levels of five fasting serum LPC species 

compared with non-obese co-twins (including LPC 16:0, LPC 18:0 and LPC 18:1), and that LPC 

16:0 and LPC 20:4 were negatively correlated with insulin sensitivity, independent of genetic 

factors [29]. Kim et al. showed that overweight/obese IR men had elevated fasting plasma LPC 

14:0 and LPC 18:0, and lower LPC 18:1 levels compared with lean men, and concluded that the 

amount of saturated fat in the diet may influence the degree of saturation of the acyl-linked FA 

on plasma LPC [48]. Furthermore, Meikle et al. showed that several LPC species (mostly 

saturated and monounsaturated LPC species) were significantly elevated in subjects with 

prediabetes compared with NGT subjects [9]. Another study showed that elevated LPC levels in 

young pigs with early obesity were associated with endothelial dysfunction and oxidative stress 

[57]. The early elevation of plasma LPC 16:0, LPC 16:1, LPC 18:0 and LPC 18:1 in our mildly 

obese (almost hyperinsulinaemic) male db/db mice may reflect the increased hepatic de novo 

lipogenesis (Figures 4.19 and 4.20), as lysophospholipids are derived from the oxidation of 

polyunsaturated (particularly 20:4 and 22:6)-containing vinyl ether-linked plasmalogens, PC(P) 

and PE(P), but are also products of PC and PE hydrolysis by secretory phospholipases [54,63]. 

In particular, LPCs can induce endothelial cell expression of cell adhesion molecules [59] and 

inhibit hepatic fatty acid oxidation in mitochondria [60]. 

 

In contrast to our findings in db/db mice, Barber et al. showed a significant reduction in many 

fasting plasma LPC species in obese/insulin sensitive and obese/T2D subjects compared with 

lean healthy subjects, and found that fasting circulating LPCs were negatively associated with 

both BMI and plasma insulin levels [26]. Circulating LPC levels were also found to be decreased 

in glucose intolerant individuals [53], and Floegel et al. revealed that baseline serum LPC 18:2 

was independently associated with decreased risk of T2D [148]. Moreover, Barber et al. found a 

significant reduction in eight LPC species (including LPC 16:0, LPC 16:1 and LPC 18:1), but a 

significant rise in LPC 18:0 and LPC 20:4 in fasting plasma in male C57BL/6J mice fed a high-

fat diet for 12 weeks (versus mice fed a low-fat diet) [26]. Barber et al. concluded that diet was 

more important than IR and adiposity in determining circulating LPC levels in high-fat fed mice. 

In another study, circulating LPC levels were decreased in mice with non-alcoholic 

steatohepatitis [190]. 

 

Unlike the low fat/high-carbohydrate diet fed to our db/db mice, which activates hepatic de novo 

lipogenesis to compensate for the lack of dietary 16:1 FA, high-fat diets repress hepatic de novo 
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lipogenesis [47]. Therefore, the diet, and probably the genotype of the animal, is critical in 

determining the types of changes in plasma LPC levels in rodent models of obesity. The early 

elevation of plasma and liver LPC 16:1 in our db/db mice may serve as a biomarker of increased 

hepatic de novo lipogenesis.  

 

4.4.10.1 Lysophospholipids are differentially regulated in liver, adipose and skeletal muscle 

in db/db mice  

 

In the mouse study, there was little elevation of LPC and LPE levels in the liver of six week old 

male db/db mice (Figure 4.7). However, by 10 weeks of age, liver total LPE subclass (and 

almost total LPC), including LPC 16:1, LPC 18:1, LPC 18:2 and all five LPE species were 

significantly elevated, and these LPC and LPE outcomes were sustained in the now severely 

obese/pre-diabetic male db/db mice at 16 weeks of age (Table 4.9A; Figure 4.7 and Table S4.1). 

Although liver LPC 16:1 and LPC 18:2 were significantly elevated in six week old female db/db 

mice, only LPC 16:1 remained significantly elevated  at 10 weeks of age (Table S4.6). 

Therefore, the delayed elevations in liver LPC and LPE subclasses were associated with the 

more severe pathology seen in the male db/db mice. We also found a significant lowering of 

total LPC and LPE levels in adipose, and a significant elevation of some LPC species in skeletal 

muscle (but not left-ventricle) in male db/db mice. 

 

Similar to our findings in db/db mice, Han et al. showed that liver and skeletal muscle LPC 

levels were elevated in db/db mice, and lowering tissue LPCs ameliorated IR and diabetes in 

these mice [191]. LPC has also been shown to inhibit the insulin signaling pathway in rat 

vascular smooth muscle by impairing IRS-1 tyrosine phosphorylation [192]. Our decisive 

findings of elevated total LPC and LPE in liver and lowering of total LPC and LPE in adipose of 

male db/db mice differ from those of Barber et al. who showed that very few LPC species were 

significantly altered in liver, skeletal muscle and adipose tissue in C57BL/6J mice fed a high-fat 

diet for 12 weeks [26]. Given that dietary FAs influence the lipidomic profile by activating 

specific transcription factors that regulate inflammatory and metabolic genes [49], and that the 

db/db mice were fed an unrestricted standard chow diet and are genetically predisposed to 

obesity and diabetes, it is not surprising that our LPC results in plasma and tissues differ from 

those observed in high-fat induced obese rodents.  

 

 



156 
 

4.4.11 Conclusion 

 

In the present study, targeted lipid profiling using LC ESI-MS/MS and MRM experiments in 

positive-ion mode was employed to characterise temporal (6, 10 and 16 weeks of age) and 

tissue-specific (plasma, liver, skeletal muscle, left-ventricle and adipose) changes among 25 lipid 

classes/subclasses representing ~330 species in male and female H/H, db/h and db/db mice 

(C57BL/KsJ background), an established genetic model of IR, obesity and T2D. This included 

the development of methodology to characterise a further 60 lipid species from the PE, LPE, 

PE(O), PE(P) and CL classes implicated in the pathogenesis of T2D (Chapter 3). 

 

Overall, the phenotype associated with progression to diabetes was similar in male and female 

db/db mice, but obesity occurred earlier in male db/db mice. The failure of elevated fasting 

plasma insulin and HOMA-IR levels to reach statistical significance in the six week old male 

db/db mice was related to the high inter-animal variance in these measurements, possibly due to 

the more unstable male db/db phenotype. The severe obesity observed in the db/db mice at 16 

weeks of age was not accompanied by the expected lack of insulin secretion or severe 

hyperglycaemia, indicating that these mice were pre-diabetic, with an increased risk of 

developing diabetes.  

 

The independent effect of the db/db genotype on plasma and tissue lipid abnormalities was 

clearly superior to the independent effects of gender or age in the majority of cases. Therefore, 

the lipid abnormalities in seven main lipid groups (as defined in section 4.3.8) were examined in 

greater detail in male and female db/db mice (versus corresponding H/H mice). The db/db 

mouse phenotype was characterised by early elevations of CE, DG and TG lipids in fasting 

plasma and/or liver by six weeks of age. This was accompanied by the early elevation of hepatic 

de novo lipogenesis in db/db mice (measured by elevated ratios of total 16:1/18:2 in DG and TG 

species in liver and plasma) to compensate for the lack of dietary 16:1 FA, resulting in ectopic 

deposition of excess fatty acids as TG and DG in left-ventricle and skeletal muscle. However, 

hepatic de novo lipogenesis was significantly attenuated in male db/db mice by 16 weeks of age, 

resulting in a depleted circulating pool of 16:1 FA, and compromised membrane fluidity and 

transmembrane receptor/enzyme activity [159].   

 

The elevation in fasting plasma total Cer, MHC and (almost) SM in our six week old mildly 

obese/glucose intolerant male db/db mice occurred prior to the onset of IR. There was also a 
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strong elevation of the PC subclass in fasting plasma of six week old male and female db/db 

mice. Importantly, the same PC species that predicted T2D risk in human studies were positively 

associated with the early onset of obesity and IR in our db/db mice. However, most of the PC 

species that were significantly decreased in liver, skeletal muscle and left-ventricle in male db/db 

mice contained an odd-numbered carbon FA (15:0 or 17:0). There was also an early elevation in 

the total PI subclass and most PI species in fasting plasma in six week old db/db mice. In this 

regard, PI species containing arachidonic acid (20:4) are primary substrates for the production of 

proinflammatory eicosinoids, including prostaglandins. The elevation of BMP 18:1/18:1 levels 

in liver, adipose and left-ventricle in male db/db mice may reflect abnormalities in the 

repackaging and storage of lipid nutrients in endosomal/lysosomal membranes of cells.  

 

The early onset of left-ventricle CL remodelling in our db/db mice (i.e., elevated levels of 16:1 

FA-containing CL species and lower levels of 22:6 FA-containing CL species) mirrored the 

changes seen in specific donor sn-2 16:1 FA-containing PC species (PC 32:1, PC 32:2 and PC 

34:2), and sn-2 22:6 FA-containing species (PC 38:6b, PC 40:6 and PE 40:6), and was 

associated with elevations in specific precursor PG species, hepatic de novo lipogenesis, and the 

TG subclass. Early CL remodelling also occurred in liver and skeletal muscle in our db/db mice, 

highlighting the susceptibility of CL species to the early oxidative stress (production of reactive 

oxygen species) and peroxidation associated with mild obesity and IR.  

 

Ether-linked phospholipids and vinyl ether-linked plasmalogens were found to be elevated in 

fasting plasma, and reduced in liver, adipose and skeletal muscle of db/db mice relative to H/H 

mice, which mirrored the changes seen in PC and PE species. These changes indicate an 

increased susceptibility of these lipids to oxidative modification (or decreased biosynthesis) in 

tissues with increasing severity of disease. Furthermore, the early elevation of plasma LPC 16:0, 

LPC 16:1, LPC 18:0 and LPC 18:1 in our mildly obese (almost hyperinsulinaemic) male db/db 

mice may reflect the low-fat diet induced increase in hepatic de novo lipogenesis, as 

lysophospholipids are derived from the oxidation of ether-linked and ester-linked phospholipids. 

In addition, the delayed elevations of total LPC and LPE in liver, and elevation of some LPC 

species in skeletal muscle in the male db/db mice supports a role for LPCs in proatherogenesis 

and IR.   

 

The biological and physiological important and novel findings related to the tissue-specific and 

temporal lipid abnormalities associated with the development of obesity, IR and pre-diabetes in 
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C57BL/KsJ male db/db mice fed an unrestricted standard chow diet can be summarised as 

follows. Initially, the early trend for the elevation of liver total CE, DG and TG (steatosis) at six 

weeks of age was due to diet-induced elevation of hepatic de novo lipogenesis in the presence of 

leptin receptor deficiency, reduced energy expenditure, mild obesity, hyperinsulinaemia, 

oxidative stress and increased adipose fat mass (hyperplasia). This increased lipogenesis was 

reflected by the increased availability of circulating 16:1 FA, and resulted in ectopic deposition 

of excess fatty acids as TG, and its putative product DG, in peripheral tissues (left-ventricle and 

skeletal muscle), and early CL left-ventricle remodelling, compromising mitochondrial 

membrane integrity. Elevated hepatic lipogenesis also contributed to a significant elevation of 

fasting total Cer and MHC, total PC (with six elevated PC species known to be predictive of 

T2D in human studies), total PI plasma (including the elevation of many 20:4 FA-containing PI 

species that act as primary substrates for the production of proinflammatory eicosinoids), and 

elevated hepatic “saturated” DG species (negative modulators of insulin signalling) that 

corresponded to the onset of IR at 10 weeks of age. Additionally, plasma total LPC and LPE 

(including many saturated and monosaturated species) were already elevated in male db/db mice 

at six weeks of age, suggesting early oxidative stress and inflammation. Specifically, elevated 

plasma and liver LPC 16:1 may serve as a biomarker for increased hepatic de novo lipogenesis.  

 

With increasing severity of disease (severe obesity, hyperinsulinaemia and IR), there was a 

significant blunting of hepatic lipogenesis in male db/db mice, which resulted in a significant 

lowering of liver PC and PE species (most containing 16:1 FA), a significant lowering of ether- 

and vinyl-ether linked phospholipids levels in liver (mainly due to increased free radical attack 

by ROS), and reduced CL remodelling in tissues due to peroxidation and reduced availability of 

acyl-FA from donor PC and PE species. This pattern of CL remodelling illustrated that the male 

db/db mice were in a dynamic phase of lipid metabolism and disease development at six and ten 

weeks of age, but were blunted by reduced substrate availability at 16 weeks of age. The 

morphological changes in adipose (omental fat) tissue with obesity (increased cell size and 

number of lipid droplets) and normalisation of lipid measurements to protein content are most 

likely to explain the significant elevation of TG and DG, and significant lowering of 

sphingolipid and phospholipid classes/subclasses in db/db mice relative to H/H mice.   

 

As the db/db genetic mouse model closely resembles disease progression to T2D in humans, the 

myriad of temporal and tissue-specific lipid abnormalities described in this chapter should be 

translatable to the lipid abnormalities associated with human obesity, IR and T2D. These 
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lipidomic studies provide an invaluable insight into the differential regulation of lipid metabolic 

pathways in plasma and metabolic tissues with increasing severity of disease, and provide the 

opportunity to identify new therapeutic targets for early detection and prevention of disease 

progression. Importantly, many of the 60 lipid species of PE, LPE, PE(O), PE(P) and CL classes 

that were included for measurement in the db/db mouse study based on method development 

(Chapter 3) were shown to contribute to disease progression, and provide vital links to the 

advancement of knowledge in this field. 
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CHAPTER 5 RELATIONSHIP BETWEEN GLOBAL GENE EXPRESSION 

AND LIPID PROFILES IN A MOUSE MODEL OF TYPE 2 DIABETES 

 

5.1 INTRODUCTION 

 

5.1.1 The genetic db/db mouse model resembles human type 2 diabetes 

 

The Australian population and indeed most of the developed world are facing an obesity 

epidemic, which is associated with a dramatic increase in the incidence and prevalence of type 2 

diabetes (T2D) [1,2]. Therefore, there is an urgency to discover the underlying mechanisms and 

metabolic pathways involved in the pathogenesis of T2D so that better preventative and 

therapeutic options can be tested and implemented to arrest this burgeoning health problem. The 

monogenic leptin receptor-deficient db/db mouse (C57BL/KsJ background) is a suitable model 

to study the pathogenesis of T2D [73], as it closely resembles disease progression to T2D in 

humans, which is mainly characterised by insulin resistance (IR) (increased hepatic glucose 

production and decreased peripheral glucose utilization), obesity and hyperglycaemia [74,75]. 

Disease progression in the db/db mouse includes early hyperinsulinaemia and IR by 5 weeks of 

age, followed by progressive obesity, hyperglycaemia, hyperlipidaemia (elevated plasma non-

esterified fatty acids and triglyceride levels), and a gradual loss of pancreatic function (insulin 

secretion) resulting in low circulating insulin and high glucose levels by 16 weeks of age 

[81,85,140,141,142,143,144]. 

 

5.1.2 Identification of genes associated with lipid abnormalities in db/db mice  

 

In this chapter, we aimed to employ global gene expression profiling (using DNA microarray) to 

identify transcriptional differences at the gene and metabolic pathway/diabetes-specific disease 

states level that may explain the mechanisms for the lipidomic abnormalities observed in tissues 

and plasma in the C57BL/KsJ db/db mouse model of obesity, IR and pre-diabetes (Chapter 4).  

 

Comprehensive statistical analyses of targeted lipid profiling revealed that the independent effect 

of the db/db mouse genotype in tissues and plasma was clearly more dominant than the 

independent effects of gender or age on global lipid profiles (Chapter 4, Table 4.8). More 

specifically, five lipid classes/subclasses were significantly elevated, and 102 species were 
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statistically different in livers of obese/IR male db/db compared with male H/H mice at 10 

weeks of age (Chapter 4, Table 4.9A and Table S4.1). In addition, nine lipid classes/subclasses 

and 100 species were statistically different in livers of severely obese/diabetic male db/db 

compared with male H/H mice at 16 weeks of age. Therefore, approximately 45% of the 227 

lipid species quantified in liver were statistically different in male db/db mice at 10 and/or 16 

weeks of age, which reflects the pre-diabetic phenotype. 

 

Furthermore, surrogate measures of hepatic de novo lipogenesis (i.e., total 16:1/18:2 ratios in 

liver DG and TG species) were found to be markedly elevated in the male db/db mice compared 

with the corresponding male H/H mice at both 6 and 10 weeks of age, but were attenuated by 16 

weeks of age (Chapter 4, Figure 4.19). Hepatic de novo lipogenesis has been shown to be a 

significant source of fatty acids that accumulate in liver triacylglcerols (TG) and TG-rich very 

low density lipoprotein (VLDL) in non-alcoholic fatty liver disease patients (NAFLD) [193]. 

Given that high rates of hepatic de novo lipogenesis are induced by low-fat/high-carbohydrate 

diets, hyperinsulinemia and hyperglycemia [47,158], the male db/db mice represent an ideal 

model to track the relationships between liver global gene expression profiles and lipid 

abnormalities associated with progressive obesity, IR and pre-diabetes.  

 

5.1.3 Role of the liver in the pathogenesis of type 2 diabetes 

 

The liver plays a key role in glucose metabolism and homeostasis. Impaired hepatic glucose 

metabolism, including an increased rate of hepatic gluconeogenesis, contributes to the 

development of T2D [74,75,106]. Metabolic defects associated with the liver in the db/db mouse 

include increased expression of hepatic gluconeogenic enzyme genes [80], increased hepatic 

glycogenolytic and gluconeogenic enzyme activities [81], early defects in hepatic insulin 

signalling [78], inhibition of signal-transducer and activator of transcription 3 (STAT3)-

dependent suppression of hepatic gluconeogenic enzymes [79], and hepatic steatosis associated 

with elevated stearoyl-CoA desaturase 1 (SCD1) gene expression [194]. Impaired hepatic fatty 

acid metabolism is also involved in the development of T2D [107,108,109], but overt T2D only 

becomes manifest with pancreatic β-cell insulin secretory defects. 

 

5.1.4 Gene expression profiling tracks hepatic metabolic defects in type 2 diabetes 
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Gene expression profiling is a powerful tool for examining hepatic defects in specific metabolic 

pathways and the mechanism of action of drugs that treat T2D. Metformin, a widely used 

hypoglycaemic agent for the treatment of T2D, induces fatty acid oxidation, and inhibits 

lipogenesis and hepatic gluconeogenesis [195]. Using DNA microarray analysis to study the 

effects of single-dose metformin treatment on global gene expression in the livers of 8 week old 

obese diabetic male C57BL/KsJ-db/db mice, Heishi et al. found a reduction in hepatic glucose-

6-phosphatase gene expression and enzyme activity (a key rate-limiting enzyme in 

gluconeogenesis), which closely correlated with reduced blood glucose levels [111]. Moreover, 

metformin treatment significantly altered the gene expression profiles of ten metabolic 

pathways, including those involved in glycolysis/gluconeogenesis, the citrate cycle, fatty acid 

and glycerolipid metabolism, and amino acid metabolism. Recently, Zhang et al. compared gene 

expression profiling in the livers of 9 week old male wild-type C57BL/6 and male diabetic db/db 

mice, and found that the upregulated genes were mainly enriched in lipid and fatty acid 

metabolic processes, and the downregulated genes were mainly enriched in immune-related 

processes [110]. More detailed pathway network analyses revealed that the fatty acid oxidation 

and storage pathways (but not fatty acid synthesis) along with glycolysis, gluconeogenesis and 

glycogenolysis were enhanced, and that the hepatic local immune response, liver cancer and 

hepatitis were most likely associated with diabetes in the diabetic db/db mice [110]. 

 

5.1.5 Tracking of gene expression and lipid profiling abnormalities in db/db mice 

 

These studies in db/db mice provide valuable insights into how particular drug treatments and 

disease states influence hepatic gene expression profiling and specific metabolic pathways. It 

would also be highly beneficial to sequentially track the gene expression profiles and 

simultaneous lipid abnormalities associated with the onset of obesity, IR and progression to T2D 

in obese/diabetic db/db mice to define the underlying changes in gene expression and metabolic 

pathways associated with the pathogenesis of T2D.  

 

In the present study, we tested the hypothesis that transcriptional gene regulation results in 

lipidomic abnormalities observed in liver in the C57BL/KsJ db/db mouse model of obesity, IR 

and pre-diabetes (Chapter 4). DNA microarrays were used to compare mouse whole-genome 

gene expression profiles from livers of male db/db mice (C57BL/KsJ background) and their 

corresponding male H/H littermates at 6, 10, and 16 weeks of age. The gene expression 



163 
 

abnormalities identified in male db/db mice were compared with lipid abnormalities identified in 

the same liver sample by targeted lipid profiling (LC ESI-MS/MS) to identify lipid metabolic 

pathways and diabetes-specific genes associated with disease progression. This strategy may 

identify specific gene candidates or lipid classes/species as potential therapeutic targets for early 

prevention or treatment of human obesity, IR and T2D.  

 

5.2 MATERIALS AND METHODS 

 

5.2.1 Global gene expression profiling in mouse liver using DNA microarrays 

 

For DNA microarray analysis, we wanted to maximise the statistical power achieved for each 

group comparison. Based on the strength of the lipid metabolic dysfunction seen in the liver of 

male db/db mice, coupled with the level of technical noise, data quality, expression variance and 

statistical robustness associated with mouse whole-genome gene expression BeadChips 

comprising 45281 probes, a total of 36 liver samples, consisting of six liver samples from each 

of six groups (male db/db versus male H/H mice at 6, 10 and 16 weeks of age) were selected for 

DNA microarray analysis. This strategy may identify candidate genes associated with 

progression to T2D which are translatable to comparable human disease cohorts. 

 

5.2.2 Preparation of mouse liver samples for total RNA extraction 

 

The collection of liver samples from 6 h fasted anaesthetized mice at the time of cull has been 

described previously (Chapter 4, section 4.2.3). The cryomilling of frozen mouse liver (0.4-1.8 g 

wet weight) into a fine homogenous powder for subsequent targeted lipid profiling and gene 

expression profiling has been described previously (Chapter 2, section 2.2.1).  

 

Total RNA was extracted from ~30-50 mg frozen liver powder with 1 ml ice-cold TRIzol® 

reagent (Invitrogen™, Life Technologies, Thermo Fisher Scientific Inc. MA, USA). The powder 

was resuspended by rigorously vortexing at room temperature for 3 min, incubated at room 

temperature for 3 min to permit complete dissociation of the nucleoprotein complex, and 

centrifuged at 14,000 g for 5 min at 4
o
C. Chloroform (0.2 ml) was added to the supernatant, and 

the mixture was vortexed for 45 sec, incubated at room temperature for 4 min, and centrifuged 

(14,000 g, 15 min, 4
o
C). The top clear aqueous layer containing the RNA was decanted, and an 

equal volume of 70% (v/v) aqueous ethanol was added to the supernatant, with gentle mixing. 
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The RNA was further purified using the RNeasy® Mini-column Qiagen Kit (QiagenPty. Ltd., 

Melbourne, Australia) using a series of binding, spin and wash steps according to the 

manufacturer‟s RNA Cleanup protocol instructions. The purified liver RNA sample was eluted 

with 30 μl RNase-free sterile water, and the quantity and quality of RNA was initially 

determined using a Nano-drop Bioanalyser 2100 (Agilent Technologies, CA, USA). The sample 

was deemed acceptable for further processing if the purity of RNA (ratio of absorbances at 260 

nm versus 280 nm) exceeded 1.8, and the concentration exceeded 150 ng/μl. 

 

To more accurately measure the purity and quality of total RNA, the purified liver RNA extracts 

were diluted to a calculated concentration of 70 ng/μl with RNase-free sterile water. A 2 μl 

aliquot was prepared for quantification (RNA HS assay) and measured at 560 nm on a Qubit 

fluorometer (Agilent Technologies, CA, USA). Another 3 μl aliquot was prepared and assessed 

for quality using a MultiNA electrophoresis Bioanalyser (Shimadzu, Columbia MD, USA). The 

RNA quality was deemed acceptable for microarray preparation if the ratio of the areas of the 

28S strand and 18S strand exceeded 1.4, and there was little fragmentation of RNA (Figure 5.1). 

 

5.2.3 Mouse whole-genome gene expression direct hybridization assay 

 

5.2.3.1 First and second strand cDNA synthesis 

 

For microarray analysis, the starting amount of purified liver total RNA used for cRNA 

synthesis was 300 ng, which was initially diluted to 11 μl with nuclease-free water. The Reverse 

Transcription Master Mix was prepared according to the Illumina® Totalprep RNA 

Amplification Kit instructions (Ambion®, Life Technologies, Thermo Fisher Scientific Inc. MA, 

USA). After gentle mixing and centrifugation, 9 μl ice-cold Reverse Transcription Master Mix 

was added to 11 μl purified liver RNA sample. The PCR reaction tubes were mixed, centrifuged 

briefly, and placed in a thermal cycler at 42°C for 2 h. 

 

The Second Strand Master Mix was prepared on ice according to the manufacturer‟s protocol. 

After gentle mixing and centrifugation, 80 μl ice-cold Second Strand Master Mix was added to 

the 20 μl first strand cDNA samples generated above. The PCR reaction tubes were mixed, 

centrifuged briefly, and placed in a thermal cycler at 16°C for 2 h. 
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Figure 5.1 MultiNA electrophoresis Bioanalyser chromatograms of liver total RNA. Extracted and 

purified liver total RNA samples are accepted (A) or rejected (B) for subsequent microarray preparation 

if the ratio of 28S to 18S strand area > 1.4, and there is little fragmentation of the total RNA. 
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5.2.3.2 Double-stranded cDNA purification and synthesis of cRNA 

 

Each 100 μl double-stranded cDNA sample generated above was transferred to a 1.5 ml 

microcentifuge tube containing 250 μl cDNA binding buffer, mixed well, and centrifuged 

briefly. This mixture was added to a cDNA filter cartridge, and centrifuged (10,000 g, 1 min, 

room temperature). After two wash and spin steps were performed according to the 

manufacturer‟s instructions, the double-stranded cDNA was eluted with 20 μl nuclease-free 

water (pre-heated to 55°C), and the entire ~17.5 μl purified cDNA sample was placed on ice. 

The In Vitro Transcription Master Mix was prepared at room temperature according to the 

manufacturer‟s protocol. After gentle mixing and centrifugation, 7.5 μl In Vitro Transcription 

Master Mix was added to the ~17.5 μl purified cDNA sample above. The PCR reaction tubes 

were mixed, centrifuged briefly, and placed in a thermal cycler at 37°C for 16 h. The reaction 

was stopped by adding 75 μl Nuclease-free water to the cRNA sample, and after mixing, the 100 

μl cRNA sample was transferred to a sterile 1.5 ml eppendorf tube. 

 

5.2.3.3 cRNA purification 

 

Purification of cRNA was required to remove enzymes, salts and unincorporated nucleotides 

from the sample. Firstly, 350 μl cRNA binding buffer was added to the 100 μl cRNA sample, 

and 250 μl reagent grade 100% ethanol was quickly added, with gentle mixing. The 700 μl 

mixture was immediately added to a cRNA filter cartridge, and centrifuged (10,000 g, 1 min, 

room temperature). After two wash and spin steps were performed according to manufacturer‟s 

instructions, 100 μl Nuclease-free water (pre-heated to 55°C) was added to the cRNA filter 

cartridge. The sample was incubated at 55°C for 10 min, centrifuged (10,000 g, 2 min, room 

temperature), and the eluate containing the purified cRNA was collected. 

 

5.2.3.4 Determination of cRNA purity and quantity 

 

The purified cRNA samples were measured for both purity and quantity using a Nano-drop 2100 

Bioanalyser. The minimum concentration of cRNA required for the mouse whole-genome gene 

expression direct hybridization assay was 150 ng/μl. When the concentration was less than 150 

ng/μl, a vacuum concentrator was used to evaporate these samples at room temperature until the 

concentration of cRNA exceeded 150 ng/μl. Prior to hybridization, the quality of the purified 
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Figure 5.2 MultiNA electrophoresis Bioanalyser chromatograms of liver cRNA samples. Purified 

liver cRNA samples accepted for hybridization and subsequent microarray analysis. A typically shaped 

peak (Panel A), and a peak with minor jagged protrusions (still acceptable) is shown in Panel B. 
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cRNA samples was assessed using the MultiNA electrophoresis Bioanalyser. The integrity of the 

purified cRNA sample was achieved if the hill- shaped peak was reasonably smooth (minor 

jagged protrusions were allowed), with slight tailing to the right side of the peak (Figure 5.2). 

The integrity of all 36 purified cRNA samples on the chromatograms generated by MultiNA 

were deemed acceptable. 

 

5.2.3.5 Hybridization of cRNA to whole-genome gene expression BeadChips 

 

Six mouse whole-genome gene expression BeadChips (WG-6 version 2.0; 45,281 probes; 

Illumina Inc., San Diego, CA, USA) were let stand at room temperature for at least 30 min, and 

the barcode data from each BeadChip was downloaded onto a microarray platform (iScan; 

Illumina Inc., San Diego, CA, USA). Prior to hybridization, exactly 1,500 ng purified cRNA was 

added to fresh PCR tubes. The volume was made up to 10 μl with Nuclease-free water, and 20 μl 

Hybridization buffer (pre-heated to 58°C for 10 min, then cooled to room temperature, and 

thoroughly mixed) was added. The hybridization tubes were heated in a thermal cycler at 65°C 

for 5 min, gently mixed, centrifuged briefly, and allowed to cool to room temperature.  

 

The BeadChip hybridization chamber (maximum of six BeadChips) was assembled by adding 

200 μl Hybridization chamber buffer to each of the reservoirs, and each BeadChip was 

unpacked, and placed in a gasket in the chamber. The entire 30 μl of each hybridization sample 

was carefully added to one allocated array of a Beadchip (six arrays per Beadchip) using a 

capillary motion, and the hybridization chamber was incubated in an oven at 58°C with gentle 

rocking for 16 h. 

 

5.2.3.6 Washing, staining, and scanning of gene expression BeadChips 

 

Following hybridization, each BeadChip was removed from the chamber, placed in 400 ml 

E1BC Wash buffer, and the cover-seal removed. The BeadChips were washed successively with 

E1BC Wash buffer, High-Temperature (55°C) Wash buffer, 100% ethanol, and Block E1 buffer 

according to the manufacturer‟s instructions. The BeadChips were incubated in 2 ml strepavidin-

Cy3 staining solution (rocking at 20 rpm, 10 min, 20°C), then washed with 200 ml E1BC Wash 

buffer (orbital shaker at 100 rpm, 5 min, 20°C), centrifuged (275 g, 4 min, 20°C) and scanned 

immediately on the microarray platform, iScan. 
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5.2.4 Liver gene expression profiling and data analysis 

 

Each Illumina BeadChip has 6 independent arrays, each comprising a randomised mix of 

microscopic beads manufactured with one of 45,281 50-mer oligonucleotide probes attached. 

The manufacturer guarantees that each type of bead is present at least 14 times on each array and 

each chip is supplied with a compact disk containing files giving the coordinates of each bead 

containing each specific oligonucleotide probe. After hybridisation and imaging, raw data files 

are generated using BeadStudio software supplied by Illumina which reads each array image and 

summarises the expression from each of the multiple beads for each oligonucleotide and their 

variability. Identification and descriptive data relating to the 45,281 probes in the mouse whole-

genome WG-6 version 2.0 BeadChips is found in the accompanying Excel annotated files, 

„MouseWG-6_V2_0_R2_11278593_A‟.xlsx and „MouseWG-6_V2_0_R3_11278593_A‟.xlsx, 

available from the Illumina website. 

 

Non-differential pre-processing steps were performed ignoring the status of each sample to avoid 

bias. Raw expression intensities were normalised between arrays using quantile normalisation 

after background correction and log2 transformation in the lumi Bioconductor package (version 

2.10.0) [196] to minimise technical sources of variation. Normalised data quality was assessed 

using the arrayQualityMetrics Bioconductor package (version 3.14.0) [197], which showed that 

all of the arrays were technically acceptable for the analyses described below. Examination of 

the normalised data using lumi suggested that 31,696 probes (about 70% of all probes) showed 

detectable expression at a probability of 0.01 in at least half of the arrays. Probes with expression 

levels below this threshold were removed from further analysis since they are likely to be 

uninformative. Differential expression was tested using a Bayesean moderated t-test 

implemented in the limma Bioconductor package (version 3.14.4) to compare expression levels 

and expression variance in the two groups at each time point [198]. Genes were considered 

significantly differentially expressed if the P-value from the moderated t-test, adjusted for 

multiple testing using the Benjamini-Hochberg method [155], was lower than 0.05. All 

Bioconductor software packages are available from the Bioconductor project at 

www.bioconductor.org 

 

 

.  

 

http://www.bioconductor.org/
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5.2.5 Strategy linking liver gene expression and lipid profiling abnormalities 

 

To determine any associations that exist between whole-genome liver gene expression and 

targeted lipid profiling abnormalities in the male db/db mice compared with male H/H mice at 6, 

10, and 16 weeks of age, an initial list of 1,017 mouse genes known to be associated with lipid 

metabolism, carbohydrate metabolism, energy metabolism and endocrine/metabolic disease 

pathways [using The Kyoto Encyclopaedia of Genes and Genomes (KEGG) Pathway Maps; 

http://www.genome.jp/kegg/] or diabetes-specific disease states such as T2D, obesity and 

dyslipidemias [using DisGeNET, a database of gene-disease associations; 

http://ibi.imim.es/DisGeNET/web/] was compiled. The DisGeNET is a database for human 

genes, but the matching homologous mouse genes were located using the Jackson Laboratory 

database website (www.informatics.jax.org/marker/MGI). However, 22 of the selected human 

genes from DisGeNET did not have a homologous mouse gene, and another 76 selected mouse 

genes were not recognised by any probe on the mouse whole-genome gene expression WG-6 

version 2.0 BeadChips. Therefore, liver genes that were differentially expressed in male db/db 

mice compared with male H/H mice were screened against a final list of 919 mouse genes 

representing 20 lipid pathway/diabetes-specific disease states (Table 5.1). 

 

5.3 RESULTS 

 

5.3.1 Differential liver gene expression in all male db/db versus male H/H mice 

 

To examine the effect of mouse genotype on liver gene expression profiles, we compared liver 

genome-wide gene expression profiles of all male db/db mice (n = 18) and all male H/H mice (n 

= 18), with ages combined. From a total of 31,696 detected probes, a total of 1,178 genes 

appeared to be significantly differentially expressed [adjusted (adj.) P-value < 0.05]. However, 

when the same gene expression was detected by more than one probe, the probe that generated 

the largest differential expression of that gene (i.e., smallest P-value) was considered. Removal 

of redundant probes resulted in the significant differential expression of 1,032 liver genes, of 

which 524 genes were significantly underexpressed, and 508 genes were significantly 

overexpressed in male db/db mice compared with male H/H mice (Table 5.2, Box A). 

 

The top 24 ranked differentially expressed liver genes in all male db/db mice (in order of 

increasing adj. P-values) generated adj. P-values < 1.0E-07. Among the top 24 ranked genes  

http://www.genome.jp/kegg/
http://ibi.imim.es/DisGeNET/web/
http://www.informatics.jax.org/marker/MGI
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Table 5.1 919 mouse genes were compiled from the Kyoto Encyclopaedia of Genes and 

Genomes (KEGG) pathway maps and DisGeNET gene-disease associations databases.  

 

Genes sourced from KEGG Pathway Maps
a
 (groups 1-17): 

Group 1. Genes in Fatty acid biosynthesis (4)
b
 

Group 2. Genes in Fatty acid elongation (8) 

Group 3. Genes in Fatty acid metabolism (29) 

Group 4. Steroid biosynthesis (13)  

Group 5. Genes in Steroid Hormone Biosynthesis (35)  

Group 6. Genes in Glycerolipid Metabolism (27) 

Group 7. Genes in Glycerophospholipid Metabolism (33) 

Group 8. Genes in Ether Lipid Metabolism (34) 

Group 9. Genes in Sphingolipid Metabolism (30) 

Group 10. Genes in Arachidonic Acid Metabolism (28) 

Group 11. Genes in Linoleic Acid Metabolism (8)  

Group 12. Genes in Biosynthesis of Unsaturated Fatty Acids (8)  

Group 13. Genes in Glycolysis/Gluconeogenesis (41)  

Group 14. Genes in citrate Cycle (TCA Cycle) (20) 

Group 15. Genes in Inositol Phosphate Metabolism (36)  

Group 16. Genes in Oxidative Phosphorylation (75)  

Group 17. Genes in Type II Diabetes Mellitus (25) 

Genes sourced from DisGeNET gene-disease associations
c
 (groups 18-20): 

Group 18. Genes in Diabetes Mellitus, Type 2 (200) 

Group 19. Genes in Obesity (197) 

Group 20. Genes in Dyslipidemias (68) 

 

a 
KEGG Pathway Maps genes were compiled from lipid metabolism pathways (groups 1-12), 

carbohydrate metabolism pathways (groups 13-15), an energy metabolism pathway (group 16), 

and an endocrine and metabolic disease pathway (group 17). 
b 

Numbers in parentheses indicate number of genes selected in each group. 
c
 DisGeNET genes were compiled from diabetes-specific disease states (groups 18-20). The 

DisGeNET is a database for human genes, but the matching homologous mouse genes were 

located using the Jackson Laboratory database website (www.informatics.jax.org/marker/MGI). 

 

http://www.informatics.jax.org/marker/MGI
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Table 5.2 Total number of differentially expressed liver genes, and the number of 

differentially expressed genes from 919 selected genes linked to lipid pathway/diabetes-

specific disease states in male db/db versus male H/H mice.  

 

Group comparisons at different ages 

A) All male db/db (n=18) vs All male H/H mice (n=16):  

Total number of differentially expressed liver genes:1032 

Number of liver genes underexpressed in male db/db mice:  524 

Number of liver genes overexpressed in male db/db mice:  508 

 

From selected list of 919 lipid pathway/diabetes-specific disease state genes: 

Number of liver genes underexpressed in male db/db mice:  23 

Number of liver genes overexpressed in male db/db mice:  45 

B) Male db/db (n=5) vs. male H/H mice (n=5) at 6 weeks of age: 

Total number of differentially expressed liver genes:8 

Number of liver genes underexpressed in male db/db mice:  1 

Number of liver genes overexpressed in male db/db mice:  7 

 

From selected list of 919 lipid pathway/diabetes-specific disease state genes: 

Number of liver genes underexpressed in male db/db mice:  1 

Number of liver genes overexpressed in male db/db mice:  0 

C) Male db/db (n=6) vs. male H/H mice (n=6) at 10 weeks of age: 

Total number of differentially expressed liver genes:  284 

 Number of liver genes underexpressed in male db/db mice:  118 

 Number of liver genes overexpressed in male db/db mice:  166 

 

From selected list of 919 lipid pathway/diabetes-specific disease state genes: 

Number of liver genes underexpressed in male db/db mice:  6 

Number of liver genes overexpressed in male db/db mice:  27 

D) Male db/db (n=7) vs. male H/H mice (n=5) at 16 weeks of age: 

Total number of differentially expressed liver genes:  223 

Number of liver genes underexpressed in male db/db mice:  96 

Number of liver genes overexpressed in male db/db mice:  127 

 

From selected list of 919 lipid pathway/ diabetes-specific disease state genes: 

Number of liver genes underexpressed in male db/db mice:  11 

Number of liver genes overexpressed in male db/db mice:  20 
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were the underexpressed genes Igfbp2 (encodes insulin-like growth factor binding protein 2), 

Socs2 (encodes suppressor of cytokine signalling 2; and is associated with obesity) and Hsd3b5 

(encodes a hydroxysteroid dehydrogenase, which regulate glucocorticoids, mediators of obesity 

and IR). Among the top 24 ranked genes were the overexpressed genes were Fitm1 (encodes fat 

storage-inducing transmembrane protein 1, and plays a key role in lipid droplet accumulation)  

and Pparg (encodes peroxisome proliferator activated receptor (PPAR)-γ; controls the 

peroxisomal β-oxidation pathway of fatty acids, and is associated with obesity). 

 

5.3.2 Differential liver gene expression in male db/db mice at each age 

 

Genome-wide differential liver gene expression was then determined in male db/db mice 

compared with male H/H mice at each age group. There was only one liver gene that was 

underexpressed (Irs2; encodesinsulin receptor substrate 2), and seven genes that were 

overexpressed (including Fitm1) in male db/db mice compared with male H/H mice at 6 weeks 

of age (Table 5.2, Box B). This finding was similar to the targeted liver lipid profiling results, in 

that none of the 227 measured liver lipid species were statistically different in the two groups at 

6 weeks of age (Chapter 4, Table 4.8).  

 

In contrast, there were 284 differentially expressed liver genes in male db/db mice compared 

with male H/H mice at 10 weeks of age, of which 118 genes were underexpressed and 166 genes 

were overexpressed (Table 5.2, Box C). The top 24 ranked differentially expressed genes in 10 

week old male db/db mice generated adj. P-values < 5.0E-07. Among the top 24 ranked genes 

were the underexpressed genes Hsd3b5, Cyp7b1 (encodes a monooxygenase; and is part of the 

steroid hormone biosynthesis pathway) and Egfr (encodes epidermal growth factor receptor). 

Among the top 24 ranked genes were the overexpressed genes Acot3 (encodes acyl-CoA 

thioesterase 3; and is part of the biosynthesis of unsaturated fatty acids pathway), Cyp17a1 

(encodes a monooxygenase; and is associated with diabetes mellitus, type 2), and Apoa4 

(encodes apolipoprotein A-IV, the major protein component of HDL, is a potent activator of 

lecithin-cholesterol acyltransferase; and is associated with dyslipidemias). This finding compares 

with the targeted liver lipid profiling results, in which 102 liver lipid species were statistically 

different in the two groups, with 90 lipid species being significantly elevated in the 10 week old 

male db/db mice (Chapter 4, section 4.3.9.1 and Table S4.1).  
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At 16 weeks of age, there were 223 differentially expressed liver genes in male db/db mice 

compared with male H/H mice, of which 96 genes were underexpressed and 127 genes were 

overexpressed (Table 5.2, Box D). The top 24 ranked differentially expressed genes in 16 week 

old male db/db mice generated adj. P-values < 4.0E-08. Among the top 24 ranked genes were 

the underexpressed genes Hsd3b5, Cyp7b1 and Igfbp2. Among the top 24 ranked genes were the 

overexpressed genes Apoa4, Gal3st1 (encodes galactose-3-O-sulfotransferase 1; and is part of 

the sphingolipid metabolism pathway) and Cyp17a1. This finding compares with the targeted 

liver lipid profiling results, in which 100 liver lipid species were statistically different in the two 

groups, with 56 lipid species being significantly elevated in the 16 week old male db/db mice 

(Chapter 4, section 4.3.9.1 and Table S4.1). 

 

5.3.3 Effect of ageing on differential liver gene expression in male db/db and male H/H mice 

 

We next examined the effect of increasing age on liver gene expression profiles. In male H/H 

mice, there were 37 differentially expressed liver genes at 10 weeks compared with 6 weeks of 

age, of which 18 genes were underexpressed and 19 genes were overexpressed (data not shown). 

However, targeted liver lipid profiling revealed that none of the 227 measured liver lipid species 

were statistically different between the two groups (Chapter 4, Table 4.7). There were 39 

differentially expressed liver genes in male H/H mice at 16 weeks compared with 6 weeks of 

age, of which 17 genes were underexpressed and 22 genes were overexpressed (data not shown). 

Again, targeted liver lipid profiling revealed that no liver lipid species were statistically different 

in the two groups (Chapter 4, Table 4.7). There was no differential liver gene expression in male 

H/H mice at 16 weeks compared with 10 weeks of age, which mirrored the targeted liver lipid 

profiling results.  

 

In male db/db mice, there was no differential liver gene expression at any of the age groups. This 

finding contrasted slightly with the targeted liver lipid profiling results, which showed that 19 

lipid species in male db/db mice were significantly different at 16 weeks compared with 6 weeks 

of age, and 20 lipid species were significantly different at 16 weeks compared with 10 weeks of 

age (Chapter 4, Table 4.7). Overall, these results highlight the dominant effect of the db/db 

genotype on both differential liver gene expression and targeted lipid profiling compared with 

the effect of age.  
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Table 5.3 Identity of 68 differentially expressed liver genes from 919 selected genes linked 

to lipid pathway/diabetes-specific disease states in all male db/db versus all male H/H mice.  
 

Mouse gene 

symbol
a 

log-fold change 

(FC)
b 

adj. P-value
c Lipid pathway/diabetes-specific disease states

d 

Aldh3a2 0.889 1.07E-05 Group 3. Fatty acid metabolism  

Acadm 0.623 3.21E-04 

 Cyp4a31 1.369 2.49E-03 

 Acat1 0.644 2.52E-03 

 Cpt2 0.438 3.22E-02 

 Soat2 -0.549 7.23E-03 Group 4. Steroid Biosynthesis  

Cyp7b1 -2.11 1.88E-04 Group 5. Steroid Hormone Biosynthesis  

Hsd17b6 -0.678 1.76E-02 

 Dak 0.683 8.72E-03 Group 6. Glycerolipid Metabolism  

Agpat9 1.016 1.04E-02 

 Agpat6 0.489 2.97E-02 

 Mgll 0.55 3.57E-02 

 Agpat2 1.038 6.68E-04 Group 7. Glycerophospholipid Metabolism  

Pla2g15 0.464 2.29E-02 

 Chpt1 1.45 1.42E-05 Group 8. Ether Lipid Metabolism  

Pla2g4f 0.613 2.95E-03 

 Enpp2 -0.378 3.07E-02 

 Gal3st1 1.228 5.37E-05 Group 9. Sphingolipid Metabolism  

Arsa 0.63 3.11E-03 

 Smpd3 0.812 4.75E-03 

 Gba -0.436 6.72E-03 

 Ugcg -0.404 3.57E-02 

 Ptgis -0.723 2.33E-05 Group 10. Arachidonic Acid Metabolism  

Cyp2b10 2.258 1.66E-04 

 Cyp4f13 -0.508 3.07E-03 

 Cyp2c39 0.896 2.74E-03 Group 11. Linoleic Acid Metabolism  

Cyp1a2 -0.714 6.25E-03 

 Acot4 1.03 9.56E-03 Group 12. Biosynthesis of Unsaturated Fatty Acids  

Acot3 1.849 2.45E-02 

 Gapdh 0.467 5.01E-04 Group 13. Glycolysis/Gluconeogenesis  

Eno1 0.584 3.40E-03 

 Gm5506 0.558 6.78E-03 

 G6pc 0.825 9.97E-03 

 Pgam1 0.473 1.31E-02 

 Suclg2 0.402 2.89E-02 Group 14. citrate Cycle (TCA Cycle)  

Dlst 0.341 3.91E-02 

 Pcx 0.424 4.56E-02 
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Mouse gene 

symbol
a 

log-fold change 

(FC)
b 

adj. P-value
c Lipid pathway/diabetes-specific disease states

d 

Pip4k2a -0.421 3.97E-02 Group 15. Inositol Phosphate Metabolism  

Pik3cd -0.433 4.88E-02 Group 17. Type II Diabetes Mellitus  

Vldlr 1.333 3.57E-05 Group 18. Diabetes Mellitus, Type 2  

Nqo1 0.763 3.53E-04 

 Cyp17a1 1.81 4.25E-04 

 Maob 0.584 7.07E-04 

 Ttc39b -0.553 1.17E-03 

 Pltp 0.795 1.07E-02 

 Mlxipl -0.582 2.98E-02 

 Tsc22d1 0.941 3.07E-02 

 Nrf1 -0.462 3.64E-02 

 Prkcb -0.457 3.97E-02 

 Socs2 -1.886 9.40E-08 Group 19. Obesity  

Pparg 1.144 1.83E-07 

 Ntrk2 1.031 3.57E-05 

 Sort1 -1.2 3.79E-05 

 Irs2 1.123 1.24E-04 

 Gpd1 0.85 2.19E-04 

 Nat1 0.649 1.97E-03 

 Btc 0.496 1.40E-02 

 Cyp2c55 0.884 1.60E-02 

 Rxrg 0.37 3.42E-02 

 Pcsk9 -0.668 3.71E-02 

 Apoa4 1.843 2.63E-05 Group 20. Dyslipidemias  

Hhex -0.862 5.79E-05 

 Insig2 2.117 1.27E-04 

 Prkcz -0.65 2.66E-03 

 Ube2e2 0.42 5.14E-03 

 Pklr 0.904 6.44E-03 

 Abcg8 -0.521 3.84E-02 

 Aif1 -0.574 4.69E-02 

  

a 
Yellow-shaded genes were also differentially expressed in male db/db mice at 10 and 16 weeks of age 

versus corresponding male H/H mice (and in the same direction of change). 
b 

Positive (black font) and negative (red font) indicate that genes were overexpressed or underexpressed 

respectively in the male db/db mice. 
c 

Adj. P -value is derived from the original P value, corrected for multiple testing using the Benjamini-

Hochberg method. Adj. P-value < 0.05 was considered significant. 
d 
Sorted by ascending order of group number, then descending order of adj. P-value within each group. 
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5.3.4 Liver genes associated with lipid pathway/diabetes-specific disease states in all male 

db/db mice  

 

To determine any associations that exist between liver gene expression and targeted lipid 

profiling abnormalities, the 1,032 liver genes that were differentially expressed in male db/db 

mice compared to male H/H mice (ages combined) were screened against a selected list of 919 

mouse genes linked to lipid pathway/diabetes-specific disease states. There were 68 

differentially expressed liver genes found on this selected list, of which 23 were underexpressed 

and 45 were overexpressed in male db/db mice compared with male H/H mice (Table 5.3). 

Notably, the seven genes associated with fatty acid β-oxidation (groups 3 and 12), the four genes 

linked to glycerolipid metabolism (group 6), the five genes linked to glycolysis/gluconeogenesis 

(group 13) and the three genes linked to citrate cycle (group 14) were overexpressed in male 

db/db mice. In contrast, the three genes linked to steroid biosynthesis or steroid hormone 

biosynthesis (groups 4 and 5) were underexpressed in male db/db mice (Table 5.3). In addition, 

multiple genes linked to ether lipid metabolism (group 8), sphingolipid metabolism (group 9), 

arachidonic acid metabolism (group 10), diabetes mellitus, type 2 (group 18), obesity (group 19) 

and dyslipidemias (group 20) were differentially expressed in male db/db mice (all ages 

combined). 

 

5.3.5 Liver genes associated with lipid pathway/diabetes-specific disease states in male 

db/db mice at 10 and/or 16 weeks of age 

 

Of the 284 liver genes that were differentially expressed in male db/db mice compared with male 

H/H mice at 10 weeks of age, 33 genes were from the selected list of 919 mouse genes linked to 

lipid pathway/diabetes-specific disease states, of which six were underexpressed and 27 were 

overexpressed in male db/db mice (Table 5.4). The eight genes associated with fatty acid β-

oxidation (groups 3 and 12), the two genes linked to sphingolipid metabolism (group 9), the five 

genes linked to diabetes mellitus, type 2 (group 18) and the three genes linked to dyslipidemias 

(group 20) were overexpressed in male db/db mice (Table 5.4). In addition, multiple genes 

linked to steroid hormone biosynthesis (group 5) and obesity (group 19) were differentially 

expressed in male db/db mice at 10 weeks of age. Among the underexpressed obesity genes was 

Lpl, which encodes the lipoprotein lipase precursor that catalyzes the hydrolysis of triglycerides. 

Notably, none of the KEGG-derived glucose or energy metabolism pathways were represented.  
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Table 5.4 Identity of 33 differentially expressed liver genes from 919 selected genes linked 

to lipid pathway/diabetes-specific disease states in male db/db mice versus male H/H mice 

at 10 weeks of age. 
 

Mouse gene 

symbol 

log-fold change 

(FC)
a
 

adj. P-

value
b 

  Lipid pathway/diabetes-specific disease states
c 

Aldh3a2 1.318 2.18E-04   Group 3. Fatty acid metabolism 

Ehhadh 1.588 4.57E-04 

 Cyp4a31 1.758 1.83E-03 

 Acadm 0.969 1.14E-02 

 Acsl5 1.009 2.74E-02 

 Acadl 1.527 3.24E-02 

 Cyp7b1 -3.064 1.11E-07   Group 5. Steroid Hormone Biosynthesis 

Ugt1a2 1.805 6.74E-04 

 Ugt1a5 1.919 9.20E-04 

 Cyp7a1 -1.567 9.90E-03 

 Agpat9 1.692 1.05E-05   Group 6. Glycerolipid Metabolism  

Agpat2 1.313 4.95E-02   Group 7. Glycerophospholipid Metabolism 

Chpt1 2.124 2.34E-05   Group 8. Ether Lipid Metabolism 

Gal3st1 1.268 1.04E-02   Group 9. Sphingolipid Metabolism 

Smpd3 0.985 4.85E-02 

 Cyp2b10 2.95 4.12E-05   Group 10. Arachidonic Acid Metabolism 

Ptgis -0.929 2.03E-02 

 Cyp2c39 1.373 5.86E-04   Group 11. Linoleic Acid Metabolism 

Acot3 3.636 2.45E-10   Group 12. Biosynthesis of Unsaturated Fatty Acids 

Acot4 1.655 4.39E-04 

 Cyp17a1 2.925 3.08E-08   Group 18. Diabetes Mellitus, Type 2 

Vldlr 1.945 1.05E-05 

 Pltp 1.61 2.38E-04 

 Scd1 1.018 7.90E-03 

 Maob 0.943 2.33E-02 

 Socs2 -2.424 1.84E-06   Group 19. Obesity 

Pparg 1.55 3.67E-05 

 Sort1 -1.701 5.53E-05 

 Lpl -1.584 5.89E-04 

 Ntrk2 1.136 2.81E-02 

 Apoa4 2.58 1.62E-07   Group 20. Dyslipidemias 

Insig2 2.723 1.23E-04 

 Pklr 1.516 2.61E-03 

  

a 
Positive (black font) and negative (red font) indicate that genes were overexpressed or underexpressed 

respectively in the male db/db mice. 
b 

Adj. P –value is derived from the original P value, corrected for multiple testing using the Benjamini-

Hochberg method. Adj. P-value < 0.05 was considered significant. 
c 
Sorted by ascending order of group number, then descending order of adj. P-value within each group. 
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Table 5.5 Identity of 31 differentially expressed liver genes from 919 selected genes linked 

to lipid pathway/diabetes-specific disease states in male db/db mice versus male H/H mice 

at 16 weeks of age.  
 

Mouse gene 

symbol 

log-fold change 

(FC)
a 

adj. P-

value
b 

Lipid pathway/diabetes-specific disease states
c 

Cyp4a31 1.785 1.65E-03 Group 3. Fatty acid metabolism  

Aldh3a2 0.93 2.62E-02 

 Cyp7b1 -2.547 1.62E-06 Group 5. Steroid Hormone Biosynthesis  

Agpat9 1.052 3.70E-02 Group 6. Glycerolipid Metabolism  

Agpat2 1.299 9.97E-03 Group 7. Glycerophospholipid Metabolism  

Pla2g15 0.926 2.98E-02 

 Chpt1 1.296 2.05E-02 Group 8. Ether Lipid Metabolism  

Enpp2 -0.952 3.87E-02 

 Gal3st1 1.955 1.28E-05 Group 9. Sphingolipid Metabolism  

Smpd3 1.319 4.52E-03 

 Cyp2b10 2.208 1.69E-03 Group 10. Arachidonic Acid Metabolism  

Ptgis -0.878 3.14E-02 

 Cyp2c39 1.334 6.12E-04 Group 11. Linoleic Acid Metabolism  

Cyp1a2 -1.072 4.26E-02 

 Acot3 1.974 8.71E-03 Group 12. Biosynthesis of Unsaturated Fatty Acids  

Acot4 1.024 2.89E-02 

 Cyp17a1 2.079 3.34E-05 Group 18. Diabetes Mellitus, Type 2  

Vldlr 1.258 1.01E-03 

 Dbp -1.153 1.01E-02 

 Nqo1 0.956 3.66E-02 

 Socs2 -1.619 3.57E-04 Group 19. Obesity  

Ntrk2 1.263 1.45E-03 

 Pparg 1.192 1.65E-03 

 Sort1 -1.283 3.54E-03 

 Irs2 -1.251 8.24E-03 

 Ppargc1b -0.984 1.52E-02 

 Ttc39b -0.771 4.55E-02 

 Apoa4 2.319 4.19E-06 Group 20. Dyslipidemias  

Insig2 2.367 1.28E-04 

 Cidea 1.832 2.08E-02 

 Lpin1 -1.345 2.71E-02 

  

a 
Positive (black font) and negative (red font) indicate that genes were overexpressed or underexpressed 

respectively in the male db/db mice. 
b 

Adj. P –value is derived from the original P value, corrected for multiple testing using the Benjamini-

Hochberg method. Adj. P-value < 0.05 was considered significant. 
c 
Sorted by ascending order of group number, then descending order of adj. P-value within each group. 
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Likewise, of the 223 liver genes that were differentially expressed in male db/db mice compared 

with male H/H mice at 16 weeks of age, 31 genes were from the selected list of 919 mouse genes 

linked to lipid pathway/diabetes-specific disease states, of which 11 were underexpressed and 20 

were overexpressed in male db/db mice (Table 5.5). The four genes associated with fatty acid β-

oxidation (groups 3 and 12), the two genes linked to glycerophospholipid metabolism (group 7) 

and the two genes linked to sphingolipid metabolism (group 9) were overexpressed in the male 

db/db mice. In addition, multiple genes linked to diabetes mellitus, type 2 (group 18), obesity 

(group 19) and dyslipidemias (group 20) were differentially expressed in male db/db at mice at 

16 weeks of age. Notably, none of the KEGG-derived glucose or energy metabolism pathways 

were represented. 

 

5.3.6 Twenty-one liver genes are associated with lipid pathway/diabetes-specific disease 

states in male db/db mice at both 10 and 16 weeks of age 

 

There were 21 liver genes from the selected list of lipid pathway/diabetes-specific genes that 

were differentially expressed in the male db/db mice at both 10 and 16 weeks of age compared 

with the corresponding male H/H mice (Table 5.6). The same four genes were underexpressed 

and the same 17 genes were overexpressed in the male db/db mice at both ages. In addition, the 

same 21 genes were differentially expressed (and in the same direction of change) in male db/db 

mice compared with male H/H mice when the three age groups were combined (Table 5.3), 

suggesting that these genes contributed robustly to the progressively worsening phenotype of the 

obese/diabetic male db/db mice. 

 

More specifically, 13 of the 21 genes dysregulated at both 10 and 16 weeks of age represented 

nine of the 12 KEGG-derived lipid pathway groups, indicating a wide distribution of gene 

abnormalities in the lipid pathway network. The other eight genes dysregulated at both 10 and 16 

weeks of age represented the DisGeNET-derived diabetes-specific T2D, obesity or dyslipidemia 

groups. Six of these eight genes were overexpressed in male db/db mice, including Vldlr 

(encodes the VLDL receptor, binds VLDL and transports it into cells by endocytosis, but also 

transports TG from the liver to adipose tissue), Pparg, Apoa4 and Insig2 (insulin-induced gene 

2, encodes a protein that blocks the processing of sterol regulatory element binding proteins that 

stimulate hepatic lipogenesis). The two DisGeNet-derived genes that were underexpressed in 

male db/db mice were Socs2 and Sort1 (encodes sortilin 1, a sorting receptor in the Golgi 

compartment). 
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Table 5.6 Identity of 21 liver genes from the selected list of 919 selected genes linked to 

lipid pathway/diabetes-specific disease states that were differentially expressed in male 

db/db mice versus male H/H mice at both 10 and 16 weeks of age. 
 

Mouse gene symbol
a 

Lipid pathway/diabetes-specific disease states 

Aldh3a2, Cyp4a31 Group 3. Fatty acid metabolism 

Cyp7b1 Group 5. Steroid Hormone Biosynthesis 

Agpat9 Group 6. Glycerolipid Metabolism 

Agpat2 Group 7. Glycerophospholipid Metabolism 

Chpt1 Group 8. Ether Lipid Metabolism 

Gal3st1, Smpd3 Group 9. Sphingolipid Metabolism 

Cyp2b10, Ptgis Group 10. Arachidonic Acid Metabolism 

Cyp2c39 Group 11. Linoleic Acid Metabolism 

Acot3, Acot4 Group 12. Biosynthesis of Unsaturated Fatty Acids 

Cyp17a1, Vldlr Group 18. Diabetes Mellitus, Type 2 

Socs2,  Pparg, Sort1, Ntrk2 Group 19. Obesity 

Apoa4, Insig2 Group 20. Dyslipidemias 

 
a 

Positive (black font) and negative (red font) indicate that genes were overexpressed or underexpressed 

respectively in the male db/db miceat both 10 and 16 weeks of age. 
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5.3.7 Correlation of lipid classes/subclasses with differentially expressed genes linked to 

lipid pathway/diabetes-specific disease states in male db/db mice 

 

It was also important to determine whether there was any association between the liver lipid 

classes (measured by targeted lipid profiling) and the differentially expressed liver genes in male 

db/db mice. Therefore, non-parametric Spearman rank correlation analyses were performed on 

the content of 21 liver lipid classes/subclasses (pmol/mg tissue) against log-2 expression values 

for the 68 differentially expressed liver genes in male db/db mice that were linked to lipid 

pathway/diabetes-specific disease states (Table 5.3). The correlation analyses included liver lipid 

and gene data from the 18 male db/db mice and their 18 male H/H littermates. The P-values 

obtained for each of the 1428 correlations were corrected for multiple gene and lipid 

comparisons using the Bonferroni approach, with P < 0.05 considered significant. This resulted 

in 21 significantly negative correlations and 44 significantly positive correlations generated from 

30 different genes representing 12 lipid pathway/diabetes-specific disease states, but only five 

different lipid classes/subclasses, namely TG, DG, CE, LPE and LPC (Table 5.7).  

 

The TG class was positively correlated with 18 genes and negatively correlated with six genes 

across 11 different groups, including 14 of the 21 genes that were differentially expressed in 

male db/db mice versus male H/H mice at both 10 and 16 weeks of age (Table 5.6). Notably, the 

TG class was negatively correlated with four genes associated with obesity and/or dyslipidemias, 

namely Socs2, Sort1, Pcsk9 (plays a role in cholesterol homeostasis, and is downregulated 

following a high cholesterol diet) and Hhex (encodes a member of the homeobox family of 

transcription factors, and may play a role in hematopoietic differentiation). Although the DG and 

CE classes were only significantly correlated with ten and seven genes respectively, all of these 

genes (except Prkcz, which was negatively correlated with DG) were also strongly correlated 

with the TG class (Table 5.7). In particular, TG, DG and CE were positively correlated with 

Agpat9 (glycerolipid biosynthesis) and Vldlr (binds VLDL and initiates endocytosis, but also 

transports TG from liver to adipose). 

 

Strikingly, the LPE subclass was positively correlated with 14 genes and negatively correlated 

with six genes across eight different groups, including 11 of the 21 genes that were differentially 

expressed in male db/db mice at both 10 and 16 weeks of age (Table 5.6). Like the TG class, the 

LPE subclass was positively correlated with Vldlr and Pparg (stimulates peroxisomal fatty acid 

β-oxidation) and negatively correlated with Socs2, Sort1, Pcsk9 and Hhex, but also showed a  
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Table 5.7 Significant correlations obtained from the analyses of 21 liver lipid classes/subclasses versus 68 differentially expressed liver 

genes linked to lipid pathway/diabetes-specific disease states in male db/db versus male H/H mice.  

 

 

Lipid pathway/diabetes-specific disease states
a 

Mouse 

gene 

symbol
b 

Lipid class/subclass
c 

TG DG CE LPE LPC 

r 

value
d
 

P-

value
e
 

r 

value
d
 P-value

e
 

r 

value
d
 P-value

e
 

r 

value
d
 P-value

e
 

r 

value
d
 

P-

value
e
 

Group 3. Fatty acid metabolism Aldh3a2 0.83 1.9E-06     0.77 1.2E-04 0.70 7.1E-03 

 Acadm 0.80 2.5E-05     0.70 7.3E-03   

 Cyp4a31 0.75 4.9E-04         

 Cpt2 0.72 2.4E-03         

Group 5. Steroid Hormone Biosynthesis Cyp7b1 -0.67 2.3E-02 -0.69 1.0E-02 -0.70 5.0E-03     

Group 6. Glycerolipid Metabolism Agpat9 0.74 6.7E-04 0.69 9.0E-03 0.65 3.8E-02     

 Mgll 0.68 1.1E-02 0.66 2.7E-02       

Group 8. Ether Lipid Metabolism Chpt1 0.75 5.3E-04     0.65 4.4E-02   

 Pla2g4f 0.65 4.7E-02         

Group 9. Sphingolipid Metabolism Smpd3       0.67 2.2E-02   

Group 10. Arachidonic Acid Metabolism Ptgis       -0.68 1.6E-02   

 Cyp2b10 0.75 5.5E-04 0.68 1.6E-02 0.67 2.0E-02 0.73 1.7E-03   

 Cyp4f13 -0.72 2.7E-03     -0.71 3.9E-03   

Group 12. Biosynthesis of Unsaturated Fatty Acids Acot4 0.67 1.8E-02         

Group 13. Glycolysis/Gluconeogenesis Gapdh 0.69 7.5E-03 0.67 2.2E-02   0.74 7.4E-04 0.74 6.3E-04 

Group 14. citrate Cycle (TCA Cycle) Suclg2 0.66 2.5E-02         

Group 18. Diabetes Mellitus, Type 2 Vldlr 0.79 4.1E-05   0.65 4.2E-02 0.72 2.7E-03   

 Cyp17a1 0.75 5.0E-04         

 Maob 0.73 1.5E-03     0.71 3.7E-03   
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Lipid pathway/diabetes-specific disease states
a 

Mouse 

gene 

symbol
b 

Lipid class/subclass
c 

TG DG CE LPE LPC 

r 

value
d
 

P-

value
e
 

r 

value
d
 P-value

e
 

r 

value
d
 P-value

e
 

r 

value
d
 P-value

e
 

r 

value
d
 

P-

value
e
 

Group 19. Obesity Socs2 -0.70 6.2E-03     -0.72 2.8E-03 -0.69 1.0E-02 

 Pparg 0.70 5.4E-03     0.66 3.7E-02   

 Ntrk2       0.71 3.3E-03   

 Sort1 -0.75 4.1E-04 -0.72 1.9E-03 -0.67 2.1E-02 -0.65 4.1E-02   

 Nat1       0.67 1.9E-02   

 Pcsk9 -0.73 1.7E-03     -0.67 1.9E-02   

Group 20. Dyslipidemias Apoa4 0.83 1.9E-06 0.79 4.1E-05 0.69 8.1E-03 0.74 7.3E-04   

 Hhex -0.66 2.7E-02 -0.68 1.3E-02 -0.69 1.0E-02 -0.70 6.1E-03 -0.66 2.6E-02 

 Insig2 0.85 4.5E-07 0.68 1.5E-02   0.70 5.3E-03   

 Prkcz   -0.67 2.4E-02       

 Ube2e2       0.66 2.9E-02   

 

a 
The 68 differentially expressed liver genes in male db/db versus male H/H mice were derived from 919 selected genes linked to 20 lipid pathway/diabetes-

specific disease states [using the gene KEGG Pathway Maps and DisGeNET gene search websites (section 5.2.5 and Table 5.3)]. 
b 
Gene expression intensities were log2-transformed. Positive (black font) and negative (red font) indicate that genes were overexpressed or underexpressed 

respectively in the male db/db mice. 
c
 The content ofeach lipid class/subclass is the sum of the content (pmol/mg protein) of each measured species within that class/subclass. 

d 
Spearman rank correlation coefficient (r value) with 

e 
P-value corrected for multiple comparisons using Bonferroni approach  

TG, triacylglycerol; DG, diacylglycerol, CE, cholesteryl ester; LPE, lysophosphatidylethanolamine; LPC, lysophosphatidylcholine.
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negative correlation with the Ptgis gene (involved in anti-inflammatory actions). Although 

the LPC subclass was only significantly correlated with four genes (Socs2, Aldh3a2, Hhex 

and Gapdh), these genes were also strongly correlated with the LPE subclass (Table 5.7). 

Notably, the Hhex gene was significantly negatively correlated with all five lipid 

classes/subclasses, indicating that it had a global effect on the progressive dyslipidemia 

observed in the livers of db/db mice. 

 

5.4 DISCUSSION 

 

5.4.1 Biomarker genes associated with metabolic defects in male db/db mice at 6 weeks of 

age 

 

In the present study, whole-genome gene expression and targeted lipid profiling 

abnormalities (at the lipid class and species level) associated with the pathogenesis of T2D 

were sequentially tracked in the livers of male db/db mice (C57BL/KsJ background) at 6, 10, 

and 16 weeks of age (versus corresponding male H/H littermates). By 6 weeks of age, the 

male db/db mice were already mildly obese and glucose intolerant, with significantly 

elevated omental fat weight, and a trend towards raised fasting plasma insulin levels and IR 

(by HOMA-IR) compared with the corresponding male H/H mice. However, targeted liver 

lipid profiling revealed that none of the 227 measured liver lipid species were statistically 

different in the two groups, and only eight liver genes were differentially expressed in six 

week old male db/db mice. Crucially, expression of the Irs2 gene, which encodes insulin 

receptor substrate 2, was decreased, suggesting early compromise of the insulin signaling 

pathway. In addition, gene expression of Fitm1, which encodes fat storage-inducing 

transmembrane protein 1 (i.e, plays an important role in lipid droplet accumulation) was 

increased in the livers of six week old male db/db mice, indicating an early increased flow of 

free fatty acids from inflamed adipose tissue to the liver, resulting in increased fatty acid 

uptake and accumulation in the liver [199]. In addition, surrogate measures of hepatic de 

novo lipogenesis (total 16:1/18:2 ratios in liver DG and TG species) and the circulating pool 

of fatty acid 16:1 in DG and TG were already markedly elevated in our six week old male 

db/db mice. Thus, there appears to be an increased flux through the glycerolipid synthesis 

pathway in six week old male db/db mice without any increase in the gene expression of the 

enzyme protein levels.  

 



186 
 

5.4.2 Upregulation of hepatic fatty acid oxidation, lipogenesis, glycerolipid and 

glycerophospholipid synthesis in male db/db mice at 10 weeks of age 

 

By 10 weeks of age, our male db/db mice were obese and IR, with markedly elevated 

omental fat weight compared with the corresponding male H/H mice. This increased severity 

of disease phenotype corresponded to a significant elevation of total LPE, BMP, CE, DG and 

90 lipid species, and a significant lowering of 12 lipid species, including multiple species of 

PC(O) and PC(P), in livers of male db/db mice. These liver lipid abnormalities corresponded 

to 284 genes that were differentially expressed in the livers of male db/db mice at 10 weeks 

of age, including 33 genes (6 underexpressed and 27 overexpressed genes) from 919 selected 

mouse genes linked to lipid pathway/diabetes-specific disease states using the KEGG and 

DisGeNET databases (Table 5.4).  

 

No liver genes associated with fatty acid biosynthesis (KEGG group 1) were differentially 

expressed in male db/db mice at 10 weeks of age. However, eight liver genes associated with 

fatty acid β-oxidation (KEGG groups 3 and 12) were overexpressed in male db/db mice at 10 

weeks of age, which indicates that fatty acids were the preferred fuel source for these mice 

with increasing severity of disease. In addition, stearoyl-CoA desaturase 1 encoding gene, 

Scd1 (DisGeNET group 18), was overexpressed in male db/db mice, which is consistent with 

our findings of elevated surrogate measures of hepatic de novo lipogenesis (i.e., total 

16:1/18:2 ratios in liver DG and TG species). Likewise, the Agpat9 gene (KEGG group 6), 

which encodes the enzyme that transfers the acyl-group from acyl-CoA to the sn-1 position of 

glycerol-3-phosphate to form lysophosphatidic acid (an essential step in glycerolipid 

biosynthesis) was overexpressed, which corresponded to the elevated liver DG and TG 

classes observed in our male db/db mice at 10 weeks of age. The increased fatty acid uptake 

in the liver directly or indirectly (via PPAR-γ signalling) stimulates mitochondrial fatty acid 

β-oxidation, and also stimulates fatty acid desaturation and esterification (storage) [110]. At 

the same time, the upregulation of fatty acid β-oxidation inhibits fatty acid synthesis.  

 

Similar to our findings, Zhang et al. revealed that mRNA expression of five genes associated 

with enzymes in the fatty acid β-oxidation and storage pathways (long-chain fatty acid 

elongation, desaturation and esterification to DG and TG), but not the fatty acid synthesis 

pathway, were enhanced in the livers of 9 week old male diabetic db/db mice compared with 

male wild-type C57BL/6 mice [110]. However, Zhang et al. used high-throughput RNA 
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sequencing technology and 12 mice per group, and defined differentially expressed genes as 

having an absolute fold change ≥ 1.5 and a false discovery rate < 0.001, but did not correct 

the P-values for multiple testing [110]. According to this criteria, Zhang et al. found that 

2627 genes were differentially expressed between normal and diabetic db/db mouse liver 

samples, whereas our microarray analysis found that 1032 liver genes were differentially 

expressed in male db/db mice versus male H/H mice (ages combined; 18 mice per group), 

with the P-values adjusted for multiple gene comparisons using the Benjamini-Hochberg 

method [155]. Unfortunately, Zhang et al. made no mention of the phenotypic characteristics 

of the experimental mice. However, db/db mice with a C57BL/6J background exhibit a less 

severe diabetic phenotype (and pancreatic hyperplasia) compared with db/db mice with a 

C57BL/KsJ background (and islet degeneration) [73]. In another study, the expression of 

genes involved in fatty acid β-oxidation were also increased in ob/ob mice compared with 

lean wild-type mice [112,200], indicating common links between gene expression and lipid 

abnormalities in the two genetically obese mouse models.  

 

Within the glycerophospholipid metabolism pathway (KEGG group 7), the Agpat2 gene, 

which encodes the enzyme that converts lysophosphatidic acid to phosphatidic acid, the 

second step in de novo phospholipid biosynthesis (and part of the glycerolipid pathway) was 

overexpressed in male db/db mice at 10 weeks of age. This corresponded to significant 

elevations in many glycerophospholipids, including multiple species of PC, PE, LPC, LPE, 

PI and CL. Within the arachidonic acid metabolism pathway (KEGG group 10), the Ptgis 

gene, which encodes a monooxygenase that converts prostaglandin H2 to prostacyclin, a 

potent vasodilator and inhibitor of platelet aggregation, was underexpressed in male db/db 

mice at 10 weeks of age. 

 

There were also 13 diabetes-specific genes from the DisGeNET groups 18-20 that were 

differentially expressed in male db/db mice at 10 weeks of age. Overexpressed diabetes-

specific genes of interest included Vldlr and Pparg (activates peroxisomal β-oxidation 

pathway of fatty acids), and underexpressed genes of interest included Socs2 (suppressor of 

cytokine signalling) and Lpl. Vldlr expression has been shown to be regulated by PPAR-γ. 

Pioglitazone, an agonist of PPAR-γ, increased VLDLR mRNA expression and protein levels 

in experiments using mouse fibroblasts, and pioglitazone-treated mice exhibited a higher 

conversion rate of plasma triglycerides into epididymal fats [201]. Although Vldlr is 

http://en.wikipedia.org/wiki/Pioglitazone
http://en.wikipedia.org/wiki/Agonist
http://en.wikipedia.org/wiki/Triglycerides
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expressed at very low levels in liver under basal conditions [202], it is induced in liver during 

endoplasmic reticulum stress, and is thought to contribute to hepatic steatosis [203]. 

 

5.4.3 Upregulation of hepatic fatty acid oxidation/storage is linked to impaired insulin 

signalling and inflammation in male db/db mice at 16 weeks of age 

 

By 16 weeks of age, our male db/db mice had severe obesity, glucose intolerance, 

hyperinsulinaemia and markedly elevated omental fat, which corresponded to a significant 

difference in the levels of nine lipid classes/subclasses [sustained elevations of LPE, LPC, 

CE, DG and TG; and now reductions of SM, PC(P), PE(P) and PS] and 100 lipid species (56 

elevated and 44 reduced species) in livers of severely obese/diabetic male db/db compared 

with male H/H mice at 16 weeks of age. In addition, 223 liver genes were differentially 

expressed in livers of male db/db mice at 16 weeks of age, including 31 genes (11 

underexpressed and 20 overexpressed genes) from the selected list of 919 mouse genes linked 

to lipid pathway/diabetes-specific disease states (Table 5.5).  

 

As 21 liver genes from the selected list of lipid pathway/diabetes-specific genes were 

differentially expressed in the male db/db mice at both 10 and 16 weeks of age (Table 5.6), 

only ten „other‟ genes were exclusively differentially expressed in livers of male db/db mice 

at 16 weeks of age. Among these were the overexpressed Pla2g15 gene (KEGG group 7), 

which encodes a lysosomal enzyme with both phospholipase A2 and transacylase activities, 

resulting in the release of lysophospholipids. This corresponded to significant elevations in 

many LPC and LPE species at this time-point. In contrast, the Irs2 gene (DisGeNET group 

19), which encodes the insulin receptor substrate 2, was underexpressed, although this result 

in itself does not prove that the insulin signalling pathway is impaired. Also, the 

overexpressed gene Cidea (DisGeNET group 20) encodes an effector that binds to lipid 

droplets and regulates their enlargement, thereby restricting lipolysis and favouring TG 

storage (highly expressed in brown adipose tissue). However, overexpressed Cidea also 

induces apoptosis. These detrimental effects in the 16 week old male db/db mice 

corresponded to an attenuation of surrogate measures of hepatic de novo lipogenesis (total 

16:1/18:2 ratios in liver DG and TG species), which was accompanied by a reduced 

circulating pool of fatty acid 16:1 in DG and TG, and may indicate decreased liver function 

in this advanced stage of the disease. 
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5.4.4 Upregulation of fatty acid and glucose metabolic pathways is associated with 

stimulation of glucocorticoids in male db/db mice 

 

There were 68 differentially expressed liver genes in all male db/db versus all male H/H mice 

from the selected list of 919 mouse genes linked to lipid pathway/diabetes-specific disease 

states (Table 5.3). As well as including the 21 genes from the selected list of lipid 

pathway/diabetes-specific genes that were differentially expressed in the male db/db mice at 

both 10 and 16 weeks of age (Table 5.6), this expanded gene list generally included the same 

KEGG lipid pathways as those represented in the 10 and 16 weeks age groups, but more 

differentially expressed genes appeared in the diabetes-specific gene groups (DisGeNET 

groups 18-20). Strikingly though, five genes in the glycolysis/gluconeogenesis pathway 

(KEGG group 13) were overexpressed in male db/db mice compared with male H/H mice 

(ages combined), including the G6pc gene (encodes the key gluconeogenic enzyme glucose-

6-phosphatase, which hydrolyzes glucose-6-phosphate to glucose) and Pgam1 (encodes 

phosphoglycerate mutase 1, which catalyzes the interconversion of 3- and 2-

phosphoglycerate). In addition, the Pklr gene (DisGeNET group 20), which encodes pyruvate 

kinase that converts phosphoenolpyruvate to pyruvate and ATP (rate-limiting step of 

glycolysis), was overexpressed in male db/db mice (ages combined and at 10 weeks of age). 

Furthermore, three genes in the citrate cycle pathway (KEGG group 14) were also 

overexpressed in male db/db mice (ages combined). Together, these findings point to 

increased rates of gluconeogenesis and glycolysis in our male db/db mice.  

 

Similarly, Zhang et al. revealed that mRNA expression of genes associated with glycolysis, 

gluconeogenesis and glycogenolysis were enhanced in the livers of 9 week old male diabetic 

db/db mice compared withmale wild-type C57BL/6 mice [110]. About 90% of the increase in 

hepatic glucose production in type 2 diabetic subjects is accounted for by accelerated 

gluconeogenesis [204]. Also, increased hepatic fatty acid oxidation (induced by PPAR-γ 

signalling, which is activated by the increased uptake of fatty acids) can enhance 

gluconeogenesis, and stimulate hepatic glucose production [110,205]. The over-expression of 

genes that encode pyruvate kinase and citrate cycle enzymes, combined with upregulated 

fatty acid oxidation and gluconeogenesis indicate an upregulation of fatty acid and glucose 

metabolic pathways in our male db/db mice. Sustained hepatic gluconeogenesis particularly 

leads to chronic hyperglycaemia and the development of T2D. 
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Some genes from the steroid hormone biosynthesis pathway (e.g. Hsd3b5, Hsd17b6 and 

Cyp7b1) were underexpressed in our male db/db mice. It has been shown that 11β-

hydroxysteroid dehydrogenase type 1 (11 β-HSD1) regulates glucocorticoids, which are 

mediators of obesity and IR [101]. Moreover, impaired hepatic 11 β-HSD1 expression 

corresponded to increased levels of circulating corticosterone and weight gain in ob/ob mice, 

and contributed to the pathogenesis of obesity [60]. Similarly, Zhang et al. found that the 

Hsd3b5 gene had the second greatest fold-change of any downregulated gene in the livers of 

9 week old male diabetic db/db mice compared with male wild-type C57BL/6 mice [110]. 

 

5.4.5 Correlations between liver lipid classes/subclasses and differentially expressed 

genes associated with lipid pathways in male db/db mice 

 

One of the advantages of this study design was the ability to directly compare the lipid 

abnormalities with differentially expressed genes associated with lipid pathway/diabetes-

specific disease states in the livers of male db/db mice using the same samples. The lipid and 

gene expression datasets were generated independently of each other. The content of 21 liver 

lipid classes/subclasses were correlated against the expression levels of the 68 liver genes that 

were differentially expressed in male db/db mice compared with male H/H mice (n = 36 

mice), with the 65 significant correlations shown in Table 5.7. The five lipid 

classes/subclasses that were significantly elevated in the male db/db mice at 10 and 16 weeks 

of age (TG, DG, CE, LPE and LPC) were found to be significantly correlated with 30 

different genes representing 12 lipid pathway/diabetes-specific disease states, with no other 

lipid classes/subclasses reaching significance. The TG class and LPE subclass were 

particularly prominent, being significantly correlated with 24 and 20 genes respectively, with 

15 genes common to both including; Socs2, Sort1, Pcsk9, Hhex, Vldlr, Pparg, 

Apoa4,Aldh3a2, Acadm and Chpt1. Notably, the TG, DG and CE were positively correlated 

with Agpat9 (glycerolipid biosynthesis), and the LPE subclass was negatively correlated with 

Ptgis (anti-inflammatory actions). These findings highlight the advantage of combining a 

targeted lipidomic approach with gene expression profiling to determine which genes are 

connected to lipid dysregulation and associated disease processes.   
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5.4.6 Differentially expressed mouse genes in male db/db mice are candidate genes for 

human obesity and type 2 diabetes 

 

Also of interest in this study was whether the genes that were differentially expressed in the 

monogenic leptin receptor-deficient db/db mouse model of obesity, IR and T2D were linked 

to candidate genes that were associated with human obesity and T2D. In a study that 

examined seven independent modelling methods used to select the most likely candidate 

genes for human obesity and T2D from data obtained from genome-wide linkage analysis 

and association studies, nine genes were selected as potential primary candidate genes for 

obesity, T2D, or both, by six of the seven methods [113]. Seven of the nine primary candidate 

genes identified for human T2D alone were involved in the processing of metabolites in the 

glycolytic and mitochondrial oxidative phosphorylation pathways. Among these genes was 

PGM1, mouse equivalent Pgam1 (glycolysis/gluconeogenesis; which was found to be 

overexpressed in our male db/db mice) and Lpl (hydrolysis of triglycerides; which was found 

to be underexpressed in the male db/db mice at 10 weeks of age). In addition, Vldlr was only 

one of three primary candidate genes identified for human obesity, and was found to be 

overexpressed in the male db/db mice (a good model of endoplasmic reticulum stress), 

indicating that the uptake of VLDL-bound TG, DG and CE into the liver is increased 

(lipotoxicity). Given that only 12 primary candidates were selected for human obesity and/or 

T2D from 9556 starting genes [113], our discovery of three common genes from a selected 

list of 919 mouse genes representing lipid pathway/diabetes-specific disease states supports 

the use of the leptin receptor-deficient db/db mouse (C57BL/KsJ background) as a suitable 

model to study the pathogenesis of T2D. 

 

In another study, a core set of 213 candidate genes for T2D were determined across multiple 

tissues in human and mouse using meta-analysis of existing data sources such as DNA 

microarraysand qualitative data [206]. Among the top 30 ranked T2D candidate genes were 

scd1 (desaturation of saturated fatty acids; and was found to be overexpressed in our 10 week 

old db/db mice), Hsd11b1 (regulates glucocorticoids; and was matched by the under-

expression of Hsd3b5, Hsd17b6 and Cyp7b1 in the db/db mice), Acadl (fatty acid oxidation; 

and was found to be overexpressed in the 10 week old db/db mice), Socs2 (suppressor of 

cytokine signalling 2; and was found to be overexpressed in the db/db mice) and Lpin1 (plays 

a role in triglyceride metabolism; and was found to be underexpressed in the 16 week old 

db/db mice). Other genome-wide association studies have identified Pparg (controls β-fatty 
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acid oxidation, and was positively correlated with both total TG and LPE in the db/db mice, 

and Hhex (involved with transcription factors, and was negatively correlated with total TG, 

DG, CE, LPE and LPC in the db/db mice) as candidate genes for human T2D [207,208]. 

Together, these findings support our notion that the db/db mouse model closely resembles 

human obesity and T2D, and provides gene candidates that are linked to specific lipid 

abnormalities. Similar to our findings in db/db mice, Han et al. showed that liver LPC levels 

were elevated in db/db mice, and lowering tissue LPCs ameliorated IR and diabetes in these 

mice [191]. Although liver LPE has yet to be measured in animal models of obesity, Meikle 

et al. found elevated LPE 20:4 and LPE 22:6 in fasting plasma of subjects with stable 

coronary artery disease compared with control subjects, most likely due to degradation of 

PE(P) plasmalogens by ROS [10]. 

 

5.4.7 Conclusion 

 

In conclusion, the tracking of gene expression and simultaneous targeted lipid profiling 

abnormalities associated with the onset of obesity, IR and progression to T2D in the livers of 

male db/db mice (C57BL/KsJ background) at 6, 10 and 16 weeks of age (versus 

corresponding male H/H mice) identified genes linked to lipid metabolic pathway/diabetes-

specific disease states. In particular, differential gene expression indicated that hepatic fatty 

acid oxidation, de novo lipogenesis, glycerolipid and glycerophospholipid biosynthesis, as 

well as glycolysis, gluconeogenesis and citrate cycle metabolic pathways were upregulated in 

male db/db mice. Disease progression was also associated with impaired insulin signalling, 

inflammation and downregulation of steroid hormone biosynthesis, which induces the 

activation of glucocorticoids, mediators of obesity and IR. Strikingly, the same 21 genes 

(including Pparg,Vldlr, Apoa4, Socs2 and Ptgis) were differentially expressed (and in the 

same direction of change) in male db/db mice compared with male H/H mice at 10 and 16 

weeks of age, and when the three age groups were combined (Table 5.6), indicating that these 

genes are strongly associated with the pathogenesis of T2D.  

 

Initially, targeted lipid profiling revealed that total TG, DG, CE and LPE were significantly 

elevated in the male db/db mice at both 10 and 16 weeks of age, and total LPC was 

significantly elevated at 16 weeks of age (and almost 10 weeks of age). Correlation analyses 

of the 21 liver lipid classes/subclasses against the 68 liver genes associated with lipid 

pathway/diabetes-specific disease states in male db/db mice showed that these five lipid 
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classes/subclasses were significantly correlated with 30 different genes (totalling 65 

significant correlations) representing 12 lipid pathway/diabetes-specific disease states. Total 

TG and LPE were significantly correlated with 24 and 20 genes respectively, with 15 genes 

common to both (including Socs2, Sort1, Pcsk9, Hhex, Vldlr, Pparg, Apoa4, Aldh3a2, Acadm 

and Chpt1), which suggests a strong link between increased phospholipase A2 activity and 

the overproduction of lysophospholipids as a substrate for liver TG and VLDL-bound TG in 

the setting of obesity, IR and inflammation (increased cytokine signalling). These correlation 

analyses confirm the close link between liver lipid abnormalities (by targeted lipid profiling) 

and differentially expressed genes associated with lipid pathway/diabetes-specific expression 

(by microarray) in db/db mice.  

 

Finally, many of the differentially expressed liver genes that were linked to lipid 

pathway/diabetes-specific disease states in the db/db mice (Acadl, Scd1, Pparg, Socs2, Vldlr, 

Hhex, Pgam1, Lpl and Lpin1) have been determined as candidate genes for human T2D. 

Therefore, the db/db mice (C57BL/KsJ background) mouse model of obesity, IR and T2D is 

suitable for identifying specific gene candidates or lipid classes/species as potential 

therapeutic targets for early prevention or treatment of comparable human disease cohorts. 
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CHAPTER 6 CHARACTERISATION OF PLASMA AND SKELETAL 

MUSCLE LIPID PROFILES IN HUMAN INSULIN RESISTANCE AND 

OBESITY 

 

6.1 INTRODUCTION 

 

6.1.1 Insulin resistance, obesity and lipid abnormalities contribute to type 2 diabetes 

 

A major challenge for researchers studying the pathogenesis of type 2 diabetes (T2D) is the 

multiple metabolic perturbations associated with the disease, and the difficulty in measuring the 

separate contributions of these defects to the onset and progression of overt diabetes. The 

primary (diagnostic) defect that characterises T2D is hyperglycaemia (due to increased hepatic 

glucose output), but T2D is also associated with insulin resistance (IR), obesity, dyslipidaemia, 

insulin secretory dysfunction, and chronic low-grade inflammation. 

 

In particular, dyslipidaemia [traditionally characterised by increased plasma free fatty acids 

(FFA) and triglycerides, and decreased HDL-cholesterol] plays a pivotal role in the development 

of IR and β-cell dysfunction in obesity and T2D [26,146,147,209]. The recent introduction of 

high throughput targeted “lipid profiling” using mass spectrometry (MS) techniques has made it 

possible to perform comprehensive lipidomic analysis of “non-classical” individual lipid species 

in plasma, tissues and cell culture extracts in human and animal models of IR and obesity. Using 

this approach, a number of lipid species have been implicated in the pathogenesis of T2D, 

including FFA, the phospholipids phosphatidylcholine (PC) and phosphatidylethanolamine (PE), 

the sphingolipids ceramide (Cer) and sphingomyelin (SM), and the glycerolipids diacylglycerol 

(DG) and triacylglycerol (TG) [9,13,26,28,29,48].  

 

6.1.2 Early metabolic defects in the pathogenesis of type 2 diabetes 

 

It has been shown that defects in insulin action occur early in individuals at high risk for 

developing T2D, prior to the onset of obesity [3,210,211,212,213]. For instance, healthy lean 

offspring of Mexican American parents with T2D (i.e., the earliest stage in the natural history of 

T2D) had impaired glucose uptake during a euglycaemic-hyperinsulinaemic clamp (which 

primarily reflects skeletal muscle insulin sensitivity), which was mostly accounted for by 
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reduced skeletal muscle glycogen synthesis [211]. Other early metabolic defects reported in lean 

NGT individuals with a strong family history of T2D included decreased basal and insulin-

stimulated skeletal muscle insulin receptor substrate-1 (IRS-1) tyrosine phosphorylation and 

phosphatidylinositol (PI) 3-kinase activity (required for the activation of glucose transport and 

glycogen synthesis) [212], increased intramyocellular lipid content [214], and a connection 

between mitochondrial dysfunction (including decreased fatty acid oxidation), increased 

intramuscular triglyceride levels, and IR [215]. Collectively, these findings indicate that IR in 

skeletal muscle is the earliest metabolic defect in the pathogenesis of T2D. However, lean 

normal glucose tolerant offspring of two Mexican American parents with T2D also had a normal 

rate of basal hepatic glucose production in the presence of fasting hyperinsulinemia and elevated 

fasting plasma FFA, which indicates early hepatic IR [211]. In addition, the same individuals 

had increased plasma FFA during the euglycemic-hyperinsulinaemic clamp, which indicates 

early adipocyte resistance to insulin mediated suppression of lipolysis [211]. Regardless of 

which organ is primarily responsible for IR in lean individuals susceptible to T2D, these studies 

indicate that it may be possible to identify lipid abnormalities associated with IR (independently 

of obesity) and obesity (independently of IR) as early metabolic defects in the development of 

combined obesity and IR, and eventually T2D in humans. It is also important to gain an 

understanding of how these lipid abnormalities and associated metabolic pathways contribute to 

the etiology of T2D. 

 

6.1.3 Plasma lipid abnormalities associated with insulin resistance, obesity and type 2 

diabetes 

 

To date, few studies have examined associations between the fasting plasma lipidome and IR, 

obesity and T2D in humans using MS techniques [9,25,26,28,29,48]. Two studies have 

examined the independent effect of obesity on lipid abnormalities in human plasma. Graessler et 

al. found that nearly all fasting plasma TG and DG species, some cholesterol ester (CE), PC, PE, 

ether-linked PE (PE(O)) species, and the lysophospatidylcholine (LPC) species LPC 16:0 were 

elevated in obese men (BMI > 27.5 kg/m
2
) compared with a group of leaner men (BMI < 27.5 

kg/m
2
) [28]. Pietilainen et al. found that the fasting serum levels of some LPC species were 

elevated, and some ether-linked phospholipid species were decreased in healthy young obese 

adults when compared with their monozygotic non-obese twin (10 to 25 kg weight difference) 

[29]. Moreover, some LPC species and TG species containing ≥ 54 FA-carbons were negatively 
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correlated with insulin sensitivity, and some 22:6 FA-containing PC species and ether-linked 

phospholipid species were positively correlated with insulin sensitivity. 

 

The study by Graessler et al. also examined the independent effect of IR on lipid abnormalities 

in the same male human cohort, and found that only one fasting plasma lipid species (PE 38:2) 

was significantly different in IR men [homeostasis model assessment of insulin resistance 

(HOMA-IR) > 3.5] compared with insulin sensitive men (HOMA-IR ≤ 3.5), despite trends 

towards lower levels of LPC, PC, ether-linked PC (PC(O)), PE and SM, and higher levels of 

PE(O) species [28]. The authors concluded that any changes in the lipidome induced by 

moderate IR were minor compared with the effects of obesity.  

 

Other studies have employed a variety of MS techniques to investigate the combined effects of 

obesity, IR and/or T2D on levels of fasting plasma lipid classes and species in humans. For 

instance, total Cer and several Cer species are elevated in obese/T2D subjects, and negatively 

correlated with insulin sensitivity [25], and higher dietary saturated fat intake resulted in a higher 

proportion of FA 18:0 and a lower proportion of FA 18:1 in fasting serum phospholipids in 

overweight/obese IR men [48]. Furthermore, both T2D and prediabetes were positively 

associated with fasting plasma Cer, dihydroceramide (dhCer), DG, TG, CE, PE, 

phosphatidylglycerol (PG) and phosphatidylinositol (PI), and negatively associated with ether-

linked PC(O) and vinyl ether-linked PC(P) subclasses [9].   

 

Although these studies give an insight into the different associations that exist between the 

plasma lipid abnormalities that are associated with combined obesity, IR, prediabetes and/or 

T2D, no single study has examined the association of lipid abnormalities (at both the lipid class 

and species level) with obesity (independently of IR), IR (independently of obesity), and 

ultimately, how progressive lipid metabolic defects contribute to the etiology of T2D in humans.  

 

6.1.4 The Human insulin resistance and obesity study 

 

The Human insulin resistance and obesity study was designed and undertaken by Dorit 

Samocha-Bonet, Katherine Tonks, and Jerry Greenfield, Diabetes and Obesity Research 

Program, at the Garvan Institute of Medical Research, Sydney. This study included 80 adult 

participants, classified into one of four groups according to BMI, HOMA-IR, and diabetic status 

(see Methods, section 6.2.1). The team led by Jerry Greenfield collected paired fasting (baseline) 
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and steady-state (SS) euglycaemic-hyperinsulinaemic clamp plasma and skeletal muscle biopsy 

samples from study participants, primarily to examine the relative contributions of obesity 

versus IR to perturbations in the phosphoinositide 3-kinase/Akt insulin signalling pathway 

within vastus lateralis muscle. In collaboration with these researchers from the Garvan Institute, 

we had the opportunity to perform targeted lipid profiling on plasma and skeletal muscle 

samples obtained from this cohort using reverse phase high performance liquid chromatography 

combined with electrospray ionisation tandem mass spectrometry (LC ESI-MS/MS). This 

enabled us to examine the association of plasma and skeletal muscle lipid abnormalities with 

obesity, IR, combined obesity/IR and T2D.  

 

We hypothesised that different lipid abnormalities would be associated with obesity 

(independently of IR) and IR (independently of obesity), and that lipid abnormalities associated 

with combined obesity/IR would ultimately contribute to the development of T2D. It would be 

highly valuable to predict early an individual‟s risk of developing diabetes, based for example, 

on their plasma lipid profile, so that those at greatest risk can undergo lifestyle intervention 

and/or therapeutic measures to prevent the onset of obesity, IR and T2D. 

 

6.2 MATERIALS AND METHODS 

 

The following sections 6.2.1 to 6.2.5 related to the recruitment of participants and clinical 

measures of IR and obesity were undertaken by the above mentioned Garvan group team as part 

of the collaborative study. A full description of the methods used in this study has been 

published elsewhere [216]. However, for completeness, the sections that are relevant to 

lipidomic analyses have been summarised in this chapter. 

 

6.2.1 Classification of study participants 

 

Based on screening tests and exclusion criteria characteristics, a total of 81 participants were 

included in the study [216]. The study protocol was approved by the Human Research and Ethics 

Committee at St Vincent‟s Hospital, Sydney. Informed written consent was obtained from all 

participants. One of the female participants in the original study [216] did not complete the 

euglycaemic-hyperinsulinaemic clamp procedure, and so was excluded from subsequent 

lipidomic analysis. Participants were classified into the following four groups according to BMI, 

HOMA-IR [calculated as fasting insulin (mU/l)  fasting glucose (mmol/l)/22.5] and diabetic 
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status, with individuals without known diabetes assessed by a 75g oral glucose tolerance test 

(OGTT):  

 

1) Lean insulin-sensitive controls (Lean/IS): BMI ≤ 25 kg/m
2
, HOMA-IR < 2.0, and normal 

glucose tolerance (NGT; n = 23); 

2) Overweight-to-obese, insulin-sensitive individuals (Ov-ob/IS): BMI > 25 kg/m
2
,  

HOMA-IR < 2.0 (n = 16); 

3) Overweight-to-obese, insulin-resistant individuals (Ov-ob/IR): BMI > 25 kg/m
2
,  

HOMA-IR > 3.0 (n = 20); or 

4) Overweight-to-obese individuals with T2D (T2D): BMI > 25 kg/m
2
, fasting blood glucose ≥ 

7.0 mmol/l and/or 2 h post-challenge blood glucose ≥ 11.1 mmol/l (n = 21) 

 

Two individuals in the Ov-ob/IS group had impaired glucose tolerance (2 h post-challenge blood 

glucose level 7.8-11.0 mmol/l), and in the Ov-ob/IR group, six individuals had impaired glucose 

tolerance, two had impaired fasting glucose (fasting blood glucose level 6.0-6.9 mmol/l), and 

one had both [216]. In the T2D group, the individuals were well-controlled (HbA1c < 9%, 

diagnosed with diabetes within the last 5 years, with no clinical evidence of diabetes-related 

complications, and not taking medication for diabetes other than metformin or a sulfonylurea). 

However, metformin (known to affect insulin sensitivity) was ceased 2 weeks prior to the 

metabolic study, and was replaced with a sulfonylurea if fasting blood glucose levels 

consistently exceeded 7.0 mmol/l, but ceased on the day before the metabolic study. Other 

exclusion criteria characteristics for the study participants are described by Tonks et al. [216]. A 

total of 19 participants were taking statin medication (three from the Ov-ob/IS group, four from 

the Ov-ob/IR group, and 12 from the T2D group), but there was no difference in clamp-derived 

insulin sensitivity between statin users and non-users in these groups. Menstruating women (n = 

9) were studied in the follicular phase of their menstrual cycle [216].   

 

6.2.2 Anthropometric, body composition and insulin clamp measurements 

 

On the metabolic study day, participants underwent dual energy X-ray absorptiometry scanning 

(DEXA, Lunar DPX-Lunar Radiation, Madison WI) to determine total body fat, fat-free mass 

(FFM) and central (abdominal) fat, and computed tomography scanning (Phillips Gemini GXL) 

to determine visceral and subcutaneous fat areas between the second and third lumbar vertebrae 

discs (L2/L3), and fourth and fifth discs (L4/L5) [10,216]. 
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Participants were instructed not to exercise or consume alcohol for 48 h prior to the study [216]. 

Participants attended the Clinical Research Facility at 8 am for the metabolic study after a 12-

hour fast, and had weight, height, waist, hip and blood pressure measurements taken. Infusion 

solutions were administered via a catheter (Intracath, Becton Dickinson Co., Sandy, UT), placed 

in an antecubital vein, and blood samples were drawn from a catheter (Angioset, Parke-Davis 

Co., Sandy, UT) inserted in a contralateral antecubital vein. After a supine rest period of at least 

30 min, fasting (baseline) blood samples were drawn, and participants underwent a 150 min 

hyperinsulinaemic (80 mU/m
2
/min)-euglycaemic (5.0 mmol/l)-clamp, as previously described 

[216,217]. The mean steady-state (SS) glucose infusion rate (GIR) was determined during the 

last 30 min of the clamp. Insulin sensitivity was calculated by dividing GIR by the fat-free mass 

(FFM).  

 

Although GIR/FFM obtained from the hyperinsulinaemic-euglycaemic clamp procedure is 

considered the gold standard measure of insulin sensitivity, GIR/FFM values were not used to 

categorize the study groups because the Ov-Ob subjects had to be classified as either IS or IR 

before the clamp was performed (metabolic study day). The Ov-Ob subjects were strictly 

classified according to their screening visit HOMA-IR value (HOMA-IR < 2.0 for IS group, and 

> 3.0 for IR group), which ensured that differences in lipid profiles between the Ov-Ob/IR and  

Ov-Ob/IS groups were attributable to IR.  

 

6.2.3 Blood collection and muscle biopsies 

 

Fasting and SS clamp blood collected for lipid analysis was placed into EDTA tubes, placed on 

ice, centrifuged within 2 h (4,000g, 4°C for 15 min; Heraeus multifuge 1S-R, Thermo Electron 

Corporation), and the separated plasma stored at -80°C. Percutaneous needle biopsies 

(Bërgstrom) of vastus lateralis muscle were performed just prior to commencing the clamp 

(baseline), and at 145 min (SS clamp period). Biopsies were performed through separate 

incisions 5 cm apart, and unwanted blood, fat and connective tissue was rapidly removed from 

the excised muscle samples in ice-cold saline before snap-freezing the samples in liquid nitrogen 

[216]. Initially, only 77 fasting (baseline) and 67 SS clamp muscle samples were collected for 

lipidomic analysis (out of 80 participants). In addition, two other muscle samples were excluded 

from statistical analysis [one baseline sample from the Lean/IS group exhibited extremely high 

(outlier) total DG and TG contents, and another SS clamp sample from the Ov-ob/IS group 
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exhibited extremely high (outlier) total TG content]. Therefore, comparative lipidomic statistical 

analysis was performed on 76 baseline muscle samples (21 Lean/IS, 16 Ov-ob/IS, 19 Ov-ob/IR, 

and 20 T2D) and 66 SS clamp muscle samples (18 Lean/IS, 13 Ov-ob/IS, 18 Ov-ob/IR, and 17 

T2D). The percentage difference in lipid content between the SS clamp and baseline muscle 

samples was only measured in those individuals with paired muscle samples. 

 

6.2.4 Biochemical analysis 

 

Plasma glucose was analysed using a glucose oxidase electrode (YSI Life Sciences, Yellow 

Springs, OH, USA). Screening day serum insulin levels were measured using the Advia Centaur 

immunoassay (Walpole, MA, USA), and metabolic study day serum insulin levels were 

measured using radioimmunoassay (Linco Research, St Charles, MO, USA). Plasma non-

esterified fatty acid (NEFA) concentrations were measured using an enzymatic calorimetric 

assay (Wako, Osaka, Japan), and serum total adiponectin levels were measured using a 

Sandwich ELISA [216].  

 

6.2.5 Plasma and skeletal muscle lipid analysis 

 

Paired fasting and SS hyperinsulinaemic-euglycaemic clamp plasma and skeletal muscle biopsy 

samples were prepared for lipid extraction and subsequent targeted lipid profiling using LC ESI-

MS/MS; on a 4000 Q/TRAP mass spectrometer) and multiple reaction monitoring (MRM) 

experiments as previously described (Chapter 2; sections 2.1 to 2.4). Lipid peak integration, and 

calculation of relative amounts of lipid classes/subclasses and species (pmol/ml of plasma or 

pmol/mg protein in tissues) was performed as previously described (Chapter 2, section 2.4). The 

number of lipid species identified in each lipid class or subclass from plasma and skeletal muscle 

extracts for subsequent statistical analyses is shown in Table 6.1. 

 

6.2.6 Statistical analyses 

 

Non-parametric Mann-Whitney U tests were used to compare the anthropometric, body 

composition, and both fasting and SS clamp blood biochemistry results between groups. Data 

are presented as means ± SEM. P < 0.05 was considered significant. Prior to logistic and linear 

regression analysis, lipid species were standardised to the interquartile range (IQR) to allow 

comparison of lipid species that differ greatly in concentration. Binary logistic regression
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Table 6.1 Number of lipid species identified in each lipid class or subclass from plasma and 

skeletal muscle extracts. 

 

Lipid class or subclass
a 

 Number of species
 

 

Abbreviation Plasma Skeletal muscle 

Dihydroceramide dhCer 6 0 

Ceramide Cer 6 6 

Monohexosylceramide MHC 6 0 

Dihexosylceramide DHC 6 5 

Trihexosylceramide THC 6 5 

GM3 ganglioside GM3 6 4 

Sphingomyelin SM 18 17 

Phosphatidylcholine PC 46 45 

Alkylphosphatidylcholine PC(O) 18 19 

Alkenylphosphatidylcholine  PC(P) 10 13 

Lysophosphatidylcholine LPC 21 12 

Lysoalkylphosphatidylcholine LPC(O) 9 0 

Phosphatidylethanolamine PE 20 20 

Alkylphosphatidylethanolamine PE(O) 14 13 

Alkenylphosphatidylethanolamine  PE(P) 12 11 

Lysophosphatidylethanolamine LPE 8 4 

Phosphatidylinositol PI 16 14 

Phosphatidylserine PS 7 7 

Phosphatidylglycerol PG 0 4 

Bis(monoacylglycerol) phosphate BMP 0 2 

Cardiolipin CL 0 13 

Free cholesterol COH 1 0 

Cholesterol ester CE 25 8 

Diacylglycerol DG 25 15 

Triacylglycerol TG 44 42 

Total  330 279 
 

a 
Sum of the individual lipid species within that class or subclass. 
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analysis was performed to identify associations of lipid species and lipid classes/subclasses with 

obesity, adjusted for the covariates age, sex, systolic blood pressure, and fasting plasma glucose 

and insulin levels. The IQR odds ratio obtained for each lipid or lipid class/subclass represents 

the number of times an individual with a lipid measurement in the 75th percentile is more likely 

to have obesity than an individual with a lipid measurement in the 25th percentile. The P-values 

for logistic regression were corrected for multiple comparisons using the Benjamini-Hochberg 

method, with P < 0.05 considered significant [155]. 

 

Analysis of covariance (ANCOVA) was used to identify significant differences in 

classes/subclasses and species between groups. ANCOVA analyses were adjusted for covariates 

as indicated and corrected for multiple comparisons using the Benjamini-Hochberg method (P < 

0.05 was considered significant) [155]. Post-hoc testing was performed using logistic regression 

analysis with the same covariates. 

 

To further define the association of obesity, IR and T2D with lipid species and classes in fasting 

plasma and skeletal muscle across the study groups, linear regression was performed with 

selected independent variables (outcomes), including BMI (a measure of obesity), HOMA-IR 

and GIR/FFM (measures of insulin sensitivity), and fasting plasma glucose and 2 h-post 

challenge glucose levels (measures of glycemia). The β-coefficient describes the slope of the 

regression line and represents the change in outcome measure associated with an IQR increase in 

the lipid measurement. Linear regression outcomes were adjusted for covariates as indicated. All 

P-values obtained for linear regression were adjusted for multiple comparisons using the 

Benjamini-Hochberg method (P < 0.05 was considered significant). 

 

To assess the effect of the hyperinsulinaemic-euglycaemic clampon plasma lipids, the paired 

Student‟s t-test of log10-transformed data (corrected for multiple comparisons) was used to 

identify significant percentage (%) differences in plasma lipid classes/subclasses during the SS 

clamp compared with fasting concentrations in each study group (P < 0.05 was considered 

significant).  
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6.3 RESULTS 

 

6.3.1 Subject characteristics at baseline and during steady-state insulin clamp 

 

The female-to-male subject ratio was significantly different in the Ov-ob/IR group compared 

with the Ov-ob/IS group (Table 6.2). As expected, measures of adiposity (waist circumference, 

BMI, % total body fat, and % central fat) were significantly higher in the three overweight/obese 

groups compared with the Lean/IS group, but waist circumference, BMI, and % central fat were 

also significantly higher in the Ov-ob/IR group compared with the Ov-ob/IS group. These results 

indicate that any differences in metabolic or lipidomic measurements observed between the Ov-

ob/IR and Ov-ob/IS groups are due to the combined effects of IR and central (visceral) obesity, 

and not IR alone. Therefore, all analyses comparing these two groups were adjusted for 

appropriate covariates, including BMI. Systolic blood pressure was significantly increased by 

~15 mm Hg in the Ov-ob/IR and T2D groups compared with the Lean/IS group, and diastolic 

blood pressure was significantly elevated by ~10-12 mm Hg in all three overweight/obese 

groups compared with the Lean/IS group. Fasting plasma glucose and insulin levels were 

significantly higher in the Ov-ob/IR and T2D groups compared with both the Ov-ob/IS and 

Lean/IS groups, but fasting plasma NEFA levels were not different in any of the groups. Fasting 

plasma adiponectin levels were significantly lower in both the Ov-ob/IR and T2D groups 

compared with the Lean/IS group. 

 

During the hyperinsulinaemic-euglycaemic clamp, SS plasma glucose and insulin levels were 

not different in any of the groups, with SS insulin levels increasing to approximately 300 mU/l 

during the 150 min clamp. The SS plasma NEFA levels were totally suppressed in all groups by 

the selected insulin infusion rate (80 mU/m
2
/min), but plasma adiponectin levels were virtually 

unchanged by the insulin clamp, although there was a significant 13% drop in SS plasma 

adiponectin levels compared with fasting levels in the Lean/IS group. Insulin sensitivity 

(GIR/FFM) during the hyperinsulinaemic-euglycaemic  clamp was significantly reduced by 

~50% in the T2D group compared with both the Ov-ob/IS and Lean/IS groups, and significantly 

reduced by ~35% in the Ov-ob/IR group compared with the Lean/IS group. Although GIR/FFM 

was reduced by 29% in the Ov-ob/IR group compared with the Ov-ob/IS group, and was 26% 

higher in the Ov-ob/IR group compared with the T2D group, these values did not reach 

statistical significance. 
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Table 6.2 Baseline and steady-state hyperinsulinaemic-euglycaemic clamp characteristics 

of study subjects.  

 

Subject characteristics Lean/IS Ov-ob/IS Ov-ob/IR T2D 

Sex (F/M) 14F/9M 11F/5M 7F/13M
†
 12F/9M 

Age (years) 54.7 ± 1.7 58.5 ± 2.3 56.3 ± 1.9 60.7 ± 1.7 

Waist circumference (cm) 80.5 ± 1.8 99.8 ± 3.1
* 

111.2 ± 2.3
* † 

102.8 ± 2.6
* 

BMI (kg/m
2
) 21.9 ± 0.4 29.0 ± 0.9

* 
34.3 ± 1.5

* † 
30.2 ± 0.8

* 

FFM (kg) 45.8 ± 1.7 47.6 ± 2.7 59.9 ± 2.5
* † 51.1 ± 2.8 

Total body fat (%) 27.3 ± 1.7 40.4 ± 2.0
* 

40.8 ± 2.2
* 

40.1 ± 1.6
* 

Central fat (%) 23.6 ± 1.6 38.5 ± 2.3
* 

43.5 ± 1.4
* † 

42.4 ± 1.4
* 

Systolic blood pressure (mm Hg) 120 ± 3 131 ± 4 135 ± 4
* 

136 ± 4
* 

Diastolic blood pressure (mm Hg) 73 ± 2 84 ± 3
* 

85 ± 2
* 

82 ± 2
* 

Fasting glucose (mmol/l) 4.5 ± 0.1 4.8 ± 0.1
 

5.3 ± 0.1
* † 

6.3 ± 0.3
* † 

2 h post-load glucose (mmol/l) 5.2 ± 0.2 6.3 ± 0.3 7.1 ± 0.3
* 

11.0 ± 0.4
* † ‡ 

Fasting insulin (mU/l) 11.8 ± 2.6 11.7 ± 1.0 23.9 ± 1.9
* † 

23.7 ± 2.4
* † 

Fasting NEFA (mmol/l) 0.37 ± 0.03 0.38 ± 0.04 0.32 ± 0.03 0.37 ± 0.03 

Fasting adiponectin (mg/l) 25.5 ± 2.7 22.2 ± 2.6 13.8 ± 1.7
* 

14.7 ± 2.0
* 

HOMA-IR 1.08 ± 0.08 1.19 ± 0.08 4.28 ± 0.24
* † NM 

SS glucose (mmol/l) 5.0 ± 0.1 5.0 ± 0.1 5.0 ± 0.1 5.1 ± 0.1 

SS insulin (mU/l) 272 ± 10 323 ± 26 334 ± 22 358 ± 27 

SS NEFA (mmol/l)) 0.02 ± 0.00 0.01 ± 0.00 0.02 ± 0.01 0.01 ± 0.00 

SS adiponectin (mg/l) 22.3 ± 2.7 21.0 ± 2.9 12.6 ± 1.5
* 

14.0 ± 2.0
* 

SS GIR/FFM (µmol.min
-1

/kg
-1

) 92.3 ± 4.9 85.6 ± 9.3 60.9 ± 5.4
* 

44.8 ± 3.0
* †

 

 
Values expressed as mean ± SEM. IS, insulin sensitive; Ov-ob, overweight-to-obese; IR, insulin resistant; 

T2D, type 2 diabetic; F, female; M, male; BMI, body mass index; FFM, fat-free mass; NEFA, non-

esterified fatty acids; HOMA-IR, homeostatic model assessment of insulin resistance; NM, not measured; 

SS, steady-state (clamp); GIR/FFM, exogenous glucose infusion rate/fat-free mass. 
*
P < 0.05 vs. Lean/IS group; 

† 
P < 0.05 vs. Ov-ob/IS group; 

‡ 
P < 0.05 vs. Ov-ob/IR group by  

Mann-Whitney U test for paired group comparisons. 
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6.3.2 Assay performance of lipid measurements 

 

To assess the assay performance of our lipidomic profiling we determined the %CV of each lipid 

species using the 12-14 specific QC samples spaced evenly throughout the lipid extraction 

procedure. For plasma extracts, the median %CV of the 330 lipid species in the plasma 

QCsamples was 10.4%, with 90% of lipid species having a %CV below 20.1%. For skeletal 

muscle extracts, the median %CV of the 279 lipid species in the THP-1 (monocyte) QC samples 

was 16.3%, with 90% of lipid species having a %CV below 35.1%. Those lipid species that had 

a CV greater than 30% (n = 3 and n = 43 in plasma and THP-1 QC samples respectively) were 

primarily low abundant and/or had poor chromatography resolution. 

 

6.3.3 Lipids associated with obesity, insulin resistance and type 2 diabetes 

 

To investigate the relationship between fasting plasma lipids with obesity and IR, ANCOVA 

analysis of fasting plasma lipids in the four study groups (adjusted for age, sex and systolic 

blood pressure) was performed. This analysis revealed that 11 lipid classes/subclasses (TG, LPC, 

LPC(O), PC(O), THC, PC(P), GM3, PS, DHC, DG and CE) and 84 species (including 19 TG, 

15 LPC, eight LPC(O), eight PC, six PC(O), five THC and four PC(P) species) were 

significantly different across the four groups (overall Benjamini-Hochberg corrected P-values < 

0.05) (Tables 6.3 and S6.1). Post-hoc analysis revealed that two lipid classes (TG and PS) and 11 

species were significantly different in the Ov-ob/IS group compared with the Lean/IS group, 

including a reduction in multiple species of THC and PC(O) (obesity-induced effects). 

Moreover, the CE lipid class and 20 species were significantly different in the Ov-ob/IR group 

compared with the Ov-ob/IS group, including a reduction in nine LPC species, and elevation in 

multiple species of CE, DG and TG (IR-induced effects).  

 

Post-hoc analysis also revealed that three lipid classes/subclasses (LPC, LPC(O) and PS) and 22 

species were significantly different in the T2D group compared with the Ov-ob/IS group, 

including a reduction in multiple species of PC, PC(P), LPC and LPC(O) (combined IR- and 

T2D-induced effects). Strikingly, eight lipid classes/subclasses and 65 species were significantly 

different in the Ov-ob/IR group compared with the Lean/IS group (combined IR- and obesity-

induced effects), and seven lipid classes/subclasses and 68 lipid species were significantly 

different in the T2D group compared with the Lean/IS group (combined IR-, obesity- and T2D-

induced effects) (Tables 6.3 and S6.1). Notably, 55 of these lipid species were significantly  
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Table 6.3 Significance levels obtained for comparisons of fasting plasma lipid classes and 

subclasses between the four study groups. 

 

Lipid 

class or 

subclass
a
 

ANCOVA
b 

Ov-ob/IS 

vs. Lean/IS 

Ov-ob/IR 

vs. Lean/IS 

T2D vs. 

Lean/IS 

Ov-ob/IR 

vs. Ov-ob/IS 

T2D vs. 

Ov-ob/IS 

T2D vs. 

Ov-ob/IR 

Corrected 

P-value
c
 

Post-hoc 

P-value
d
 

Post-hoc 

P-value
d
 

Post-hoc 

P-value
d
 

Post-hoc 

P-value
d
 

Post-hoc 

P-value
d
 

Post-hoc 

P-value
d
 

dhCer 1.84E-01 3.73E-01 (+) 4.77E-01 (+) 1.16E-01 (+) 1.00E+00 9.97E-01(+) 9.81E-01 (+) 

Cer 6.37E-01 9.24E-01 (+) 5.90E-01 (+) 9.26E-01 (+) 9.96E-01 (+) 1.00E+00 9.92E-01 (-) 

MHC 7.25E-02 6.41E-01 (-) 9.60E-02 (-) 5.42E-02 (-) 9.16E-01 (-) 8.07E-01 (-) 1.00E+00 

DHC 3.22E-02 2.18E-01 (-) 8.27E-03 (-) 1.04E-01 (-) 8.16E-01 (-) 1.00E+00 9.05E-01 (+) 

THC 2.75E-04 2.02E-02 (-) 2.33E-04 (-) 3.17E-05 (-) 7.49E-01 (-) 3.85E-01 (-) 9.98E-01 (-) 

GM3 6.68E-03 6.34E-01 (-) 9.30E-04 (-) 3.44E-02 (-) 9.75E-02 (-) 7.05E-01 (-) 7.65E-01 (+) 

SM 4.17E-01 9.98E-01 (-) 9.35E-01 (-) 3.40E-01 (-) 9.99E-01 (-) 7.01E-01 (-) 9.20E-01 (-) 

PC 4.44E-01 1.00E+00 1.00E+00 5.40E-01 (-) 1.00E+00 5.75E-01 (-) 7.08E-01 (-) 

PC(O) 2.89E-02 1.19E-01 (-) 5.87E-02 (-) 6.78E-03 (-) 1.00E+00 9.22E-01 (-) 9.79E-01 (-) 

PC(P) 2.89E-02 8.53E-01 (-) 9.36E-02 (-) 8.35E-03 (-) 7.39E-01 (-) 1.90E-01 (-) 9.55E-01 (-) 

LPC 1.21E-03 8.79E-01 (-) 2.10E-03 (-) 9.07E-04 (-) 6.80E-02 (-) 3.12E-02 (-) 1.00E+00 

LPC(O) 2.75E-04 5.66E-01 (-) 6.77E-04 (-) 2.76E-05 (-) 9.80E-02 (-) 8.01E-03 (-) 9.58E-01 (-) 

PE 3.45E-01 8.82E-01 (+) 5.04E-01 (+) 2.77E-01 (+) 9.95E-01 (+) 9.44E-01 (+) 1.00E+00 

PE(O) 8.33E-01 9.75E-01 (-) 1.00E+00 9.92E-01 (-) 9.38E-01 (+) 1.00E+00 9.64E-01 (-) 

PE(P) 8.33E-01 9.98E-01 (+) 9.56E-01 (+) 1.00E+00 1.00E+00 9.89E-01 (-) 8.93E-01 (-) 

LPE 5.99E-02 7.78E-01 (-) 4.55E-02 (-) 8.08E-02 (-) 6.36E-01 (-) 7.78E-01 (-) 1.00E+00 

PI 9.57E-01 1.00E+00 1.00E+00 9.99E-01 (-) 1.00E+00 1.00E+00 9.96E-01 (-) 

PS 2.89E-02 1.41E-02 (+) 9.98E-01 (+) 1.00E+00 6.49E-02 (-) 3.06E-02 (-) 1.00E+00 

COH 8.33E-01 9.66E-01 (+) 1.00E+00 1.00E+00 9.27E-01 (-) 9.33E-01 (-) 1.00E+00 

CE 5.00E-02 9.54E-01 (-) 1.92E-01 (+) 1.00E+00 3.13E-02 (+) 9.95E-01 (+) 7.76E-02 (-) 

DG 5.00E-02 1.00E+00 4.12E-02 (+) 9.98E-01 (+) 7.92E-02 (+) 1.00E+00 1.01E-01 (-) 

TG 3.37E-02 7.08E-01 (+) 2.12E-02 (+) 3.88E-02 (+) 5.17E-01 (+) 6.62E-01 (+) 1.00E+00 

 
Ov-ob, overweight-to-obese; IS, insulin sensitive; IR, insulin resistant; T2D, type 2 diabetic

 

a  
Sum of the individual species within that class or subclass. 

b 
Analysis of covariance of each lipid class or subclass in the four groups, adjusted for age, sex, and 

systolic blood pressure, with 
c 

P-value corrected for multiple comparisons using Benjamini-Hochberg 

method. 
d 

Post-hoc analysis was performed using the Mann Whitney U test with Dunn-Sidak correction for 

multiple group comparisons. 

Bold type indicates P < 0.05, with positive or negative sign in brackets indicating direction of change of 

lipid class or subclass relative to latter group.
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altered (and in the same direction) in both group comparisons (Table 6.6). Consistent with these 

findings, there was very little difference in lipid profiles between the T2D and Ov-ob/IR groups, 

with only four lipid species (PE(O-42:7), SM 38:1, PC 31:1 and CE 18:2) found to be 

significantly different (T2D-induced effects). ANCOVA analysis of fasting skeletal muscle 

lipids in the four study groups (adjusted for age, sex and systolic blood pressure) identified 16 

lipid species (including multiple species of PC(P), LPC, PE(O), PI and TG) with overall 

uncorrected P-values < 0.05. However, after Benjamini-Hochberg correction for multiple 

comparisons, no lipid species remained significantly different across the four groups (data not 

shown). Despite this lack of significance, the mean total TG levels in fasting skeletal muscle in 

the Ov-Ob/IR group [21751 ± 2569 (SEM) pmol/mg protein] and T2D group (29794 ± 7545 

pmol/mg protein) were elevated by 47% and 102% respectively compared with the Lean/IS 

group (14785 ± 3607 pmol/mg protein). To lessen the variability of lipid contents, fasting 

skeletal muscle lipid levels were normalised to total PC content, which are stable and abundant 

membrane lipids. Using this normalised data, ANCOVA analysis of the four study groups now 

identified 22 lipid species (including multiple species of Cer, PC(P), LPC, PE(O), PI, CL and 

TG species) with overall uncorrected P-values < 0.05. However, only PE(P-36:2) remained 

significantly different across the four groups after Benjamini-Hochberg correction for multiple 

comparisons (data not shown). In addition, the insulin clamp did not significantly alter the levels 

of any skeletal muscle lipid classes/subclasses compared with their corresponding fasting levels 

in any of the groups. 

 

6.3.4 Lipids associated with measures of insulin sensitivity 

 

Linear regression of fasting plasma lipids against HOMA-IR (a measure of IR) in the three non-

diabetic groups only (HOMA-IR was not measured in 18 previously diagnosed T2D subjects), 

adjusted for age, sex, BMI and systolic blood pressure, identified two lipid classes (DG and CE) 

and 34 species (including 15 DG, 15 TG, three CE species, and LPC 22:6) that remained 

significantly associated with HOMA-IR after Benjamini-Hochberg correction for multiple 

comparisons (P < 0.05) (Tables 6.4 and S6.2). Notably, all DG, TG and CE species were 

positively associated with HOMA-IR. Linear regression of SS clamp plasma against HOMA-IR 

identified three lipid classes (DG, TG and CE) and 71 lipid species (including 26 TG, 24 DG, 15 

CE and three PE species) that remained significantly associated with HOMA-IR after 

Benjamini-Hochberg correction for multiple comparisons (Tables 6.4 and S6.2). Notably, all  



208 
 

Table 6.4 Linear regression of lipid classes and subclasses with HOMA-IR in fasting 

plasma and steady-state clamp plasma. 

 

Lipid 

class
a
 or 

subclass
 

HOMA-IR
b
 (fasting plasma) HOMA-IR

b
 (steady-state clamp plasma) 

β-Coefficient 

(95% CI)
c 

Uncorrected 

P-value 

Corrected 

P-value
d 

β-Coefficient 

(95% CI)
c 

Uncorrected 

P-value 

Corrected 

P-value
d 

dhCer 0.11 (-0.28 - 0.49) 5.88E-01 7.57E-01 0.19 (-0.18 - 0.55) 3.26E-01 5.09E-01 

Cer 0.31 (-0.16 - 0.77) 2.05E-01 5.51E-01 0.31 (-0.05 - 0.67) 9.69E-02 2.69E-01 

MHC -0.07 (-0.48 - 0.34) 7.51E-01 8.23E-01 -0.05 (-0.47 - 0.38) 8.27E-01 8.61E-01 

DHC -0.20 (-0.55 - 0.15) 2.62E-01 5.51E-01 -0.40 (-0.83 - 0.04) 8.36E-02 2.69E-01 

THC -0.05 (-0.57 - 0.46) 8.37E-01 8.72E-01 -0.17 (-0.72 - 0.38) 5.50E-01 6.55E-01 

GM3 -0.32 (-0.84 - 0.21) 2.43E-01 5.51E-01 -0.25 (-0.71 - 0.22) 3.02E-01 5.07E-01 

SM 0.12 (-0.28 - 0.52) 5.48E-01 7.57E-01 0.01 (-0.36 - 0.38) 9.70E-01 9.70E-01 

PC 0.19 (-0.19 - 0.58) 3.25E-01 5.51E-01 0.15 (-0.22 - 0.52) 4.38E-01 5.62E-01 

PC(O) 0.08 (-0.32 - 0.48) 6.93E-01 8.23E-01 0.19 (-0.30 - 0.68) 4.46E-01 5.62E-01 

PC(P) -0.07 (-0.54 - 0.39) 7.57E-01 8.23E-01 -0.13 (-0.59 - 0.34) 6.03E-01 6.85E-01 

LPC -0.31 (-0.75 - 0.13) 1.74E-01 5.51E-01 -0.27 (-0.78 - 0.23) 2.99E-01 5.07E-01 

LPC(O) -0.39 (-0.98 - 0.20) 2.00E-01 5.51E-01 -0.22 (-0.78 - 0.34) 4.50E-01 5.62E-01 

PE 0.20 (-0.13 - 0.53) 2.42E-01 5.51E-01 0.39 (0.08 - 0.70) 1.82E-02 1.14E-01 

PE(O) 0.22 (-0.25 - 0.69) 3.67E-01 5.73E-01 0.28 (-0.13 - 0.69) 1.85E-01 4.22E-01 

PE(P) 0.12 (-0.32 - 0.56) 6.05E-01 7.57E-01 0.27 (-0.22 - 0.76) 2.88E-01 5.07E-01 

LPE -0.30 (-0.91 - 0.30) 3.31E-01 5.51E-01 0.22 (-0.19 - 0.63) 3.04E-01 5.07E-01 

PI 0.22 (-0.18 - 0.63) 2.82E-01 5.51E-01 0.25 (-0.01 - 0.51) 6.90E-02 2.69E-01 

PS -0.46 (-0.94 - 0.01) 6.35E-02 3.97E-01 0.09 (-0.34 - 0.51) 6.92E-01 7.52E-01 

COH 0.00 (-0.45 - 0.45) 9.99E-01 9.99E-01 0.18 (-0.24 - 0.60) 4.00E-01 5.62E-01 

CE 0.68 (0.32 - 1.03) 4.60E-04 1.15E-02 0.61 (0.37 - 0.85) 7.03E-06 1.76E-04 

DG 0.43 (0.18 - 0.68) 1.33E-03 1.66E-02 0.29 (0.15 - 0.44) 3.16E-04 3.95E-03 

TG 0.34 (0.09 - 0.58) 9.32E-03 7.77E-02 0.71 (0.33 - 1.10) 5.93E-04 4.94E-03 

 

HOMA-IR, homeostasis model assessment of insulin resistance 
a 

Sum of the individual species within that class or subclass. 
b 

Linear regression of HOMA-IR versus each lipid class or subclass in the three non-diabetic groups, 

adjusted for age, sex, BMI and systolic blood pressure.  
c 

Beta-coefficient (95% confidence intervals) based on an interquartile range increase in predictor lipid 

class or subclass measurement. 
d 

P-value corrected for multiple comparisons using Benjamini-Hochberg method. Bold type indicates P < 

0.05. 

 



209 
 

TG, DG, CE and PE species were positively associated with HOMA-IR. Furthermore, all 33 

DG, TG and CE species in fasting plasma that were positively associated with HOMA-IR were 

also positively associated with HOMA-IR in SS clamp plasma. Therefore, the 

hyperinsulinaemic-euglycaemic clamp conditions further strengthened the positive association 

that existed between plasma DG, TG and CE species and HOMA-IR. Linear regression of 

fasting plasma lipids against GIR/FFM (clamp measure of insulin sensitivity) in the four study 

groups, adjusted for age, sex, BMI and systolic blood pressure, identified five lipid 

classes/subclasses (dhCer, LPC, LPC(O), PE and TG) and 55 species (including 20 TG species, 

and multiple species of dhCer, PC(P), LPC, LPC(O), PE, CE and DG) that remained 

significantly associated with GIR/FFM after Benjamini-Hochberg correction for multiple 

comparisons (data not shown). Notably, all dhCer, PE, DG and TG species were negatively 

associated with GIR/FFM, and all PC(P), LPC and LPC(O) species were positively associated 

with GIR/FFM. However, only 11 fasting plasma lipid species (nine “saturated” TG species, DG 

16:0/20:3 and DG 16:1/18:0) were significantly associated with both HOMA-IR and GIR/FFM.  

 

Linear regression of SS clamp plasma against GIR/FFM identified the TG lipid class and 46 

species (including 22 TG species, and multiple species of PC(P), LPC, PE, CE and DG) that 

remained significantly associated with HOMA-IR after Benjamini-Hochberg correction for 

multiple comparisons (data not shown). Notably, all PE, DG and TG species were negatively 

associated with GIR/FFM, and all PC(P) and LPC species were positively associated with 

GIR/FFM. Furthermore, 39 of the 55 lipid species in fasting plasma that were significantly 

associated with GIR/FFM were also associated with GIR/FFM in SS clamp plasma, and 

confirmed the consistent associations that existed between plasma PE, DG, TG, PC(P) and LPC 

species and GIR/FFM. 

 

6.3.5 Lipids associated with body mass index and measures of glycaemia 

 

Linear regression of fasting plasma and skeletal muscle lipids was also tested against BMI in the 

four study groups (adjusted for age, sex, systolic blood pressure, and fasting plasma glucose and 

insulin levels), against fasting plasma glucose in the four study groups (adjusted for age, sex, 

BMI and systolic blood pressure), and against 2 h-post load glucose in the three non-diabetic 

groups only (2 h-post load glucose was not measured in 14 previously diagnosed T2D subjects). 

Although linear regression resulted in numerous fasting plasma and skeletal muscle lipid 

classes/subclasses and species being associated with each of the outcomes, generating 
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uncorrected P-values < 0.05, none of these lipid classes/subclasses or species remained 

significantly associated with the specified outcome after Benjamini-Hochberg correction for 

multiple comparisons (data not shown). For example, linear regression of fasting plasma lipids 

against BMI identified five lipid classes/subclasses (THC, GM3, LPC, LPC(O), and LPE) and 

34 species (including 13 LPC species, and multiple species of GM3, PC(P) and LPC(O)) with 

uncorrected P-values < 0.05. However, no lipid classes/subclasses or species remained 

significantly associated with BMI after correction for multiple comparisons. These findings 

indicate that some of these lipid classes/subclasses and species may have been significantly 

associated with fasting plasma glucose if more individuals had participated in the study.   

 

6.3.6 Comparison of steady-state clamp and fasting plasma lipids 

 

The effect of the hyperinsulinaemic-euglycaemic clamp on plasma lipids was assessed in each 

study group. Any changes in lipid levels during the clamp are induced by the acute effects of 

non-physiological and sustained circulating insulin levels. The SS clamp induced a significant 

percentage drop in 17 of the 21 plasma lipid classes/subclasses compared with fasting plasma in 

the Lean/IS group (Table 6.5). The SS clamp also resulted in a significant percentage drop in 14 

of the 21 plasma lipid classes compared with fasting plasma in the Ov-Ob/IS group. Plasma lipid 

total PC(O), LPC, LPC(O) and COH were not significantly altered by the insulin clamp in either 

the Lean/IS or Ov-Ob/IS groups, and plasma total PC, PC(P) and CE were also not significantly 

altered by the insulin clamp in the Ov-Ob/IS group. In contrast, the SS clamp induced a 

significant percentage drop in only 6 of the 21 plasma lipid classes/subclasses compared with 

fasting plasma in the Ov-Ob/IR group, namely total dhCer, Cer, SM, PE(O), PE(P) and DG 

(Table 6.5). In the T2D group, the SS clamp induced a significant percentage drop in 15 of the 

21 plasma lipid classes/subclasses compared with fasting plasma, which was almost identical to 

the pattern seen in the Ov-Ob/IS group.  

 

6.4 DISCUSSION 

 

6.4.1 Different lipid abnormalities are associated with obesity and insulin resistance 

 

In the present human study, 80 adult participants were classified into one of four groups 

according to BMI, HOMA-IR, and diabetic status. Targeted lipid profiling was performed using 

LC ESI-MS/MS to identify plasma and skeletal muscle lipid abnormalities (at the class/subclass 
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Table 6.5 Fasting plasma levels and percentage differences (steady-state clamp vs. fasting) in lipid classes/subclasses in the four groups. 

Lipid 

class or 

subclass
a 

Lean/IS Ov-ob/IS Ov-ob/IR T2D 

Fasting (pmol/ml) 

% difference 

SS vs. fasting Fasting (pmol/ml) 

% difference 

SS vs. fasting Fasting (pmol/ml) 

% difference 

SS vs. fasting Fasting (pmol/ml) 

% difference 

SS vs. fasting 

dhCer 606 ± 33 -21.8 ± 2.6
*
 718 ± 65 -18.1 ± 3.5

*
 721 ± 36 -16.7 ± 2.8

*
 752 ± 49 -18.2 ± 2.2

*
 

Cer 4821 ± 170 -14.8 ± 1.3
*
 5405 ± 356 -13.9 ± 1.9

*
 5758 ± 433 -9.5 ± 1.6

*
 5490 ± 281 -13.2 ± 1.2

*
 

MHC 9723 ± 438 -14.0 ± 3.0
*
 8465 ± 724 -12.9 ± 1.8

*
 8025 ± 421 -6.5 ± 2.5 7578 ± 651 -10.0 ± 2.0

*
 

DHC 5987 ± 249 -12.2 ± 2.0
*
 5115 ± 259 -13.3 ± 3.1

*
 4700 ± 192 -7.8 ± 2.5 5031 ± 317 -10.3 ± 2.3

*
 

THC 1850 ± 77 -15.5 ± 2.3
*
 1540 ± 88 -12.4 ± 2.4

*
 1353 ± 73 -8.4 ± 2.8 1366 ± 74 -12.3 ± 2.4

*
 

GM3 3145 ± 128 -13.2 ± 2.2
*
 2938 ± 116 -13.8 ± 2.0

*
 2513 ± 152 -6.9 ± 2.9 2740 ± 130 -13.2 ± 1.7

*
 

SM 350610 ± 10838 -11.9 ± 1.5
*
 352344 ± 12830 -9.0 ± 2.0

*
 341013 ± 12307 -8.7 ± 1.5

*
 333627 ± 13711 -9.1 ± 1.1

*
 

PC 1388696 ± 34780 -7.4 ± 1.8
*
 1393237 ± 33851 -1.2 ± 2.6 1391880 ± 42796 -2.7 ± 2.3 1312095 ± 35382 0.1 ± 2.1 

PC(O) 46905 ± 1695 -4.3 ± 1.5 40715 ± 1595 -0.5 ± 2.5 40211 ± 1816 0.5 ± 2.2 39417 ± 1630 -1.0 ± 2.0 

PC(P) 26070 ± 1216 -5.2 ± 1.4
*
 24594 ± 1154 -1.9 ± 2.3 21740 ± 1232 -2.9 ± 1.9 21545 ± 867 -2.6 ± 1.8 

LPC 151616 ± 6929 -8.1 ± 2.7 138458 ± 5616 -5.3 ± 2.5 121594 ± 8677 2.4 ± 2.6 115632 ± 5680 -1.2 ± 2.9 

LPC(O) 449 ± 20 -0.9 ± 2.0 389 ± 23 2.7 ± 3.3 340 ± 18 7.5 ± 2.6 315 ± 18 9.3 ± 2.2
*
 

PE 23954 ± 1912 -21.0 ± 2.8
*
 26378 ± 2199 -16.8 ± 3.5

*
 28692 ± 2557 -3.5 ± 4.9 29243 ± 2257 -16.6 ± 2.5

*
 

PE(O) 4124 ± 258 -15.3 ± 1.4
*
 3949 ± 259 -15.2 ± 2.6

*
 4212 ± 312 -13.4 ± 1.7

*
 4019 ± 242 -18.3 ± 1.4

*
 

PE(P) 32466 ± 1798 -17.7 ± 2.0
*
 33942 ± 2330 -16.1 ± 3.3

*
 34635 ± 2521 -14.8 ± 2.4

*
 33289 ± 2199 -18.7 ± 2.0

*
 

LPE 2452 ± 126 -24.5 ± 3.3
*
 2172 ± 118 -20.3 ± 2.5

*
 1995 ± 115 -2.4 ± 4.0 2016 ± 96 -18.0 ± 3.0

*
 

PI 82067 ± 3864 -14.8 ± 2.3
*
 81036 ± 3919 -10.3 ± 2.7

*
 83914 ± 5283 -8.1 ± 2.8 80703 ± 4838 -8.6 ± 1.9

*
 

COH 719880 ± 40778 -0.5 ± 6.4 797069 ± 45401 -13.3 ± 6.0 736382 ± 56629 6.6 ± 7.0 763121 ± 77512 -8.8 ± 5.1 

CE 4871222 ± 244917 -12.2 ± 2.9
*
 4522363 ± 248715 -7.6 ± 4.0 6226779 ± 443481 -2.7 ± 7.0 4952933 ± 334876 -5.5 ± 6.0 

DG 32117 ± 3201 -31.3 ± 3.6
*
 33407 ± 5423 -26.2 ± 3.4

*
 65370 ± 10315 -19.9 ± 4.0

*
 39387 ± 4003 -23.9 ± 2.5

*
 

TG 318145 ± 29665 -24.5 ± 4.1
*
 425322 ± 53883 -25.5 ± 3.2

*
 667095 ± 102619 -7.5 ± 7.6 582380 ± 65464 -21.5 ± 3.3

*
 

 

Values expressed as mean ± SEM. IS, insulin sensitive; Ov-ob, overweight-to-obese; IR, insulin resistant; T2D, type 2 diabetic; SS, steady-state (clamp)  
a 

Sum of the individual species within that class or subclass. 

*P < 0.05 vs. corresponding fasting value by paired Student‟s t-test of log10-transformed data, corrected for multiple comparisons. 
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and species level) associated with obesity (independently of IR), IR (independently of obesity), 

combined obesity and IR, and T2D both in the fasting state and at the completion of a 150 min 

hyperinsulinaemic-euglycaemic clamp. This analysis was made possible by the inclusion of the 

Ov-ob/IS group, which enabled lipid abnormalities associated with obesity to be identified by 

comparing the Ov-ob/IS and Lean/IS groups, and lipid abnormalities associated with IR to be 

identified by comparing the Ov-ob/IR and Ov-ob/IS groups. 

 

6.4.2 Lipid abnormalities associated with obesity 

 

When ANCOVA post-hoc analysis was applied to identify fasting plasma lipids associated with 

obesity, 11 lipid species were significantly altered in the Ov-ob/IS group compared with the 

Lean/IS group. These differences included significantly lower levels of the THC subclass, along 

with THC 16:0, THC 20:0, PC(O-32:0), PC(O-34:1), PC(O-36:2), PC(P-32:0) and LPC(O-24:2) 

in the Ov-ob/IS group (Tables 6.3 and S6.1). In agreement with our findings, Pietilainen et al. 

found that young adult monozygotic obese twins (median BMI 30.4 kg/m
2
) had decreased levels 

of some ether phospholipids in fasting plasma, including PC(O-34:1), compared with their non-

obese twins (median BMI 25.4 kg/m
2
) [29]. Additionally, several PC(O) species negatively 

correlated with subcutaneous fat mass, but PC(O-16:0/18:1) and PC(O-16:1/18:2) positively 

correlated with insulin sensitivity [29]. In contrast, Donovan et al. found that five PC(O) species,  

including the arachidonic acid containing PC(O-18:0/20:4) and PE(P-18:0/20:4), were elevated 

in morbidly obese subjects (mean BMI 49.9 kg/m
2
) compared with lean subjects (mean BMI 

25.8 kg/m
2
) [63]. In addition, the treatment of human coronary artery endothelial cells with the 

plasmalogen PE(P-18:0/20:4) induced expression of cell adhesion molecules, indicative of 

endothelial cell activation and atherogenesis [63]. Recently, Heilbronn et al. observed elevations 

in fasting plasma PE(P) and PE(O) subclasses in response to 28 days overfeeding by 1250 

kcal/day (45% total energy as fat) in healthy adults [54]. Furthermore, Graessler et al. found that 

two polyunsaturated PE(P) plasmalogens were significantly elevated in fasting plasma in obese 

men (BMI > 27.5 kg/m
2
) compared with a group of leaner men (BMI ≤ 27.5 kg/m

2
), but 13 other 

ether phospholipid species were unchanged by obesity [28].  

 

It has been reported that the severity of disease in each individual and heterogenous populations 

may account for the large discrepancy in relative abundance, pattern of change, and effects 

induced by individual ether-linked PC(O) and PE(O) and plasmalogen PC(P) and PE(P) species 

indifferent human cohorts [63]. Presently, there is no consensus as to whether ether-linked 



213 
 

phospholipids are antioxidants and/or anti-inflammatory. Although vinyl ether-linked 

plasmalogens are more susceptible to free radical oxidation than ester-linked phospholipids 

[218,219], plasmalogens may function as free radical scavengers, being preferentially 

synthesized as an antioxidant in response to increasing oxidative stress with obesity or 

overfeeding [54,189]. Conversely, decreased plasmalogen levels in obesity [28] and in LDL 

from patients with the metabolic syndrome and diabetes were considered indicators of oxidative 

stress [220]. The decreased levels of three PC(O) species and PC(P-32:0) observed in our Ov-

ob/IS group compared with the Lean/IS group may also relate to decreased biosynthesis [189].  

 

6.4.3 Lipid abnormalities associated with insulin resistance 

 

When ANCOVA post-hoc analysis was applied to identify fasting plasma lipids associated with 

IR, 20 lipid species were significantly altered in the Ov-ob/IR group compared with the Ov-

ob/IS group. Strikingly, nine LPC species (including LPC 22:6) were significantly decreased in 

the Ov-ob/IR group, along with GM3 24:1, PE(P-40:4) and LPC(O-24:2), and two species each 

from the CE, DG, and TG lipid classes were significantly elevated in the Ov-ob/IR group (Table 

S6.1).  

 

Decreased fasting plasma LPC levels have also been found in glucose intolerant and insulin 

resistant individuals [13,53], and the elevation in IR observed in healthy adults in response to 28 

days overfeeding was accompanied by reductions in many fasting plasma LPC species, and in 

particular, LPC 22:6 was positively correlated with insulin sensitivity [54]. Recent evidence 

suggests that LPC may be a novel insulin-independent signal that regulates blood glucose levels 

[56]. Therefore, the decreased circulating LPC species in our Ov-ob/IR group may contribute to 

the defects in glucose homeostasis observed in IR and obesity. Barber et al. also showed a 

reduction in the level of many fasting plasma LPC species in obese/IS and obese/T2D subjects 

(matched for body mass and BMI) compared with lean healthy subjects, but since there were no 

differences in LPC levels between the obese/IS and obese/T2D subjects, obesity was considered 

more important than IR and T2D in determining LPC levels [26].  

 

In contrast, Pietilainen et al. found that the fasting serum levels of some LPC species were 

elevated in healthy young adult monozygotic obese twins compared with their non-obese co-

twins [29]. The lysophospholipids, LPC and LPE, are derived from the oxidation of 

polyunsaturated (particularly 20:4 and 22:6)-containing vinyl ether-linked plasmalogens, PC(P) 
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and PE(P), but are also products of PC and PE hydrolysis by secretory phospholipases [54,63]. 

However, LPCs can independently increase plasminogen activator inhibitor-1, a potent 

prothrombotic and proatherogenic protein [58], and induce endothelial cell expression of cell 

adhesion molecules [59]. Another study found that dietary fatty acid composition influenced the 

relative abundances of LPC species in overweight/obese IR men (with a higher fat intake) 

compared with age-matched lean healthy men [48]. In our study, the significant reduction in nine 

LPC species in the Ov-ob/IR group compared with the Ov-ob/IS group appeared to be closely 

linked to the severity of IR (in the setting of obesity), although the increased BMI in the Ov-

ob/IR group (Table 6.2) may be a confounding factor. 

 

Linear regression analysis of fasting plasma lipids against HOMA-IR in the three non-diabetic 

groups revealed that two lipid classes (DG and CE) and three CE, 15 DG and 15 TG species 

were positively associated with HOMA-IR, and only one lipid species (LPC 22:6) was 

negatively associated with HOMA-IR (Tables 6.4 and S6.2). This result compares with 

ANCOVA post-hoc analysis of the Ov-ob/IR versus Ov-ob/IS groups (i.e., IR effect), which 

revealed that nine LPC species were significantly reduced in the Ov-ob/IR group. It is likely that 

any linear association of LPC species with HOMA-IR was dissipated by the finding of no 

significant differences in any LPC species between the Ov-ob/IS and Lean/IS groups. 

Nonetheless, seven species (CE 18:2, CE 20:3, DG 16:0/18:0, DG 18:0/18:1, TG 18:0/18:0/18:1, 

TG 18:0/18:1/18:1 and LPC 22:6) showed a significant association with both testing methods.  

 

6.4.4 Lipid abnormalities associated with combined obesity and insulin resistance 

 

When ANCOVA post-hoc analysis was applied to identify fasting plasma lipids associated with 

combined obesity and IR, eight lipid classes/subclasses (DHC, THC GM3, LPC, LPC(O), LPE, 

DG and TG) and 65 species were significantly altered in the Ov-ob/IR group compared with the 

Lean/IS group (Table 6.3 and S6.1). While obesity was associated with significant decreases in 

some THC and PC(O) species, and IR was associated with significant decreases in many LPC 

species, combined obesity and IR was also associated with significant decreases in some DHC, 

GM3, LPC(O) and LPE species, and significant increases in many DG and TG species. 

Therefore, the complex lipid abnormalities associated with the combined setting of obesity and 

IR far outweighed the sum of the lipid abnormalities associated with obesity or IR alone.  
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The lower levels of the THC subclass and five of the six measured THC species in the Ov-ob/IR 

group compared with the Lean/IS group may be due to down regulation of the 

galactosyltransferases that convert ceramide to DHC and THC. Supporting these findings, 

Meikle et al. showed a negative association between the DHC and THC subclasses and 2 h-post 

load glucose levels (a measure of T2D) in the San Antonio Family Heart Study cohort [9]. 

LPC(O) lipids, also known as lysoplatelet activating factors, are derived from the cleavage of 

ether-linked phospholipids, PC(O) and PC(P), by lipoprotein phospholipase A2 (Lp-PLA2), but 

are also formed by the catabolic action of Lp-PLA2 on platelet activating factor, a potent 

proinflammatory signalling lipid [63]. LPC(O) opposes the actions of platelet activating factor, 

and has anti-inflammatory actions which include inhibiting the activation and aggregation of 

neutrophils and platelets [221]. In our study, seven fasting plasma LPC(O) species were 

significantly decreased in the Ov-ob/IR group compared with the Lean/IS group, including 

LPC(O-22:0), LPC(O-24:1) and LPC(O-24:2), which were also found to be negatively 

associated with T2D [9]. Similarly, Heilbronn et al. found that the LPC(O) subclass was 

significantly lower in fasting plasma of healthy adults after 28 days overfeeding, and that 

LPC(O-16:0) and LPC(O-22:1) negatively correlated with the inflammatory marker C-reactive 

protein at baseline [54]. Recently, Nestel et al.found that LPC(O-20:0) and LPC(O-22:1) from 

full-fat dairy diets were positively associated with insulin sensitivity and inversely associated 

with IR [55]. Paradoxically, Lp-PLA2 was found to be elevated in T2D [222,223], but lower in 

polycystic ovary syndrome patients, which was associated with IR [224]. 

 

We also found that three ganglioside species (GM3 16:0, GM3 18:0 and GM3 24:1) were 

significantly decreased in fasting plasma in the Ov-ob/IR group compared with the Lean/IS 

group. This finding is contrary to expectations, given that gangliosides have been implicated in 

IR, with GM3 synthase-deficient mice showing increased insulin sensitivity and enhanced 

insulin receptor phosphorylation in skeletal muscle [225]. Furthermore, both chronic high-

fat/high sucrose diet-induced obese C57BL/6J mice and genetic severely obese KKAy mice 

exhibited significantly elevated GM3 species with shorter chain acyl (16:0 and 18:0) moieties in 

adipose tissue compared with each control group [71]. Our findings of lower levels of some 

GM3 species in subjects with combined obesity and IR may relate to measuring GM3 levels in 

plasma rather than tissues, where the metabolism of gangliosides may be different. However, in 

agreement with our findings, both fasting plasma GM3 18:0 and GM3 24:1 were significantly 

decreased in healthy subjects with 28 days overfeeding [54], which indicates that specific 

circulating GM3 species may be downregulated in response to IR. The significant increases in 



216 
 

many fasting plasma DG and TG species in the Ov-ob/IR is in agreement with other studies that 

have shown that elevated circulating CE, DG and TG lipids are established markers of obesity 

[26,28,29,30], prediabetes [9] and T2D [9,13], and are the primary source of fatty acids utilized 

in energy production [54].  

 

6.4.5 Lipid abnormalities associated with type 2 diabetes 

 

An ANCOVA post-hoc analysis was applied to identify fasting plasma lipids associated with 

T2D, only four species were significantly altered in the T2D group compared with the Ov-ob/IR 

group (Table S6.1). This indicated that the accumulated plasma lipid abnormalities associated 

with combined obesity/IR were very similar to those associated with T2D.  

 

This result was able to be verified by comparing the fasting plasma lipid abnormalities that 

occurred in the Ov-ob/IR group versus Lean/IS group with those that occurred in the T2D group 

versus Lean/IS group. Similar to the eight lipid classes/subclasses and 65 species that were 

significantly altered in the Ov-ob/IR group compared with the Lean/IS group, seven lipid 

classes/subclasses (THC, GM3, PC(O), PC(P), LPC, LPC(O) and TG) and 68 species were 

significantly altered in the T2D group compared with the Lean/IS group (Table 6.3 and S6.1). 

Notably, 55 of the 65 lipid species that were significantly altered in the Ov-ob/IR group 

compared with the Lean/IS group were also significantly altered (and in the same direction) in 

the T2D group compared with the Lean/IS group (Table 6.6). These common lipid abnormalities 

included significant decreases in multiple species of THC, GM3, PC(P), PC(O), LPC and 

LPC(O), and significant increases in 18 TG species. This comparison confirms that ~85% of the 

fasting plasma lipid abnormalities in T2D subjects were present in the Ov-ob/IR group prior to 

the onset of T2D.  

 

In a recent study, Meikle et al. showed that the fasting plasma lipid abnormalities associated 

with T2D were strikingly similar to those associated with prediabetes (relative to NGT subjects) 

in 351 individuals from the Australian Diabetes, Obesity and Lifestyle Study cohort [9]. 

Additionally, ~90% of the significant associations in the AusDiab cohort were subsequently 

validated in 1076 individuals from the San Antonio Family Heart Study. Using logistic 

regression analysis, Meikle et al. found that both prediabetes and T2D were positively associated 

with DG, TG, CE, Cer, dhCer, PE, PI and PG, and negatively associated with the ether-linked 

phospholipids PC(O) and PC(P) [9]. Although the pattern of fasting plasma lipid abnormalities  
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Table 6.6 Comparison of fasting plasma lipid classes/subclasses and species significantly 

altered in the Ov-Ob/IR versus Lean/IS group, and in the T2D versus Lean/IS group. 

 
Ov-ob/IR 

vs. Lean/IS
a 

T2D vs. 

Lean/IS
a 

Lipid abnormalities common to 

both group comparisons 

Significantly 

increased
b 

Significantly 

decreased
c
 

Significantly 

increased
b
 

Significantly 

decreased
c
 

Significantly 

increased 

Significantly 

decreased 

CE 20:3 DHC (C) Cer 18:0 THC 18:0 PE 36:1 THC (C) 

DG (C) DHC 16:0 PE 32:1 SM 38:1 TG (C) THC 16:0 

DG 16:0/18:0  GM3 24:1 PE(O-42:7) PC 34:2 TG 14:0/16:0/18:1 THC 20:0 

DG 18:0/18:1 DHC 24:1 

 

PC 35:2 TG 14:0/17:0/18:1 THC 22:0 

TG 18:0/18:0/18:1 PC(P-32:1) 

 

PC 36:4a TG 14:0/18:0/18:1 THC 24:0 

 

LPC 22:1 

 

PC(O) (C) TG 14:1/18:0/18:2 THC 24:1 

 

LPC 22:6 

 

PC(O-34:2) TG 15:0/16:0/18:1 GM3 (C) 

 

LPE (C) 

 

PC(P) (C) TG 16:0/16:0/16:0 GM3 16:0 

   

LPC 17:1 TG 16:0/16:0/18:0 GM3 18:0 

   

LPC 18:0 TG 16:0/16:0/18:1 PC 32:0 

   

LPC 24:0 TG 16:0/16:1/17:0 PC 40:7 

   

LPC(O-18:0) TG 16:0/17:0/18:0 PC(O-32:0) 

    
TG 16:0/17:0/18:1 PC(O-34:1) 

    
TG 16:0/17:0/18:2 PC(O-36:2) 

    
TG 16:0/18:0/18:1 PC(O-38:5) 

    
TG 16:0/18:1/18:1 PC(O-40:7) 

    

TG 16:1/16:1/18:0 PC(P-32:0) 

    
TG 16:1/17:0/18:1 PC(P-34:1) 

    
TG 17:0/18:1/18:1 PC(P-34:2) 

    
TG 18:0/18:1/18:1 PC(P-36:2) 

     
LPC (C) 

     
LPC 16:0 

     
LPC 17:0 

     
LPC 18:1 

     
LPC 18:2 

     
LPC 20:0 

     
LPC 20:1 

     
LPC 20:2 

     
LPC 22:5 

     
LPC 26:0 

     
LPC(O) (C) 

     
LPC(O-16:0) 

     
LPC(O-18:1) 

     
LPC(O-20:0) 

     
LPC(O-22:0) 

     
LPC(O-22:1) 

     
LPC(O-24:1) 

     
LPC(O-24:2) 

     
LPE 16:0 

     
CE 20:1 

 
Ov-ob, overweight-to-obese; IR, insulin resistant; IS, insulin sensitive; T2D, type 2 diabetic; C, lipid 

class/subclass 
a 

Derived from analysis of covariance of each lipid class or subclass in the four groups, adjusted for age, sex, 

and systolic blood pressure. Post-hoc analysis was performed using the Mann Whitney U test with Dunn-Sidak 

correction for multiple group comparisons. P < 0.05 was considered significant.  
b 
Lipid class/subclass or species was significantly increased or 

c 
significantly decreased relative to latter group. 
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Figure 6.1. Metabolic pathways altered in progression to type 2 diabetes. Partial lipid metabolic pathways 

showing the major lipids (blue and yellow boxes), the measured lipids (yellow boxes), and the enzymes involved 

(pink boxes). The sphingolipid (blue lines), cholesteryl ester (pink lines), cardiolipin (orange lines), glycerolipid 

(black lines), choline/ethanolamine phospholipids (green lines), plasmalogen (red lines) and arachidonic acid 

(dotted lines) biosynthetic pathways are shown. The direction of association between lipids and obesity (orange 

arrows), IR (green arrows), combined obesity/IR (red arrows) and T2D (grey arrows) is indicated. 
Metabolite abbreviations: Cho, choline; CDP, cytidine diphosphate; DHAP, dihydroxyacetonephosphate; Etn, 

ethanolamine; G-3-P, glycerol-3-phosphate; PGP, phosphatidylglycerolphosphate. Abbreviations of measured lipids 

are shown in Table 7.1. Enzyme abbreviations: A4GALT, lactosylceramide 4-alphagalactosyltransferase; 

B4GALT6, beta-1,4-galactosyltransferase 6; CDIPT, CDP-diacylglycerol-inositol 3-phosphatidyltransferase; CDS1, 

phosphatidate cytididyltransferase; CerS, ceramide synthase; cls, cardiolipin synthase; CPT1, diacylglycerol 

cholinephosphotransferase; ∆1 Desat, delta-1 desaturase; DEGS, sphingolipid delta-4 desaturase; DGAT, 

diacylglycerol O-acyltransferase; EPT1, ethanolaminephosphotransferase; Lp-PLA2, lipoprotein phospholipase A2; 

PEMT, phosphatidylethanolamine N-methyltransferase; pgpA, phosphatidylglycerophosphatase A; pgsA, 

phosphatidylglycerosynthase A; PPAP2, phosphatidate phosphatase; SMGS, sphingomyelin synthase; UGCG, 

ceramide glucosyltransferase.  
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in the prediabetes group in the Meikle et al. study and Ov-ob/IR group in our study are slightly 

different, they both closely resemble the lipid abnormalities observed in the corresponding T2D 

groups. It appears that T2D only becomes fully manifest when this plethora of fasting plasma 

lipid abnormalities is accompanied by progressive β-cell failure [226,227]. A schematic diagram 

showing the lipid metabolic pathways altered in the progression from obesity to IR to combined 

obesity/IR to T2D is shown in Figure 6.1. 

 

6.4.6 Obesity-induced lipid abnormalities drive insulin resistance and type 2 diabetes 

 

In the Australian Diabetes, Obesity and Lifestyle Study cohort, 55% of obese subjects were 

normal glucose tolerant (NGT) [228]. However, the inability of insulin secretion to compensate 

for a decrease in insulin action in susceptible individuals distinguishes those who progress to 

impaired glucose tolerance and diabetes to those who remain NGT. In a study in Pima Indians, a 

population with a high incidence of T2D, the obese NGT subjects who did not progress to 

impaired glucose tolerance or diabetes over a 5 year period retained a normal disposition index 

(the product of insulin sensitivity and insulin secretory function) owing to a compensatory 

increase in acute insulin secretion to compensate for a gradually decreasing insulin sensitivity 

[3]. Therefore, insulin secretion is already compromised (i.e., upregulated) early in the setting of 

obesity to maintain NGT in the presence of attenuated insulin sensitivity. 

 

In our study, “healthy” obesity in the Ov-ob/IS group (a snapshot of health status) was 

associated with a significant lowering of some fasting plasma THC and PC(O) species, and 

unchanged fasting plasma glucose, insulin, FFA, adiponectin, glucose tolerance and insulin 

sensitivity (versus Lean/IS group) (Table 6.2). At face value, these “healthy” obese/IS 

individuals would be unlikely to progress to T2D based on these lipid abnormalities alone. On 

the other hand, IR was not only associated with significant decreases in many LPC species in the 

Ov-ob/IR compared with Ov-ob/IS group, but the DG and TG lipid classes were positively 

associated with HOMA-IR. However, this cluster of lipid abnormalities cannot be entirely 

attributed to IR, as the Ov-ob/IR and Ov-ob/IS groups were already influenced by the setting of 

obesity. The “true” association of lipid abnormalities with IR (independently of obesity) would 

only be achieved if a group of Lean/IR individuals were compared with the Lean/IS group, but 

recruiting sufficient numbers of suitable Lean/IR individuals is problematic due to low numbers 

in this category.  
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Although the lipid abnormalities associated with either obesity or IR in our study cannot assign 

causality, our results indicate that “healthy” obesity in insulin sensitive individuals is 

accompanied by relatively minor lipid abnormalities that are tolerated. However, persistent 

obesity in susceptible individuals may be associated with a gradual increase in the severity of 

lipid abnormalities, and eventually a state of obesity and IR which is accompanied by a cascade 

of other lipid abnormalities and metabolic defects that are similar to those observed in T2D. 

Notably, obesity/IR was associated with biochemical and metabolic defects including increased 

fasting plasma glucose and insulin, but decreased adiponectin levels, increased systolic and 

diastolic blood pressure, impaired glucose tolerance, and decreased GIR/FFM (insulin 

sensitivity). 

 

6.4.7 Plasma triacylglycerol species are predictive of insulin resistance 

 

As the FA composition is critical in determining whether a particular TG species is positively or 

negatively associated with obesity, IR and risk of T2D [13,26,29,30,31], we assessed whether 

the degree of FA saturation in TG species was an important risk factor for the development of 

IR. In our study, “saturated” TG species were defined as having a total of two or less FA-double 

bonds, and that each FA moiety within the TG species contained no more than one double bond 

(e.g. TG 14:0/16:1/18:1). “Unsaturated” TG species were defined as having a total of more than 

two FA-double bonds, but also included TG species that contained a total of two FA-double 

bonds when a single FA moiety contained two double bonds (e.g. TG 14:0/16:0/18:2, TG 

14:0/16:1/18:2). We found that 14 of the 15 TG species from the three non-diabetic groups that 

were positively associated with HOMA-IR (by linear regression) were “saturated”, and only one 

species was “unsaturated” (TG 16:0/16:0/18:2) (Table S6.2). The probability of 14 “saturated” 

TG species (out of 23 measured “saturated” TG species) and only one “unsaturated” TG species 

(out of 21 measured “unsaturated” TG species) being positively associated with HOMA-IR was 

statistically significant by unpaired Student‟s t-test (P < 0.01).  

 

Odd-chain FAs are associated with dairy intake [168,169], and C15:0 and C17:0 have been 

shown to be negatively associated with incident T2D [170,171], which supports a protective role 

for dairy against T2D. Meikle et al. also showed a negative association of some PC and SM 

species containing C15:0 and C17:0 with prediabetes and T2D [9]. However, in the same study, 

most TG species containing an odd-chain FA were positively associated with prediabetes and 

T2D (versus NGT) [9]. In the present study, we assessed whether TG species containing an odd-
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numbered carbon FA were predictive of IR. Of the 15 fasting plasma TG species that were 

positively associated with HOMA-IR (by linear regression), seven TG species contained an odd-

numbered carbon FA (either C15:0 or C17:0) and eight TG species contained only even-

numbered carbon FAs (Table S7.2). The probability of seven TG species containing an odd-

numbered carbon FA (out of nine measured TG species that contained an odd-numbered carbon 

FA) and eight TG species containing only even-numbered carbon FAs (out of 35 measured TG 

species that contained only even-numbered carbon FAs) being positively associated with 

HOMA-IR was statistically significant by unpaired Student‟s t-test (P < 0.05). Therefore, fasting 

plasma TG species that were “saturated” and/or contained an odd-numbered carbon FA were 

highly predictive of IR in the three non-diabetic groups. 

 

Some studies have found that total FA-carbon number is also critical in determining whether a 

particular TG species is positively or negatively associated with obesity, IR and T2D [13,29,30]. 

One retrospective human cohort study revealed that TG species with lower FA double-bond 

content and lower FA carbon number (TG 44:1, TG 46:1, TG 48:0, TG 48:1, TG 50:0 and TG 

52:1) were associated with an increased risk of diabetes (and correlated with IR), whereas TG 

species with higher FA double-bond content and higher FA carbon number (TG 56:9, TG 58:10 

and TG 60:12) were associated with a decreased risk of diabetes [13]. Moreover, Schwab et al. 

found that diet-induced weight loss in obese individuals corresponded to a reduction in 

circulating saturated and short-chain fatty acid-containing TG species, which was associated 

with improved insulin sensitivity [30]. However, Pietilainen et al. found that TG species 

containing ≥ 54 FA-carbons were negatively correlated with insulin sensitivity in young adult 

monozygotic obese twins compared with their non-obese twins [29].  

 

Of the 15 fasting plasma TG species that were positively associated with HOMA-IR (by linear 

regression) in the present study, 13 TG species contained < 54 total FA-carbons and two TG 

species contained ≥ 54 total FA-carbons (Table S6.2). The probability of 13 TG species 

containing < 54 total FA-carbons (out of 33 measured TG species that contained < 54 total FA-

carbons) and two TG species containing ≥ 54 total FA-carbons (out of 11 measured TG species 

that contained ≥ 54 total FA-carbons) being positively associated with HOMA-IR was not 

statistically significant by unpaired Student‟s t-test (P > 0.05). Therefore, total FA-carbon 

number in fasting plasma TG species was not predictive of IR in the three non-diabetic groups. 
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6.4.8 Plasma triacylglycerol species are predictive of combined obesity/insulin resistance 

and type 2 diabetes 

 

 ANCOVA post-hoc analysis of fasting plasma lipids in the four study groups revealed that the 

same 18 TG species were significantly increased in both compared with the Lean/IS group 

(Table 6.6). We found that 16 of these 18 TG species were “saturated” (P < 0.01 vs. 

“unsaturated” TG species), eight TG species contained an odd-numbered carbon FA (P < 0.06 

vs. TG species that contained only even-numbered carbon FAs), and 17 TG species contained < 

54 total FA-carbons (P = 0.08 vs.TG species containing ≥ 54 total FA-carbons). Therefore, 

fasting plasma “saturated” TG species were highly predictive of combined obesity/IR and T2D, 

and may reflect an increased circulating pool of saturated (16:0 and 18:0) and monounsaturated 

(16:1 and 18:1) fatty acids arising from elevated hepatic de novo lipogenesis in both the Ov-

ob/IR and T2D groups. It is known that the development of obesity and IR may override the 

repressive effect of high-fat diets on hepatic de novo lipogenesis [51,52]. 

 

6.4.9 Steady-state clamp plasma glycerolipids and cholesteryl esters are associated with 

insulin resistance 

 

Linear regression analysis of SS clamp plasma against HOMA-IR in the three non-diabetic 

groups revealed that three lipid classes (CE, DG and TG) and 3 PE, 15 CE, 24 DG and 26 TG 

species were positively associated with HOMA-IR, and only two lipid species (LPC 22:6 and 

PE(O-42:7)) were negatively associated with HOMA-IR (Tables 6.4 and S6.2). Notably, all 33 

CE, DG and TG species lipid species that were positively associated with HOMA-IR in fasting 

plasma remained positively associated with HOMA-IR in SS clamp plasma, but another 32 CE, 

DG and TG species became positively associated with HOMA-IR in SS clamp plasma. These 

findings highlight the strength of the association of fasting plasma DG, TG and CE species with 

HOMA-IR under different physiological states (fasting versus severe 

hyperinsulinaemia/euglycaemia). In addition, ANCOVA post-hoc analysis of SS plasma lipid 

levels revealed that the CE, DG and TG classes were significantly elevated in the Ov-ob/IR 

group compared with both the Lean/IS and Ov-ob/IS groups (data not shown), confirming that 

these lipid classes were highly resistant to the antilipolytic effects of insulin during the clamp in 

the “high risk” Ov-ob/IR group.  
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6.4.10 Insulin clamp-induced suppression of plasma lipid classes/subclasses differs in 

obesity, insulin resistance and type 2 diabetes 

 

In the majority of cases, the 150 min hyperinsulinaemic (80 mU/m
2
/min)-euglycaemic (5.0 

mmol/l) clamp in the four groups induced either no significant change or a drop in plasma lipid 

classes/subclasses by up to 30% compared with fasting levels (Table 6.5), despite complete 

suppression of circulating NEFA concentrations in all groups (Table 6.2). Although 17 of the 21 

plasma lipid classes in the Lean/IS group decreased significantly during the clamp, the closely 

related PC(O), LPC and LPC(O) subclasses were resistant to the high SS clamp insulin levels 

(~300 mU/l). Notably, these same plasma lipid subclasses were resistant to the suppressive 

effects of the clamp in the Ov-Ob/IS group, but now the PC, PC(P) and CE classes/subclasses 

were also resistant. These findings suggest that some lipid classes/subclasses in the Ov-Ob/IS 

group may be associated with subtle resistance to the effects of insulin. However, the tissue 

responsible for this subtle IR in the Ov-Ob/IS group was not obvious, given the complete 

suppression of NEFA (indicating normal adipocyte insulin sensitivity), unchanged HOMA-IR 

(predominantly a reflection of hepatic insulin sensitivity) and unchanged GIR/FFM (a measure 

of skeletal muscle insulin sensitivity) compared with the Lean/IS group.  

 

Strikingly, all but six of the 21 plasma lipid classes/subclasses were resistant to the antilipolytic 

effects of insulin in the Ov-Ob/IR group, which closely paralleled the magnitude and pattern of 

lipid abnormalities observed in the Ov-ob/IR group compared with the Lean/IS group (Table 6.3 

and S6.1). Counter-intuitively, the SS clamp induced a significant decrease in 15 of the 21 

plasma lipid classes/subclasses compared with fasting plasma in the T2D group, which was 

almost identical to the pattern seen in the Ov-Ob/IS group, despite a large reduction (by ~50%) 

in GIR/FFM whole-body insulin sensitivity.The favourable lipidomic findings in the SS clamp 

plasma of T2D subjects (but not in fasting plasma; Table 6.6) compared with the Ov-ob/IR 

group may partly relate to their well-controlled diabetic status (HbA1c 6.1 ± 0.6%), and use of 

statins and/or anti-hypertensive medications to normalise cholesterol and blood pressure 

respectively. However, even though 12 of the 21 T2D subjects were taking statins, a previous 

study in the same subjects found that there was no difference in clamp-derived insulin sensitivity 

between statin users and non-users [217]. Another study found that very few non-cholesterol 

lipid species showed a significant association with statin use in stable coronary artery disease 

subjects, and statin was not a significant confounder in the comparative lipidomic analysis of 

stable coronary artery disease versus healthy controls [10]. 
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Regardless of medication use in T2D subjects, one must also be mindful that the interpretation of 

this SS clamp lipidomics data is based on comparisons of the “number of lipid 

classes/subclasses” that are significantly suppressed by the insulin clamp in each group, and does 

not delve into the potency of individual lipid species or the complex interconnecting network of 

lipid metabolic pathways that ultimately determine the severity of lipid abnormalities associated 

with obesity/IR and T2D.   

 

6.4.11 Conclusion 

 

The experimental design employed in this study made it possible to determine lipid 

abnormalities in fasting and SS clamp plasma and skeletal muscle samples associated with 

obesity (independently of IR), IR (independently of obesity), combined obesity/IR, and 

ultimately, T2D in humans. In summary, obesity (independent of IR) occurred in the absence of 

elevated circulating FFA or any other biochemical or metabolic defects (Table 6.2), and was 

associated with a modest change in the sphingolipid metabolism pathway (lower THC) but, more 

particularly, decreased levels of ether-phospholipids, likely due to early oxidative stress (orange 

arrows, Figure 6.1). IR (independent of obesity) was associated with a significant reduction in 

nine LPC species (potentially a novel insulin-independent signal), likely due to the hydrolysis of 

oxidized PC(P) lipids by secretory phospholipases, and elevated “saturated” TG species 

(predictive of T2D) and DG species (associated with impaired insulin signalling) (green arrows, 

Figure 6.1). In addition to the previously manifested lipid abnormalities observed with obesity or 

IR, combined obesity/IR was also associated with significant decreases in some DHC, GM3, 

LPC(O) and LPE species (red arrows, Figure 6.1). The lower DHC, THC and GM3 levels 

suggest that enzymes downstream from de novo ceramide synthesis have been downregulated, 

even though GM3 gangliosides have previously been shown to be implicated in IR. The 

reduction in seven fasting plasma LPC(O) species is not surprising, given that LPC(O) opposes 

the proinflammatory actions of platelet activating factor, and is associated with insulin 

sensitivity. Similar to LPC, the reduction in LPE species was likely due to the hydrolysis of 

oxidized PC(P) lipids by secretory phospholipases, and may indicate increasing oxidative stress. 

Finally, ~85% of the lipid abnormalities associated with combined obesity/IR lipid species were 

also associated with T2D (grey arrows, Figure 6.1). However, the antioxidant PC(P) 

plasmalogen subclass was now significantly reduced in the T2D group compared with the 

Lean/IS group. 
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Fasting plasma TG species that were “saturated” and/or contained an odd-numbered carbon FA 

were highly predictive of IR (by HOMA-IR) in the three non-diabetic groups. In addition, 

fasting plasma “saturated” TG species were highly predictive, and odd-chain TG species were 

almost predictive (P = 0.06) of combined obesity/IR and T2D, which may reflect an increased 

circulating pool of saturated (16:0 and 18:0) and monounsaturated (16:1 and 18:1) fatty acids 

arising from elevated hepatic de novo lipogenesis in both the Ov-ob/IR and T2D groups. 

However, there was no indication that TG species were predictive of obesity, either by direct 

comparison of the Ov-ob/IS and Lean/IS groups, or by linear regression analysis of fasting 

plasma lipids against BMI in the four study groups.  

 

The degree of suppression of plasma lipid classes/subclasses by the insulin clamp varied 

considerably in the four groups, but was an indicator of the lipid classes/subclasses that were 

resistant to the antilipolytic effects of insulin. Notably, the closely related PC(O), LPC and 

LPC(O) subclasses were resistant to the high SS clamp insulin levels in all groups. Strikingly, all 

but six of the 21 plasma lipid classes/subclasses were resistant to the antilipolytic effects of 

insulin in the “untreated” Ov-Ob/IR group, which closely paralelled the magnitude and pattern 

of lipid abnormalities observed in the Ov-ob/IR group compared with the Lean/IS group. The 

insulin clamp did not significantly alter the content of any skeletal muscle lipid 

classes/subclasses compared with fasting skeletal muscle in any of the groups, although the 

analysis of whole muscle rather than subcellular fractions (e.g. membrane-bound or 

mitochondrial) may reduce the capacity to find differences.  

 

Unfortunately, comparative statistical analyses of large numbers of lipid species in four study 

groups comprising a relatively small number of participants resulted in a lack of statistical 

power, and limited the ability to detect differences in lipid classes/subclasses and species once 

the P-values were corrected for multiple comparisons. This problem could be resolved by 

increasing the number of participants in future study groups and/or reducing the number of lipid 

species that are statistically compared. In addition, knowledge of the dietary fatty acid 

composition and daily energy expenditure of participants would assist in determining the 

influence of hepatic de novo lipogenesis on the circulating pool of saturated and monosaturated 

fatty acids, and how the lipid abnormalities relate to metabolic pathways associated with disease 

progression.  
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Despite these experimental limitations, this human IR and obesity study provided invaluable 

insights into the separate associations of lipid abnormalities with obesity, IR, combined 

obesity/IR and T2D, and the contribution of novel lipid classes and species to obesity (e.g. 

reduction in PC(O) species), IR (reduction in LPC species), combined obesity/IR (reduction in 

LPE species) and T2D (reduction in PC(P) species). The design of this study provides the 

opportunity to identify specific lipid biomarkers for the early detection and intervention at any of 

the defined stages of disease.   
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CHAPTER 7 GENERAL DISCUSSION 

 

7.1 DISCUSSION 

 

7.1.1 Identification and characterisation of altered lipid metabolism in type 2 diabetes 

using a systems biology approach 

 

The „Omics‟ design employed to examine the association of global lipid profiles with the 

progression to pre-diabetes and/or type 2 diabetes (T2D) and gene expression profiling in the 

Obese/diabetic db/db mouse study (Chapters 4 and 5 respectively) and the Human insulin 

resistance (IR) and obesity study (Chapter 6) was predominantly a hypothesis-generating 

approach [229]. This design provides a solid platform to develop hypotheses to further 

investigate the complex relationship between changing lipid levels, lipid metabolic pathways and 

the pathogenesis of T2D. In particular, the relationship of lipids with body composition, 

biochemical and metabolic markers of glucose homeostasis, inflammatory and oxidative stress, 

and metabolic and gene expression pathways provide the opportunity to identify 1) lipid 

biomarkers associated with increased risk of developing pre-diabetes and/or T2D in a clinical 

setting, and 2) new therapeutic targets for the development of suitable preventative and/or 

therapeutic treatments associated with pre-diabetes and/or T2D. This thesis represents the first 

step in this process with the identification of classes, subclasses and multiple lipid species 

associated with the onset and progression of pre-diabetes and/or T2D in both mouse and human 

studies, combined with gene analysis to further characterise some of the relevant metabolic and 

signalling pathways. 

 

7.1.2 Global lipid profiles and gene expression are associated with different stages of 

obesity insulin resistance and type 2 diabetes 

 

The monogenic leptin receptor-deficient genetic db/db mouse model (C57BL/KsJ background) 

closely resembles disease progression to T2D in humans [72,91] and is an appropriate model for 

investigating real time lipid abnormalities associated with the onset of obesity, IR and T2D 

[73,85,140,141,142,143,144]. While there have been a number of studies in human cohorts that 

have examined the plasma lipidome in obesity, IR, prediabetes and/or T2D [9,13,28,29,148], 

most studies have collected one-off fasting blood samples to compare relative levels of lipids 
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from a limited number of classes in two groups of subjects (e.g. obese versus lean controls). 

Also, very few studies have employed comprehensive lipidomic analysis (by mass spectrometry) 

to compare lipid abnormalities in plasma and different tissues in obesity, IR, pre-diabetes and/or 

T2D [26,70,149,230] or sequentially tracked the lipid abnormalities that occur with disease 

progression [26,65]. It is possible to achieve more consistency and less variation in lipidomic 

and gene expression profiling measurements using a genetic mouse model of progressive 

obesity/diabetes (i.e., db/db with C57BL/KsJ background) with known time-frame and 

metabolic consequences, and controlled for genetic background and environmental factors 

(especially diet, medication and lifestyle), which cannot be achieved with heterogenous obese 

and T2D human populations. 

 

The temporal and tissue-specific design of our db/db mouse study experiments enabled us to 

compare the timing, distribution and severity of lipid abnormalities (at the class and species 

level) in plasma and metabolic tissues (liver, skeletal muscle, left-ventricle and adipose) in the 

intermediate (db/h) and more severe (db/db) mouse phenotypes compared with their H/H 

littermates at 6, 10 and 16 weeks of age using LC ESI-MS/MS and MRM experiments in 

positive ion mode. The independent effects of gender, age and genotype on global lipid profiles 

were assessed (Chapter 4, Tables 4.6 to 4.8). The effect of the db/db genotype on lipid 

abnormalities in tissues and plasma was clearly the dominant effect in the majority of cases, 

although there was a large effect of age on left-ventricle lipid profiles in db/db mice. 

 

A major advantage of the mouse model was the ability to perform gene expression profiling in 

the liver at different time points which could then be related back to the lipid profiles obtained in 

the same tissues. Importantly, by performing the same analyses on human cohorts we were able 

to compare and contrast the lipid metabolic changes observed in the mouse model with those 

observed in humans to identify common lipid metabolic alterations associated with obesity, 

insulin resistance and type to diabetes.  

 

7.1.3 Early elevation of hepatic de novo lipogenesis in db/db mice and humans 

 

Hepatic de novo lipogenesis (the metabolic pathway leading to the conversion of dietary sugars 

into fatty acids (FA), which are ultimately esterified with glycerol-3-phosphate to form liver 

triglycerides) is regulated by dietary composition at the transcriptional level [47,158]. High rates 

of hepatic de novo lipogenesis are induced by low-fat/high-carbohydrate diets, hyperinsulinemia 
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and hyperglycemia [47,158], similar to the conditions seen in our standard chow fed db/db mice. 

The transcription levels of genes encoding for enzymes involved in hepatic de novo lipogenesis 

and corresponding activities of lipogenic enzymes involved in hepatic palmitoyl-CoA elongation 

and stearoyl-CoA desaturation were markedly higher in male Wistar rats fed a low-fat/high-

carbohydrate diet compared with rats fed either a high-fat/high-carbohydrate “Western” diet or 

high-fat diet [47]. Long-chain FAs (16:0, 16:1, 18:0 and 18:1) derived from elevated rates of 

hepatic de novo lipogenesis are incorporated into liver triglycerides, and released as VLDL-

bound TG [157], resulting in increased circulating TG levels [47].  

 

In the db/db mouse study, surrogate measures of hepatic de novo lipogenesis (i.e., total 16:1/18:2 

ratios in liver DG and TG species) were markedly elevated in male and female db/db mice at six 

and ten weeks of age compared with the corresponding H/H and db/h mice (Chapter 4, Figure 

4.19) in response to a higher calorie intake and marked IR. In this regard, hepatic lipogenesis 

acts like a sink for the excess carbohydrates that can no longer be metabolised or stored as 

glycogen (limited capacities), and therefore, has to be converted to fat. However, both surrogate 

measures of hepatic de novo lipogenesis were significantly attenuated in male db/db mice (but 

not female db/db mice) by 16 weeks of age, indicating that liver function was compromised in 

the more severely diabetic male db/db mice. An almost identical pattern was observed in male 

and female db/db mice when total 16:1/18:2 in plasma DG and TG species were measured 

(Chapter 4, Figure 4.20). Collectively, these results indicated that the elevated 16:1 FA 

generated from hepatic de novo lipogenesis via delta-9 desaturase activity [47] in male and 

female db/db mice at six and ten weeks of age was accompanied by an increased circulating pool 

of 16:1 FA in DG and TG species. 

 

The depleted hepatic and circulating pool of 16:1 FA in DG and TG-containing VLDL in the 16 

week old male db/db mice at 16 weeks of age is likely to have severe health consequences. 

Monounsaturated fatty acids are essential components of membrane phospholipids, TG and CE, 

and are required for normal membrane fluidity and transmembrane receptor/enzyme activity 

[159]. However, the ability of 16:1 FA to continue acting as an endocrine signal and improve 

muscle insulinsensitivity and decreasing hepatosteatosis [160] is impeded by the chronic setting 

of high calorie intake, IR and elevated TG and DG lipids. 

 

The relative contribution of hepatic de novo lipogenesis as a source of FA for hepatic TG and 

plasma VLDL-bound TGs depends on dietary fat and carbohydrate composition, as well as the 
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health status of individuals. Donnelly et al. quantified the FA sources of hepatic TG and plasma 

VLDL-bound TGs in obese, hyperinsulinemic and triglyceridemic nonalcoholic fatty liver 

disease patients after 5 days of labelling with orally fed stable isotopes [193]. In the fasting state, 

59% of fatty acids in liver TG (contained in lipid droplets) originated from FAs stored in adipose 

tissue that flowed to the liver (i.e. plasma nonesterified FA pool), 26% were derived from the 

hepatic de novo lipogenesis pathway, and 15% were derived from the diet (consisting of 30% 

dietary fat by energy). A similar proportion of FAs derived from the three sources were found in 

plasma VLDL-bound TGs secreted from the liver [193]. Another study showed that 10% of FAs 

in fasting plasma VLDL-bound TGs were derived from hepatic de novo lipogenesis in obese, 

hyperinsulinaemic subjects fed a moderately high-fat diet [51], but less than 5% of FAs in 

plasma VLDL-bound TGs were derived from hepatic de novo lipogenesis in fasting healthy 

subjects who consumed a similar diet [231,232]. However, fasting hepatic de novo lipogenesis 

rates tripled in fasting healthy subjects fed a high-carbohydrate diet for five days, but did not 

increase further in hyperinsulinaemic and IR subjects fed the same diet [51].  

 

As the increased circulating pool of 16:1 FA in DG and TG species was found to closely reflect 

16:1 FA levels generated from elevated hepatic de novo lipogenesis in our db/db mice, we 

employed the same surrogate measures (i.e., total 16:1/18:2 in plasma DG and TG species) to 

determine whether the circulating pool of 16:1 FA was altered in any of the obese groups fed a 

Western diet in our Human insulin resistance and obesity study (Chapter 6).  The mean total 

16:1/18:2 in plasma DG species was (Lean/insulin sensitive (IS): mean 0.20 ± 0.02 (SEM); Ov-

ob/IS: 0.28 ± 0.02; Ov-ob/IR: 0.25 ± 0.02; and T2D: 0.32 ± 0.03 respectively), with significant 

elevations observed in the Ov-ob/IS and T2D groups compared with the lean/IS group (both P < 

0.05). Likewise, the mean total 16:1/18:2 in plasma TG species was (Lean/IS: 0.79 ± 0.06; Ov-

ob/IS: 0.98 ± 0.06; Ov-ob/IR: 0.92 ± 0.06; and T2D: 1.02 ± 0.08 respectively), with significant 

elevations again observed in the Ov-ob/IS and T2D groups compared with the lean/IS group 

(both P < 0.05). These results suggest that there was an increased synthesis of 16:1 FA in the 

Ov-ob/IS and T2D groups.  

 

The total 16:1/16:0 FA ratio in fasting serum CEs (an estimation of stearoyl-CoA-desaturase 

activity) and 16:1 FA content in both fasting serum CEs and phospholipids were found to be 

biomarkers of the high saturated FA content of Western diets (consisting of 35% total energy as 

fats, with 57% of total fat content consisting of saturated fats) [233]. However, in our human 

study, and in most studies involving human subjects, the dietary fat and carbohydrate 
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composition of participants was not accurately recorded, making it difficult to determine the 

influence of dietary fats on fasting plasma FA composition and estimates of hepatic de novo 

lipogenesis. 

 

Taken together, these data support an increase in lipogenesis associated with a high calorie diet 

in mice and humans, and that this is associated with obesity, IR and T2D. The total 16:1/18:2 in 

DG and TG species are sensitive markers for this. Interestingly, although the mice appear to 

show a difference in these surrogate measures at different ages (stages of disease), there does not 

appear to be a difference between the Ov-ob/IS, Ov-ob/IR and the T2D groups. This may be 

owing to a lack of statistical power given the small sample size of the human cohort and the 

variation within the cohort. Alternatively, different diets (proportion of fat and carbohydrate) in 

the different groups may mask any differences in lipogenesis rates between groups. The major 

difference between the mice and human studies is that the mice consumed identical diets (albeit 

in different amounts) whereas the human diets were not strictly recorded. 

 

7.1.4 Triacylglycerol species are potential risk factors for obesity, insulin resistance and 

type 2 diabetes 

 

The fatty acid composition is critical in determining whether a particular TG species is positively 

or negatively associated with obesity, IR and T2D [13,26,29,30,31]. Generally, circulating TG 

species containing low total FA-carbon number (≤ 52) and low total FA-double bond number (≤ 

2) are associated with IR and increased risk of T2D, whereas TG species containing higher total 

FA-carbon number and higher total FA-double bond number are associated with decreased risk 

of T2D, and are not correlated with IR. Moreover, the accumulation of TG species containing 

lower total FA-carbon number and lower total FA-double bond number was more pronounced in 

hearts of 15 week old male obese, hyperglycaemic and IR db/db mice db/db mice compared with 

corresponding male wild-type mice [77].  

 

In contrast, from the 40 TG species measured in our db/db mouse study (Chapter 4), we found 

that there was no statistical difference in the number of “saturated” and “unsaturated” (or low 

total FA-carbon number versus higher total FA-carbon number) TG species that were 

significantly elevated in plasma or any metabolic tissues (liver, skeletal muscle, left-ventricle 

and adipose) in male or female db/db mice at 6, 10 and 16 weeks of age compared with the 

corresponding H/H mice. We concluded that both “saturated” and “unsaturated” TG species 
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were equally predictive of obesity, IR and T2D in our db/db mice, and that the inability to 

discriminate between “saturated” and “unsaturated” TG speciesas biomarkers of disease 

progression in the db/db mice may relate to the severity of disease, which often resulted in 

nearly all of the TG species being significantly elevated, particularly in male db/db mice (Ch 4 

Table 4.14). However, the inability to distinguish between “saturated” and “unsaturated” TG 

effects may also relate to the definition applied to these TG groups. 

 

Conversely, in our Human insulin resistance and obesity study (Chapter 6), linear regression 

analysis revealed that fasting plasma TG species that were “saturated” and/or contained an odd-

numbered carbon FA were highly predictive of IR (by HOMA-IR) in the three non-diabetic 

groups (Lean/IS, Ov-ob/IS and Ov-ob/IR). In addition, ANCOVA post-hoc analysis revealed 

that fasting plasma “saturated” TG species were highly predictive, and odd-chain TG species 

were almost predictive (P = 0.06) of combined obesity/IR and T2D. However, there was no 

indication that TG species were predictive of obesity, either by direct comparison of the Ov-

ob/IS and Lean/IS groups, or by linear regression analysis of fasting plasma lipids against BMI 

in the four study groups.  

 

Odd-chain fatty acids are thought to be derived totally from dietary sources (primarily from 

products of ruminant digestion in dairy animals), as they cannot be synthesised by mammals. 

Therefore, they represent a sensitive marker of dairy fat intake. A Western diet in humans may 

contain a relatively large amount of dairy fats, which are incorporated into TG species. Thus a 

high dietary fat content in humans is associated with IR and T2D, whereas the elevated hepatic 

lipogenesis induced by the low-fat/high-carbohydrate diet) in db/db mice is associated with IR 

and T2D. Therefore, humans that consume a high dairy and/or high saturated fat diet appear to 

be at higher risk of T2D than individuals eating a high carbohydrate diet, but the problem 

associated with increased hepatic lipogenesis in db/db mice is potentially more damaging.  

 

7.1.5 Phosphatidylcholine species are potential risk factors for obesity, insulin resistance 

and type 2 diabetes in db/db mice 

 

The role of plasma PC and PE species as potential risk factors for obesity, IR and T2D has not 

been fully explored. Notably, the six fasting plasma diacyl-PC species that were associated with 

increased risk of T2D in two prospective human cohort studies [13,148], namely PC 32:1, PC 

34:2, PC 36:1, PC36:2, PC 38:3 and PC 40:5, were also significantly elevated in our six week 
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old male and female db/db mice (except PC 34:2 in the female db/db mice). These findings 

indicate that the same PC species that predict T2D risk in human studies are positively 

associated with early onset of obesity and IR in six week old db/db mice. Conversely, most of 

the PC species that were significantly decreased in liver, skeletal muscle and left-ventricle in 

male db/db mice (but not female db/db mice) contained an odd-numbered carbon FA. These 

latter findings are compelling, given that approximately two-thirds of the 40-odd measured PC 

species contain only even-numbered carbon FAs, and the other one-third contain an odd-

numbered carbon FA. These results suggest a protective role for liver, skeletal muscle and left-

ventricle odd-chain PC species against obesity, IR and T2D in our male db/db mice. Supporting 

our findings, Meikle et al. found that T2D and stable coronary artery disease were negatively 

associated with PC 33:2 and PC 35:2 (vs. NGT subjects) [9,10], and odd-chain 15:0 and 17:0 

fatty acids were found to be negatively associated with incident T2D [170,171]. In mice, as in 

humans, odd-chain fatty acids are thought to be derived primarily from dairy fats), and suggests 

a protective role for liver, skeletal muscle and left-ventricle odd-chain PC species against 

obesity, IR and T2D in our male db/db mice [168,169]. 

 

An alternative explanation may involve the dilution of the dietary derived odd-chain fatty acids 

by the elevated pool of even-chain saturated (16:0 and 18:0) and monounsaturated (16:1 and 

18:1) fatty acids derived from increased hepatic de novo lipogenesis in our male db/db mice 

(Figures 4.19 and 4.20). The relative amounts of odd-chain fatty acids being incorporated into 

PC species (by competitive competition) diminishes with a greater synthesis of even-chain 

saturated (16:0 and 18:0) and monounsaturated (16:1 and 18:1) fatty acids. This may contribute 

to the significant lowering of odd-chain PC species in liver, skeletal muscle and left-ventricle 

compared with the corresponding H/H mice. Harmancey et al. found that male Wistar rats fed a 

low-fat/high-carbohydrate diet had strikingly higher hepatic de novo lipogenic rate, delta-9 

desaturase expression/activity and plasma 16:1-to-16:0 ratio than rats fed either a high-fat/high-

carbohydrate “Western” diet or high-fat diet [47]. This increase in hepatic de novo lipogenesis 

was required to supply the heart with a normal amount of 16:1, and to maintain a normal cardiac 

16:1-to-16:0 ratio, as monounsaturated fatty acids are critical components of lipids in 

membranes [159]. 
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7.1.6 Early pathological cardiolipin remodelling and possible drug intervention strategies 

 

Obesity and diabetes are associated with systemic oxidative stress, a primary causative factor of 

IR, which is characterised by increased ROS production [181,182,183]. Elevated levels of ROS 

induce CL peroxidation and pathological remodelling of CL, resulting in a loss of the 

predominant CL species, CL 18:2/18:2,18:2/18:2, and replacement of the 18:2n-6 FA with 

polyunsaturated fatty acids, mainly DHA, 22:6n-3 [64,184]. The increased 22:6n-3 content in 

CL stimulates mitochondrial membrane potential and proton leakage, and renders CL highly 

sensitive to oxidative damage, leading to increased cell oxidant production [185,186], further 

lipid peroxidation, mitochondrial dysfunction, and metabolic complications. 

 

ALCAT1, an acyltransferase that catalyzes the reacylation of lyso-CL species to mature CL 

species using acyl-FA chains donated by acyl CoA [124], has already been targeted for drug 

intervention strategies to prevent obesity, IR, diabetes and heart failure. ALCAT1 is involved in 

the pathological remodelling of CL in response to oxidative stress that precedes and 

accompanies diabetes, obesity, and cardiomyopathy, generating CL species that are highly 

sensitive to oxidative damage [187,234,235]. 

 

Li et al. showed that stable over-expression of ALCAT1 in C2C12 mouse myoblasts decreased 

total fatty acyl-content in CL by 40% (versus empty vector), which included significant 

decreases in C16:0, C16:1, C18:1 and C18:2 content in CL, and significant increases in C20:1, C 

20:3, C20:4 and C22:6 content in CL. This destructive CL remodelling was associated with 

increased ROS production and mitochondrial dysfunction [187]. Secondly, ALCAT1 deficiency 

in ALCAT
-/-

 knock-out mice resulted in significant increases in heart CL 18:2/18:2/18:2/18:2 

and liver PG, protection from high-fat diet-induced obesity and IR, and improved mitochondrial 

complex I activity, lipid oxidation and insulin signalling (insulin-simulated Akt 

phosphorylation). Thirdly, ALCAT1 mRNA expression was upregulated in heart, liver and 

skeletal muscle in high-fat diet-induced obese C56BL/6 mice, and both mRNA expression and 

enzyme activity were upregulated with the onset of T2D in db/db mice. Finally, ALCAT1 was 

found to have a causative role in mitochondrial dysfunction in response to oxidative stress in 

isolated primary cardiomyocytes from B56BL/6 mice [187]. The development of inhibitors of 

ALCAT1 may provide novel treatments for cardiac hypertrophy and other heart diseases [234]. 

 



235 
 

In our db/db mice, early onset left-ventricle CL remodelling (i.e., elevated levels of 16:1 FA-

containing CL species and lower levels of 22:6 FA-containing CL species) mirrored the changes 

seen in specific donor sn-2 16:1 FA-containing PC species (PC 32:1, PC 32:2 and PC 34:2) and 

sn-2 22:6 FA-containing species (PC 38:6b, PC 40:6 and PE 40:6) respectively (Chapter 4, 

Figure 4.10). Similar to the scenario observed with the decrease in odd-chain PC species in liver, 

skeletal muscle and left-ventricle of male db/db mice, the increased hepatic lipogenesis 

(increased 16:1 and 18:1) may have diluted out the dietary 18:2 and 22:6 fatty acids. This 

highlights the important balance that exists between different fatty acid species in maintaining 

lipid homeostasis in different lipid classes. Therefore, similar to the work done with ALCAT1 

[187], a series of experiments could be designed to determine whether specific transacylases 

(enzymes that catalyze the reacylation of lyso-CL species to mature CL species using the sn-2 

acyl FA-chain donated by abundant PC and PE species) [124] are directly involved in the 

pathological remodelling of CL species and mitochondrial dysfunction in response to oxidative 

stress. Eventually, specific transacylases in the CL remodelling pathway may be targeted for 

drug intervention strategies (e.g. inhibitors) designed to prevent obesity, IR, diabetes and heart 

failure. 

 

7.1.7 Comparison of lipid abnormalities associated with obesity in humans and db/db mice 

 

In our Human insulin resistance and obesity study, the PC(O) species (PC(O-32:0), PC(O-34:1) 

and PC(O-36:2)) and PC(P-32:0) were significantly lower in fasting plasma in the Ov-ob/IS 

versus Lean/IS group (i.e., obesity-induced effects) (Table S6.1). In agreement with these 

findings, Pietilainen et al. observed that some serum ether-linked phospholipids were 

significantly decreased in young adult monozygotic obese co-twins compared with non-obese 

co-twins, independent of genetic factors [29]. Moreover, a large prospective human case-cohort 

study revealed that five baseline serum acyl-alkyl-PC(O) species (PC(O-34:3), PC(O-40:6), 

PC(O-42:5), PC(O-44:4) and PC(O-44:5)) were independently associated with decreased risk of 

T2D [148], and Meikle et al. reported that prediabetes and T2D were negatively associated with 

fasting plasma PC(O) and PC(P) subclasses [9]. 

 

In contrast, there were significant elevations in some fasting plasma PC(O), PC(P) and PE(P) 

species in our six week old mildly obese/glucose intolerant male db/db mice (Table S4.5), and in 

PC(O) and PC(P) species in mildly obese/IR female db/db mice at 10 weeks of age (Table 

S4.10). In support of these findings, Graessler et al. found that PE(O-36:5) and PE(O-38:7) were 
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significantly elevated in fasting plasma in men with BMI > 27.5 kg/m
2 

compared with leaner 

men [28]. The increase in plasmalogens early in the disease process both in db/db mice and 

obese men may be in response to increased oxidative stress, which is subsequently overwhelmed 

as the disease progresses with increasing oxidative stress. The contrasting results for ether-

phospholipids in human and mouse studies may be attributable to the severity of disease in each 

individual, combined with differences in gender, age, genetic background, environmental factors 

(especially diet), species-type, and the robustness of the statistical tests. The use of large 

population based cohorts, coupled with appropriate statistical tests (e.g. linear and logistic 

regression) and covariates, provides the statistical power to identify significant but subtle 

independent associations between lipid species and classes/subclasses (e.g. PC(P) and PE(P) 

plasmalogens and LPC) and lifestyle measures (e.g. obesity and smoking) [11]. Further work is 

required to fully define the role of these ether-linked lipids in T2D. 

 

7.1.8 Comparison of lipid abnormalities associated with insulin resistance in humans and 

db/db mice 

 

In our Human insulin resistance and obesity study, ANCOVA analysis revealed that nine fasting 

plasma LPC species were significantly lower in the Ov-ob/IR group compared with the Ov-ob/IS 

group, and the CE class along with two CE, two DG and two TG species were significantly 

elevated in the Ov-ob/IR group (i.e., IR-induced effects) (Tables 6.3 and S6.1). The total LPC 

subclass and seven LPC species were also found to be significantly lower in fasting plasma of 

healthy sedentary adults after 28 days overfeeding (by 1250 kcal/day), which corresponded to 

decreased insulin sensitivity [54]. Notably, LPC 22:6 was also positively correlated with insulin 

sensitivity in this study, flagging this lipid as a sensitive biomarker of early IR. 

 

In our db/db mouse study, fasting plasma LPC and LPE subclasses (mostly saturated and 

monounsaturated short-chain FA-containing LPC species) were already elevated in the mildly 

obese/hyperinsulinaemic (P < 0.07) male db/db mice and non-obese/hyperinsulinaemic and IR 

female db/db mice at 6 weeks of age (Table S5 and Table S10). These elevations in circulating 

LPC and LPE species occurred in the presence of hyperinsulinaemia before the onset of chronic 

obesity, and suggest a link between lysophospholipids and early inflammation and IR in db/db 

mice.    
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It is also likely that the early elevation of plasma LPC 16:0, LPC 16:1, LPC 18:0 and LPC 18:1 

in our six week old db/db mice reflects the increased hepatic de novo lipogenesis (Figures 4.17 

and 4.18), as hepatic de novo lipogenesis is activated by low-fat/high-carbohydrate diets, 

hyperinsulinaemia and hyperglycaemia [47]. Other studies have noted that the dietary fat 

composition is important in determining the FA composition and levels of circulating LPC 

species [26,48]. Therefore, the dietary FA composition and probably the genotype of the animal, 

is critical in determining the types of changes in LPC levels in rodent models of obesity/IR. The 

early elevation of plasma and liver LPC 16:1 in our db/db mice may serve as a biomarker of 

increased hepatic de novo lipogenesis.  

 

Our LPC findings in db/db mice are in agreement with some, but not other, animal and human 

studies that have examined LPC in obesity, IR, prediabetes and T2D. In agreement with our 

findings, fasting plasma LPC species (mostly saturated and monounsaturated short-chain FA-

containing LPC species) were found to be significantly elevated in adult monozygotic obese co-

twins [29], overweight/obese IR men (with a higher saturated fat intake) [48], adults with 

prediabetes [9], and young pigs with early obesity, endothelial dysfunction and oxidative stress 

[57]. In contrast, fasting plasma LPC species were found to be significantly decreased in glucose 

intolerant and insulin resistant individuals [13,53], obese-insulin sensitive and obese-T2D 

subjects [26] and male C57BL/6J mice fed a high-fat diet for 12 weeks (vs. mice fed a low-fat 

diet) [26]. Similar to the variable results obtained with ether phospholipids, the independent 

association of LPC and lifestyle measures (e.g. obesity) can be better teased out using large 

population based cohorts, the appropriate statistical tests, covariates and correction of P-values 

for multiple comparisons [9, 11]. It is also highly important to design experiments that control 

for confounding influences and optimise the statistical power achieved within the datasets. 

 

7.1.9 Liver genes linked to lipid metabolic pathway/diabetes-specific disease states in male 

db/db mice 

 

It was also important to examine the relationship between lipid abnormalities and gene 

expression profiling in db/db mice to identify genes that were associated with specific metabolic 

pathways and lipid classes/subclasses affected by disease progression. This line of investigation 

offers the opportunity to identify specific gene candidates or lipid biomarkers as potential 

therapeutic targets for the development of suitable preventative and/or therapeutic treatments 

associated with human obesity, IR and T2D.  
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Correlation analyses of the 21 liver lipid classes/subclasses (using targeted lipid profiling) 

against the 68 differentially expressed genes (using DNA microarray of the mouse whole-

genome) linked to lipid pathway/diabetes-specific disease states (compiled from KEGG Pathway 

Maps and DisGenet Gene-disease associations databases) showed that the elevated TG, DG, CE, 

LPE and LPC lipid classes/subclasses in male db/db mice at 10 and 16 weeks of age were 

significantly correlated with 30 different genes (totalling 65 significant correlations) representing 

12 lipid pathway/diabetes-specific disease states. The TG class and LPE subclass were very 

prominent, showing significant correlations with 24 and 20 genes respectively, with 15 genes 

common to both (including Aldh3a2, Acadm, Socs2, Pcsk9, Hhex, Vldlr and Pparg). 

 

These correlation analyses confirmed the close link between liver lipid abnormalities (by 

targeted lipid profiling) and differentially expressed genes associated with lipid 

pathway/diabetes-specific expression (by microarray) in db/db mice. It is a powerful tool for 

detecting not only the relationships between specific genes and lipid classes (and probably 

species), but also informing on the directional change and magnitude of metabolic perturbations 

associated with increasing severity of disease in the livers of male db/db mice. This approach 

could also be used to identify potentially important pathways for validation in suitable animal or 

human studies. 

 

Finally, many of the differentially expressed liver genes that were linked to lipid 

pathway/diabetes-specific disease states in the db/db mice (Acadl, Scd1, Pparg, Socs2, Vldlr, 

Hhex, Pgam1, Lpl and Lpin1) have been determined as candidate genes for human T2D 

[113,206,207,208]. Therefore, the db/db mice (C57BL/KsJ background) mouse model of 

obesity, IR and T2D is suitable for identifying specific gene candidates or lipid classes/species 

as potential therapeutic targets for early prevention or treatment of comparable human disease 

cohorts. 

 

7.1.10 Final thesis synopsis 

 

The diabetic db/db mouse and human obesity and IR studies saw the development of surrogate 

markers that identified an important role for hepatic de novo lipogenesis in the pathogenesis of 

T2D. The early CL remodelling in the left-ventricle of db/db mice is associated with oxidative 

stress, and may be targeted to prevent the onset of mitochondrial dysfunction and disease 
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progression. The development of targeted lipid profiling methodology successfully characterised 

lipids (e.g.ether-phospholipids and lysophospolipids) that were implicated in the development of 

pre-diabetes. The combination of gene expression and targeted lipid profiling in the livers of 

male db/db mice identified specific lipid classes, metabolic pathways and genes as potential 

candidates for pre-diabetes and T2D. The comparison of lipid abnormalities associated with 

mouse and human obesity, IR, pre-diabetes and T2D defined lipids that were associated with 

obesity (independently of IR), IR (independent of obesity), and the deterioration of lipid profiles 

associated with combined obesity/IR and T2D.  

 

In this regard, the „Omics‟ design implemented in this thesis project provides a solid platform to 

develop hypotheses and more targeted experiments to further investigate the complex 

relationship between changing lipid levels, lipid metabolic pathways, gene expression and the 

pathogenesis of T2D. For example, one could test the following hypotheses generated from the 

findings of the mouse and human studies: 1) Early metabolic events in chow-fed db/db mice, 

including the elevation of hepatic lipogenesis, CL remodelling in the left-ventricle, hepatic 

steatosis (accumulation of TG), elevations in proinflammatory/proatherogenic species of the 

lysophospolipids LPE and LPC and/or decreases in anti-oxidant species of the plasmalogens 

PC(P) and PE(P) lead to the development of obesity, IR, prediabetes and T2D, and are 

associated with decreased energy expenditure, blocked leptin receptor signalling and/or 

oxidative stress; 2) Progression of disease in db/db mice is associated with more hepatosteatotis 

and oxidative stress, which corresponds to the generation of more reactive oxygen species, more 

peroxidation damage to susceptible CL, polyunsaturated and/or plasmalogen lipid species, and a 

decrease in the rate of hepatic de novo lipogenesis, reducing the availability of phospholipids 

(PC, PE, PI, CL) for membrane structure, energy metabolism and mitochondrial function; and 3) 

Transcriptional regulation at the gene and metabolic pathway level are responsible for the lipid 

abnormalities associated with obesity, IR, prediabetes and T2D.  

 

These hypotheses could be tested using carefully designed experiments in appropriate models of 

murine obesity, IR and diabetes and similar human cohorts by simultaneously measuring 

markers of oxidative stress, the oxidation of specific lipid species, mitochondrial function, 

metabolite tracer studies designed to quantitate the uptake, metabolism and distribution of 

specific lipids/metabolites in plasma and different tissues, and the association of specific genes 

and lipids with progression of disease using microarrays and targeted lipid profiling respectively. 
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APPENDICES 

 

Table S4.1 Relationship between genotype and liver lipid species in male mice. 

 

Lipid species  

6 weeks 10 weeks 16 weeks 

P-

value
a 

db/h 

vs. 

H/H
b
 

db/db 

vs. 

H/H
b 

db/db 

vs. 

db/h
b
 

P-

value
a
 

db/h 

vs. 

H/H
b
 

db/db 

vs. 

H/H
b
 

db/db 

vs. 

db/h
b
 

P-

value
a
 

db/h 

vs. 

H/H
b
 

db/db 

vs. 

H/H
b
 

db/db 

vs. 

db/h
b
 

Cer 16:0 0.825 -0.1 0.0 0.0 0.196 0.0 0.4 0.8 0.007 0.0 2.6 1.7 

Cer 18:0 0.717 -0.1 -0.2 0.0 0.058 0.0 1.3 0.9 0.006 -0.3 2.1 2.0 

Cer 20:0 0.648 0.3 0.1 0.0 0.396 0.0 0.5 0.1 0.071 0.0 1.1 1.0 

Cer 22:0 0.601 0.3 0.1 -0.1 0.733 0.0 0.0 0.1 0.861 0.0 0.0 0.0 

Cer 24:0 0.755 0.1 0.1 0.0 0.852 0.0 0.0 0.0 0.148 0.0 -0.9 -0.6 

Cer 24:1 0.755 0.0 0.0 0.1 0.464 0.0 0.2 0.3 0.890 0.0 0.0 0.0 

MHC 16:0 0.794 0.0 0.0 -0.1 0.663 0.0 -0.1 -0.1 0.467 0.1 -0.1 -0.3 

MHC 20:0 0.449 0.1 -0.3 -0.6 0.250 0.0 0.7 0.3 0.254 0.2 0.6 0.2 

MHC 22:0 0.467 0.7 0.1 -0.1 0.628 0.1 0.2 0.0 0.479 0.3 0.0 -0.1 

MHC 24:0 0.575 0.3 0.0 -0.1 0.659 0.0 -0.1 -0.1 0.070 0.0 -1.2 -0.9 

MHC 24:1 0.776 0.0 0.0 -0.1 0.896 0.0 0.0 0.0 0.289 0.0 -0.4 -0.5 

DHC 24:1 0.719 -0.1 0.0 0.1 0.704 0.0 0.3 0.0 0.080 0.8 1.1 0.0 

SM 31:1 0.649 -0.1 -0.3 0.0 0.549 0.0 -0.1 -0.2 0.528 0.0 -0.1 -0.2 

SM 34:1 0.660 0.0 -0.4 0.0 0.920 0.0 0.0 0.0 0.816 0.0 0.0 0.0 

SM 35:1 0.093 0.0 -2.7 -4.1 0.325 0.0 -0.6 -0.2 0.895 0.0 0.0 0.0 

SM 36:1 0.962 0.0 0.0 0.0 0.099 0.0 2.0 0.1 0.140 -1.1 -0.4 0.0 

SM 38:1 0.264 0.5 0.0 -2.0 0.236 0.3 -0.2 -0.6 0.036 0.0 -1.5 -1.2 

SM 38:2 0.700 0.1 0.1 0.0 0.375 0.3 0.4 0.0 0.061 0.5 -0.2 -1.5 

SM 39:1 0.469 0.3 0.0 -0.5 0.070 0.0 -0.8 -1.3 0.025 0.1 -1.5 -1.5 

SM 41:1 0.448 0.0 -0.6 -0.6 0.909 0.0 0.0 0.0 0.014 0.0 -1.9 -1.7 

SM 41:2 0.948 0.0 0.0 0.0 0.479 0.0 0.0 -0.6 0.035 0.0 -1.5 -1.3 

SM 42:1 0.591 0.2 0.0 -0.3 0.628 0.0 -0.2 -0.1 0.004 0.0 -2.4 -2.5 

PC 30:0 0.700 0.0 0.0 0.2 0.909 0.0 0.0 0.0 0.018 0.0 -1.8 -1.6 

PC 31:0 0.467 0.0 -0.5 -0.4 0.015 0.0 -1.8 -1.8 0.003 0.0 -2.9 -2.2 

PC 31:1 0.624 0.0 0.3 0.1 0.832 0.0 0.0 0.0 0.633 0.0 -0.1 -0.1 

PC 32:0 0.226 0.0 -1.9 -1.7 0.024 0.0 -1.0 -2.1 0.003 -0.4 -2.7 -2.4 

PC 32:1 0.237 0.2 1.2 1.6 0.009 0.8 2.6 0.6 0.148 0.0 -0.4 -1.0 

PC 32:2 0.249 0.3 1.2 1.3 0.010 0.8 2.3 0.9 0.100 0.6 -0.1 -1.1 

PC 32:3 0.459 0.8 0.3 0.0 0.575 0.0 0.4 0.0 0.472 0.0 -0.1 -0.4 

PC 33:0 0.362 0.0 -1.1 -0.8 0.029 0.0 -1.6 -1.2 0.002 -0.1 -3.0 -2.8 

PC 33:1 0.873 0.0 0.0 0.1 0.740 0.0 -0.1 -0.1 0.002 0.0 -2.4 -3.3 

PC 33:2 0.279 0.3 0.0 -1.8 0.005 0.0 -2.4 -2.2 0.009 0.0 -1.8 -2.2 

PC 34:0 0.473 0.0 0.4 0.4 0.111 0.2 1.3 0.1 0.005 -0.2 -2.2 -2.3 

PC 34:1 0.549 0.0 0.3 0.2 0.449 0.1 0.4 0.0 0.005 -0.7 -2.2 -1.9 

PC 34:2 0.219 0.8 -0.4 -3.3 0.024 0.8 -0.3 -2.1 0.031 0.0 -1.6 -1.3 

PC 34:3 0.649 0.2 0.1 0.0 0.513 0.3 0.0 -0.2 0.142 0.0 -0.6 -1.0 

PC 34:4 0.603 0.1 0.3 0.0 0.628 0.1 0.2 0.0 0.210 0.0 -0.5 -0.6 

PC 34:5 0.293 0.0 0.9 1.2 0.006 0.0 2.1 2.4 0.090 0.7 1.0 0.2 

PC 35:0 0.509 -0.3 -0.5 0.0 0.738 0.1 0.0 0.0 0.413 0.2 0.2 -0.1 

PC 35:1 0.823 0.0 0.1 0.0 0.704 0.0 0.0 0.2 0.191 0.0 -0.8 -0.5 

PC 35:2 0.874 0.0 -0.1 0.0 0.250 -0.3 -0.5 -0.2 0.847 0.0 0.0 -0.1 

PC 35:3 0.738 0.0 0.0 -0.1 0.055 0.1 -0.6 -1.6 0.006 0.5 -1.5 -2.4 

PC 36:1 0.660 0.0 0.2 0.1 0.001 -0.1 3.5 3.4 0.947 0.0 0.0 0.0 

PC 36:2 0.823 0.0 0.0 0.1 0.041 0.0 1.2 1.3 0.482 0.0 0.3 0.2 

PC 36:3 0.459 0.0 0.6 0.4 0.006 0.1 3.5 1.1 0.960 0.0 0.0 0.0 

PC 36:4a 0.717 0.1 0.2 0.0 0.662 0.1 0.2 0.0 0.771 0.0 0.0 0.0 

PC 36:4b 0.226 0.2 -1.1 -2.6 0.006 0.7 -0.9 -3.1 0.005 -0.1 -2.6 -1.8 

PC 36:5 0.253 0.0 1.2 1.4 0.001 0.0 4.1 3.7 0.479 0.1 0.3 0.0 
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Lipid species  

6 weeks 10 weeks 16 weeks 

P-

value
a 

db/h 

vs. 

H/H
b
 

db/db 

vs. 

H/H
b 

db/db 

vs. 

db/h
b
 

P-

value
a
 

db/h 

vs. 

H/H
b
 

db/db 

vs. 

H/H
b
 

db/db 

vs. 

db/h
b
 

P-

value
a
 

db/h 

vs. 

H/H
b
 

db/db 

vs. 

H/H
b
 

db/db 

vs. 

db/h
b
 

PC 36:6 0.264 0.0 1.4 1.2 0.002 0.1 3.5 2.6 0.910 0.0 0.0 0.0 

PC 37:4 0.459 0.0 -0.6 -0.4 0.024 0.0 -1.4 -1.6 0.381 0.0 -0.4 -0.2 

PC 37:5 0.794 0.0 0.0 0.1 0.808 0.0 0.0 0.0 0.384 -0.1 -0.2 -0.3 

PC 37:6 0.365 0.0 -0.4 -1.1 0.008 0.0 -2.1 -2.1 0.005 0.0 -2.6 -2.0 

PC 38:2 0.459 0.1 0.4 0.5 0.160 0.3 0.9 0.1 0.017 0.1 -1.5 -1.9 

PC 38:3 0.487 0.0 0.1 0.6 0.001 0.0 4.1 3.4 0.072 0.0 1.2 0.9 

PC 38:4 0.459 0.0 -0.6 -0.4 0.721 0.1 0.0 -0.1 0.571 -0.2 0.0 0.0 

PC 38:5 0.516 0.0 0.3 0.4 0.099 0.0 1.7 0.2 0.771 -0.1 0.0 0.0 

PC 38:6a 0.875 0.0 0.0 0.0 0.832 0.0 0.0 0.0 0.099 -0.4 -1.1 -0.2 

PC 38:6b 0.398 0.0 -0.4 -1.0 0.341 0.0 -0.3 -0.5 0.007 -1.2 -2.4 -0.5 

PC 38:7 0.313 0.1 0.9 1.0 0.018 0.3 2.4 0.6 0.608 0.2 0.0 0.0 

PC 39:6 0.516 0.0 -0.5 -0.1 0.413 -0.2 -0.5 0.0 0.357 -0.7 0.0 0.0 

PC 39:7 0.934 0.0 0.0 0.0 0.259 0.0 -0.4 -0.6 0.025 0.0 -1.1 -2.1 

PC 40:5 0.700 0.0 0.1 0.1 0.005 0.0 3.0 1.9 0.029 0.0 1.5 1.5 

PC 40:6 0.911 0.0 0.0 0.0 0.302 0.0 0.5 0.3 0.060 -0.7 0.4 1.2 

PC 40:7 0.825 0.0 0.0 0.0 0.196 0.0 0.8 0.3 0.384 -0.4 -0.2 0.0 

PC(O-32:1) 0.846 0.0 0.1 0.0 0.817 0.0 0.0 0.0 0.409 0.1 -0.2 -0.3 

PC(O-34:1) 0.514 0.0 -0.6 -0.3 0.185 0.0 -0.6 -0.6 0.061 0.0 -1.0 -1.2 

PC(O-34:2) 0.710 0.0 -0.1 -0.2 0.245 0.0 -0.4 -0.7 0.051 0.0 -1.6 -0.9 

PC(O-35:4) 0.459 0.2 0.6 0.1 0.853 0.0 0.0 0.0 0.141 0.4 -0.1 -1.0 

PC(O-36:0) 0.516 0.0 0.0 -0.7 0.155 0.0 -0.8 -0.6 0.002 0.0 -2.9 -2.9 

PC(O-36:2) 0.487 0.0 -0.1 -0.7 0.004 0.0 -3.8 -1.6 0.559 0.0 -0.1 -0.2 

PC(O-36:3) 0.742 0.0 0.0 -0.2 0.018 -0.1 -1.6 -1.8 0.283 0.0 -0.5 -0.4 

PC(O-36:4) 0.613 0.0 -0.3 -0.2 0.013 -0.2 -2.1 -1.3 0.021 0.0 -2.1 -1.1 

PC(O-36:5) 0.516 0.0 -0.1 -0.5 0.843 0.0 0.0 -0.1 0.130 0.0 -0.9 -0.7 

PC(O-38:5) 0.375 0.0 -1.2 -0.5 0.194 0.0 -0.7 -0.5 0.009 0.0 -1.8 -2.2 

PC(O-40:6) 0.549 0.0 -0.3 -0.2 0.271 -0.2 -0.7 -0.1 0.357 -0.7 -0.1 0.0 

PC(O-40:7) 0.226 0.0 -1.6 -1.8 0.117 0.2 -0.2 -1.2 0.042 0.0 -1.6 -1.0 

PC(P-32:0) 0.648 0.0 -0.1 -0.3 0.567 0.0 0.0 -0.3 0.526 -0.3 -0.1 0.0 

PC(P-34:1) 0.673 0.1 0.0 -0.2 0.035 0.0 -1.3 -1.3 0.007 0.0 -2.4 -1.9 

PC(P-36:2) 0.875 0.0 0.0 0.0 0.130 -0.1 -0.8 -0.7 0.007 -0.1 -2.5 -1.6 

PC(P-36:4) 0.730 0.0 0.0 -0.1 0.846 0.0 0.0 -0.1 0.099 0.0 -1.0 -0.7 

PC(P-38:4) 0.448 0.8 0.1 -0.3 0.575 0.0 -0.2 -0.1 0.025 -0.1 -2.0 -0.8 

PC(P-38:5) 0.533 0.0 -0.3 -0.4 0.745 0.0 -0.1 0.0 0.061 -0.4 -1.4 -0.2 

PC(P-38:6) 0.362 0.0 -0.5 -1.1 0.069 0.0 -1.4 -0.6 0.002 -0.8 -3.3 -3.3 

PC(P-40:5) 0.467 0.0 -1.2 -0.1 0.051 -0.5 -1.7 -0.2 0.008 -0.8 -2.3 -1.0 

PC(P-40:6) 0.362 0.2 -0.4 -1.0 0.024 0.0 -1.4 -1.6 0.002 -1.4 -3.1 -1.0 

LPC 16:0 0.449 0.8 0.4 0.0 0.131 0.4 0.8 0.3 0.090 0.1 1.2 0.6 

LPC 16:1 0.226 0.2 1.6 1.4 0.001 1.4 4.1 3.7 0.002 2.5 3.0 0.5 

LPC 18:0 0.816 0.0 0.1 0.0 0.051 0.0 0.8 1.5 0.153 0.0 0.7 0.8 

LPC 18:1 0.448 0.2 0.8 0.3 0.016 0.2 1.7 1.6 0.559 0.1 0.2 0.0 

LPC 18:2 0.449 0.3 0.9 0.0 0.021 0.7 1.3 1.5 0.045 0.4 1.5 0.6 

LPC 20:4 0.738 0.1 0.1 0.0 0.069 0.8 1.2 0.1 0.275 0.0 0.7 0.2 

LPC 22:6 0.710 0.1 0.1 0.0 0.022 0.7 2.0 0.5 0.055 0.0 1.3 1.0 

PE 32:0 0.794 0.0 -0.1 0.0 0.628 0.0 -0.2 -0.1 0.016 -0.2 -1.9 -1.4 

PE 32:1 0.253 0.0 1.1 1.6 0.001 2.0 3.8 1.3 0.061 0.9 0.0 -1.3 

PE 34:1 0.459 0.0 0.3 0.7 0.099 0.2 1.2 -0.3 0.002 0.0 -2.7 -2.9 

PE 34:2 0.833 0.1 0.0 0.0 0.521 0.3 0.0 -0.1 0.004 0.0 -2.3 -2.8 

PE 34:3 0.375 0.3 0.6 0.6 0.099 0.8 1.0 0.0 0.015 0.2 -1.3 -2.0 

PE 35:1 0.375 -0.7 0.0 0.8 0.289 0.0 0.1 0.7 0.148 0.1 -0.8 -0.6 

PE 35:2 0.833 0.0 0.0 0.0 0.130 -0.3 -0.8 -0.6 0.340 0.0 -0.5 -0.2 

PE 36:0 0.533 -0.1 0.1 0.4 0.249 0.0 0.8 0.2 0.378 0.0 -0.4 -0.2 

PE 36:1 0.459 0.0 0.4 0.6 0.004 0.0 2.8 2.2 0.248 -0.2 -0.6 -0.2 

PE 36:2 0.911 0.0 0.0 0.0 0.575 0.0 0.1 0.2 0.771 -0.1 0.0 0.0 
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Lipid species  

6 weeks 10 weeks 16 weeks 

P-

value
a 

db/h 

vs. 

H/H
b
 

db/db 

vs. 

H/H
b 

db/db 

vs. 

db/h
b
 

P-

value
a
 

db/h 

vs. 

H/H
b
 

db/db 

vs. 

H/H
b
 

db/db 

vs. 

db/h
b
 

P-

value
a
 

db/h 

vs. 

H/H
b
 

db/db 

vs. 

H/H
b
 

db/db 

vs. 

db/h
b
 

PE 36:3 0.660 0.0 0.2 0.1 0.282 0.0 0.6 0.2 0.190 0.0 -0.7 -0.6 

PE 36:4 0.982 0.0 0.0 0.0 0.284 0.3 0.7 0.0 0.023 0.0 -1.4 -1.8 

PE 36:5 0.264 0.0 1.1 1.4 0.001 0.6 4.1 3.1 0.299 0.7 0.0 -0.1 

PE 38:3 0.660 0.2 0.0 -0.1 0.733 -0.1 0.1 0.0 0.524 0.0 -0.1 -0.3 

PE 38:4 0.448 0.1 0.0 -0.9 0.431 0.1 -0.1 -0.3 0.264 0.0 -0.5 -0.4 

PE 38:5 0.755 0.0 0.1 0.1 0.142 0.2 1.3 0.0 0.816 0.0 -0.1 0.0 

PE 38:6 0.516 0.0 0.0 -0.6 0.733 -0.1 0.0 -0.1 0.018 -0.5 -2.0 -0.7 

PE 40:5 0.751 0.1 0.0 0.0 0.063 0.0 1.4 0.6 0.559 0.0 0.1 0.2 

PE 40:6 0.515 0.1 0.0 -0.5 0.909 0.0 0.0 0.0 0.444 -0.4 0.0 0.1 

PE 40:7 0.549 0.1 0.0 -0.4 0.704 0.2 0.0 -0.1 0.024 -0.5 -2.0 -0.4 

PE(O-36:2) 0.833 0.0 0.0 0.0 0.130 -0.3 -0.8 -0.6 0.340 0.0 -0.5 -0.2 

PE(O-36:5) 0.601 0.0 -0.1 -0.3 0.375 0.0 -0.5 -0.2 0.025 0.0 -2.0 -1.0 

PE(O-38:4) 0.448 0.0 -0.3 -0.8 0.099 -0.1 -1.3 -0.3 0.004 0.1 -2.5 -2.4 

PE(O-38:5) 0.953 0.0 0.0 0.0 0.932 0.0 0.0 0.0 0.095 -0.1 -1.2 -0.6 

PE(O-40:6) 0.437 0.0 -0.4 -0.9 0.247 -0.2 -0.8 0.0 0.742 -0.1 0.0 0.1 

PE(P-36:4) 0.575 0.0 -0.1 -0.4 0.403 0.0 -0.4 -0.2 0.025 0.0 -2.0 -1.0 

PE(P-38:4) 0.398 0.0 -0.6 -0.8 0.784 0.0 0.0 -0.2 0.102 0.0 -1.6 -0.2 

PE(P-38:5) 0.755 0.1 0.0 -0.1 0.879 0.0 0.0 0.0 0.059 0.0 -1.4 -0.8 

LPE 16:0 0.533 0.3 0.3 0.0 0.042 0.8 1.7 0.1 0.277 0.5 0.4 0.0 

LPE 18:0 0.449 0.9 0.3 0.0 0.012 1.8 2.3 0.0 0.003 1.6 2.6 1.3 

LPE 18:1 0.375 0.4 0.9 0.3 0.004 0.9 3.0 1.2 0.005 1.6 2.3 0.6 

LPE 20:4 0.467 0.6 0.4 0.0 0.017 0.8 2.6 0.1 0.357 0.2 0.4 0.0 

LPE 22:6 0.467 0.8 0.1 0.0 0.049 0.7 1.8 0.0 0.314 0.3 0.4 0.1 

PI 36:1 0.717 0.0 0.1 0.1 0.012 -0.1 1.2 2.4 0.581 -0.1 0.0 0.2 

PI 36:2 0.873 0.0 0.0 0.0 0.607 0.0 -0.1 -0.2 0.032 -0.1 -1.3 -1.5 

PI 38:2 0.264 0.0 1.1 1.4 0.001 -0.1 4.1 3.7 0.655 0.1 0.1 0.0 

PI 38:3 0.249 0.0 1.2 1.6 0.001 -0.1 4.1 3.4 0.587 0.1 0.2 0.0 

PI 38:4 0.603 0.0 0.0 -0.4 0.713 0.0 0.2 0.0 0.357 -0.5 0.0 0.2 

PI 40:4 0.516 0.1 0.4 0.2 0.002 0.3 3.8 2.1 0.033 0.6 -0.7 -1.5 

PI 40:5 0.467 0.0 0.5 0.5 0.003 0.0 2.8 2.6 0.771 0.0 0.1 0.0 

PI 40:6 0.516 0.1 0.0 -0.5 0.607 0.0 -0.3 0.0 0.002 0.1 -3.6 -3.3 

PS 36:1 0.533 0.0 -0.1 -0.4 0.856 0.0 0.0 0.0 0.025 -0.1 -1.7 -1.1 

PS 36:2 0.825 0.0 0.0 0.0 0.740 -0.1 -0.1 0.0 0.210 -0.1 -0.8 -0.2 

PS 38:3 0.872 0.0 0.0 0.0 0.254 0.0 0.7 0.3 0.465 0.0 -0.2 -0.2 

PS 38:4 0.398 0.0 -0.2 -1.3 0.536 0.0 -0.3 -0.1 0.134 0.0 -0.8 -0.8 

PS 38:5 0.467 0.0 0.5 0.4 0.008 0.0 2.0 2.2 0.442 0.0 -0.1 -0.4 

PS 40:5 0.923 0.0 0.0 0.0 0.218 -0.1 0.3 0.7 0.076 -0.4 -1.4 -0.1 

PS 40:6 0.575 0.0 -0.1 -0.4 0.721 -0.1 0.0 0.0 0.005 -1.0 -2.5 -1.1 

PG 34:1 0.660 0.3 0.0 0.0 0.334 0.1 0.7 0.0 0.046 0.0 -1.0 -1.7 

PG 34:2 0.601 0.0 -0.3 -0.1 0.005 0.0 -2.4 -2.2 0.006 -0.5 -2.5 -1.4 

PG 36:1 0.533 0.2 0.0 -0.4 0.686 -0.1 -0.1 0.1 0.865 0.0 0.0 0.0 

PG 36:2 0.362 0.0 -0.6 -1.1 0.250 0.0 -0.8 -0.2 0.378 -0.8 0.0 0.0 

PG 36:3 0.873 0.0 0.0 0.0 0.532 0.0 0.0 0.5 0.628 0.0 0.1 0.1 

BMP 18:1/18:1 0.516 0.0 0.1 0.5 0.021 0.0 2.4 0.8 0.378 0.2 0.4 0.0 

CL 18:2/18:2/18:2/16:1 0.313 0.6 0.9 0.5 0.022 0.8 2.1 0.2 0.270 0.1 -0.2 -0.6 

CL 18:2/18:1/18:2/16:1 0.279 0.3 0.8 1.1 0.001 0.4 4.1 3.4 0.153 1.1 0.0 -0.3 

CL 18:2/18:1/18:1/16:1 0.267 0.1 0.8 1.6 0.001 0.5 4.1 3.4 0.209 0.1 0.7 0.4 

CL 18:2/18:2/18:2/18:3 0.803 0.0 -0.1 0.0 0.816 0.0 0.0 0.0 0.283 0.0 -0.7 -0.2 

CL 18:2/18:2/18:2/18:2 0.226 0.0 -2.1 -2.3 0.005 0.0 -2.4 -2.4 0.055 -1.4 -0.9 0.0 

CL 18:2/18:2/18:2/18:1 0.717 0.0 0.0 -0.2 0.532 0.0 0.4 0.0 0.559 -0.2 -0.1 0.0 

CL 18:2/18:1/18:2/18:1 0.673 0.0 0.1 0.1 0.005 0.2 3.8 1.1 0.051 -0.6 0.1 1.8 

CL 18:1/18:1/18:1/18:2 0.948 0.0 0.0 0.0 0.005 0.0 3.5 1.6 0.949 0.0 0.0 0.0 

CL 18:2/18:2/18:2/20:3 0.973 0.0 0.0 0.0 0.056 0.0 1.8 0.6 0.421 -0.2 0.0 0.3 

CL 18:2/18:1/18:2/20:3 0.449 0.0 -0.5 -0.6 0.863 0.0 0.0 0.0 0.254 -0.4 -0.6 0.0 
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Lipid species  

6 weeks 10 weeks 16 weeks 

P-

value
a 

db/h 

vs. 

H/H
b
 

db/db 

vs. 

H/H
b 

db/db 

vs. 

db/h
b
 

P-

value
a
 

db/h 

vs. 

H/H
b
 

db/db 

vs. 

H/H
b
 

db/db 

vs. 

db/h
b
 

P-

value
a
 

db/h 

vs. 

H/H
b
 

db/db 

vs. 

H/H
b
 

db/db 

vs. 

db/h
b
 

CL 18:2/18:1/18:2/20:2 0.365 0.1 -0.3 -1.2 0.846 0.0 0.0 0.0 0.509 -0.4 0.0 0.0 

CE 16:0 0.730 0.0 0.1 0.1 0.020 0.1 1.7 1.5 0.040 -1.9 0.0 0.7 

CE 16:1 0.226 0.1 1.2 2.1 0.001 1.1 4.1 3.7 0.007 0.2 2.2 1.9 

CE 17:1 0.226 0.0 1.1 2.4 0.002 0.0 3.3 2.9 0.032 0.1 1.7 1.0 

CE 18:0 0.546 0.0 0.1 0.5 0.041 0.0 1.7 0.9 0.004 -2.4 0.0 2.4 

CE 18:1 0.459 0.0 0.5 0.5 0.006 0.4 2.4 1.6 0.191 -0.1 0.4 0.8 

CE 18:2 0.473 0.7 0.1 0.0 0.013 0.0 1.6 2.2 0.016 -0.1 1.6 1.8 

CE 18:3 0.613 0.0 0.3 0.1 0.004 0.0 2.6 2.4 0.002 -0.3 3.0 3.3 

CE 20:3 0.279 0.0 0.9 1.3 0.004 0.0 2.0 3.4 0.075 0.0 0.9 1.2 

CE 20:4 0.549 0.3 0.3 0.0 0.043 0.1 1.0 1.5 0.003 0.0 2.6 2.8 

CE 22:5 0.279 0.1 1.2 1.0 0.001 0.0 3.3 3.7 0.002 0.0 2.9 2.8 

COH 0.448 0.2 0.0 -0.9 0.856 0.0 0.0 0.0 0.974 0.0 0.0 0.0 

DG 14:0/16:0 0.249 0.4 1.2 1.1 0.004 0.2 2.6 2.4 0.357 0.0 0.6 0.1 

DG 14:0/18:1 0.226 0.5 1.2 1.4 0.001 0.1 4.1 3.7 0.061 0.1 1.3 0.7 

DG 14:0/18:2 0.459 0.6 0.5 0.0 0.041 0.2 1.3 1.0 0.215 0.0 1.0 0.2 

DG 16:0/16:0 0.362 0.7 0.8 0.4 0.009 0.5 2.6 0.9 0.485 0.0 0.4 0.0 

DG 16:0/18:0 0.437 0.3 0.9 0.2 0.001 0.2 3.3 3.1 0.061 0.0 1.4 0.8 

DG 16:0/18:1 0.448 0.3 0.8 0.1 0.001 0.2 3.5 3.1 0.044 0.1 1.6 0.7 

DG 16:0/18:2 0.516 0.3 0.0 -0.4 0.263 0.3 0.7 0.0 0.191 0.0 0.8 0.5 

DG 16:0/20:3 0.467 0.3 0.6 0.0 0.057 0.3 1.6 0.3 0.974 0.0 0.0 0.0 

DG 16:0/20:4 0.516 0.2 0.0 -0.5 0.371 0.4 0.3 0.0 0.717 0.0 0.1 0.1 

DG 16:0/22:5 0.738 0.1 0.1 0.0 0.010 0.1 2.1 1.8 0.002 0.0 2.8 3.0 

DG 16:0/22:6 0.699 0.0 0.0 -0.2 0.054 0.3 1.6 0.4 0.018 -0.5 0.9 2.0 

DG 16:1/18:0 0.237 0.4 1.2 1.3 0.001 0.1 4.1 3.7 0.004 0.1 2.7 2.1 

DG 16:1/18:1 0.226 0.3 1.2 1.7 0.001 0.5 4.1 3.7 0.007 0.2 2.5 1.5 

DG 18:0/18:1 0.448 0.1 0.8 0.3 0.002 0.0 3.0 2.6 0.005 0.0 2.5 2.1 

DG 18:0/18:2 0.573 0.2 0.0 -0.3 0.302 0.0 0.5 0.3 0.024 0.0 1.4 1.8 

DG 18:0/20:4 0.279 1.4 0.0 -0.8 0.740 0.0 0.0 -0.1 0.309 0.4 0.0 -0.4 

DG 18:1/18:1 0.398 0.3 0.8 0.4 0.001 0.1 3.5 2.9 0.010 0.0 1.9 2.0 

DG 18:1/18:2 0.469 0.3 0.0 -0.5 0.299 0.0 0.5 0.2 0.096 0.0 1.0 0.8 

DG 18:1/18:3 0.624 0.3 0.0 -0.1 0.131 0.0 0.8 0.7 0.018 0.0 1.6 1.8 

DG 18:1/20:3 0.700 0.2 0.0 0.0 0.402 0.0 0.5 0.1 0.482 0.0 0.3 0.1 

DG 18:1/20:4 0.448 0.3 0.0 -0.8 0.470 0.1 0.4 0.0 0.252 0.0 0.4 0.7 

DG 18:2/18:2 0.362 0.4 -0.1 -1.1 0.628 0.1 0.0 -0.2 0.551 0.0 0.0 0.3 

TG 14:0/16:0/18:1 0.448 0.0 0.5 0.7 0.001 1.2 4.1 3.7 0.003 -0.3 2.2 2.6 

TG 14:0/16:0/18:2 0.448 0.1 0.3 0.8 0.001 1.6 4.1 3.7 0.004 0.0 2.4 2.5 

TG 14:0/16:1/18:1 0.398 0.0 0.5 0.9 0.001 1.2 4.1 3.7 0.004 0.0 2.6 2.4 

TG 14:0/16:1/18:2 0.601 0.1 0.2 0.1 0.001 1.8 4.1 2.9 0.004 0.0 2.5 2.5 

TG 14:0/17:0/18:1 0.575 0.0 0.1 0.4 0.001 0.7 4.1 3.7 0.002 -0.1 2.6 3.0 

TG 14:1/16:0/18:1 0.533 0.0 0.2 0.4 0.001 1.4 4.1 3.7 0.008 0.0 1.9 2.2 

TG 14:1/16:1/18:0 0.288 0.0 0.6 1.4 0.001 1.8 4.1 3.7 0.005 0.0 2.5 2.1 

TG 14:1/18:1/18:1 0.448 0.0 0.4 0.7 0.001 1.6 4.1 3.7 0.002 0.0 3.3 3.3 

TG 15:0/16:0/18:1 0.467 0.1 0.3 0.4 0.001 0.9 4.1 3.7 0.002 -0.3 2.6 3.1 

TG 15:0/18:1/18:1 0.606 0.0 0.1 0.2 0.001 1.2 3.8 2.4 0.003 0.0 2.6 2.6 

TG 16:0/16:0/16:0 0.447 0.0 0.5 0.8 0.001 1.6 4.1 3.7 0.010 -0.7 1.0 2.2 

TG 16:0/16:0/18:0 0.459 0.0 0.5 0.5 0.001 1.2 4.1 3.7 0.004 -1.0 1.3 2.5 

TG 16:0/16:0/18:1 0.549 0.0 0.2 0.4 0.001 1.4 4.1 3.7 0.002 -0.3 2.5 2.9 

TG 16:0/16:0/18:2 0.823 0.0 0.0 0.0 0.001 1.4 3.8 2.2 0.002 -0.4 2.4 2.9 

TG 16:0/16:1/17:0 0.487 0.0 0.3 0.4 0.001 0.9 4.1 3.7 0.002 -0.1 2.5 3.0 

TG 16:0/16:1/18:1 0.448 0.1 0.4 0.8 0.001 1.4 4.1 3.7 0.002 0.0 3.1 2.8 

TG 16:0/17:0/18:1 0.609 0.0 0.1 0.3 0.001 0.8 3.8 3.4 0.002 -0.4 3.1 3.3 

TG 16:0/17:0/18:2 0.516 0.1 0.3 0.3 0.001 1.1 4.1 3.4 0.003 0.0 2.7 2.8 

TG 16:0/18:0/18:1 0.601 0.0 0.1 0.3 0.001 0.8 4.1 3.4 0.002 -0.7 2.3 2.8 

TG 16:0/18:1/18:1 0.549 0.0 0.1 0.4 0.001 1.2 3.8 3.1 0.002 -0.1 2.7 2.8 
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Lipid species  

6 weeks 10 weeks 16 weeks 

P-

value
a 

db/h 

vs. 

H/H
b
 

db/db 

vs. 

H/H
b 

db/db 

vs. 

db/h
b
 

P-

value
a
 

db/h 

vs. 

H/H
b
 

db/db 

vs. 

H/H
b
 

db/db 

vs. 

db/h
b
 

P-

value
a
 

db/h 

vs. 

H/H
b
 

db/db 

vs. 

H/H
b
 

db/db 

vs. 

db/h
b
 

TG 16:0/18:1/18:2 0.794 0.1 0.1 0.0 0.001 1.4 3.5 1.9 0.004 -0.1 2.1 2.5 

TG 16:0/18:2/18:2 0.808 0.1 0.0 0.0 0.006 1.6 2.8 0.4 0.010 -0.2 1.6 2.1 

TG 16:1/16:1/16:1 0.288 0.0 0.6 1.4 0.001 1.4 4.1 3.7 0.003 0.1 2.8 2.5 

TG 16:1/16:1/18:1 0.448 0.1 0.3 0.8 0.001 1.6 4.1 3.4 0.002 0.0 3.3 3.0 

TG 16:1/17:0/18:1 0.514 0.0 0.3 0.4 0.001 1.1 3.8 3.1 0.002 0.0 2.9 2.9 

TG 16:1/18:1/18:1 0.449 0.0 0.3 0.8 0.001 1.6 4.1 3.1 0.002 0.1 3.6 3.3 

TG 16:1/18:1/18:2 0.699 0.1 0.1 0.1 0.001 1.6 3.8 2.2 0.002 0.0 3.3 3.1 

TG 17:0/18:1/18:1 0.579 0.0 0.1 0.3 0.001 1.1 3.8 3.1 0.002 -0.1 3.1 3.0 

TG 18:0/18:0/18:1 0.514 0.2 0.3 0.3 0.001 0.7 3.5 2.2 0.055 0.0 1.2 1.2 

TG 18:0/18:1/18:1 0.648 0.0 0.1 0.2 0.001 0.8 3.8 2.9 0.002 -0.8 3.1 3.1 

TG 18:0/18:2/18:2 0.875 0.0 0.0 0.0 0.010 1.1 2.4 0.6 0.005 -0.1 2.0 2.4 

TG 18:1/18:1/18:1 0.533 0.0 0.3 0.4 0.001 1.1 3.8 2.6 0.002 0.0 3.6 3.3 

TG 18:1/18:1/18:2 0.823 0.1 0.0 0.0 0.003 1.4 2.8 1.6 0.002 0.0 3.0 3.0 

TG 18:1/18:1/20:4 0.660 0.0 0.0 -0.4 0.021 1.8 1.8 0.0 0.003 -0.2 2.4 2.6 

TG 18:1/18:1/22:6 0.730 0.0 0.0 -0.2 0.028 1.2 2.0 0.0 0.013 -0.1 1.6 2.0 

TG 18:1/18:2/18:2 0.865 0.0 0.0 0.0 0.006 1.4 2.8 0.6 0.002 -0.1 2.6 2.9 

TG 18:2/18:2/18:2 0.573 0.0 0.0 -0.4 0.032 1.2 1.7 0.0 0.005 -0.2 2.0 2.5 

 
a 
P-value for the comparison of levels of each lipid species between genotypes at each age using the Kruskal Wallis 

test with Benjamini-Hochberg correction for multiple comparisons. P < 0.05 was considered significant (highlighted 

in pink).  
b 

Post-hoc analysis was performed using the Mann Whitney U test with Dunn-Sidak correction for multiple group 

comparisons. Values were derived from the formula: sign(difference in median levels)*-log10(post-hoc P-value). 

Colour-coded values 1.3 to 2.0 (light red, P = 0.05-0.01) and > 2.0 (dark red, P < 0.01) indicate a significant 

increase relative to the reference group. Colour-coded values -1.3 to -2.0 (light green, P = 0.05-0.01) and < -2.0 

(dark green, P < 0.01) indicate a significant decrease relative to the reference group.  
 

  



259 
 

Table S4.2 Relationship between genotype and skeletal muscle lipid species in male mice. 

 

Lipid species  

6 weeks of age  10 weeks 16 weeks 

P-

value
a
 

db/h 

vs. 

H/H
b
 

db/db 

vs. 

H/H
b 

db/db 

vs. 

db/h
b
 

P-

value
a
 

db/h 

vs. 

H/H
b
 

db/db 

vs. 

H/H
b
 

db/db 
vs. 

db/h 

P-

value
a
 

db/h 

vs. 

H/H
b
 

db/db 

vs. 

H/H
b
 

db/db 

vs. 

db/h
b
 

Cer 16:0 0.382 -0.3 -0.3 0.0 0.296 0.0 0.5 0.2 0.025 -1.0 0.6 1.6 

Cer 18:0 0.288 -0.6 -0.6 0.0 0.038 -0.6 -2.1 -0.3 0.038 -1.2 -1.3 0.0 

Cer 22:0 0.241 -1.3 0.0 1.8 0.251 -0.3 0.1 0.6 0.013 -0.8 0.8 2.4 

Cer 24:0 0.255 -0.3 0.0 2.0 0.135 -0.2 0.2 1.1 0.027 -1.2 0.1 1.8 

Cer 24:1 0.269 -0.8 -0.1 0.4 0.846 0.0 0.0 0.0 0.161 -0.8 0.0 0.6 

MHC 18:0 0.354 -0.4 0.0 0.2 0.285 -0.2 0.0 0.7 0.549 0.0 0.2 0.1 

MHC 20:0 0.434 -0.3 0.0 0.1 0.244 -0.4 -0.1 0.5 0.860 0.0 0.0 0.0 

MHC 22:0 0.426 -0.2 0.0 0.2 0.316 -0.3 -0.1 0.4 0.882 0.0 0.0 0.0 

MHC 24:0 0.354 -0.3 0.0 0.3 0.361 -0.1 0.0 0.5 0.789 0.0 0.0 0.0 

MHC 24:1 0.330 -0.3 0.0 0.4 0.344 -0.2 0.0 0.5 0.661 0.0 -0.1 0.1 

GM3 18:0 0.293 -0.7 -0.3 0.0 0.033 -0.8 -1.8 -0.5 0.081 -1.1 -0.8 0.0 

SM 32:1 0.354 -0.2 0.0 0.5 0.029 0.0 1.4 1.6 0.084 -0.3 0.7 1.0 

SM 33:1 0.485 0.0 -0.2 -0.1 0.325 0.0 -0.6 -0.1 0.856 0.0 0.0 0.1 

SM 34:1 0.371 0.0 0.0 0.7 0.183 0.0 0.5 0.7 0.012 -0.1 2.1 1.6 

SM 34:2 0.391 -0.2 0.0 0.4 0.025 -0.2 2.1 1.3 0.008 -0.4 1.9 2.4 

SM 35:1 0.444 -0.4 -0.1 0.0 0.074 -0.5 -1.3 -0.3 0.332 -0.5 -0.2 0.0 

SM 36:1 0.327 -0.5 -0.1 0.1 0.176 -0.7 -0.8 0.0 0.019 -1.8 -1.1 0.3 

SM 36:2 0.311 -0.1 0.0 0.8 0.074 -0.8 0.0 1.4 0.021 -1.1 0.8 1.6 

SM 38:1 0.288 -0.5 0.0 0.5 0.080 -1.0 -0.1 1.0 0.022 -1.6 0.0 1.8 

SM 38:2 0.180 -0.8 0.3 2.7 0.010 -0.3 2.1 2.7 0.021 -0.4 1.3 1.6 

SM 39:1 0.335 -0.6 -0.1 0.0 0.136 -0.9 -0.5 0.2 0.224 -0.7 0.0 0.4 

SM 41:1 0.452 -0.1 0.0 0.4 0.284 0.0 0.5 0.4 0.008 0.0 2.7 1.9 

SM 41:2 0.567 -0.1 0.0 0.1 0.636 -0.1 0.0 0.1 0.106 -0.4 0.4 1.0 

SM 42:1 0.340 -0.3 0.0 0.4 0.398 -0.1 0.0 0.4 0.335 0.0 0.4 0.3 

PC 24:0 0.788 0.0 0.0 0.0 0.176 0.0 0.1 1.2 0.090 -0.6 0.0 1.4 

PC 28:0 0.255 -0.6 0.1 2.0 0.038 -0.1 0.4 2.3 0.277 0.0 -0.5 -0.4 

PC 29:0 0.241 -1.8 -0.7 0.7 0.382 -0.4 -0.1 0.0 0.285 0.0 -0.4 -0.5 

PC 30:0 0.269 -0.6 0.0 0.8 0.351 -0.1 0.0 0.6 0.128 0.0 -1.0 -0.6 

PC 31:0 0.269 -1.0 -0.6 0.0 0.024 -1.2 -2.3 -0.2 0.010 -0.3 -2.3 -1.4 

PC 31:1 0.255 -1.3 -0.7 0.1 0.202 -0.7 -0.5 0.0 0.292 0.0 -0.6 -0.2 

PC 32:0 0.293 -0.6 -0.4 0.0 0.192 0.0 -0.8 -0.3 0.083 -0.1 -1.2 -0.6 

PC 32:1 0.255 -0.7 0.3 1.8 0.015 0.0 2.0 2.1 0.530 0.0 0.3 0.1 

PC 32:2 0.180 -1.0 0.6 2.0 0.010 -0.1 2.8 2.6 0.404 0.0 0.4 0.2 

PC 32:3 0.180 -1.4 0.4 2.4 0.039 0.0 2.1 0.9 0.798 0.0 -0.1 0.0 

PC 33:0 0.255 -1.3 -0.8 0.0 0.056 -1.3 -1.3 0.0 0.135 -0.3 -0.9 -0.2 

PC 33:1 0.279 -0.7 -0.4 0.1 0.102 -0.5 -1.2 -0.1 0.098 0.0 -1.0 -0.9 

PC 33:2 0.371 -0.4 -0.2 0.0 0.051 -1.5 -0.3 0.9 0.303 -0.5 0.0 0.3 

PC 34:0 0.293 -0.6 -0.1 0.2 0.641 -0.1 0.0 0.1 0.325 -0.7 -0.1 0.0 

PC 34:1 0.255 -1.3 -0.1 0.7 0.062 -0.5 0.0 1.7 0.111 -0.7 0.1 0.9 

PC 34:2 0.269 -0.6 0.0 0.7 0.082 -1.0 -0.1 1.0 0.021 -1.5 0.0 2.0 

PC 34:3 0.180 -1.6 0.3 2.4 0.010 -0.1 2.1 2.7 0.031 -0.2 1.3 1.4 

PC 34:4 0.255 -1.1 0.0 1.8 0.799 0.0 0.0 0.0 0.022 -1.1 -1.8 -0.2 

PC 35:0 0.284 -0.7 -0.6 0.0 0.364 0.0 -0.4 0.2 0.292 0.0 -0.5 -0.3 

PC 35:1 0.255 -1.6 -0.7 0.2 0.160 -0.9 -0.7 0.0 0.730 -0.1 -0.1 0.0 

PC 35:2 0.257 -1.1 -0.2 0.4 0.183 -0.7 -0.4 0.2 0.147 -0.9 0.0 0.6 

PC 35:3 0.255 -1.6 -0.3 0.1 0.115 -0.9 -1.0 0.0 0.647 -0.1 0.0 0.1 

PC 35:4 0.255 -1.0 -1.0 0.0 0.051 -0.2 -1.7 -0.7 0.026 -0.7 -1.9 -0.2 

PC 36:1 0.312 -0.2 0.0 0.6 0.082 -0.3 0.1 1.5 0.022 -0.6 0.7 2.0 

PC 36:2 0.255 -0.3 0.0 1.8 0.053 -0.1 0.6 1.6 0.011 -0.8 1.2 2.2 

PC 36:3 0.257 -1.1 0.0 0.6 0.507 -0.1 0.0 0.2 0.030 -1.9 0.0 1.1 

PC 36:4a 0.255 -0.1 0.3 1.8 0.051 -0.6 -0.1 1.7 0.058 -0.4 0.5 1.4 

PC 36:4b 0.311 -0.5 -0.3 0.0 0.026 -0.2 -2.0 -1.2 0.007 -1.6 -2.6 -0.3 
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Lipid species  

6 weeks of age  10 weeks 16 weeks 

P-

value
a
 

db/h 

vs. 

H/H
b
 

db/db 

vs. 

H/H
b 

db/db 

vs. 

db/h
b
 

P-

value
a
 

db/h 

vs. 

H/H
b
 

db/db 

vs. 

H/H
b
 

db/db 
vs. 

db/h 

P-

value
a
 

db/h 

vs. 

H/H
b
 

db/db 

vs. 

H/H
b
 

db/db 

vs. 

db/h
b
 

PC 36:5 0.180 -1.1 0.2 2.2 0.023 0.0 0.8 2.5 0.158 -0.6 0.1 0.7 

PC 36:6 0.180 -1.8 -0.1 1.6 0.317 -0.4 -0.4 0.0 0.160 -0.1 -0.9 -0.3 

PC 37:4 0.257 -1.1 -0.7 -0.1 0.038 -0.2 -2.0 -0.7 0.010 -0.9 -2.4 -0.5 

PC 37:5 0.269 -1.0 -0.6 0.0 0.024 -0.4 -2.4 -0.7 0.036 -0.1 -1.9 -0.5 

PC 37:6 0.269 -0.8 -0.7 0.0 0.023 -0.4 -2.4 -0.7 0.227 0.0 -0.6 -0.5 

PC 38:2 0.279 -0.6 0.0 0.6 0.551 -0.1 -0.1 0.0 0.259 -0.1 0.4 0.4 

PC 38:3 0.255 -0.4 0.0 1.8 0.051 -0.6 0.0 1.8 0.007 -2.1 0.1 2.9 

PC 38:4 0.275 -1.0 -0.3 0.0 0.507 -0.2 0.0 0.2 0.014 -2.2 -0.8 0.5 

PC 38:5 0.255 -0.8 -0.2 0.9 0.361 -0.4 -0.1 -0.1 0.304 -0.4 0.0 0.5 

PC 38:6a 0.180 -2.3 -0.1 1.6 0.181 0.0 0.1 1.2 0.063 -0.6 0.3 1.4 

PC 38:6b 0.312 -0.5 -0.3 0.0 0.022 -0.6 -2.4 -0.7 0.413 -0.2 -0.4 0.0 

PC 38:7 0.180 -1.6 -0.1 2.7 0.200 -0.1 0.1 0.9 0.418 0.0 0.3 0.2 

PC 39:6 0.269 -0.4 -1.0 -0.2 0.015 -1.2 -2.8 -0.5 0.317 0.0 -0.5 -0.2 

PC 39:7 0.255 -0.5 -1.2 -0.4 0.016 -0.4 -2.4 -1.4 0.057 0.0 -1.4 -0.9 

PC 40:5 0.269 -1.0 -0.2 0.2 0.119 -0.9 0.0 0.9 0.123 -0.4 0.2 1.0 

PC 40:6 0.302 -0.5 -0.4 0.0 0.192 -0.7 -0.5 0.1 0.123 -0.3 0.1 1.3 

PC 40:7 0.284 -0.7 -0.6 0.0 0.288 -0.5 -0.4 0.0 0.325 0.0 0.1 0.6 

PC(O-32:0) 0.298 0.0 -0.3 -0.6 0.202 0.0 -0.9 -0.2 0.205 -0.1 -0.9 -0.1 

PC(O-32:1) 0.542 0.0 0.1 0.1 0.416 0.0 0.2 0.3 0.647 0.0 0.1 0.1 

PC(O-34:1) 0.567 -0.2 0.0 0.0 0.552 -0.2 -0.1 0.0 0.545 -0.3 0.0 0.0 

PC(O-34:2) 0.800 0.0 0.0 0.0 0.206 -0.5 -0.7 0.0 0.772 -0.1 0.0 0.0 

PC(O-36:2) 0.538 -0.3 0.0 0.0 0.426 -0.3 -0.2 0.0 0.418 -0.5 0.0 0.0 

PC(O-36:4) 0.269 -0.2 -0.8 -0.5 0.176 -0.2 -1.0 0.1 0.168 -0.5 -0.8 0.0 

PC(O-38:4) 0.407 -0.1 -0.3 -0.1 0.043 -0.1 -2.1 -0.7 0.089 -1.1 -0.7 0.0 

PC(O-38:5) 0.284 -0.4 -0.6 -0.2 0.498 -0.2 -0.2 0.0 0.184 -0.3 0.1 0.9 

PC(O-40:6) 0.444 -0.3 -0.2 0.0 0.520 -0.2 -0.1 0.0 0.992 0.0 0.0 0.0 

PC(O-40:7) 0.255 -1.0 -1.2 0.0 0.176 -0.2 -0.8 -0.3 0.305 -0.1 0.1 0.6 

PC(P-32:0) 0.311 -0.3 -0.7 0.0 0.071 0.0 -1.0 -1.1 0.074 -0.5 -1.2 -0.2 

PC(P-32:1) 0.542 0.0 0.0 -0.2 0.422 0.0 0.3 0.2 0.798 0.0 0.0 0.0 

PC(P-34:1) 0.754 0.0 0.0 0.0 0.071 -0.4 -0.8 -1.0 0.527 0.1 0.0 -0.2 

PC(P-34:2) 0.269 -1.1 -0.6 0.0 0.116 -0.9 -0.8 -0.1 0.404 -0.6 0.0 0.0 

PC(P-36:4) 0.255 -0.8 -1.0 -0.2 0.050 -0.3 -1.3 -1.0 0.123 -0.7 -0.8 0.0 

PC(P-38:5) 0.298 -0.8 -0.2 0.0 0.176 -0.7 -0.8 0.0 0.634 -0.2 0.0 0.0 

PC(P-38:6) 0.284 -0.3 -0.8 0.0 0.024 -0.4 -1.8 -1.3 0.052 -0.4 -1.4 -0.4 

PC(P-40:5) 0.255 -0.8 -1.2 0.0 0.082 -1.2 -1.0 0.0 0.433 -0.1 -0.4 0.0 

PC(P-40:6) 0.355 -0.4 -0.3 0.0 0.015 -1.1 -2.4 -0.9 0.259 -0.2 -0.7 0.0 

LPC 14:0 0.396 0.0 0.0 0.5 0.442 -0.2 0.0 0.2 0.439 0.4 0.0 0.0 

LPC 16:0 0.917 0.0 0.0 0.0 0.817 0.0 0.0 0.0 0.317 0.2 0.4 0.0 

LPC 16:1 0.264 0.0 0.8 0.9 0.014 0.1 2.8 1.6 0.012 0.6 2.3 0.7 

LPC 18:0 0.590 0.0 0.1 0.1 0.093 -0.1 0.6 1.1 0.006 0.0 2.8 2.2 

LPC 18:1 0.981 0.0 0.0 0.0 0.202 0.0 0.9 0.3 0.022 1.1 1.8 0.1 

LPC 18:2 0.284 0.0 0.3 0.9 0.133 -0.4 0.1 1.0 0.006 -0.5 1.9 2.9 

LPC 20:4 0.354 -0.6 0.0 0.0 0.551 -0.1 0.0 0.2 0.043 -1.5 0.0 1.2 

LPC 22:6 0.366 -0.4 0.0 0.1 0.220 -0.7 -0.3 0.1 0.204 -0.4 0.2 0.6 

PE 32:0 0.311 -0.5 -0.3 0.0 0.920 0.0 0.0 0.0 0.302 -0.5 -0.3 0.0 

PE 32:1 0.255 0.0 0.7 1.5 0.013 -0.3 1.7 2.4 0.621 0.0 0.0 0.2 

PE 34:1 0.300 -0.2 0.1 0.5 0.031 -0.4 0.2 2.3 0.192 0.1 0.5 0.6 

PE 34:2 0.307 -0.1 0.0 0.7 0.176 -0.4 0.0 0.9 0.026 -1.1 0.3 1.8 

PE 34:3 0.298 0.0 0.4 0.5 0.036 0.0 2.0 1.0 0.160 -0.1 0.5 0.7 

PE 35:2 0.311 -0.1 0.3 0.4 0.723 0.0 0.0 0.1 0.383 -0.2 0.0 0.3 

PE 36:1 0.311 -0.3 0.0 0.5 0.190 -0.7 0.0 0.6 0.227 -0.1 0.2 0.7 

PE 36:2 0.255 -0.1 0.2 1.6 0.019 -0.7 0.4 2.5 0.007 -1.7 0.8 2.7 

PE 36:3 0.261 0.0 0.3 1.3 0.116 0.0 0.5 1.1 0.010 -0.9 1.2 2.2 

PE 36:4 0.325 -0.4 0.0 0.3 0.419 -0.3 -0.3 0.0 0.036 -1.7 -0.6 0.2 
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Lipid species  

6 weeks of age  10 weeks 16 weeks 

P-

value
a
 

db/h 

vs. 

H/H
b
 

db/db 

vs. 

H/H
b 

db/db 

vs. 

db/h
b
 

P-

value
a
 

db/h 

vs. 

H/H
b
 

db/db 

vs. 

H/H
b
 

db/db 
vs. 

db/h 

P-

value
a
 

db/h 

vs. 

H/H
b
 

db/db 

vs. 

H/H
b
 

db/db 

vs. 

db/h
b
 

PE 36:5 0.255 0.0 1.0 1.6 0.010 -0.3 2.0 3.0 0.169 -0.6 0.0 0.7 

PE 38:3 0.269 0.0 0.4 0.9 0.387 -0.2 0.0 0.3 0.037 -1.4 0.0 1.4 

PE 38:4 0.269 -0.5 0.0 0.9 0.553 -0.2 0.0 0.1 0.014 -2.2 -0.2 1.1 

PE 38:5 0.255 -0.3 0.0 1.8 0.202 -0.3 0.0 0.9 0.027 -2.0 -0.1 0.8 

PE 38:6 0.472 -0.2 -0.3 0.0 0.056 -1.1 -1.6 0.0 0.007 -2.8 -1.6 0.1 

PE 40:5 0.636 -0.1 0.0 0.0 0.200 -0.2 -0.9 -0.1 0.008 -1.8 -2.0 -0.3 

PE 40:6 0.548 -0.2 0.0 0.0 0.061 -1.5 -0.8 0.2 0.030 -2.0 -0.1 0.7 

PE 40:7 0.312 -0.3 0.0 0.5 0.361 -0.3 0.0 0.4 0.022 -1.7 0.1 1.5 

PE(O-34:1) 0.270 -0.1 0.2 1.0 0.533 -0.2 -0.1 -0.1 0.473 -0.3 -0.1 0.0 

PE(O-36:2) 0.393 0.0 0.1 0.4 0.220 -0.5 0.0 0.5 0.778 0.0 0.0 0.1 

PE(O-38:5) 0.255 -1.0 0.0 1.6 0.183 -0.4 0.1 0.8 0.147 -0.8 0.1 0.6 

PE(O-40:5) 0.390 -0.1 0.0 0.4 0.344 -0.3 0.0 0.4 0.314 0.0 0.2 0.6 

PE(O-40:6) 0.662 -0.1 0.0 0.0 0.116 -1.2 -0.7 0.0 0.464 -0.3 0.0 0.1 

PE(O-40:7) 0.288 -0.5 0.0 0.5 0.322 -0.6 0.0 0.2 0.452 0.0 -0.1 0.3 

PE(O-42:7) 0.464 0.0 0.3 0.1 0.877 0.0 0.0 0.0 0.549 0.0 0.2 0.1 

PE(P-34:1) 0.291 0.0 0.1 0.8 0.135 -0.6 0.0 1.0 0.413 -0.1 -0.1 0.3 

PE(P-36:1) 0.391 0.0 0.3 0.3 0.426 -0.3 0.0 0.1 0.684 0.0 0.1 0.1 

PE(P-36:2) 0.320 -0.3 0.0 0.4 0.251 -0.4 0.0 0.5 0.600 0.0 0.1 0.2 

PE(P-36:4) 0.382 -0.3 0.0 0.2 0.943 0.0 0.0 0.0 0.021 -1.8 0.0 1.6 

PE(P-38:4) 0.644 0.0 0.0 0.2 0.233 0.0 -0.4 -0.6 0.488 -0.3 -0.1 0.0 

PE(P-38:5) 0.269 -0.7 0.0 0.8 0.183 -1.0 0.0 0.4 0.111 -1.2 -0.2 0.2 

PE(P-38:6) 0.307 -0.3 -0.4 -0.1 0.176 -0.4 -0.8 -0.2 0.065 -1.3 -0.8 0.0 

PE(P-40:5) 0.269 -1.0 0.0 0.4 0.055 -1.3 -0.4 0.8 0.023 -2.3 -0.4 0.3 

PE(P-40:6) 0.288 -0.7 -0.3 0.1 0.033 -1.5 -1.8 0.0 0.022 -1.7 -1.2 0.1 

LPE 16:0 0.865 0.0 0.0 0.0 0.741 0.0 -0.1 0.0 0.424 0.3 0.1 0.0 

LPE 18:0 0.973 0.0 0.0 0.0 0.281 -0.2 0.1 0.5 0.022 0.1 1.6 1.5 

LPE 18:1 0.527 -0.1 0.0 0.2 0.225 -0.1 0.3 0.6 0.227 0.0 0.7 0.3 

LPE 22:6 0.464 -0.1 -0.3 0.0 0.213 -0.9 -0.4 0.0 0.142 -0.9 -0.5 0.0 

PI 32:0 0.888 0.0 0.0 0.0 0.416 -0.4 0.0 0.1 0.224 -0.3 -0.6 -0.1 

PI 34:0 0.255 0.3 1.4 0.4 0.690 0.0 0.0 0.1 0.182 -0.8 -0.4 0.0 

PI 34:1 0.371 0.0 0.3 0.4 0.570 0.0 0.1 0.1 0.580 -0.1 -0.1 0.0 

PI 36:1 0.354 -0.3 0.0 0.3 0.176 -0.4 0.0 0.9 0.109 -0.6 0.1 1.0 

PI 36:2 0.255 -0.3 0.0 1.6 0.063 -1.1 0.0 1.3 0.036 -1.2 0.1 1.5 

PI 36:4 0.799 0.0 0.0 0.0 0.335 -0.1 -0.5 -0.1 0.035 -1.5 -1.1 0.0 

PI 38:2 0.287 -0.3 0.1 0.7 0.273 -0.3 0.0 0.6 0.052 0.0 1.2 1.3 

PI 38:3 0.907 0.0 0.0 0.0 0.329 -0.4 -0.1 0.2 0.128 -0.1 0.5 0.9 

PI 38:4 0.284 -0.7 -0.3 0.1 0.277 -0.7 -0.3 0.0 0.027 -2.0 -0.7 0.1 

PI 38:5 0.288 -0.4 0.0 0.6 0.476 -0.2 0.0 0.2 0.040 -1.6 0.0 1.1 

PI 38:6 0.255 -0.4 -0.8 -0.8 0.044 -0.5 -1.4 -0.8 0.208 -0.5 -0.5 0.0 

PI 40:4 0.447 -0.2 -0.3 0.0 0.296 -0.3 -0.5 0.0 0.008 -1.7 -2.3 0.0 

PI 40:5 0.261 -0.7 0.0 0.9 0.102 -1.2 -0.1 0.6 0.025 -1.5 0.1 1.6 

PI 40:6 0.284 -0.3 -0.6 -0.2 0.017 -1.0 -2.6 -0.7 0.036 -1.7 -0.8 0.0 

PS 36:1 0.312 -0.4 0.0 0.4 0.251 -0.3 0.0 0.7 0.715 0.0 0.0 0.1 

PS 36:2 0.288 -0.7 0.0 0.4 0.325 -0.3 0.0 0.5 0.136 -0.2 0.4 0.9 

PS 38:3 0.820 0.0 0.0 0.1 0.202 0.0 0.7 0.5 0.108 -0.6 0.0 1.2 

PS 38:4 0.302 -0.3 -0.1 0.4 0.516 0.0 0.1 0.2 0.056 -0.3 0.8 1.3 

PS 38:5 0.257 -0.3 0.0 1.6 0.183 -0.7 0.0 0.7 0.730 -0.1 0.0 0.0 

PS 40:5 0.255 -0.7 0.0 1.2 0.056 -0.4 0.1 1.7 0.019 -2.1 0.0 1.4 

PS 40:6 0.255 -1.3 -1.4 0.0 0.117 -1.1 -0.8 0.0 0.013 -2.5 -0.8 0.2 

PG 32:0 0.293 -0.6 -0.2 0.1 0.173 -0.6 -0.8 0.0 0.008 -0.4 -2.6 -1.1 

PG 34:1 0.269 -0.3 0.0 1.2 0.066 -0.3 0.0 1.8 0.088 -1.3 -0.1 0.5 

PG 34:2 0.288 -0.1 0.1 0.8 0.056 -0.9 0.0 1.5 0.285 -0.6 0.0 0.3 

PG 36:1 0.302 -0.4 0.0 0.4 0.208 -0.4 0.0 0.7 0.602 0.0 0.1 0.1 

PG 36:2 0.381 -0.2 -0.4 0.0 0.084 -0.4 0.0 1.5 0.141 -1.0 -0.1 0.3 
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Lipid species  

6 weeks of age  10 weeks 16 weeks 

P-
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db/h 
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H/H
b
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H/H
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b
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vs. 

db/h 

P-
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H/H
b
 

db/db 

vs. 

H/H
b
 

db/db 

vs. 

db/h
b
 

CL 18:2/18:2/18:2/16:1 0.255 -0.2 0.3 2.0 0.010 0.0 3.8 2.8 0.004 -0.9 2.2 3.3 

CL 18:2/18:1/18:2/16:1 0.269 -0.2 0.3 0.9 0.073 0.0 0.9 1.2 0.206 -0.1 0.5 0.5 

CL 18:2/18:1/18:1/16:1 0.714 0.0 0.1 0.0 0.136 0.0 0.8 0.7 0.782 -0.1 0.0 0.0 

CL 18:2/18:2/18:2/18:2 0.255 -0.8 0.0 1.3 0.029 -0.8 0.1 2.1 0.005 -2.3 0.2 3.9 

CL 18:2/18:2/18:2/18:1 0.374 -0.2 0.0 0.4 0.150 -1.0 -0.2 0.4 0.010 -2.2 0.0 2.0 

CL 18:2/18:1/18:2/18:1 0.590 -0.2 0.0 0.0 0.514 -0.1 -0.2 0.0 0.058 -1.8 -0.2 0.2 

CL 18:1/18:1/18:1/18:2 0.403 -0.2 -0.3 0.0 0.192 -0.8 -0.5 0.0 0.644 0.0 0.1 0.1 

CL 18:2/18:2/18:2/20:3 0.284 -0.3 0.0 0.8 0.176 -0.3 0.0 0.9 0.008 -1.7 0.2 2.7 

CL 18:2/18:1/18:2/20:3 0.288 -0.5 0.0 0.4 0.183 -0.4 -0.8 -0.1 0.025 -1.5 -1.4 0.0 

CL 18:2/18:1/18:2/20:2 0.260 -0.7 -1.0 -0.1 0.022 -0.4 -2.1 -1.1 0.004 -1.8 -3.0 -0.6 

CL 18:2/18:2/18:2/20:4 0.551 0.0 0.0 0.3 0.033 -2.3 -0.6 0.4 0.160 -1.1 0.0 0.4 

CL 18:2/18:2/18:2/22:6 0.291 -0.4 -0.6 0.0 0.027 -2.1 -1.6 0.0 0.051 -1.3 0.0 1.2 

CL 18:2/18:1/18:2/22:6 0.335 -0.5 -0.1 0.0 0.037 -1.2 -1.7 -0.2 0.267 -0.6 -0.3 0.0 

CE 18:0 0.288 0.3 0.0 -0.7 0.982 0.0 0.0 0.0 0.632 -0.1 0.0 0.1 

CE 18:1 0.288 0.0 -0.6 -0.6 0.192 0.0 -1.3 0.0 0.299 -0.5 0.1 0.3 

CE 18:2 0.626 0.2 0.0 0.0 0.854 0.0 0.0 0.0 0.066 -0.3 0.7 1.2 

CE 20:4 0.447 0.1 0.0 -0.3 0.622 0.0 0.1 0.0 0.035 -0.1 1.5 1.2 

CE 22:6 0.527 0.0 0.0 -0.2 0.240 0.0 0.8 0.2 0.044 -0.1 1.3 1.1 

COH 0.320 -0.5 0.0 0.2 0.350 -0.4 -0.1 0.1 0.182 -0.1 0.3 0.8 

DG 14:0/16:0 0.418 0.0 0.2 0.3 0.248 0.0 0.7 0.3 0.141 -0.4 0.2 0.8 

DG 14:0/18:1 0.260 0.2 0.8 0.7 0.021 -0.1 4.1 0.5 0.011 0.0 2.3 1.5 

DG 16:0/16:0 0.291 -0.7 0.0 0.2 0.744 -0.1 0.0 0.0 0.206 -0.2 0.2 0.7 

DG 16:0/18:1 0.275 0.1 0.7 0.5 0.024 0.1 3.5 0.5 0.009 0.0 2.6 1.6 

DG 16:0/18:2 0.269 0.6 0.8 0.1 0.029 0.2 3.0 0.4 0.013 0.0 2.1 1.6 

DG 16:0/20:4 0.447 -0.3 0.0 0.1 0.523 0.0 0.2 0.1 0.427 -0.3 0.1 0.2 

DG 16:0/22:5 0.255 -0.3 0.0 1.6 0.051 -0.1 0.9 1.4 0.005 -0.1 2.8 3.1 

DG 16:0/22:6 0.295 -0.2 0.0 0.8 0.053 -0.4 0.6 1.4 0.102 -0.7 0.1 1.0 

DG 16:1/18:1 0.255 0.4 0.7 1.0 0.010 1.6 4.1 0.5 0.004 0.9 3.1 1.6 

DG 18:0/18:1 0.327 0.0 0.6 0.2 0.037 0.0 3.0 0.5 0.008 0.0 2.6 1.9 

DG 18:0/18:2 0.374 0.0 0.6 0.1 0.059 0.0 2.3 0.4 0.011 0.0 2.2 1.8 

DG 18:0/20:4 0.626 -0.1 0.0 -0.1 0.489 -0.1 0.0 0.2 0.864 0.0 0.0 0.0 

DG 18:1/18:1 0.284 0.2 0.7 0.3 0.023 0.2 3.5 0.5 0.005 0.4 3.1 1.6 

DG 18:1/18:2 0.269 0.8 0.7 0.1 0.052 0.2 2.3 0.3 0.008 0.5 2.3 1.5 

DG 18:1/18:3 0.255 0.5 1.0 0.6 0.015 0.3 4.1 0.5 0.007 0.5 2.5 1.6 

DG 18:1/20:4 0.320 0.0 0.1 0.6 0.041 0.0 2.4 0.7 0.016 0.0 2.3 1.2 

DG 18:2/18:2 0.255 0.8 1.0 0.1 0.111 0.3 1.6 0.1 0.011 0.5 2.3 0.9 

TG 14:0/16:0/18:1 0.270 0.3 0.4 0.6 0.010 0.6 4.1 1.0 0.009 0.0 2.3 2.0 

TG 14:0/16:0/18:2 0.261 0.3 0.6 0.9 0.010 1.2 4.1 1.4 0.005 0.4 2.9 1.8 

TG 14:0/16:1/18:1 0.269 0.5 0.4 0.8 0.010 1.3 4.1 0.8 0.004 0.7 3.6 2.4 

TG 14:0/16:1/18:2 0.269 0.5 0.6 0.5 0.010 1.2 4.1 0.6 0.005 0.7 3.2 1.4 

TG 14:0/17:0/18:1 0.288 0.5 0.4 0.1 0.021 0.2 3.5 0.5 0.009 0.1 2.4 1.6 

TG 14:0/18:0/18:1 0.390 0.1 0.3 0.2 0.020 0.0 3.0 1.0 0.009 -0.1 2.0 2.2 

TG 14:0/18:2/18:2 0.284 0.5 0.4 0.2 0.013 0.7 4.1 0.6 0.008 0.2 2.6 1.4 

TG 14:1/16:0/18:1 0.269 0.3 0.4 0.9 0.010 1.0 4.1 1.2 0.004 0.5 3.2 1.9 

TG 14:1/16:1/18:0 0.260 0.3 0.4 1.2 0.007 2.3 4.1 2.5 0.004 0.9 3.5 1.6 

TG 14:1/18:0/18:2 0.255 0.7 0.7 0.8 0.010 0.8 4.1 0.8 0.004 0.7 3.3 1.8 

TG 14:1/18:1/18:1 0.261 0.5 0.6 0.7 0.010 1.3 4.1 1.0 0.004 0.7 3.6 1.8 

TG 15:0/16:0/18:1 0.298 0.4 0.4 0.1 0.023 0.3 3.3 0.5 0.008 0.0 2.5 1.9 

TG 15:0/18:1/18:1 0.291 0.6 0.4 0.0 0.024 0.5 2.8 0.4 0.008 0.2 2.6 1.6 

TG 16:0/16:0/16:0 0.279 0.3 0.6 0.4 0.010 0.4 4.1 1.2 0.009 -0.2 2.0 2.2 

TG 16:0/16:0/18:0 0.327 0.0 0.6 0.2 0.023 0.0 2.6 1.2 0.007 -0.4 2.0 2.5 

TG 16:0/16:0/18:1 0.279 0.4 0.4 0.4 0.010 0.5 4.1 1.0 0.005 0.0 2.9 2.5 

TG 16:0/16:0/18:2 0.288 0.5 0.4 0.1 0.015 0.4 3.5 0.7 0.007 0.0 2.6 2.4 

TG 16:0/16:1/17:0 0.269 0.6 0.6 0.2 0.014 0.3 4.1 0.8 0.008 0.0 2.5 1.8 
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Lipid species  

6 weeks of age  10 weeks 16 weeks 
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H/H
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b
 

TG 16:0/16:1/18:1 0.269 0.3 0.4 0.7 0.010 1.1 4.1 1.1 0.004 0.7 3.6 2.5 

TG 16:0/17:0/18:0 0.298 0.3 0.6 0.0 0.029 0.1 3.0 0.5 0.009 0.0 2.5 1.8 

TG 16:0/17:0/18:1 0.302 0.3 0.6 0.1 0.022 0.1 3.5 0.7 0.008 0.0 2.6 2.0 

TG 16:0/17:0/18:2 0.295 0.4 0.4 0.1 0.016 0.4 3.5 0.7 0.007 0.2 2.6 1.8 

TG 16:0/18:0/18:1 0.382 0.0 0.4 0.1 0.015 0.0 3.5 1.2 0.006 -0.2 2.3 2.7 

TG 16:0/18:1/18:1 0.302 0.3 0.4 0.1 0.015 0.4 3.5 0.7 0.004 0.1 3.3 2.5 

TG 16:0/18:1/18:2 0.291 0.5 0.4 0.1 0.015 0.8 3.5 0.5 0.005 0.3 3.0 2.0 

TG 16:0/18:2/18:2 0.284 0.5 0.6 0.1 0.014 0.7 4.1 0.5 0.005 0.3 2.8 2.0 

TG 16:1/16:1/16:1 0.255 0.3 0.7 1.2 0.010 2.3 4.1 1.5 0.004 1.5 3.2 1.0 

TG 16:1/16:1/18:0 0.269 0.3 0.4 0.7 0.010 0.4 4.1 1.4 0.011 0.0 1.8 2.4 

TG 16:1/16:1/18:1 0.265 0.3 0.6 0.8 0.010 2.0 4.1 1.1 0.004 0.9 3.6 2.0 

TG 16:1/17:0/18:1 0.288 0.4 0.6 0.1 0.014 0.7 4.1 0.5 0.005 0.6 2.9 1.8 

TG 16:1/18:1/18:1 0.284 0.4 0.4 0.4 0.010 1.2 4.1 0.8 0.004 0.7 3.6 2.4 

TG 16:1/18:1/18:2 0.270 0.5 0.6 0.3 0.010 1.1 4.1 0.6 0.004 0.7 3.6 1.8 

TG 17:0/18:1/18:1 0.295 0.4 0.6 0.0 0.023 0.4 3.3 0.3 0.008 0.1 2.5 2.0 

TG 18:0/18:0/18:1 0.593 0.0 0.2 0.0 0.033 0.0 2.1 1.0 0.009 -0.1 2.1 2.0 

TG 18:0/18:1/18:1 0.407 0.1 0.3 0.1 0.015 0.1 3.3 1.1 0.005 0.0 2.8 2.7 

TG 18:0/18:2/18:2 0.311 0.3 0.4 0.0 0.021 0.3 3.3 0.5 0.006 0.2 2.6 2.2 

TG 18:1/18:1/18:1 0.304 0.4 0.4 0.0 0.017 0.7 3.5 0.3 0.005 0.4 3.1 1.8 

TG 18:1/18:1/18:2 0.295 0.4 0.6 0.0 0.021 0.8 3.3 0.2 0.005 0.5 2.8 1.8 

TG 18:1/18:1/20:4 0.311 0.3 0.3 0.1 0.010 1.1 4.1 0.7 0.004 0.5 3.6 2.2 

TG 18:1/18:2/18:2 0.291 0.4 0.6 0.0 0.015 1.0 3.5 0.3 0.005 0.6 2.8 1.6 

TG 18:2/18:2/18:2 0.291 0.4 0.6 0.0 0.018 0.8 3.5 0.2 0.008 0.5 2.3 1.6 

TG 18:2/18:2/20:4 0.291 0.4 0.4 0.1 0.017 0.6 3.8 0.3 0.008 0.5 2.4 1.4 

 
a 
P-value for the comparison of levels of each lipid species between genotypes at each age using the Kruskal Wallis 

test with Benjamini-Hochberg correction for multiple comparisons. P < 0.05 was considered significant (highlighted 

in pink).  
b 

Post-hoc analysis was performed using the Mann Whitney U test with Dunn-Sidak correction for multiple group 

comparisons. Values were derived from the formula: sign(difference in median levels)*-log10(post-hoc P-value). 

Colour-coded values 1.3 to 2.0 (light red, P = 0.05-0.01) and > 2.0 (dark red, P < 0.01) indicate a significant 

increase relative to the reference group. Colour-coded values -1.3 to -2.0 (light green, P = 0.05-0.01) and < -2.0 

(dark green, P < 0.01) indicate a significant decrease relative to the reference group.  
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Table S4.3 Relationship between genotype and left-ventricle lipid species in male mice. 
 

Lipid species  

6 weeks 10 weeks 16 weeks 

P-

value
a 

db/h 

vs. 

H/H
b
 

db/db 

vs. 

H/H
b 

db/db 

vs. 

db/h
b
 

P-

value
a
 

db/h 

vs. 

H/H
b
 

db/db 

vs. 

H/H
b
 

db/db 

vs. 

db/h
b
 

P-

value
a
 

db/h 

vs. 

H/H
b
 

db/db 

vs. 

H/H
b
 

db/db 

vs. 

db/h
b
 

Sph 18:1 0.236 0.3 0.0 -0.8 0.247 0.0 0.1 0.7 0.084 -1.6 0.0 0.5 

Cer 16:0 0.516 -0.2 -0.2 0.0 0.038 -1.2 -0.9 0.5 0.118 -0.8 0.0 1.0 

Cer 18:0 0.230 -0.8 0.0 0.4 0.018 -2.0 0.0 1.5 0.007 -2.9 0.0 1.9 

Cer 20:0 0.100 -0.7 0.2 1.6 0.065 -2.0 0.0 0.5 0.161 -1.1 -0.1 0.1 

Cer 22:0 0.236 -0.6 -0.4 0.1 0.004 -3.3 -2.0 0.3 0.056 -1.9 -0.2 0.2 

Cer 24:0 0.543 -0.1 -0.4 0.0 0.043 -1.8 -0.6 0.2 0.014 -2.5 -0.5 0.4 

Cer 24:1 0.272 -0.5 -0.5 0.0 0.062 -1.3 -0.5 0.3 0.185 -1.0 0.0 0.3 

MHC 22:0 0.677 0.0 0.0 -0.1 0.952 0.0 0.0 0.0 0.030 -0.4 -1.7 -0.8 

MHC 24:0 0.566 0.0 -0.1 -0.2 0.050 -0.7 -1.4 -0.2 0.093 -0.1 -1.4 -0.4 

MHC 24:1 0.448 0.4 0.1 -0.1 0.060 -0.8 -1.4 0.0 0.073 0.0 -1.6 -0.5 

DHC 20:0 0.677 0.0 -0.1 -0.1 0.214 0.6 0.5 0.0 0.910 0.0 0.0 0.0 

DHC 22:0 0.801 0.0 0.1 0.0 0.249 0.0 0.3 0.6 0.228 0.0 -0.5 -0.6 

THC 18:0 0.473 0.0 0.2 0.3 0.460 0.0 0.0 0.3 0.343 -0.4 -0.4 0.0 

GM3 18:0 0.733 -0.1 0.0 0.0 0.087 -1.2 0.0 0.7 0.228 -1.0 0.0 0.1 

GM3 20:0 0.209 0.0 -1.0 -0.6 0.460 0.1 -0.1 -0.2 0.843 0.0 0.0 0.0 

GM3 22:0 0.443 0.0 -0.3 -0.3 0.373 0.0 -0.2 -0.3 0.661 -0.2 0.0 0.0 

GM3 24:0 0.877 0.0 0.0 0.0 0.680 0.0 0.1 0.0 0.878 0.0 0.0 0.0 

GM3 24:1 0.352 0.1 -0.2 -0.4 0.612 -0.1 -0.1 0.0 0.592 0.0 -0.2 -0.1 

SM 31:1 0.230 0.0 -1.0 -0.4 0.297 -0.4 -0.3 0.0 0.567 0.0 -0.2 -0.1 

SM 32:1 0.302 -0.1 0.3 0.5 0.310 -0.3 0.0 0.4 0.013 -2.3 0.0 1.5 

SM 33:1 0.568 0.0 -0.1 -0.3 0.045 -0.5 -1.6 -0.3 0.011 -1.9 -1.9 0.0 

SM 34:0 0.124 -0.9 0.0 1.3 0.018 -2.3 -1.4 0.0 0.046 -1.9 0.1 0.5 

SM 34:1 0.223 -0.3 -1.0 -0.1 0.059 -0.8 -1.6 0.0 0.012 -2.7 -1.0 0.1 

SM 34:2 0.484 0.2 0.0 -0.2 0.036 0.0 -1.6 -0.9 0.093 -1.7 -0.2 0.0 

SM 35:1 0.141 -0.2 -1.5 -0.4 0.035 -2.0 -1.1 0.0 0.012 -2.6 -1.2 0.0 

SM 36:1 0.230 -0.8 -0.5 0.0 0.083 -1.2 -0.3 0.4 0.009 -3.3 -0.7 0.1 

SM 36:2 0.343 -0.5 -0.3 0.0 0.077 -1.0 -0.5 0.4 0.006 -3.0 0.0 2.2 

SM 38:1 0.328 -0.3 -0.6 0.0 0.409 -0.1 -0.3 0.0 0.014 -1.0 -2.2 -0.3 

SM 38:2 0.381 0.0 -0.6 -0.1 0.446 0.0 -0.2 -0.2 0.012 -1.6 -2.0 -0.1 

SM 39:1 0.056 0.1 -3.0 -1.7 0.010 -0.1 -1.8 -1.8 0.002 0.0 -3.6 -3.3 

SM 41:1 0.083 0.0 -1.7 -1.5 0.021 -0.3 -1.7 -1.1 0.011 -1.9 -1.9 -0.1 

SM 41:2 0.124 0.1 -0.6 -1.6 0.538 -0.2 0.0 0.1 0.141 -0.7 -0.9 0.0 

SM 42:1 0.249 0.0 -0.7 -0.4 0.061 -0.1 -1.1 -0.8 0.014 -2.0 -1.6 0.0 

PC 24:0 0.457 0.1 -0.1 -0.3 0.285 0.4 0.4 0.0 0.843 0.0 0.0 0.0 

PC 30:0 0.066 -0.4 1.7 1.5 0.011 -1.2 0.9 1.7 0.358 -0.5 -0.2 0.0 

PC 31:0 0.066 -0.7 -1.7 -0.9 0.023 -0.9 -1.6 -0.7 0.003 0.0 -3.5 -2.6 

PC 31:1 0.292 -0.6 -0.4 0.0 0.028 -2.1 -1.0 0.0 0.132 -0.9 -0.7 0.0 

PC 32:0 0.065 0.0 -2.1 -1.5 0.234 0.0 -0.6 -0.2 0.011 -1.0 -1.7 -1.5 

PC 32:1 0.083 0.0 1.5 1.6 0.002 -0.1 3.3 2.7 0.485 -0.6 0.0 0.0 

PC 32:2 0.056 -0.9 1.7 1.7 0.003 -0.9 1.7 2.5 0.167 -0.9 0.0 0.6 

PC 33:0 0.102 -0.1 -1.5 -1.0 0.017 -1.1 -1.8 -0.7 0.005 -0.2 -2.9 -2.2 

PC 33:1 0.567 -0.1 -0.2 0.0 0.318 -0.5 -0.1 0.1 0.007 0.1 -2.3 -2.3 

PC 33:2 0.236 -0.2 0.1 0.8 0.112 -1.5 -0.3 0.0 0.547 0.0 -0.3 -0.1 

PC 34:0 0.056 -0.1 -2.7 -1.5 0.149 -0.4 -0.9 0.0 0.022 -1.1 -1.9 -0.1 

PC 34:1 0.224 0.0 0.6 0.7 0.002 0.2 3.8 2.3 0.615 -0.1 -0.1 0.0 

PC 34:2 0.108 -0.1 1.2 1.3 0.007 0.1 2.3 1.8 0.598 -0.1 0.0 0.1 

PC 34:3 0.056 -0.1 2.3 2.0 0.001 -1.2 3.3 3.2 0.011 0.0 2.2 1.8 

PC 34:4 0.060 -0.3 1.7 1.9 0.003 -2.0 0.4 2.7 0.510 0.0 0.2 0.2 

PC 35:0 0.144 -0.9 -1.1 -0.1 0.049 -0.1 -1.7 -0.5 0.006 0.0 -3.0 -2.0 

PC 35:1 0.209 0.0 -1.1 -0.4 0.364 -0.2 -0.4 0.0 0.003 0.0 -3.2 -2.9 

PC 35:2 0.124 -0.1 0.5 1.6 0.365 -0.4 0.0 0.2 0.415 0.0 -0.4 -0.2 

PC 35:3 0.084 -0.1 0.8 2.0 0.021 -0.4 0.5 1.9 0.510 0.2 0.0 -0.2 
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Lipid species  

6 weeks 10 weeks 16 weeks 

P-

value
a 

db/h 

vs. 

H/H
b
 

db/db 

vs. 

H/H
b 

db/db 

vs. 

db/h
b
 

P-

value
a
 

db/h 

vs. 

H/H
b
 

db/db 

vs. 

H/H
b
 

db/db 

vs. 

db/h
b
 

P-

value
a
 

db/h 

vs. 

H/H
b
 

db/db 

vs. 

H/H
b
 

db/db 

vs. 

db/h
b
 

PC 35:4 0.470 -0.4 -0.1 0.0 0.070 -1.3 -0.8 0.0 0.289 0.0 0.2 0.7 

PC 36:0 0.188 -0.6 -1.2 0.0 0.317 0.5 0.1 -0.1 0.289 -0.6 -0.3 0.0 

PC 36:1 0.186 0.0 0.5 1.0 0.002 0.0 3.8 2.3 0.088 -1.0 -1.0 0.1 

PC 36:2 0.122 0.0 1.4 1.1 0.001 0.0 3.3 2.8 0.112 -0.7 -0.1 1.0 

PC 36:3 0.073 0.0 1.9 1.5 0.001 -0.1 4.1 3.2 0.088 -0.1 0.8 1.0 

PC 36:4a 0.121 -0.1 1.2 1.2 0.003 -0.7 1.7 2.6 0.063 0.0 0.8 1.6 

PC 36:4b 0.659 0.0 0.0 0.1 0.210 -0.1 0.1 0.8 0.028 -1.0 0.5 1.6 

PC 36:5 0.063 -0.2 1.7 1.7 0.001 -1.6 3.0 3.2 0.016 0.0 1.8 1.8 

PC 36:6 0.060 -2.2 -0.2 1.1 0.025 -1.8 -0.3 1.0 0.567 -0.1 0.0 0.2 

PC 37:4 0.230 -0.3 -1.1 0.0 0.448 -0.4 0.0 0.0 0.460 0.0 0.2 0.2 

PC 37:5 0.624 -0.1 0.0 0.1 0.143 -1.3 -0.3 0.0 0.069 0.0 0.8 1.5 

PC 37:6 0.056 -2.0 -1.9 -0.3 0.005 -1.1 -2.8 -1.1 0.547 0.3 0.1 0.0 

PC 38:2 0.689 -0.1 -0.1 0.0 0.289 -0.4 -0.4 0.0 0.191 0.0 -0.8 -0.4 

PC 38:3 0.062 0.6 1.7 1.3 0.025 0.0 1.3 1.5 0.658 -0.1 0.0 -0.1 

PC 38:4 0.352 -0.1 0.1 0.4 0.294 -0.2 0.0 0.5 0.093 -0.5 0.3 1.1 

PC 38:5 0.367 -0.2 0.0 0.5 0.025 -1.0 0.0 1.8 0.011 0.0 1.7 2.3 

PC 38:6a 0.209 0.0 0.8 0.6 0.002 -1.2 1.4 3.0 0.007 0.0 2.3 2.5 

PC 38:6b 0.059 -1.0 -1.9 -1.0 0.014 -0.5 -2.0 -1.1 0.771 -0.1 0.0 0.0 

PC 38:7 0.093 -0.9 0.0 1.9 0.017 -1.5 0.0 1.9 0.058 0.0 1.2 1.3 

PC 39:6 0.056 -0.8 -2.1 -1.3 0.009 -1.0 -2.4 -0.7 0.726 0.0 -0.2 0.0 

PC 39:7 0.124 -1.2 -1.2 0.0 0.025 -1.6 -1.6 0.0 0.910 0.0 0.0 0.0 

PC 40:5 0.083 -1.6 -1.5 0.0 0.098 -1.3 -0.5 0.0 0.013 -0.5 1.2 2.1 

PC 40:6 0.066 -1.2 -1.2 -1.0 0.005 -1.0 -2.6 -1.3 0.116 -0.7 -1.0 0.0 

PC 40:7 0.114 -0.6 -1.7 -0.2 0.052 -1.6 -0.9 0.0 0.193 0.0 0.3 1.0 

PC(O-30:0) 0.617 0.0 -0.1 -0.1 0.099 -0.3 -1.2 -0.2 0.009 -0.7 -2.3 -1.4 

PC(O-32:0) 0.083 0.0 -1.5 -1.6 0.005 -0.2 -2.6 -1.8 0.002 -0.5 -3.2 -2.9 

PC(O-32:1) 0.376 -0.1 0.0 0.5 0.198 0.0 -0.8 -0.3 0.036 0.0 -1.6 -1.1 

PC(O-34:0) 0.185 -0.6 -1.0 -0.1 0.006 -0.8 -2.4 -1.3 0.004 -1.8 -2.5 -1.7 

PC(O-34:1) 0.056 0.0 -2.1 -2.0 0.005 -1.1 -2.3 -1.5 0.002 -1.0 -3.2 -2.4 

PC(O-34:2) 0.161 -0.4 -1.1 -0.4 0.014 -0.7 -2.3 -0.7 0.012 -0.1 -2.0 -1.8 

PC(O-34:3) 0.260 -0.6 -0.3 0.1 0.207 -0.1 -0.6 -0.3 0.071 0.0 -1.3 -1.0 

PC(O-36:0) 0.415 -0.1 -0.4 0.0 0.013 -0.5 -2.6 -0.7 0.008 -0.8 -2.2 -1.7 

PC(O-36:1) 0.230 -0.6 -0.6 0.0 0.039 -0.1 -1.7 -0.7 0.008 -1.7 -2.2 -0.5 

PC(O-36:2) 0.100 -1.0 -1.5 -0.2 0.021 -0.4 -2.0 -0.8 0.010 -0.5 -2.3 -1.3 

PC(O-36:3) 0.132 -0.2 -1.7 -0.4 0.013 -1.6 -2.0 -0.4 0.093 -1.0 -1.0 0.0 

PC(O-36:4) 0.230 -0.7 -0.3 0.2 0.098 -1.1 -0.8 0.0 0.210 -0.9 0.0 0.3 

PC(O-36:5) 0.384 -0.3 0.0 0.3 0.182 -0.3 0.0 0.9 0.006 -0.4 1.7 2.9 

PC(O-38:4) 0.056 -1.9 -1.9 -0.4 0.087 -0.6 -1.1 -0.1 0.076 -0.3 -1.6 -0.2 

PC(O-38:5) 0.308 -0.4 -0.5 0.0 0.249 -0.8 0.0 0.2 0.002 -0.5 2.8 3.3 

PC(O-40:6) 0.056 -2.6 -3.0 -1.2 0.015 -0.4 -2.0 -1.1 0.555 -0.2 -0.2 0.0 

PC(O-40:7) 0.056 -1.1 -2.7 -0.3 0.094 -1.2 -0.7 0.0 0.093 0.0 1.0 1.0 

PC(P-32:0) 0.097 -1.2 -1.4 -0.2 0.035 -0.7 -1.7 -0.3 0.009 -1.8 -2.0 -0.4 

PC(P-32:1) 0.451 0.1 0.3 0.1 0.118 0.0 0.9 0.6 0.460 -0.4 0.0 0.1 

PC(P-34:1) 0.723 0.0 -0.1 0.0 0.886 0.0 0.0 0.0 0.638 0.0 0.2 0.0 

PC(P-34:2) 0.191 -0.5 -1.1 0.0 0.085 0.2 -0.6 -0.9 0.560 -0.2 -0.1 0.0 

PC(P-34:3) 0.521 0.0 -0.1 -0.3 0.240 0.0 -0.5 -0.4 0.185 -0.7 -0.6 0.0 

PC(P-36:2) 0.236 -0.4 -0.6 -0.1 0.021 0.0 -1.6 -1.5 0.883 0.0 0.0 0.0 

PC(P-36:4) 0.364 -0.4 0.0 0.3 0.213 -0.3 0.0 0.7 0.004 -1.1 1.6 2.9 

PC(P-36:5) 0.248 0.0 0.3 0.8 0.031 -0.4 0.4 1.7 0.024 -0.2 1.5 1.6 

PC(P-38:4) 0.179 -0.9 -0.8 0.0 0.699 -0.1 0.0 0.0 0.191 -0.2 0.2 0.9 

PC(P-38:5) 0.056 -1.6 -2.7 -0.1 0.059 -1.0 -0.9 -0.4 0.054 -0.1 0.7 1.8 

PC(P-38:6) 0.056 -1.3 -3.0 -0.9 0.009 -0.9 -1.8 -1.4 0.636 -0.2 0.0 0.0 

PC(P-40:5) 0.056 -2.0 -2.7 -1.6 0.019 -0.4 -1.7 -1.2 0.454 -0.2 -0.3 0.0 

PC(P-40:6) 0.056 -2.4 -2.5 -1.0 0.001 -1.6 -3.5 -1.7 0.445 0.0 -0.4 -0.1 
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Lipid species  

6 weeks 10 weeks 16 weeks 

P-

value
a 

db/h 

vs. 

H/H
b
 

db/db 

vs. 

H/H
b 

db/db 

vs. 

db/h
b
 

P-

value
a
 

db/h 

vs. 

H/H
b
 

db/db 

vs. 

H/H
b
 

db/db 

vs. 

db/h
b
 

P-

value
a
 

db/h 

vs. 

H/H
b
 

db/db 

vs. 

H/H
b
 

db/db 

vs. 

db/h
b
 

LPC 14:0 0.550 0.0 0.3 0.1 0.005 -1.1 0.5 2.6 0.800 -0.1 0.0 0.0 

LPC 15:0 0.308 0.0 -0.4 -0.5 0.283 -0.2 -0.4 -0.2 0.328 0.0 -0.4 -0.4 

LPC 16:0 0.357 0.3 0.0 -0.4 0.365 -0.2 0.0 0.4 0.155 -0.4 -0.8 -0.3 

LPC 16:1 0.146 0.2 1.1 0.7 0.001 0.0 3.5 3.0 0.242 0.0 0.7 0.3 

LPC 17:0 0.280 -0.1 -0.5 -0.4 0.400 -0.2 -0.3 0.0 0.118 0.0 -1.0 -0.7 

LPC 17:1 0.699 0.1 0.0 -0.1 0.506 -0.3 0.0 0.0 0.355 -0.1 -0.4 -0.2 

LPC 18:0 0.908 0.0 0.0 0.0 0.059 -0.8 0.0 1.4 0.193 -0.7 -0.6 0.0 

LPC 18:1 0.342 0.1 0.5 0.2 0.003 0.0 2.3 2.7 0.023 -1.5 0.1 1.7 

LPC 18:2 0.186 0.1 0.8 0.7 0.002 -1.2 1.1 3.1 0.041 -1.2 0.2 1.3 

LPC 20:1 0.516 0.1 0.0 -0.2 0.740 0.0 0.0 -0.1 0.118 0.0 -0.8 -1.0 

LPC 20:3 0.161 0.0 0.7 1.1 0.001 -3.6 0.7 3.2 0.006 -0.9 1.0 3.0 

LPC 20:4 0.449 0.0 0.3 0.2 0.002 -2.5 0.2 2.8 0.007 -1.4 0.8 2.6 

LPC 22:4 0.384 -0.1 0.0 0.5 0.213 0.0 0.1 0.9 0.009 -0.2 2.2 2.0 

LPC 22:5 0.484 -0.2 0.0 0.2 0.004 -2.5 0.2 2.4 0.004 -0.1 2.6 3.1 

LPC 22:6 0.056 -2.2 -1.9 -0.2 0.004 -3.3 -2.6 0.0 0.155 -0.4 0.0 1.0 

LPC(O-16:0) 0.127 0.0 -1.5 -0.9 0.561 0.0 0.0 0.2 0.132 0.0 -0.7 -1.0 

PE 32:0 0.249 0.7 0.4 0.0 0.247 -0.2 0.0 0.7 0.467 -0.2 -0.3 0.0 

PE 34:1 0.154 0.2 1.4 0.4 0.003 0.0 3.3 2.1 0.883 0.0 0.0 0.0 

PE 34:2 0.065 0.2 2.3 1.1 0.002 0.0 2.6 2.6 0.663 -0.1 0.0 0.1 

PE 34:3 0.056 0.0 2.7 1.7 0.001 0.0 3.5 2.7 0.029 0.0 1.5 1.6 

PE 35:1 0.292 -0.2 0.0 0.7 0.538 0.0 0.1 0.2 0.088 0.0 -1.0 -1.0 

PE 35:2 0.174 0.1 1.0 0.6 0.211 0.0 0.5 0.5 0.528 0.2 0.0 -0.2 

PE 36:1 0.550 0.0 0.4 0.0 0.182 -0.2 0.1 0.9 0.082 -0.2 -1.2 -0.6 

PE 36:2 0.065 0.3 2.3 1.0 0.001 0.0 3.8 2.7 0.168 -0.9 -0.1 0.4 

PE 36:3 0.060 0.1 2.3 1.3 0.001 0.0 3.5 3.2 0.144 -0.2 0.4 1.0 

PE 36:4 0.056 0.0 2.7 1.7 0.001 0.0 4.1 3.2 0.009 0.0 2.3 2.1 

PE 36:5 0.056 0.0 2.1 2.0 0.001 -1.3 3.8 3.2 0.006 0.0 2.2 2.8 

PE 38:3 0.267 0.0 0.6 0.4 0.007 0.0 2.1 2.0 0.069 0.2 1.5 0.5 

PE 38:4 0.056 0.0 2.7 2.0 0.001 0.0 4.1 2.8 0.005 -0.1 2.4 2.9 

PE 38:5 0.056 -0.1 2.7 2.0 0.001 -0.8 2.4 3.1 0.004 -0.4 2.1 3.1 

PE 38:6 0.467 -0.4 -0.1 0.0 0.094 -0.8 -1.0 0.0 0.415 0.1 0.1 0.4 

PE 40:5 0.800 -0.1 0.0 0.0 0.226 0.0 -0.7 -0.2 0.007 -1.5 -2.4 -0.7 

PE 40:6 0.308 -0.5 -0.4 0.0 0.036 -1.0 -1.6 -0.2 0.257 -0.6 -0.4 0.0 

PE 40:7 0.287 -0.6 -0.2 0.1 0.112 -1.2 -0.1 0.3 0.205 0.0 0.3 1.0 

PE(O-34:1) 0.779 0.0 0.0 0.0 0.346 -0.1 -0.5 0.0 0.034 -1.2 -1.4 -0.2 

PE(O-36:2) 0.602 0.0 0.1 0.2 0.037 -0.3 -1.6 -0.7 0.046 0.0 -1.5 -1.1 

PE(O-36:3) 0.942 0.0 0.0 0.0 0.846 0.1 0.0 0.0 0.074 -0.7 -1.4 0.0 

PE(O-36:4) 0.185 0.0 1.0 0.7 0.886 0.0 0.0 0.0 0.074 -0.6 0.1 1.5 

PE(O-36:5) 0.555 0.2 0.0 -0.1 0.123 -0.1 0.4 0.9 0.909 0.0 0.0 0.0 

PE(O-38:4) 0.328 -0.5 0.0 0.3 0.216 -0.3 -0.6 -0.1 0.514 -0.2 -0.2 0.0 

PE(O-38:5) 0.124 0.0 1.7 0.8 0.005 -0.1 1.4 2.6 0.007 -0.5 2.0 2.3 

PE(O-40:4) 0.521 0.0 0.2 0.2 0.886 0.0 0.0 0.0 0.118 0.0 -1.5 -0.4 

PE(O-40:5) 0.659 -0.1 0.0 0.1 0.099 -0.9 -0.1 0.7 0.679 0.0 0.1 0.1 

PE(O-40:6) 0.186 -0.6 -1.0 0.0 0.030 -1.8 -1.2 0.0 0.807 -0.1 0.0 0.0 

PE(O-40:7) 0.144 -0.8 -1.4 0.0 0.198 -0.6 -0.1 0.4 0.004 -0.1 2.3 3.3 

PE(P-34:2) 0.146 0.0 1.2 0.9 0.867 0.0 0.0 0.0 0.561 -0.4 0.0 0.0 

PE(P-36:2) 0.846 0.0 0.0 0.0 0.800 0.0 0.0 0.0 0.014 -0.5 -2.7 -0.3 

PE(P-36:4) 0.141 0.0 0.8 1.3 0.045 -0.1 0.5 1.6 0.369 -0.2 0.0 0.5 

PE(P-38:4) 0.144 -0.6 0.2 1.2 0.036 -1.0 0.0 1.6 0.210 -0.5 0.0 0.7 

PE(P-38:5) 0.230 -0.1 0.4 0.7 0.044 -1.0 0.0 1.4 0.030 -0.7 0.5 1.8 

PE(P-38:6) 0.461 -0.4 -0.1 0.0 0.090 -1.1 -0.8 0.0 0.289 -0.4 0.0 0.5 

PE(P-40:4) 0.855 0.0 0.0 0.0 0.895 0.0 0.0 0.0 0.651 0.0 0.0 0.2 

PE(P-40:5) 0.652 -0.2 0.0 0.0 0.113 -0.7 -0.9 0.0 0.738 -0.1 0.0 0.0 

PE(P-40:6) 0.083 -0.7 -1.9 -0.4 0.022 -1.3 -1.8 -0.1 0.467 -0.2 -0.3 0.0 
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Lipid species  

6 weeks 10 weeks 16 weeks 

P-

value
a 

db/h 

vs. 

H/H
b
 

db/db 

vs. 

H/H
b 

db/db 

vs. 

db/h
b
 

P-

value
a
 

db/h 

vs. 

H/H
b
 

db/db 

vs. 

H/H
b
 

db/db 

vs. 

db/h
b
 

P-

value
a
 

db/h 

vs. 

H/H
b
 

db/db 

vs. 

H/H
b
 

db/db 

vs. 

db/h
b
 

LPE 16:0 0.659 0.0 0.0 -0.2 0.346 0.0 0.1 0.5 0.242 0.0 -0.5 -0.6 

LPE 18:0 0.827 0.0 0.0 -0.1 0.118 0.0 0.6 0.9 0.257 0.0 -0.5 -0.6 

LPE 18:1 0.545 0.1 0.0 -0.3 0.112 0.3 1.0 0.2 0.180 0.0 -0.8 -0.6 

LPE 18:2 0.230 0.1 1.1 0.1 0.031 0.0 1.0 1.6 0.258 -0.1 -0.7 -0.1 

LPE 20:4 0.157 0.0 1.1 0.9 0.001 -1.6 4.1 3.2 0.015 -0.7 1.0 1.9 

LPE 22:5 0.230 0.1 0.6 0.6 0.001 -0.1 4.1 3.2 0.002 0.0 3.6 3.3 

LPE 22:4 0.776 0.0 0.0 -0.1 0.005 -0.2 1.3 2.6 0.791 -0.1 0.0 0.0 

LPE 22:6 0.146 -0.8 -1.2 0.0 0.005 -3.6 -2.0 0.0 0.186 -1.0 -0.1 0.2 

PI 34:1 0.154 0.2 1.5 0.3 0.001 0.0 4.1 3.0 0.897 0.0 0.0 0.0 

PI 36:1 0.360 0.8 0.1 0.0 0.017 -0.2 0.8 2.1 0.344 -0.1 0.1 0.6 

PI 36:2 0.934 0.0 0.0 0.0 0.460 -0.4 -0.1 0.0 0.074 -0.4 -1.4 -0.3 

PI 36:3 0.099 0.1 1.7 1.0 0.001 -0.6 3.5 3.2 0.097 0.3 1.3 0.2 

PI 36:4 0.189 0.0 0.5 1.0 0.198 -0.5 0.0 0.6 0.272 -0.7 -0.3 0.0 

PI 38:2 0.179 0.0 0.3 1.5 0.903 0.0 0.0 0.0 0.760 0.0 0.0 -0.1 

PI 38:3 0.522 0.0 0.1 0.2 0.188 -0.4 0.1 0.6 0.987 0.0 0.0 0.0 

PI 38:4 0.406 -0.3 -0.2 0.1 0.109 -1.1 -0.5 0.0 0.186 -0.6 0.0 0.7 

PI 38:5 0.097 0.0 1.7 1.2 0.001 -1.3 2.4 3.2 0.014 0.0 1.6 2.1 

PI 38:6 0.108 -1.9 -0.4 0.2 0.021 -2.0 -1.4 0.1 0.754 -0.1 0.0 0.1 

PI 40:4 0.580 -0.1 -0.2 0.0 0.038 -1.5 -1.0 0.2 0.897 0.0 0.0 0.0 

PI 40:5 0.124 -0.8 0.0 1.3 0.030 -1.0 0.5 1.4 0.002 0.0 3.6 3.0 

PI 40:6 0.059 -0.3 -2.5 -1.1 0.072 -0.2 -1.3 -0.4 0.574 -0.1 0.0 0.2 

PS 36:1 0.272 0.0 -0.5 -0.5 0.560 -0.2 -0.1 0.0 0.202 -0.1 -0.7 -0.4 

PS 36:2 0.877 0.0 0.0 0.0 0.249 -0.8 0.0 0.2 0.567 -0.2 0.0 0.1 

PS 38:3 0.894 0.0 0.0 0.0 0.295 -0.4 -0.1 -0.1 0.630 -0.2 0.0 0.1 

PS 38:4 0.285 -0.6 -0.4 0.0 0.134 -0.8 -0.5 0.1 0.411 -0.2 0.0 0.4 

PS 38:5 0.383 -0.3 0.0 0.4 0.011 -1.3 0.2 2.1 0.283 0.0 0.7 0.2 

PS 40:5 0.448 -0.2 0.0 0.3 0.090 -0.7 0.0 1.1 0.685 -0.1 0.0 0.1 

PS 40:6 0.230 -0.4 -1.0 0.0 0.346 -0.5 -0.2 0.0 0.460 -0.4 0.0 0.1 

PG 34:1 0.186 -0.5 0.3 0.8 0.029 -0.3 0.5 1.7 0.845 0.0 0.0 0.0 

PG 34:2 0.093 -0.1 1.5 1.3 0.002 -0.3 2.3 2.6 0.941 0.0 0.0 0.0 

PG 36:1 0.463 -0.2 -0.3 0.0 0.124 -0.6 -0.9 0.0 0.180 -0.9 -0.4 0.0 

PG 36:2 0.163 -0.1 0.8 0.9 0.018 -1.6 0.0 1.7 0.344 -0.4 -0.2 0.0 

PG 36:3 0.056 -0.7 1.0 2.4 0.005 0.0 2.3 2.3 0.791 0.0 0.0 0.1 

BMP 16:0/18:1 0.230 0.0 0.7 0.6 0.506 0.0 0.2 0.1 0.754 0.0 0.0 0.1 

BMP 18:1/18:1 0.393 0.5 0.2 0.0 0.018 0.0 2.0 1.4 0.123 0.0 0.7 1.0 

CL 18:2/18:2/18:2/16:1 0.087 0.1 1.5 1.3 0.001 0.0 4.1 3.2 0.077 0.2 1.2 0.7 

CL 18:2/18:1/18:2/16:1 0.097 0.0 1.4 1.5 0.001 0.0 3.5 3.1 0.025 0.0 1.8 1.4 

CL 18:2/18:1/18:1/16:1 0.328 0.0 0.4 0.4 0.029 -0.1 0.5 1.9 0.159 0.0 0.9 0.6 

CL 18:2/18:2/18:2/18:3 0.348 -0.4 -0.3 0.0 0.010 -0.6 0.1 2.8 0.386 -0.2 0.0 0.5 

CL 18:2/18:2/18:2/18:2 0.203 -0.1 0.6 0.8 0.003 -1.1 1.2 2.7 0.574 0.0 0.1 0.2 

CL 18:2/18:2/18:2/18:1 0.457 -0.3 -0.1 0.1 0.207 -0.5 0.0 0.5 0.196 -0.1 0.1 1.1 

CL 18:2/18:1/18:2/18:1 0.152 -0.8 -1.0 -0.2 0.150 -1.1 -0.4 0.0 0.094 -0.5 0.2 1.2 

CL 18:1/18:1/18:1/18:2 0.146 -1.5 -0.5 0.0 0.926 0.0 0.0 0.0 0.012 -1.0 0.6 2.3 

CL 18:2/18:2/18:2/20:3 0.139 -0.3 0.4 1.3 0.055 -0.3 0.2 1.5 0.050 0.0 1.3 1.3 

CL 18:2/18:1/18:2/20:3 0.230 -0.7 -0.5 0.0 0.047 -1.8 -0.9 0.0 0.411 -0.2 0.0 0.4 

CL 18:2/18:1/18:2/20:2 0.161 -0.7 -1.2 0.0 0.023 -0.9 -1.7 -0.6 0.211 -1.0 -0.2 0.0 

CL 18:2/18:2/18:2/20:4 0.169 -0.5 0.1 1.1 0.165 -0.5 -0.1 0.7 0.228 0.0 0.3 0.9 

CL 18:2/18:1/18:2/20:1 0.979 0.0 0.0 0.0 0.458 -0.3 0.0 0.1 0.843 0.0 0.0 0.0 

CL 18:2/18:2/18:2/22:6 0.056 -1.2 -2.3 -0.5 0.005 -2.5 -2.6 -0.2 0.446 0.0 0.2 0.4 

CL 18:2/18:1/18:2/22:6 0.056 -2.6 -2.3 0.0 0.015 -1.0 -2.3 -0.4 0.567 0.0 0.0 0.3 

CL 18:2/18:1/18:2/22:5 0.066 -2.4 -0.7 0.2 0.129 -1.0 0.0 0.5 0.878 0.0 0.0 0.0 

CL 18:2/22:6/18:2/20:3 0.330 -0.3 -0.5 -0.1 0.300 0.0 -0.5 -0.2 0.293 0.0 0.4 0.6 

CE 18:1 0.934 0.0 0.0 0.0 0.109 -0.7 0.1 0.8 0.514 0.0 -0.3 -0.1 

CE 18:2 0.230 0.0 0.5 0.8 0.015 -0.8 0.2 2.3 0.865 0.0 0.0 0.0 
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Lipid species  

6 weeks 10 weeks 16 weeks 

P-

value
a 

db/h 

vs. 

H/H
b
 

db/db 

vs. 

H/H
b 

db/db 

vs. 

db/h
b
 

P-

value
a
 

db/h 
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H/H
b
 

db/db 
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H/H
b
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vs. 
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b
 

P-

value
a
 

db/h 
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H/H
b
 

db/db 

vs. 

H/H
b
 

db/db 

vs. 

db/h
b
 

CE 18:3 0.293 0.0 0.5 0.4 0.022 -1.6 0.0 1.5 0.510 0.0 0.2 0.2 

CE 20:3 0.097 0.5 1.7 0.6 0.004 -0.4 2.1 2.3 0.463 0.0 0.3 0.2 

CE 20:4 0.372 0.0 0.5 0.1 0.060 -1.1 0.0 1.1 0.117 0.0 1.0 0.8 

CE 20:5 0.060 0.0 1.7 2.0 0.001 -0.4 3.3 3.2 0.028 0.4 1.7 0.8 

CE 22:6 0.617 0.0 0.2 0.0 0.025 -1.8 0.0 1.4 0.161 0.1 0.8 0.5 

COH 0.484 0.1 0.0 -0.4 0.355 -0.3 -0.3 0.0 0.658 -0.1 -0.1 0.0 

DG 16:0/16:0 0.209 0.0 0.5 0.9 0.001 -1.6 1.8 3.1 0.009 0.0 1.9 2.3 

DG 16:0/18:1 0.239 0.0 0.5 0.7 0.001 -1.0 3.0 3.2 0.007 0.0 2.4 2.3 

DG 16:0/18:2 0.415 0.0 0.2 0.4 0.002 -1.5 1.4 2.7 0.009 0.1 2.3 1.9 

DG 16:0/20:4 0.202 -0.1 0.2 1.2 0.112 -0.3 0.2 0.9 0.247 0.3 0.6 0.1 

DG 16:0/22:5 0.146 -0.3 0.4 1.2 0.003 -2.0 1.6 2.0 0.004 0.2 3.0 2.4 

DG 16:0/22:6 0.249 -0.8 -0.2 0.1 0.066 -1.5 -0.2 0.5 0.210 0.0 0.4 0.8 

DG 16:1/18:1 0.182 0.0 0.6 1.1 0.001 -0.4 2.0 3.2 0.027 0.1 1.6 1.5 

DG 18:0/18:1 0.228 0.0 0.3 1.0 0.001 -2.0 1.8 3.1 0.014 0.0 1.6 2.1 

DG 18:0/18:2 0.503 0.0 0.1 0.3 0.007 -2.3 0.0 2.1 0.056 -0.3 0.6 1.6 

DG 18:0/20:4 0.669 0.0 -0.1 0.0 0.046 -0.6 -1.6 -0.2 0.037 -1.3 -1.3 -0.1 

DG 18:1/18:1 0.246 0.0 0.5 0.6 0.002 0.0 2.8 3.0 0.008 0.1 2.4 2.0 

DG 18:1/18:2 0.341 0.0 0.5 0.3 0.008 -0.1 1.8 2.0 0.006 0.5 3.0 1.5 

DG 18:1/18:3 0.203 0.0 0.5 1.1 0.004 -0.8 1.4 2.4 0.007 0.2 2.6 1.8 

DG 18:1/20:3 0.227 0.0 0.3 1.1 0.052 0.0 1.1 1.1 0.168 0.1 0.9 0.4 

DG 18:1/20:4 0.249 0.0 0.2 1.0 0.044 -0.8 0.2 1.4 0.059 0.3 1.5 0.6 

DG 18:2/18:2 0.554 0.1 0.2 0.1 0.547 0.0 0.0 0.2 0.011 1.1 2.3 0.6 

TG 14:0/16:0/18:1 0.161 0.1 0.5 1.3 0.001 -0.1 3.0 3.2 0.025 0.0 1.3 2.0 

TG 14:0/16:0/18:2 0.224 0.1 0.5 0.7 0.002 -0.3 1.7 3.0 0.059 0.0 1.1 1.4 

TG 14:0/16:1/18:1 0.182 0.1 0.7 0.8 0.003 0.0 1.7 3.2 0.037 0.0 1.4 1.5 

TG 14:0/16:1/18:2 0.209 0.2 0.7 0.5 0.002 -0.1 2.0 3.2 0.013 0.0 1.9 1.9 

TG 14:0/17:0/18:1 0.302 0.1 0.5 0.4 0.002 -0.4 1.6 3.0 0.008 0.0 2.1 2.5 

TG 14:1/16:0/18:1 0.174 0.2 0.8 0.8 0.001 -0.1 2.6 3.1 0.012 0.0 1.9 2.1 

TG 14:1/16:1/18:0 0.154 0.2 0.8 0.9 0.002 0.0 1.7 3.2 0.076 0.0 1.2 1.0 

TG 14:1/18:1/18:1 0.191 0.3 0.5 0.8 0.001 -0.1 2.6 3.2 0.009 0.0 2.2 2.1 

TG 16:0/16:0/16:0 0.249 0.0 0.5 0.6 0.001 -1.0 2.8 3.2 0.027 0.0 1.2 2.0 

TG 16:0/16:0/18:0 0.249 0.0 0.5 0.6 0.001 -1.2 2.3 3.2 0.012 -0.1 1.6 2.2 

TG 16:0/16:0/18:1 0.230 0.3 0.5 0.4 0.001 0.0 3.8 3.2 0.011 0.0 1.9 2.2 

TG 16:0/16:0/18:2 0.330 0.1 0.5 0.2 0.001 -0.3 3.0 3.1 0.010 0.1 1.9 2.2 

TG 16:0/16:1/18:1 0.122 0.2 1.1 1.1 0.001 0.0 2.6 3.2 0.010 0.0 2.1 2.1 

TG 16:0/17:0/18:1 0.209 0.1 0.6 0.9 0.001 -0.1 3.0 3.2 0.009 0.0 1.9 2.4 

TG 16:0/17:0/18:2 0.448 0.1 0.3 0.2 0.002 -0.3 2.0 2.8 0.011 0.1 2.0 2.0 

TG 16:0/18:0/18:1 0.235 0.1 0.5 0.6 0.001 -0.2 2.3 3.2 0.013 -0.1 1.6 2.2 

TG 16:0/18:1/18:1 0.209 0.4 0.8 0.1 0.001 0.0 3.0 3.0 0.006 0.1 2.7 2.4 

TG 16:0/18:1/18:2 0.231 0.6 0.5 0.0 0.001 0.0 3.5 3.0 0.004 0.2 2.8 2.5 

TG 16:0/18:2/18:2 0.146 1.2 0.8 0.0 0.005 0.0 2.1 2.4 0.002 0.2 3.3 2.9 

TG 16:1/16:1/16:1 0.220 0.2 0.7 0.4 0.003 -0.1 1.4 3.2 0.059 0.0 1.2 1.2 

TG 16:1/16:1/18:0 0.209 0.0 0.3 1.2 0.008 -0.1 1.0 2.6 0.029 0.0 1.3 1.8 

TG 16:1/16:1/18:1 0.124 0.3 1.0 1.1 0.002 0.0 1.8 3.2 0.016 0.0 1.8 1.8 

TG 16:1/17:0/18:1 0.292 0.2 0.6 0.1 0.001 0.0 2.8 3.1 0.006 0.0 2.5 2.4 

TG 16:1/18:1/18:1 0.116 0.4 1.2 0.8 0.001 0.0 2.6 3.2 0.009 0.1 2.3 1.9 

TG 16:1/18:1/18:2 0.144 0.7 1.0 0.4 0.001 0.0 2.8 3.2 0.006 0.2 2.6 2.2 

TG 17:0/18:1/18:1 0.470 0.0 0.2 0.3 0.018 -0.1 1.1 1.8 0.017 0.1 1.8 1.6 

TG 18:0/18:0/18:1 0.186 0.0 0.6 1.0 0.001 -0.4 2.0 3.2 0.008 -0.1 1.9 2.5 

TG 18:0/18:1/18:1 0.330 0.2 0.5 0.1 0.002 0.0 2.1 3.1 0.009 0.0 1.8 2.4 

TG 18:1/18:1/18:1 0.209 0.7 0.6 0.1 0.002 0.2 2.8 2.5 0.004 0.0 3.0 2.6 

TG 18:1/18:1/18:2 0.209 1.1 0.4 0.0 0.004 0.1 2.6 2.0 0.003 0.0 3.2 2.8 

TG 18:1/18:1/20:4 0.248 0.6 0.6 0.0 0.005 0.8 2.3 1.5 0.002 0.4 3.3 2.9 

TG 18:1/18:1/22:6 0.384 0.6 0.1 0.0 0.025 0.0 1.7 1.3 0.004 0.8 2.8 2.0 
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Lipid species  

6 weeks 10 weeks 16 weeks 
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H/H
b
 

db/db 

vs. 

db/h
b
 

TG 18:1/18:2/18:2 0.185 1.3 0.4 0.0 0.007 0.2 2.4 1.6 0.002 0.2 3.6 2.8 

TG 18:2/18:2/18:2 0.209 0.9 0.2 -0.3 0.240 0.1 0.8 0.1 0.002 0.7 3.5 2.9 

TG 18:2/18:2/20:4 0.059 2.4 0.7 -0.6 0.092 0.0 0.8 0.9 0.011 0.0 1.9 2.2 

 
a 
P-value for the comparison of levels of each lipid species between genotypes at each age using the Kruskal Wallis 

test with Benjamini-Hochberg correction for multiple comparisons. P < 0.05 was considered significant (highlighted 

in pink).  
b 

Post-hoc analysis was performed using the Mann Whitney U test with Dunn-Sidak correction for multiple group 

comparisons. Values were derived from the formula: sign(difference in median levels)*-log10(post-hoc P-value). 

Colour-coded values 1.3 to 2.0 (light red, P = 0.05-0.01) and > 2.0 (dark red, P < 0.01) indicate a significant 

increase relative to the reference group. Colour-coded values -1.3 to -2.0 (light green, P = 0.05-0.01) and < -2.0 

(dark green, P < 0.01) indicate a significant decrease relative to the reference group.  
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Table S4.4 Relationship between genotype and adipose lipid species in male mice. 

 

Lipid species  

6 weeks 10 weeks 16 weeks 

P-

value
a 

db/h 

vs. 

H/H
b
 

db/db 

vs. 

H/H
b
 

db/db 

vs. 

db/h
b
 

P-

value
a
 

db/h 

vs. 

H/H
b
 

db/db 

vs. 

H/H
b
 

db/db 

vs. 

db/h
b
 

P-

value
a
 

db/h 

vs. 

H/H
b
 

db/db 

vs. 

H/H
b
 

db/db 

vs. 

db/h
b
 

Sph 18:1 0.627 0.2 0.0 -0.1 0.517 0.0 0.4 0.0 0.671 0.0 0.0 -0.1 

Cer 16:0 0.589 0.2 0.0 -0.2 0.177 -0.6 -0.5 0.0 0.085 -0.8 0.0 0.8 

Cer 18:0 0.638 0.1 0.2 0.0 0.050 -1.2 0.0 1.2 0.054 -1.3 -0.1 0.6 

Cer 20:0 0.384 0.4 0.0 -0.5 0.045 -1.2 -1.1 0.2 0.011 -1.8 -1.5 0.0 

Cer 22:0 0.619 0.3 0.0 -0.1 0.122 -0.9 -0.7 0.0 0.001 -3.0 -2.4 0.1 

Cer 24:0 0.726 0.0 0.0 -0.2 0.053 -0.9 -1.6 0.0 0.004 -2.4 -1.5 0.6 

Cer 24:1 0.565 0.3 0.0 -0.1 0.048 -0.9 -1.6 0.0 0.002 -2.3 -2.7 0.0 

MHC 16:0 0.366 0.7 0.0 -0.8 0.979 0.0 0.0 0.0 0.150 -0.6 -0.5 0.0 

MHC 22:0 0.366 0.6 -0.1 -1.2 0.075 0.0 -0.9 -0.9 0.009 -0.8 -2.5 -0.2 

MHC 24:0 0.366 0.4 -0.3 -0.9 0.044 0.0 -2.0 -0.7 0.009 -1.1 -2.3 -0.2 

MHC 24:1 0.366 0.2 -0.1 -0.8 0.032 0.0 -2.6 -0.7 0.052 -0.5 -1.6 0.0 

SM 32:1 0.384 0.1 0.8 0.0 0.095 -0.1 0.6 0.9 0.085 0.0 1.0 0.7 

SM 33:1 0.580 0.0 -0.1 -0.2 0.068 -0.3 -1.3 -0.3 0.816 -0.1 0.0 0.0 

SM 34:0 0.739 0.0 0.1 0.0 0.126 0.0 0.6 0.8 0.009 0.0 2.3 1.4 

SM 34:1 0.886 0.0 0.0 0.0 0.531 -0.3 0.0 0.1 0.013 -0.1 1.8 1.4 

SM 34:2 0.793 0.0 0.1 0.0 0.140 0.0 0.5 0.8 0.011 -0.1 2.0 1.4 

SM 35:1 0.827 0.0 0.0 0.0 0.675 -0.1 0.0 0.0 0.473 0.1 0.2 0.0 

SM 35:2 0.577 0.1 0.3 0.0 0.177 0.0 0.4 0.7 0.511 0.0 0.3 0.1 

SM 36:1 0.996 0.0 0.0 0.0 0.252 0.0 0.1 0.7 0.489 0.0 0.0 0.4 

SM 36:2 0.954 0.0 0.0 0.0 0.151 0.0 0.5 0.8 0.458 0.0 0.0 0.4 

SM 38:1 0.366 0.0 -0.6 -0.5 0.064 -1.2 -1.0 0.0 0.188 -0.7 -0.2 0.1 

SM 38:2 0.896 0.0 0.0 0.0 0.294 -0.2 0.0 0.6 0.700 0.0 -0.1 0.0 

SM 39:1 0.822 0.0 0.0 0.1 0.396 0.2 0.0 -0.3 0.056 0.3 -0.2 -1.6 

SM 41:1 0.455 0.0 0.5 0.0 0.052 0.6 1.3 0.4 0.099 0.0 1.0 0.4 

SM 41:2 0.384 0.3 0.6 0.0 0.055 0.4 1.2 0.5 0.054 0.5 1.2 0.2 

SM 42:1 0.366 0.0 -0.3 -1.1 0.126 -0.8 -0.8 0.0 0.014 -1.8 -0.7 0.6 

PC 24:0 0.684 -0.1 -0.1 0.0 0.252 -0.3 -0.6 0.0 0.022 -0.8 -1.7 -0.1 

PC 28:0 0.980 0.0 0.0 0.0 0.979 0.0 0.0 0.0 0.979 0.0 0.0 0.0 

PC 30:0 0.384 0.0 -0.5 -0.4 0.042 -0.1 -2.8 -0.1 0.010 -0.9 -2.3 -0.2 

PC 31:0 0.366 0.0 -0.9 -0.8 0.031 -0.1 -3.3 -0.3 0.009 -0.9 -2.4 -0.2 

PC 31:1 0.886 0.0 0.0 0.0 0.299 0.0 -0.4 -0.2 0.827 0.0 0.0 0.0 

PC 32:0 0.366 0.0 -0.8 -1.1 0.027 -0.1 -2.6 -0.7 0.005 -1.3 -2.6 -0.2 

PC 32:1 0.758 0.0 -0.1 -0.1 0.368 -0.4 0.0 0.2 0.035 -1.0 -1.4 0.0 

PC 32:2 0.950 0.0 0.0 0.0 0.051 -0.3 0.4 1.4 0.732 -0.1 0.0 0.0 

PC 32:3 0.977 0.0 0.0 0.0 0.568 0.0 0.2 0.0 0.343 0.2 0.4 0.0 

PC 33:0 0.366 -0.1 -0.8 -0.9 0.027 -0.1 -3.5 -0.3 0.013 -0.8 -2.0 -0.3 

PC 33:1 0.511 0.0 -0.2 -0.3 0.021 -1.0 -3.3 0.0 0.002 -1.4 -2.9 -1.0 

PC 33:2 0.407 0.0 -0.4 -0.3 0.019 -1.0 -3.0 -0.3 0.009 -1.1 -1.8 -0.8 

PC 34:0 0.366 0.0 -0.8 -1.1 0.025 -0.2 -2.8 -0.6 0.002 -1.8 -3.0 -0.1 

PC 34:1 0.407 0.0 -0.3 -0.4 0.038 -1.2 -1.7 0.0 0.003 -2.5 -2.0 0.0 

PC 34:2 0.366 0.0 -0.5 -0.7 0.031 -1.0 -2.3 0.0 0.008 -2.3 -1.5 0.0 

PC 34:3 0.401 0.0 -0.2 -0.6 0.038 -1.2 -1.7 0.0 0.010 -1.8 -1.6 0.0 

PC 34:4 0.366 0.0 -0.9 -0.3 0.052 -0.8 -1.7 0.0 0.019 -1.1 -1.7 0.0 

PC 35:0 0.401 0.0 -0.6 -0.1 0.024 -0.7 -2.1 -0.7 0.003 0.0 -2.7 -2.2 

PC 35:1 0.679 0.0 -0.1 -0.2 0.045 -1.3 -1.2 -0.1 0.001 -2.7 -3.6 -1.3 

PC 35:2 0.401 0.0 -0.2 -0.5 0.032 -0.8 -2.1 -0.2 0.046 -0.9 -1.1 -0.1 

PC 35:3 0.366 0.2 -0.4 -0.8 0.020 -1.1 -2.8 -0.1 0.002 -2.5 -2.1 -0.6 

PC 35:4 0.366 0.0 -0.4 -0.7 0.021 -0.7 -3.0 -0.2 0.012 -1.1 -1.9 -0.2 

PC 35:5 0.366 0.0 -0.4 -0.9 0.032 -1.1 -2.1 0.0 0.070 -1.1 -0.4 0.2 

PC 36:0 0.912 0.0 0.0 0.0 0.740 0.0 -0.1 0.0 0.031 0.0 -1.5 -1.0 

PC 36:1 0.749 0.0 0.1 0.0 0.207 -0.2 0.0 0.7 0.049 -1.2 -0.7 0.1 

PC 36:2 0.736 0.1 0.0 0.0 0.592 -0.2 0.0 -0.1 0.003 -2.9 -1.6 0.1 
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Lipid species  

6 weeks 10 weeks 16 weeks 

P-

value
a 

db/h 

vs. 

H/H
b
 

db/db 

vs. 

H/H
b
 

db/db 

vs. 

db/h
b
 

P-

value
a
 

db/h 

vs. 

H/H
b
 

db/db 

vs. 

H/H
b
 

db/db 

vs. 

db/h
b
 

P-

value
a
 

db/h 

vs. 

H/H
b
 

db/db 

vs. 

H/H
b
 

db/db 

vs. 

db/h
b
 

PC 36:3 0.366 0.0 -0.4 -0.8 0.027 -1.1 -2.3 -0.1 0.003 -2.8 -1.8 -0.1 

PC 36:4a 0.366 0.1 -0.3 -0.7 0.019 -1.5 -2.3 -0.8 0.002 -3.0 -1.8 -0.6 

PC 36:4b 0.366 0.0 -0.4 -0.8 0.031 -0.9 -2.3 -0.1 0.010 -1.5 -1.8 -0.1 

PC 36:5 0.398 0.0 -0.3 -0.5 0.034 -1.1 -2.0 0.1 0.013 -1.5 -1.6 0.0 

PC 36:6 0.436 0.0 -0.3 -0.3 0.025 -1.6 -1.8 0.2 0.051 -1.2 -0.8 0.0 

PC 37:4 0.366 0.0 -0.3 -0.8 0.044 -0.5 -2.1 0.0 0.011 -1.2 -1.8 -0.2 

PC 37:5 0.511 0.0 -0.3 -0.2 0.024 -1.0 -2.6 -0.1 0.018 -1.0 -1.7 -0.1 

PC 38:2 0.790 -0.1 0.0 0.0 0.168 -0.5 -0.8 0.0 0.009 -0.6 -2.5 -0.5 

PC 38:3 0.980 0.0 0.0 0.0 0.101 -1.2 -0.1 0.4 0.001 -3.0 -3.5 0.0 

PC 38:4 0.529 0.0 -0.1 -0.3 0.052 -0.9 -1.4 -0.1 0.001 -2.7 -2.6 -0.1 

PC 38:5 0.384 0.0 -0.4 -0.5 0.040 -0.8 -2.1 0.0 0.009 -1.5 -2.0 0.0 

PC 38:6a 0.366 0.0 -0.5 -0.8 0.030 -0.5 -2.1 -0.5 0.009 -1.9 -1.6 -0.2 

PC 38:6b 0.393 0.0 -0.4 -0.4 0.038 -1.3 -1.6 0.0 0.008 -1.7 -1.9 -0.1 

PC 38:7 0.433 0.0 -0.4 -0.2 0.027 -1.5 -2.0 0.1 0.029 -1.4 -1.1 0.0 

PC 39:6 0.401 0.0 -0.2 -0.6 0.093 -0.3 -1.6 0.0 0.011 -0.5 -2.2 -0.6 

PC 39:7 0.422 0.0 -0.2 -0.4 0.586 0.0 -0.2 -0.1 0.252 -0.2 -0.6 0.0 

PC 40:5 0.954 0.0 0.0 0.0 0.406 -0.3 -0.3 0.0 0.011 -1.1 -1.9 -0.3 

PC 40:6 0.674 -0.1 -0.1 0.0 0.106 -1.1 -0.7 0.0 0.008 -1.3 -2.1 -0.3 

PC 40:7 0.401 0.0 -0.5 -0.2 0.056 -0.7 -1.6 0.0 0.010 -1.5 -1.8 -0.1 

PC(O-30:0) 0.629 0.0 0.0 -0.2 0.322 0.0 -0.4 -0.3 0.013 -0.3 -2.0 -0.9 

PC(O-32:0) 0.366 0.3 -0.1 -1.2 0.019 0.1 -2.1 -2.0 0.008 -0.3 -2.3 -1.2 

PC(O-32:1) 0.790 0.0 0.1 0.0 0.453 0.1 0.0 -0.4 0.272 0.0 -0.2 -0.5 

PC(O-34:0) 0.726 0.0 -0.1 -0.1 0.038 -0.1 -1.0 -1.4 0.015 -0.1 -1.7 -1.3 

PC(O-34:1) 0.589 0.0 -0.1 -0.2 0.321 0.2 0.0 -0.5 0.146 -0.1 -0.9 -0.2 

PC(O-34:2) 0.684 0.0 0.0 -0.2 0.026 0.1 -1.6 -1.5 0.010 0.0 -2.0 -1.6 

PC(O-34:4) 0.726 0.2 0.0 0.0 0.674 0.0 -0.1 0.0 0.862 0.0 0.0 0.0 

PC(O-36:0) 0.934 0.0 0.0 0.0 0.026 0.0 -1.4 -1.6 0.034 -0.2 -1.3 -0.9 

PC(O-36:1) 0.781 0.0 -0.1 0.0 0.098 0.0 -0.8 -0.9 0.032 0.0 -1.6 -0.9 

PC(O-36:2) 0.977 0.0 0.0 0.0 0.137 0.3 -0.2 -0.9 0.054 0.0 -1.4 -0.6 

PC(O-36:3) 0.401 0.3 0.0 -0.5 0.271 0.0 -0.4 -0.4 0.016 -0.4 -2.0 -0.5 

PC(O-36:4) 0.366 0.4 -0.3 -1.2 0.038 0.0 -2.3 -0.7 0.013 -0.8 -1.8 -0.5 

PC(O-36:5) 0.731 0.0 0.0 -0.1 0.158 -0.1 -1.2 0.0 0.048 -0.7 -1.4 0.0 

PC(O-38:4) 0.401 0.0 -0.1 -0.6 0.027 0.1 -1.4 -1.5 0.008 -0.3 -2.6 -0.7 

PC(O-38:5) 0.401 0.1 0.0 -0.7 0.714 0.0 0.0 -0.1 0.093 -0.7 -0.9 0.0 

PC(O-40:6) 0.911 0.0 0.0 0.0 0.038 0.0 -1.7 -1.0 0.043 -0.1 -1.6 -0.4 

PC(O-40:7) 0.583 0.0 -0.1 -0.3 0.586 0.0 -0.2 -0.1 0.343 -0.1 -0.4 0.0 

PC(P-32:0) 0.366 0.2 -0.2 -0.8 0.022 -1.1 -2.8 0.0 0.006 -2.1 -1.9 0.0 

PC(P-34:1) 0.366 0.3 -0.3 -1.2 0.038 -0.6 -2.3 0.0 0.005 -2.0 -2.0 -0.3 

PC(P-34:2) 0.401 0.0 -0.4 -0.3 0.024 -1.2 -2.6 0.0 0.009 -1.9 -1.5 0.1 

PC(P-34:3) 0.366 0.3 -0.8 -1.6 0.019 0.0 -3.0 -1.2 0.010 -0.9 -2.5 0.0 

PC(P-36:2) 0.368 0.0 -0.1 -0.9 0.020 -0.8 -3.3 -0.2 0.021 -1.6 -1.1 -0.2 

PC(P-36:4) 0.366 0.0 -0.4 -0.7 0.031 -1.2 -2.1 0.0 0.016 -1.6 -1.4 0.0 

PC(P-38:4) 0.401 0.0 -0.3 -0.4 0.034 -1.2 -1.8 0.0 0.015 -0.8 -2.1 -0.1 

PC(P-38:5) 0.436 0.0 -0.3 -0.3 0.056 -0.5 -1.7 -0.1 0.033 -1.0 -1.3 0.0 

PC(P-38:6) 0.378 0.0 -0.6 -0.3 0.031 -1.3 -2.0 0.0 0.023 -1.4 -1.2 0.0 

LPC 14:0 0.977 0.0 0.0 0.0 0.108 -0.4 -1.1 0.0 0.137 -0.8 -0.5 0.0 

LPC 16:0 0.392 0.0 -0.3 -0.6 0.047 -0.4 -1.7 -0.3 0.004 -2.6 -1.7 0.0 

LPC 16:1 0.684 0.0 0.2 0.0 0.269 -0.5 -0.2 0.1 0.022 -1.5 -1.2 0.0 

LPC 17:0 0.653 -0.3 -0.1 0.0 0.118 -0.2 -1.4 0.0 0.274 -0.4 -0.3 0.0 

LPC 18:0 0.401 0.1 0.6 0.0 0.992 0.0 0.0 0.0 0.118 -0.8 -0.1 0.4 

LPC 18:1 0.798 0.0 0.0 -0.1 0.049 -0.8 -1.8 0.0 0.003 -2.7 -1.8 -0.1 

LPC 18:2 0.508 0.0 0.0 -0.5 0.064 -0.8 -1.4 0.0 0.010 -2.2 -1.3 0.0 

LPC 20:1 0.790 0.0 0.0 0.0 0.032 0.1 -0.7 -1.8 0.002 -0.3 -3.1 -1.5 

LPC 20:3 0.577 0.0 0.0 -0.5 0.032 -1.0 -2.3 0.0 0.009 -2.1 -1.5 0.0 
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Lipid species  

6 weeks 10 weeks 16 weeks 

P-

value
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db/h 
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H/H
b
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vs. 

H/H
b
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vs. 

db/h
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b
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db/h 
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H/H
b
 

db/db 

vs. 

H/H
b
 

db/db 

vs. 

db/h
b
 

LPC 20:4 0.401 0.0 -0.1 -0.6 0.028 -0.9 -2.8 0.0 0.020 -1.6 -1.2 0.0 

LPC 22:4 0.366 0.0 -0.6 -0.8 0.028 -0.9 -2.3 -0.2 0.010 -2.1 -1.2 0.1 

LPC 22:5 0.759 0.0 0.0 -0.2 0.064 -1.0 -1.2 0.0 0.060 -1.3 -0.5 0.0 

LPC 22:6 0.401 0.0 -0.3 -0.4 0.019 -1.5 -3.5 0.0 0.012 -1.8 -1.4 0.0 

LPC(O-16:0) 0.366 0.6 0.9 0.0 0.044 1.3 0.0 -1.2 0.635 0.0 0.0 -0.2 

PE 32:0 0.583 0.0 -0.1 -0.2 0.064 -0.1 -1.7 -0.3 0.220 0.0 -0.7 -0.1 

PE 32:1 0.977 0.0 0.0 0.0 0.059 0.1 0.8 1.2 0.553 0.0 -0.2 0.0 

PE 34:1 0.580 0.1 0.0 -0.3 0.100 -1.1 -0.4 0.2 0.009 -1.7 -1.8 0.0 

PE 34:2 0.384 0.2 0.0 -0.7 0.322 -0.5 0.0 0.1 0.016 -1.9 -0.3 0.7 

PE 34:3 0.466 0.3 0.2 -0.1 0.239 0.0 0.7 0.2 0.741 -0.1 0.0 0.0 

PE 35:1 0.401 0.2 0.0 -0.6 0.184 -0.8 -0.3 0.1 0.130 -0.8 -0.4 0.1 

PE 35:2 0.407 0.2 0.0 -0.5 0.960 0.0 0.0 0.0 0.486 -0.1 0.0 0.3 

PE 36:1 0.407 0.1 -0.1 -0.4 0.247 -0.4 -0.3 0.1 0.004 -2.1 -2.3 0.0 

PE 36:2 0.401 0.2 0.0 -0.6 0.347 -0.3 0.0 0.3 0.006 -2.4 -0.4 1.4 

PE 36:3 0.366 0.1 -0.1 -0.9 0.597 0.0 -0.1 0.0 0.003 -2.8 -1.5 0.4 

PE 36:4 0.366 0.0 -0.3 -0.8 0.056 -0.6 -1.8 0.0 0.012 -1.6 -1.6 0.0 

PE 36:5 0.384 0.0 -0.3 -0.7 0.239 0.0 0.4 0.5 0.003 -2.1 -2.4 0.0 

PE 38:3 0.401 0.0 -0.1 -0.6 0.150 -0.4 -0.9 0.0 0.002 -2.1 -3.0 -0.1 

PE 38:4 0.366 0.0 -1.9 -1.1 0.394 -0.5 0.0 0.0 0.001 -3.2 -3.5 -0.1 

PE 38:5 0.366 0.1 -1.1 -1.6 0.071 -1.1 -1.0 0.0 0.001 -3.1 -2.4 0.0 

PE 38:6 0.402 0.0 -0.5 -0.2 0.032 -1.2 -2.0 0.0 0.005 -1.9 -2.3 0.0 

PE 40:5 0.583 0.0 -0.1 -0.3 0.318 -0.2 -0.5 0.0 0.001 -2.2 -3.1 -0.7 

PE 40:6 0.726 0.0 -0.1 0.0 0.396 -0.2 0.0 0.4 0.001 -1.7 -3.2 -0.4 

PE 40:7 0.366 0.0 -0.4 -1.2 0.064 -1.0 -1.2 0.0 0.003 -2.6 -1.8 -0.4 

PE(O-34:1) 0.407 0.0 -0.4 -0.3 0.094 0.0 -1.8 -0.2 0.037 -0.5 -1.6 -0.2 

PE(O-36:4) 0.366 0.0 -1.1 -0.9 0.027 -0.3 -3.5 0.1 0.012 -1.4 -1.8 0.0 

PE(O-36:5) 0.366 0.0 -1.1 -0.7 0.163 -0.1 -1.2 0.0 0.504 0.0 -0.4 0.0 

PE(O-38:4) 0.384 0.0 -0.6 -0.2 0.020 0.0 -2.3 -1.5 0.011 -0.5 -2.2 -0.5 

PE(O-38:5) 0.378 0.0 -0.5 -0.5 0.161 0.0 -1.4 -0.1 0.080 -0.9 -0.8 0.0 

PE(O-40:4) 0.630 0.0 0.0 -0.3 0.383 0.0 -0.3 -0.3 0.069 -0.2 -1.3 -0.2 

PE(O-40:5) 0.388 0.4 0.0 -0.5 0.197 0.0 -0.8 -0.3 0.240 -0.2 -0.7 0.0 

PE(O-40:6) 0.674 0.0 0.0 -0.2 0.946 0.0 0.0 0.0 0.125 -0.2 -1.0 -0.1 

PE(O-40:7) 0.366 -0.1 -0.9 -0.4 0.507 0.0 -0.4 0.0 0.090 -0.8 -0.7 0.1 

PE(P-34:1) 0.454 0.3 0.0 -0.3 0.214 -0.4 -0.5 0.0 0.112 -0.9 -0.4 0.1 

PE(P-36:1) 0.739 0.1 0.0 0.0 0.346 -0.1 -0.4 -0.1 0.084 -0.2 -1.3 -0.1 

PE(P-36:4) 0.366 0.0 -0.5 -0.9 0.069 -0.6 -1.6 0.0 0.038 -0.8 -1.5 0.0 

PE(P-37:4) 0.366 0.0 0.9 0.6 0.714 0.0 -0.1 -0.1 0.159 -0.4 0.0 0.7 

PE(P-38:4) 0.392 0.0 -0.2 -0.6 0.042 -0.7 -2.1 0.0 0.010 -1.6 -1.8 0.0 

PE(P-38:5) 0.366 0.0 -0.4 -0.7 0.038 -1.0 -2.0 0.0 0.031 -1.2 -1.2 0.0 

PE(P-38:6) 0.407 0.0 -0.3 -0.3 0.038 -1.0 -2.0 0.1 0.015 -1.3 -1.7 0.0 

PE(P-40:4) 0.954 0.0 0.0 0.0 0.986 0.0 0.0 0.0 0.489 -0.2 0.0 0.2 

PE(P-40:5) 0.401 0.0 -0.3 -0.4 0.249 0.0 -0.6 -0.2 0.057 -0.4 -1.4 -0.1 

PE(P-40:6) 0.580 0.0 -0.2 -0.2 0.049 -1.6 -0.9 -0.2 0.009 -1.4 -2.1 -0.1 

LPE 16:0 0.980 0.0 0.0 0.0 0.163 -0.1 -0.7 -0.4 0.162 -0.7 -0.2 0.2 

LPE 18:0 0.911 0.0 0.0 0.0 0.610 0.0 -0.1 -0.1 0.130 -0.8 -0.4 0.1 

LPE 18:1 0.980 0.0 0.0 0.0 0.173 0.0 -0.6 -0.5 0.026 -1.6 -1.0 0.0 

LPE 18:2 0.726 0.0 0.0 -0.3 0.098 -0.5 -1.0 -0.1 0.019 -1.8 -1.0 0.0 

LPE 20:4 0.393 0.0 -0.3 -0.6 0.020 -1.2 -2.8 0.1 0.007 -2.0 -1.7 -0.2 

LPE 22:6 0.424 0.0 -0.3 -0.3 0.019 -1.3 -2.8 -0.2 0.009 -1.8 -1.6 -0.2 

PI 34:1 0.384 0.0 -0.1 -0.8 0.089 -1.0 -0.9 0.0 0.048 -1.1 -1.0 0.0 

PI 36:1 0.407 0.1 0.0 -0.7 0.031 -1.6 -1.7 0.0 0.031 -1.3 -1.1 0.0 

PI 36:2 0.510 0.0 0.0 -0.5 0.088 -0.9 -0.9 0.1 0.022 -1.5 -0.3 1.0 

PI 36:3 0.798 0.0 -0.1 0.0 0.031 -1.3 -0.6 1.2 0.054 -0.9 0.0 1.2 

PI 36:4 0.455 -0.2 -0.4 0.0 0.053 -1.3 -0.6 0.4 0.016 -1.3 -1.6 0.0 
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Lipid species  

6 weeks 10 weeks 16 weeks 

P-

value
a 

db/h 

vs. 

H/H
b
 

db/db 

vs. 

H/H
b
 

db/db 

vs. 

db/h
b
 

P-

value
a
 

db/h 

vs. 

H/H
b
 

db/db 

vs. 

H/H
b
 

db/db 

vs. 

db/h
b
 

P-

value
a
 

db/h 

vs. 

H/H
b
 

db/db 

vs. 

H/H
b
 

db/db 

vs. 

db/h
b
 

PI 38:3 0.411 0.0 -0.2 -0.4 0.163 -0.5 -0.3 0.4 0.005 -1.6 -2.3 -0.2 

PI 38:4 0.407 0.0 -0.4 -0.3 0.058 -1.6 -0.8 0.0 0.009 -1.7 -1.9 0.0 

PI 38:5 0.774 0.0 -0.1 0.0 0.065 -0.8 0.0 1.3 0.029 -1.2 -1.2 0.0 

PI 40:4 0.655 0.0 -0.1 -0.2 0.160 -0.3 -0.8 -0.2 0.015 -1.2 -1.8 0.0 

PI 40:5 0.562 0.0 -0.3 -0.1 0.093 -1.2 -0.7 0.0 0.175 -0.3 -0.8 0.0 

PS 36:1 0.366 0.0 -1.1 -1.6 0.431 -0.2 -0.3 0.0 0.003 -2.7 -1.9 0.0 

PS 36:2 0.366 0.3 -0.1 -1.8 0.152 -0.1 -0.9 -0.2 0.015 -1.9 -0.2 0.9 

PS 38:3 0.366 0.2 -0.3 -1.2 0.622 0.0 0.1 -0.1 0.255 -0.4 -0.4 0.0 

PS 38:4 0.366 0.1 -0.3 -1.2 0.334 0.0 0.5 0.2 0.086 -0.5 0.1 1.0 

PS 38:5 0.933 0.0 0.0 0.0 0.045 0.0 1.8 0.7 0.003 0.0 2.9 2.1 

PS 40:5 0.888 0.0 0.0 0.0 0.207 0.0 0.4 0.7 0.630 -0.1 -0.1 0.0 

PS 40:6 0.858 0.0 0.0 0.0 0.192 0.0 0.5 0.6 0.850 -0.1 0.0 0.0 

PG 34:1 0.440 0.0 -0.3 -0.3 0.081 -1.0 -0.9 0.0 0.002 -2.1 -2.8 0.0 

PG 34:2 0.684 0.0 -0.1 -0.1 0.943 0.0 0.0 0.0 0.009 -1.2 -2.1 -0.3 

PG 36:1 0.366 0.0 -0.8 -0.7 0.642 0.0 -0.2 0.0 0.024 -1.6 -0.8 -0.1 

PG 36:2 0.843 0.0 0.0 0.0 0.531 0.0 0.0 0.2 0.005 -1.8 -2.3 0.0 

BMP 18:1/18:1 0.366 1.6 0.8 -0.1 0.019 2.1 2.8 0.7 0.696 0.0 0.0 0.1 

CL 18:2/18:2/18:2/16:1 0.401 0.6 0.1 -0.2 0.507 0.3 0.0 -0.1 0.007 -1.4 -1.9 -0.7 

CL 18:2/18:1/18:2/16:1 0.977 0.0 0.0 0.0 0.989 0.0 0.0 0.0 0.005 -1.0 -2.1 -1.4 

CL 18:2/18:2/18:2/18:2 0.366 0.0 -1.1 -1.6 0.036 -0.5 -2.0 -0.3 0.001 -3.2 -3.3 0.0 

CL 18:2/18:2/18:2/18:1 0.366 0.0 -1.4 -2.0 0.091 -0.3 -0.9 -0.5 0.001 -3.6 -3.6 -0.4 

CL 18:2/18:1/18:2/18:1 0.366 0.0 -1.2 -1.1 0.271 -0.2 -0.5 0.0 0.001 -3.6 -3.6 -0.5 

CE 14:0 0.416 0.0 0.8 0.0 0.020 1.0 2.1 0.8 0.006 1.0 2.3 0.7 

CE 16:0 0.476 0.3 0.0 -0.2 0.071 0.9 1.2 0.0 0.937 0.0 0.0 0.0 

CE 16:1 0.575 0.1 0.3 0.0 0.019 0.4 2.4 1.3 0.001 1.3 3.1 1.3 

CE 18:0 0.511 0.4 0.1 0.0 0.106 1.1 0.7 0.0 0.343 0.1 0.3 0.1 

CE 18:1 0.366 0.1 -0.4 -0.6 0.568 0.1 0.2 0.0 0.085 0.0 0.8 0.9 

CE 18:2 0.977 0.0 0.0 0.0 0.025 1.2 2.3 0.1 0.083 0.2 1.4 0.1 

CE 18:3 0.977 0.0 0.0 0.0 0.019 1.3 3.0 0.5 0.001 1.7 3.2 1.0 

CE 20:3 0.798 0.0 0.1 0.0 0.019 0.7 3.5 2.3 0.049 0.4 1.6 0.0 

CE 20:4 0.932 0.0 0.0 0.0 0.019 1.2 3.0 0.2 0.021 0.8 1.8 0.1 

CE 20:5 0.401 0.0 0.5 0.3 0.019 0.8 3.5 2.1 0.002 1.9 2.4 0.9 

CE 22:0 0.366 0.0 0.9 0.9 0.122 0.9 0.7 0.0 0.001 2.4 2.9 1.0 

CE 22:5 0.888 0.0 0.0 0.0 0.019 1.5 3.5 0.9 0.020 1.0 1.6 0.1 

CE 22:6 0.540 0.2 0.3 0.0 0.019 1.3 3.0 0.5 0.004 1.6 2.3 0.5 

CE 24:0 0.366 0.0 0.6 0.9 0.019 1.0 2.8 1.2 0.001 2.4 3.0 1.2 

COH 0.401 0.6 0.0 -0.3 0.985 0.0 0.0 0.0 0.343 -0.2 0.0 0.3 

DG 14:0/16:0 0.401 0.3 0.6 0.0 0.031 0.8 1.6 0.7 0.047 0.2 1.6 0.2 

DG 14:0/18:1 0.366 0.0 1.1 0.2 0.023 0.8 1.7 1.1 0.001 1.2 3.6 0.8 

DG 14:0/18:2 0.392 0.0 0.6 0.2 0.030 0.8 1.8 0.5 0.001 2.5 3.6 0.6 

DG 16:0/16:0 0.378 0.7 0.3 0.0 0.052 0.4 1.3 0.5 0.048 0.0 1.6 0.5 

DG 16:0/18:0 0.366 0.7 0.4 0.0 0.030 0.7 1.4 1.0 0.008 0.0 2.8 1.0 

DG 16:0/18:1 0.378 0.1 0.8 0.2 0.021 0.8 1.8 1.1 0.001 1.4 3.6 1.6 

DG 16:0/18:2 0.384 0.0 0.8 0.2 0.031 0.8 1.8 0.4 0.001 2.6 3.6 1.1 

DG 16:0/20:4 0.466 0.0 0.3 0.2 0.053 0.6 1.3 0.3 0.002 1.2 2.8 1.2 

DG 16:1/18:0 0.366 0.0 1.1 0.4 0.019 0.9 1.8 1.4 0.001 0.6 3.6 1.3 

DG 16:1/18:1 0.366 0.1 1.1 0.1 0.020 0.9 1.7 1.4 0.001 1.0 3.6 1.2 

DG 18:0/18:1 0.366 0.1 1.2 0.1 0.020 0.8 1.8 1.4 0.002 0.4 3.6 1.2 

DG 18:0/18:2 0.401 0.1 0.8 0.0 0.024 0.8 1.8 0.9 0.001 1.2 3.6 1.1 

DG 18:0/20:4 0.366 0.1 0.5 0.5 0.024 1.3 2.4 0.0 0.001 2.1 2.8 0.8 

DG 18:1/18:1 0.366 0.0 1.2 0.1 0.021 0.8 1.7 1.3 0.001 0.7 3.6 1.2 

DG 18:1/18:2 0.504 0.0 0.4 0.0 0.031 0.8 1.7 0.5 0.001 1.2 3.6 1.2 

DG 18:1/18:3 0.407 0.0 0.6 0.1 0.034 0.8 1.6 0.5 0.001 1.2 3.6 1.2 

DG 18:1/20:0 0.401 0.2 0.6 0.0 0.038 0.9 1.7 0.2 0.001 2.3 3.6 0.1 
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Lipid species  

6 weeks 10 weeks 16 weeks 

P-

value
a 

db/h 

vs. 

H/H
b
 

db/db 

vs. 

H/H
b
 

db/db 

vs. 

db/h
b
 

P-

value
a
 

db/h 

vs. 

H/H
b
 

db/db 

vs. 

H/H
b
 

db/db 

vs. 

db/h
b
 

P-

value
a
 

db/h 

vs. 

H/H
b
 

db/db 

vs. 

H/H
b
 

db/db 

vs. 

db/h
b
 

DG 18:1/20:3 0.511 0.1 0.4 0.0 0.019 1.0 1.7 1.5 0.001 1.5 3.6 1.0 

DG 18:1/20:4 0.684 0.0 0.1 0.0 0.043 0.3 1.4 0.7 0.016 0.1 2.1 0.7 

DG 18:2/18:2 0.621 0.0 0.3 0.0 0.042 0.8 1.6 0.3 0.001 1.6 3.6 1.0 

TG 14:0/16:0/18:1 0.366 0.0 0.4 0.7 0.020 0.7 2.4 0.9 0.007 1.7 1.8 0.3 

TG 14:0/16:0/18:2 0.378 0.0 0.3 0.7 0.019 0.7 2.4 1.2 0.003 2.3 2.1 0.4 

TG 14:0/16:1/18:1 0.366 0.0 0.4 0.8 0.019 0.9 2.6 1.3 0.001 2.7 2.8 0.6 

TG 14:0/16:1/18:2 0.366 0.0 0.4 0.8 0.019 0.9 2.6 0.9 0.001 3.2 2.9 0.6 

TG 14:0/17:0/18:1 0.366 0.0 0.4 0.7 0.021 0.7 2.4 0.6 0.003 2.4 2.0 0.4 

TG 14:0/18:0/18:1 0.366 0.0 0.4 0.7 0.019 0.7 2.4 1.0 0.012 1.1 1.8 0.3 

TG 14:0/18:2/18:2 0.366 0.0 0.4 0.8 0.020 0.9 2.6 0.6 0.001 3.2 2.7 0.4 

TG 14:1/16:0/18:1 0.366 0.0 0.3 0.8 0.019 0.7 2.4 1.2 0.002 2.5 2.3 0.6 

TG 14:1/16:1/18:0 0.378 0.0 0.3 0.7 0.019 0.9 2.6 1.5 0.001 2.6 2.6 0.6 

TG 14:1/18:1/18:1 0.366 0.0 0.5 0.6 0.019 0.9 2.6 1.4 0.001 3.1 3.1 0.7 

TG 15:0/16:0/18:1 0.366 0.0 0.4 0.8 0.020 0.7 2.4 0.7 0.006 1.9 1.9 0.3 

TG 15:0/18:1/18:1 0.366 0.0 0.4 0.8 0.019 0.8 2.6 0.7 0.001 3.1 2.8 0.9 

TG 16:0/16:0/16:0 0.366 0.0 0.9 0.4 0.021 0.7 2.1 0.9 0.120 0.6 0.7 0.0 

TG 16:0/16:0/18:0 0.366 0.0 0.9 0.5 0.019 0.4 2.6 1.3 0.085 0.0 1.0 0.6 

TG 16:0/16:0/18:1 0.384 0.0 0.4 0.5 0.022 0.6 2.3 0.7 0.006 1.6 1.9 0.6 

TG 16:0/16:0/18:2 0.384 0.0 0.3 0.7 0.025 0.7 2.3 0.5 0.006 1.6 2.0 0.4 

TG 16:0/16:1/17:0 0.366 0.0 0.4 0.7 0.020 0.7 2.4 0.7 0.004 2.0 2.0 0.4 

TG 16:0/16:1/18:1 0.378 0.0 0.3 0.7 0.019 0.8 2.8 1.3 0.001 2.5 2.8 0.7 

TG 16:0/17:0/18:0 0.366 0.2 0.9 0.6 0.031 0.5 2.3 0.3 0.004 2.4 1.9 0.0 

TG 16:0/17:0/18:1 0.366 0.0 0.4 0.7 0.020 0.5 2.4 0.9 0.003 2.3 2.1 0.6 

TG 16:0/17:0/18:2 0.366 0.0 0.3 0.8 0.019 0.9 2.6 0.8 0.002 2.7 2.2 0.5 

TG 16:0/18:0/18:1 0.392 0.0 0.3 0.5 0.019 0.5 2.6 1.0 0.009 1.0 2.0 0.6 

TG 16:0/18:1/18:1 0.366 0.0 0.4 0.8 0.019 0.8 2.8 0.9 0.001 2.5 2.6 1.0 

TG 16:0/18:1/18:2 0.366 0.0 0.3 0.8 0.019 1.0 2.6 0.6 0.001 2.9 2.6 0.7 

TG 16:0/18:2/18:2 0.378 0.0 0.3 0.8 0.020 0.9 2.6 0.4 0.001 2.9 2.3 0.6 

TG 16:1/16:1/16:1 0.366 0.0 0.4 0.8 0.019 0.9 2.6 1.5 0.001 3.0 3.1 0.5 

TG 16:1/16:1/18:0 0.384 0.0 0.3 0.7 0.019 0.9 2.6 1.5 0.006 1.7 1.9 0.4 

TG 16:1/16:1/18:1 0.366 0.0 0.4 0.8 0.019 0.9 2.6 1.3 0.001 2.9 3.1 0.7 

TG 16:1/17:0/18:1 0.366 0.0 0.4 0.8 0.019 0.9 2.6 0.9 0.001 3.1 2.8 0.7 

TG 16:1/18:1/18:1 0.366 0.0 0.6 0.7 0.019 0.9 2.8 1.4 0.001 2.9 3.2 1.0 

TG 16:1/18:1/18:2 0.366 0.0 0.6 0.8 0.019 0.9 2.6 1.0 0.001 3.2 3.2 1.1 

TG 17:0/18:1/18:1 0.366 0.0 0.3 0.8 0.019 0.7 2.8 1.0 0.001 2.6 2.6 0.9 

TG 18:0/18:0/18:0 0.384 0.2 0.6 0.1 0.019 0.4 2.6 1.7 0.009 0.0 1.8 1.9 

TG 18:0/18:0/18:1 0.401 0.0 0.3 0.4 0.019 0.5 2.6 1.0 0.009 1.0 1.9 0.9 

TG 18:0/18:1/18:1 0.378 0.0 0.3 0.7 0.019 0.8 3.0 1.2 0.002 1.6 2.6 1.1 

TG 18:0/18:2/18:2 0.366 0.0 0.4 0.8 0.019 1.1 2.8 0.5 0.001 2.9 2.5 0.9 

TG 18:1/18:1/18:1 0.366 0.1 0.6 0.6 0.019 0.8 2.8 0.8 0.001 3.1 3.3 1.2 

TG 18:1/18:1/18:2 0.366 0.0 0.6 0.7 0.019 0.8 2.6 0.7 0.001 3.2 3.5 1.0 

TG 18:1/18:1/20:4 0.366 0.1 0.9 0.8 0.020 0.8 2.3 0.9 0.001 3.2 3.5 1.0 

TG 18:1/18:2/18:2 0.366 0.0 0.5 0.8 0.020 0.9 2.6 0.6 0.001 3.2 3.3 1.1 

TG 18:2/18:2/18:2 0.366 0.0 0.3 0.9 0.021 1.0 2.4 0.4 0.001 3.2 3.3 0.7 

 
a 
P-value for the comparison of levels of each lipid species between genotypes at each age using the Kruskal Wallis 

test with Benjamini-Hochberg correction for multiple comparisons. P <0.05 was considered significant (highlighted 

in pink).  
b 

Post-hoc analysis was performed using the Mann Whitney U test with Dunn-Sidak correction for multiple group 

comparisons. Values were derived from the formula: sign(difference in median levels)*-log10(post-hoc P-value). 

Colour-coded values 1.3 to 2.0 (light red, P = 0.05-0.01) and > 2.0 (dark red, P< 0.01) indicate a significant increase 

relative to the reference group. Colour-coded values -1.3 to -2.0 (light green, P = 0.05-0.01) and < -2.0 (dark green, 

P < 0.01) indicate a significant decrease relative to the reference group.  
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Table S4.5 Relationship between genotype and plasma lipid species in male mice. 
 

Lipid species 

6 weeks 10 weeks 16 weeks 

P-

value
a 

db/h 

vs. 

H/H
b
 

db/db 

vs. 

H/H
b 

db/db 

vs. 

db/h
b
 

P-

value
a
 

db/h 

vs. 

H/H
b
 

db/db 

vs. 

H/H
b
 

db/db 

vs. 

db/h
b
 

P-

value
a
 

db/h 

vs. 

H/H
b
 

db/db 

vs. 

H/H
b
 

db/db 

vs. 

db/h
b
 

Sph 18:1 0.151 0.0 -0.8 -0.6 0.909 0.0 0.0 0.0 0.631 0.0 0.2 0.0 

Cer 16:0 0.031 0.8 2.0 0.7 0.136 -0.2 0.5 1.2 0.021 0.2 3.2 1.9 

Cer 18:0 0.830 0.0 0.0 0.0 0.081 0.0 1.1 1.4 0.065 -0.1 1.5 1.6 

Cer 20:0 0.035 1.8 1.4 0.2 0.645 0.0 0.3 0.1 0.076 0.0 1.5 1.4 

Cer 22:0 0.043 1.7 1.2 0.1 0.954 0.0 0.0 0.0 0.484 0.3 0.2 0.0 

Cer 24:0 0.039 1.1 1.2 0.8 0.778 0.0 0.0 0.2 0.352 0.6 0.0 -0.3 

Cer 24:1 0.061 0.5 1.2 0.6 0.173 0.0 0.7 0.9 0.407 0.5 0.1 -0.1 

MHC 16:0 0.139 0.4 0.9 0.0 0.542 -0.1 0.0 0.5 0.316 0.7 0.0 -0.2 

MHC 18:0 0.981 0.0 0.0 0.0 0.079 -0.5 0.4 1.6 0.603 0.0 0.2 0.1 

MHC 20:0 0.067 1.1 1.1 0.0 0.235 0.0 0.8 0.5 0.167 0.0 1.0 0.8 

MHC 22:0 0.031 2.0 1.8 0.0 0.843 0.0 0.1 0.0 0.305 0.8 0.0 -0.2 

MHC 24:0 0.043 1.2 1.6 0.2 0.808 0.0 0.0 0.2 0.113 0.6 -0.3 -1.4 

MHC 24:1 0.039 1.6 1.6 0.0 0.760 0.0 0.1 0.2 0.095 0.9 -0.3 -1.4 

SM 31:1 0.103 0.1 1.1 0.6 0.136 0.1 0.9 0.9 0.352 0.0 0.5 0.4 

SM 32:1 0.059 0.3 1.6 0.6 0.059 0.0 0.8 1.9 0.062 -0.3 1.3 1.9 

SM 32:2 0.024 1.2 2.2 1.1 0.017 0.0 2.1 2.3 0.113 0.6 1.3 0.4 

SM 33:1 0.072 0.5 1.2 0.3 0.429 0.0 0.1 0.7 0.279 0.0 0.5 0.6 

SM 34:1 0.187 0.4 0.6 0.0 0.284 -0.1 0.1 0.9 0.113 0.0 0.9 1.5 

SM 34:2 0.036 1.8 1.6 0.0 0.990 0.0 0.0 0.0 0.400 0.5 0.2 0.0 

SM 34:3 0.024 2.0 3.0 1.3 0.040 0.3 1.6 1.5 0.073 0.2 2.2 0.4 

SM 35:1 0.574 0.1 0.2 0.0 0.428 -0.4 0.0 0.5 0.192 -0.1 0.5 1.0 

SM 35:2 0.295 0.3 0.4 0.0 0.791 0.0 0.0 0.2 0.451 0.0 0.2 0.4 

SM 36:1 0.384 0.0 0.0 -0.4 0.719 0.0 0.0 0.2 0.306 -0.6 0.0 0.4 

SM 36:2 0.217 0.5 0.4 0.0 0.617 0.0 0.1 0.4 0.246 0.0 0.5 0.7 

SM 36:3 0.024 2.0 2.4 0.2 0.077 0.0 0.9 1.7 0.021 -0.1 2.5 2.8 

SM 37:2 0.045 1.1 2.0 0.0 0.742 -0.2 0.0 0.0 0.262 0.6 0.0 -0.6 

SM 38:1 0.041 1.6 1.6 0.0 0.679 0.0 0.1 0.2 0.623 0.1 0.1 0.0 

SM 38:2 0.052 1.4 1.2 0.0 0.791 0.0 0.0 0.1 0.927 0.0 0.0 0.0 

SM 39:1 0.061 1.4 0.8 0.0 0.854 0.0 0.0 0.0 0.443 0.0 -0.2 -0.4 

SM 41:1 0.024 1.8 2.4 0.1 0.742 0.0 0.0 0.2 0.477 0.4 0.0 -0.1 

SM 41:2 0.043 1.7 1.2 0.0 0.882 0.0 0.0 0.0 0.256 0.2 -0.3 -0.6 

SM 42:1 0.051 1.6 1.1 0.0 0.975 0.0 0.0 0.0 0.502 0.0 -0.1 -0.3 

PC 24:0 0.223 0.0 0.7 0.3 0.920 0.0 0.0 0.0 0.509 0.0 0.3 0.2 

PC 28:0 0.228 0.0 0.5 0.4 0.607 -0.4 0.0 0.2 0.429 0.1 0.5 0.0 

PC 29:0 0.130 0.0 0.7 0.7 0.889 0.0 0.0 0.0 0.361 0.3 0.4 0.0 

PC 30:0 0.024 0.7 2.0 1.6 0.677 0.0 0.1 0.2 0.636 0.1 0.0 -0.1 

PC 31:0 0.107 0.8 0.3 -0.5 0.295 0.0 -0.4 -0.7 0.140 0.2 -0.8 -1.0 

PC 31:1 0.152 0.2 0.9 0.2 0.459 -0.1 0.1 0.5 0.569 0.1 0.2 0.0 

PC 32:0 0.049 1.6 0.9 -0.1 0.742 0.0 0.0 -0.2 0.274 0.0 -0.5 -0.6 

PC 32:1 0.024 1.1 2.0 1.6 0.021 0.5 2.4 1.4 0.349 0.6 0.2 0.0 

PC 32:2 0.062 0.7 1.2 0.3 0.150 0.0 0.8 0.9 0.167 0.9 0.9 0.0 

PC 32:3 0.024 1.8 2.7 0.4 0.136 0.0 0.8 1.2 0.079 0.2 1.9 0.6 

PC 33:0 0.281 0.4 0.3 0.0 0.771 0.0 -0.1 0.0 0.073 0.3 -0.8 -1.9 

PC 33:1 0.031 0.9 1.6 1.0 0.692 0.2 0.2 0.0 0.056 1.5 -0.4 -1.9 

PC 33:2 0.083 0.8 1.1 0.0 0.157 0.0 -0.9 -0.9 0.167 1.0 0.0 -0.7 

PC 33:3 0.068 0.4 1.4 0.3 0.635 0.2 0.0 -0.2 0.474 0.1 0.4 0.0 

PC 34:0 0.062 0.8 1.2 0.2 0.559 0.0 0.2 0.4 0.893 0.0 0.0 0.0 

PC 34:1 0.025 1.3 2.2 0.6 0.125 0.1 1.1 0.9 0.569 0.4 0.0 -0.1 

PC 34:2 0.026 1.7 1.6 0.7 0.920 0.0 0.0 0.0 0.106 0.5 1.6 0.2 

PC 34:3 0.024 1.4 2.2 0.8 0.458 0.0 0.5 0.2 0.073 1.3 1.5 -0.2 

PC 34:4 0.025 0.8 1.6 1.9 0.177 0.1 1.0 0.5 0.167 0.8 0.8 -0.1 

PC 34:5 0.024 0.2 2.4 1.8 0.010 0.1 2.6 2.4 0.389 0.0 0.5 0.2 
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Lipid species 

6 weeks 10 weeks 16 weeks 

P-

value
a 

db/h 

vs. 

H/H
b
 

db/db 

vs. 

H/H
b 

db/db 

vs. 

db/h
b
 

P-

value
a
 

db/h 

vs. 

H/H
b
 

db/db 

vs. 

H/H
b
 

db/db 

vs. 

db/h
b
 

P-

value
a
 

db/h 

vs. 

H/H
b
 

db/db 

vs. 

H/H
b
 

db/db 

vs. 

db/h
b
 

PC 35:0 0.060 0.0 1.2 1.2 0.811 -0.1 0.0 0.0 0.073 1.1 -0.1 -1.8 

PC 35:1 0.050 0.1 1.4 1.2 0.640 0.0 0.1 0.4 0.275 0.8 0.0 -0.3 

PC 35:2 0.072 0.0 0.8 1.3 0.679 -0.1 0.0 0.2 0.079 0.8 1.6 0.3 

PC 35:3 0.061 0.5 1.4 0.4 0.791 0.0 -0.1 0.0 0.073 1.9 0.5 -0.4 

PC 35:4 0.094 0.8 0.4 -0.4 0.089 0.0 -0.9 -1.4 0.861 0.0 0.0 0.0 

PC 36:0 0.056 0.3 1.4 0.9 0.089 0.0 0.8 1.5 0.255 0.1 0.7 0.4 

PC 36:1 0.024 1.0 2.4 0.9 0.008 0.0 2.6 2.8 0.150 0.4 1.0 0.6 

PC 36:2 0.029 0.3 1.8 1.9 0.050 0.0 0.8 2.3 0.045 0.8 2.2 1.9 

PC 36:3 0.025 0.2 2.0 2.1 0.040 0.0 1.8 1.6 0.065 0.6 1.9 0.8 

PC 36:4a 0.037 0.3 1.8 1.3 0.268 0.0 0.1 1.1 0.054 1.9 1.8 1.0 

PC 36:4b 0.049 1.6 0.4 -0.6 0.222 0.7 0.0 -0.8 0.501 0.2 0.0 -0.2 

PC 36:5 0.024 0.7 2.4 1.5 0.003 0.0 4.1 3.0 0.092 0.4 1.7 0.4 

PC 36:6 0.024 0.4 2.4 1.6 0.006 0.4 3.3 2.5 0.189 1.0 0.6 0.0 

PC 37:4 0.228 0.3 0.0 -0.6 0.019 0.0 -2.4 -1.8 0.763 0.0 0.1 0.1 

PC 37:5 0.104 0.0 0.6 1.1 0.860 0.0 0.0 0.0 0.476 0.3 0.0 -0.2 

PC 37:6 0.128 0.7 0.0 -0.6 0.079 0.0 -1.6 -1.1 0.021 2.4 -0.5 -2.9 

PC 38:2 0.030 0.5 1.8 1.5 0.245 0.0 0.7 0.7 0.218 1.0 0.0 -0.4 

PC 38:3 0.024 0.5 2.4 1.9 0.010 0.0 2.8 2.3 0.087 0.5 1.3 1.0 

PC 38:4 0.060 1.8 0.3 -0.1 0.889 0.0 0.0 0.0 0.307 0.1 0.6 0.1 

PC 38:5 0.024 0.6 2.4 2.4 0.059 0.1 2.0 0.9 0.129 0.6 1.4 0.1 

PC 38:6a 0.024 0.2 2.0 2.4 0.086 0.4 1.7 0.5 0.140 0.4 1.3 0.2 

PC 38:6b 0.062 1.7 0.4 -0.1 0.256 0.4 0.0 -0.9 0.622 0.2 0.0 -0.1 

PC 38:7 0.024 1.4 3.0 1.6 0.021 0.8 2.3 1.4 0.118 1.3 1.0 0.0 

PC 39:6 0.278 0.4 0.3 0.0 0.428 -0.1 -0.5 -0.1 0.246 0.3 0.6 0.3 

PC 39:7 0.148 0.5 0.7 0.0 0.285 0.0 -0.4 -0.8 0.057 2.7 0.1 -0.7 

PC 40:5 0.036 0.6 1.8 1.0 0.017 0.0 2.1 2.3 0.065 0.3 1.7 1.3 

PC 40:6 0.127 0.9 0.5 0.0 0.194 0.0 0.5 1.0 0.136 0.5 1.1 0.5 

PC 40:7 0.024 2.1 2.7 1.2 0.136 0.2 1.3 0.4 0.167 1.0 0.8 0.0 

PC(O-30:0) 0.024 1.2 2.4 0.8 0.944 0.0 0.0 0.0 0.092 0.1 -0.6 -1.9 

PC(O-32:0) 0.041 1.6 0.3 -1.0 0.117 0.0 -0.9 -1.2 0.056 0.0 -1.4 -2.3 

PC(O-32:1) 0.050 0.0 1.2 1.6 0.730 -0.2 0.0 0.1 0.407 0.5 0.1 0.0 

PC(O-32:1) 0.027 1.0 2.0 0.9 0.329 0.2 0.7 0.2 0.256 0.7 0.0 -0.6 

PC(O-34:0) 0.217 0.4 0.0 -0.6 0.066 -0.1 -2.0 -0.8 0.087 0.0 -1.3 -1.5 

PC(O-34:1) 0.151 0.8 0.3 0.0 0.552 0.0 -0.4 -0.2 0.065 0.1 -0.9 -2.3 

PC(O-34:2) 0.080 0.4 1.2 0.3 0.674 -0.3 -0.1 0.0 0.167 0.0 -0.4 -1.4 

PC(O-34:3) 0.105 0.0 1.4 0.5 0.065 -1.6 -1.6 0.0 0.289 0.0 -0.1 -1.0 

PC(O-34:4) 0.026 1.0 2.2 0.8 0.216 0.0 0.4 0.9 0.256 0.0 0.5 0.7 

PC(O-35:4) 0.255 0.1 0.4 0.3 0.997 0.0 0.0 0.0 0.784 0.0 0.1 0.0 

PC(O-36:0) 0.887 0.0 0.0 0.0 0.265 -0.4 -1.0 0.0 0.223 -0.1 -0.8 -0.5 

PC(O-36:1) 0.804 0.0 0.0 0.0 0.617 -0.6 0.0 0.0 0.076 0.0 -1.2 -1.8 

PC(O-36:2) 0.072 0.3 1.4 0.5 0.676 -0.3 -0.1 0.0 0.305 0.0 -0.4 -0.7 

PC(O-36:3) 0.098 0.4 0.9 0.3 0.796 0.0 0.0 0.1 0.978 0.0 0.0 0.0 

PC(O-36:4) 0.062 1.1 1.2 0.0 0.981 0.0 0.0 0.0 0.940 0.0 0.0 0.0 

PC(O-36:5) 0.049 0.1 1.6 1.2 0.023 -0.1 1.3 2.4 0.169 0.0 0.9 0.8 

PC(O-38:4) 0.068 1.0 1.2 0.0 0.400 -0.1 -0.7 0.1 0.279 0.0 -0.3 -0.9 

PC(O-38:5) 0.269 0.5 0.3 0.0 0.782 0.1 0.0 -0.1 0.451 0.0 0.2 0.4 

PC(O-40:6) 0.083 0.5 0.9 0.4 0.649 0.0 -0.5 0.0 0.056 0.0 1.8 2.1 

PC(O-40:7) 0.073 1.1 0.3 -0.5 0.216 0.5 0.0 -0.9 0.672 0.0 0.0 0.1 

PC(P-32:0) 0.078 1.2 0.0 -0.6 0.125 0.0 -0.6 -1.4 0.073 -0.1 -1.3 -1.6 

PC(P-32:1) 0.349 0.1 0.4 0.0 0.786 0.0 0.0 0.2 0.264 0.0 -0.4 -0.8 

PC(P-34:0) 0.123 0.9 0.4 0.0 0.015 -0.3 -4.1 -0.9 0.192 -0.2 -0.9 -0.4 

PC(P-34:1) 0.180 0.7 0.4 0.0 0.635 0.2 0.0 -0.2 0.065 0.0 -1.3 -1.9 

PC(P-34:2) 0.039 0.5 1.6 1.1 0.635 -0.1 0.0 0.4 0.167 0.3 -0.1 -1.3 

PC(P-34:3) 0.043 0.6 1.8 0.6 0.550 -0.3 0.0 0.3 0.509 0.0 -0.2 -0.2 
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Lipid species 

6 weeks 10 weeks 16 weeks 

P-

value
a 

db/h 

vs. 

H/H
b
 

db/db 

vs. 

H/H
b 

db/db 

vs. 

db/h
b
 

P-

value
a
 

db/h 

vs. 

H/H
b
 

db/db 

vs. 

H/H
b
 

db/db 

vs. 

db/h
b
 

P-

value
a
 

db/h 

vs. 

H/H
b
 

db/db 

vs. 

H/H
b
 

db/db 

vs. 

db/h
b
 

PC(P-36:2) 0.037 0.6 2.0 0.7 0.536 -0.6 0.0 0.1 0.167 0.2 -0.2 -1.4 

PC(P-36:4) 0.205 0.6 0.3 0.0 0.269 -0.6 -0.3 0.4 0.429 -0.1 0.1 0.3 

PC(P-36:5) 0.039 0.0 2.0 1.5 0.007 -0.1 2.6 2.8 0.113 0.0 0.9 1.6 

PC(P-38:4) 0.408 0.2 0.3 0.0 0.784 -0.1 0.0 0.1 0.940 0.0 0.0 0.0 

PC(P-38:5) 0.077 1.2 0.7 0.0 0.808 0.0 0.0 -0.1 0.564 0.0 -0.2 -0.2 

PC(P-40:5) 0.269 0.5 0.2 0.0 0.333 0.0 -0.8 -0.2 0.065 0.1 -1.0 -2.2 

PC(P-40:6) 0.180 0.8 0.1 -0.2 0.040 -0.3 -2.4 -0.9 0.056 0.0 -1.5 -2.3 

LPC 14:0 0.024 0.4 2.2 1.9 0.019 0.4 2.0 2.0 0.940 0.0 0.0 0.0 

LPC 15:0 0.335 0.1 0.3 0.1 0.491 0.2 0.0 -0.5 0.256 0.6 0.0 -0.6 

LPC 16:0 0.036 0.8 2.0 0.6 0.172 0.4 0.8 0.5 0.672 0.1 0.1 0.0 

LPC 16:1 0.024 0.7 2.2 1.6 0.003 1.3 3.5 2.5 0.218 0.9 0.5 0.0 

LPC 17:0 0.073 0.0 1.1 1.0 0.678 0.0 0.3 0.1 0.167 0.5 1.0 0.2 

LPC 17:1 0.037 0.3 1.8 1.2 0.089 0.4 1.3 0.8 0.192 1.0 0.0 -0.4 

LPC 18:0 0.027 0.8 2.0 1.1 0.040 0.0 1.6 1.7 0.056 0.3 1.7 1.8 

LPC 18:1 0.031 0.5 1.8 1.5 0.010 0.2 3.0 2.3 0.484 0.0 0.3 0.2 

LPC 18:2 0.062 0.0 1.1 1.2 0.089 0.0 1.1 1.3 0.167 0.0 0.8 1.0 

LPC 18:3 0.062 0.3 1.6 0.6 0.079 0.0 1.1 1.4 0.414 0.1 0.4 0.1 

LPC 20:0 0.057 1.1 1.4 0.0 0.371 0.2 0.0 -0.8 0.021 2.2 -0.6 -2.9 

LPC 20:1 0.025 0.7 2.4 1.1 0.065 0.4 2.1 0.5 0.065 2.2 0.0 -1.1 

LPC 20:2 0.046 0.0 1.4 1.6 0.010 0.3 3.0 1.9 0.509 0.4 0.1 0.0 

LPC 20:3 0.067 0.0 1.1 1.2 0.011 0.2 2.8 2.0 0.442 0.0 0.3 0.2 

LPC 20:4 0.802 0.0 0.0 0.0 0.679 0.3 0.1 0.0 0.965 0.0 0.0 0.0 

LPC 20:5 0.043 -0.2 1.4 1.5 0.003 0.0 3.8 3.2 0.113 0.0 1.4 1.0 

LPC 22:0 0.037 0.8 1.6 0.8 0.932 0.0 0.0 0.0 0.202 0.5 -0.1 -0.8 

LPC 22:1 0.081 0.5 1.2 0.2 0.719 0.1 0.0 -0.2 0.021 2.4 -0.6 -3.0 

LPC 22:4 0.139 0.1 0.8 0.4 0.154 0.1 1.3 0.4 0.901 0.0 0.0 0.0 

LPC 22:5 0.082 0.1 1.1 0.8 0.025 0.0 1.7 2.1 0.284 0.0 0.6 0.5 

LPC 22:6 0.568 0.0 0.3 0.0 0.736 0.1 0.1 0.0 0.949 0.0 0.0 0.0 

LPC 24:0 0.078 0.6 1.1 0.2 0.931 0.0 0.0 0.0 0.416 0.1 -0.2 -0.3 

LPC(O-16:0) 0.061 0.8 1.1 0.4 0.654 0.3 0.1 0.0 0.284 0.4 0.0 -0.7 

LPC(O-18:0) 0.205 0.3 0.4 0.3 0.757 0.0 -0.2 0.0 0.056 0.4 -1.0 -2.3 

LPC(O-18:1) 0.278 0.0 0.5 0.2 0.736 0.1 0.1 0.0 0.307 0.8 0.0 -0.2 

LPC(O-20:0) 0.159 0.1 0.6 0.5 0.936 0.0 0.0 0.0 0.407 0.1 -0.1 -0.4 

LPC(O-22:0) 0.488 0.0 0.3 0.1 0.508 0.0 0.5 0.2 0.167 1.3 0.0 -0.5 

LPC(O-22:1) 0.228 0.1 0.4 0.4 0.954 0.0 0.0 0.0 0.337 0.6 0.0 -0.3 

LPC(O-24:1) 0.127 0.8 0.6 0.0 0.969 0.0 0.0 0.0 0.167 0.0 -0.8 -1.1 

PE 34:1 0.044 1.4 1.6 0.0 0.889 0.0 0.0 0.0 0.719 0.1 0.0 -0.1 

PE 34:2 0.041 1.8 1.1 -0.1 0.846 0.0 0.0 -0.1 0.504 0.2 0.2 0.0 

PE 36:1 0.024 2.6 2.4 0.0 0.702 -0.1 0.0 0.2 0.768 0.0 0.1 0.0 

PE 36:2 0.037 2.0 1.2 0.0 0.776 -0.1 0.0 0.1 0.307 0.1 0.8 0.1 

PE 36:3 0.024 2.6 1.6 -0.2 0.962 0.0 0.0 0.0 0.472 0.2 0.3 0.0 

PE 36:4 0.024 2.8 0.8 -0.6 0.649 0.0 -0.1 -0.3 0.407 0.5 0.1 0.0 

PE 38:3 0.024 3.5 1.2 -0.2 0.776 0.0 0.0 -0.2 0.594 0.2 0.1 0.0 

PE 38:4 0.024 3.5 0.7 -0.6 0.450 0.0 -0.5 -0.3 0.569 0.0 0.3 0.0 

PE 38:5 0.024 3.5 1.4 -0.3 0.689 0.1 0.0 -0.2 0.474 0.1 0.4 0.0 

PE 38:6 0.024 3.0 0.5 -0.7 0.036 0.0 -1.7 -1.8 0.575 0.2 0.0 -0.1 

PE 40:5 0.031 2.0 1.6 0.0 0.839 0.1 0.0 0.0 0.564 0.0 0.3 0.1 

PE 40:6 0.024 4.1 0.7 -1.1 0.245 0.0 -0.5 -0.8 0.706 0.0 0.1 0.0 

PE 40:7 0.036 2.1 0.4 -0.6 0.143 0.0 -0.6 -1.2 0.692 0.1 0.1 0.0 

PE(O-34:1) 0.060 0.3 1.2 0.9 0.677 0.0 0.2 0.2 0.141 0.6 -0.1 -1.3 

PE(O-34:2) 0.179 0.4 0.5 -0.2 0.679 0.0 -0.2 -0.1 0.054 1.1 -1.0 -2.4 

PE(O-36:2) 0.062 0.4 1.2 0.7 0.520 -0.1 0.0 0.5 0.744 0.1 0.0 0.0 

PE(O-36:3) 0.124 0.2 0.9 0.3 0.782 0.0 0.0 0.1 0.476 0.0 -0.2 -0.3 

PE(O-36:4) 0.061 1.0 1.1 0.2 0.889 0.0 0.0 0.0 0.895 0.0 0.0 -0.1 
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Lipid species 

6 weeks 10 weeks 16 weeks 

P-

value
a 

db/h 

vs. 

H/H
b
 

db/db 

vs. 

H/H
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db/db 

vs. 

db/h
b
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H/H
b
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b
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vs. 

db/h
b
 

P-
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a
 

db/h 

vs. 

H/H
b
 

db/db 

vs. 

H/H
b
 

db/db 

vs. 

db/h
b
 

PE(O-38:4) 0.054 0.7 1.4 0.5 0.679 0.0 0.0 0.3 0.122 -0.1 0.9 1.2 

PE(O-38:5) 0.043 0.2 1.8 1.1 0.089 -0.1 0.7 1.4 0.305 0.5 0.5 0.0 

PE(O-40:4) 0.145 0.4 0.8 0.1 0.443 0.0 0.1 0.7 0.122 0.0 0.8 1.6 

PE(O-40:5) 0.054 0.1 1.4 1.1 0.147 0.0 0.8 1.0 0.134 0.1 1.2 0.8 

PE(O-40:7) 0.072 0.4 1.4 0.3 0.579 0.3 0.3 0.0 0.628 -0.1 0.0 0.2 

PE(O-42:7) 0.193 0.3 0.6 0.2 0.635 0.1 0.3 0.1 0.722 0.0 0.2 0.0 

PE(P-36:1) 0.062 0.4 1.2 0.7 0.520 -0.1 0.0 0.5 0.744 0.1 0.0 0.0 

PE(P-36:2) 0.044 0.4 1.4 1.1 0.654 0.0 0.1 0.3 0.845 0.0 0.0 0.0 

PE(P-36:4) 0.026 2.3 1.8 0.0 0.782 0.0 -0.1 0.0 0.735 -0.1 0.0 -0.1 

PE(P-38:4) 0.115 0.8 0.8 0.0 0.733 -0.1 0.0 0.2 0.964 0.0 0.0 0.0 

PE(P-38:5) 0.104 0.9 0.7 0.0 0.936 0.0 0.0 0.0 0.355 0.0 -0.2 -0.6 

PE(P-38:6) 0.031 2.6 0.9 0.0 0.605 -0.1 -0.4 0.0 0.715 -0.1 0.1 0.0 

PE(P-40:4) 0.058 0.4 1.1 1.0 0.137 0.0 0.6 1.3 0.092 -0.2 0.7 1.7 

PE(P-40:5) 0.096 0.3 0.8 0.6 0.782 0.0 0.0 0.2 0.843 0.0 0.0 0.1 

PE(P-40:6) 0.276 0.5 0.2 0.0 0.875 -0.1 0.0 0.0 0.407 0.1 -0.1 -0.4 

LPE 16:0 0.024 1.8 2.0 0.5 0.379 0.0 0.5 0.4 0.768 0.0 0.0 -0.1 

LPE 18:0 0.031 1.3 1.6 0.6 0.080 0.0 0.8 1.7 0.192 0.0 1.0 0.6 

LPE 18:1 0.051 0.2 1.6 1.0 0.040 -0.1 1.0 2.0 0.171 0.0 1.0 0.7 

LPE 18:2 0.068 0.1 1.2 0.8 0.157 -0.1 0.1 1.4 0.138 0.1 1.3 0.6 

LPE 20:4 0.067 0.4 1.1 0.7 0.177 0.0 0.8 0.9 0.407 0.0 0.6 0.1 

LPE 22:6 0.061 1.2 0.6 -0.4 0.889 -0.1 0.0 0.0 0.893 0.0 0.0 0.0 

PI 32:0 0.134 0.7 0.6 0.1 0.866 -0.1 0.0 0.0 0.416 -0.1 0.1 0.4 

PI 32:1 0.024 0.5 2.0 2.1 0.050 0.3 1.8 1.0 0.256 0.8 0.1 -0.3 

PI 34:1 0.031 0.2 1.8 1.8 0.679 0.0 0.1 0.2 0.451 0.0 0.1 0.6 

PI 36:1 0.061 0.0 1.4 1.1 0.333 -0.2 0.1 0.7 0.314 0.0 0.3 0.7 

PI 36:2 0.037 0.5 1.4 1.3 0.771 0.0 0.0 0.2 0.352 0.1 0.5 0.2 

PI 36:3 0.024 0.8 2.0 1.6 0.118 0.1 1.4 0.6 0.398 0.5 0.1 -0.1 

PI 36:4 0.024 1.2 1.8 1.3 0.177 0.5 1.0 0.1 0.264 0.8 0.0 -0.4 

PI 38:2 0.046 0.0 1.4 1.6 0.003 0.1 4.1 3.1 0.927 0.0 0.0 0.0 

PI 38:3 0.030 0.5 2.2 1.1 0.010 0.2 3.3 1.9 0.201 0.5 0.6 0.4 

PI 38:4 0.029 1.4 2.0 0.4 0.273 0.3 0.7 0.2 0.140 0.0 1.2 0.9 

PI 38:5 0.024 1.1 2.7 2.2 0.037 0.2 2.1 1.3 0.164 1.0 0.8 0.0 

PI 38:6 0.024 0.8 1.6 1.9 0.733 0.0 0.1 0.1 0.151 1.0 0.0 -1.0 

PI 40:4 0.030 0.5 2.4 1.0 0.014 0.8 3.3 1.1 0.167 1.3 0.2 -0.2 

PI 40:5 0.024 1.0 2.7 3.7 0.003 0.4 3.8 2.8 0.217 0.8 0.5 0.2 

PI 40:6 0.039 1.4 1.2 0.4 0.899 0.0 0.0 0.0 0.256 0.5 0.0 -0.7 

LPI 18:1 0.085 0.0 0.7 1.1 0.040 0.0 1.2 2.0 0.192 -0.1 0.3 1.2 

LPI 18:2 0.217 -0.1 0.2 0.6 0.172 -0.3 0.4 1.0 0.564 0.0 0.2 0.2 

LPI 20:4 0.400 0.0 0.1 0.4 0.089 0.0 1.1 1.3 0.400 0.0 0.3 0.4 

PS 38:4 0.138 0.7 0.7 0.0 0.784 0.2 0.0 0.0 0.959 0.0 0.0 0.0 

PS 40:6 0.031 2.3 1.1 -0.1 0.791 0.0 -0.1 0.0 0.631 0.0 -0.1 -0.1 

CE 14:0 0.510 0.1 0.2 0.0 0.050 0.0 1.3 1.7 0.258 0.4 0.7 0.0 

CE 15:0 0.616 0.1 0.2 0.0 0.112 0.0 0.7 1.4 0.942 0.0 0.0 0.0 

CE 16:0 0.528 0.1 0.2 0.0 0.089 0.0 1.2 1.2 0.722 0.0 0.0 -0.2 

CE 16:1 0.031 0.8 1.6 1.2 0.003 0.6 4.1 3.1 0.178 0.9 0.7 0.1 

CE 16:2 0.152 0.3 0.7 0.2 0.125 0.0 0.5 1.4 0.146 0.1 1.3 0.4 

CE 17:0 0.836 0.0 0.0 0.0 0.112 -1.0 -1.4 0.0 0.614 0.0 -0.2 -0.1 

CE 17:1 0.499 0.2 0.2 0.0 0.054 0.0 1.4 1.5 0.589 0.1 0.0 -0.2 

CE 18:1 0.125 0.5 1.1 0.0 0.079 0.0 0.8 1.6 0.857 0.0 0.0 0.0 

CE 18:2 0.024 1.8 1.6 2.1 0.163 0.0 1.2 0.6 0.138 0.0 1.6 0.4 

CE 18:3 0.083 0.5 0.9 0.4 0.041 -0.1 0.9 2.0 0.217 0.1 1.1 0.1 

CE 20:3 0.024 0.7 2.2 1.6 0.003 0.6 4.1 3.2 0.256 0.4 0.5 0.3 

CE 20:4 0.031 1.7 1.6 0.3 0.253 0.3 0.8 0.2 0.122 0.0 1.5 0.7 

CE 20:5 0.274 -0.3 -0.5 0.0 0.400 -0.2 -0.5 -0.1 0.614 -0.2 -0.1 0.0 



279 
 

Lipid species 

6 weeks 10 weeks 16 weeks 

P-

value
a 

db/h 

vs. 

H/H
b
 

db/db 

vs. 

H/H
b 

db/db 

vs. 

db/h
b
 

P-

value
a
 

db/h 

vs. 

H/H
b
 

db/db 

vs. 

H/H
b
 

db/db 

vs. 

db/h
b
 

P-

value
a
 

db/h 

vs. 

H/H
b
 

db/db 

vs. 

H/H
b
 

db/db 

vs. 

db/h
b
 

CE 20:5 0.024 0.5 2.7 2.4 0.003 0.1 4.1 3.2 0.073 0.2 1.6 1.1 

CE 22:4 0.062 0.9 0.3 -1.0 0.040 0.1 2.1 1.2 0.569 0.2 0.1 0.0 

CE 22:5 0.024 0.7 2.4 2.2 0.003 0.1 4.1 3.2 0.056 0.1 2.2 1.9 

CE 22:6 0.031 2.0 1.6 0.1 0.349 0.1 0.6 0.3 0.246 0.2 0.9 0.1 

CE 24:6 0.116 0.3 0.8 0.4 0.405 0.0 0.1 0.8 0.458 0.0 -0.3 -0.2 

COH 0.082 0.5 1.1 0.2 0.635 0.1 0.4 0.0 0.167 0.0 0.8 1.0 

DG 16:0/16:0 0.065 0.0 0.7 1.6 0.918 0.0 0.0 0.0 0.171 0.0 0.9 0.8 

DG 16:0/18:0 0.152 0.0 0.4 0.8 0.719 0.0 0.0 0.3 0.395 0.0 0.2 0.6 

DG 16:0/18:1 0.097 0.1 0.9 0.7 0.981 0.0 0.0 0.0 0.167 0.7 0.7 0.4 

DG 16:0/18:2 0.391 0.1 0.2 0.2 0.245 0.0 -0.5 -0.8 0.297 0.6 0.4 0.1 

DG 16:1/18:1 0.053 0.0 1.2 1.5 0.025 0.5 2.4 1.2 0.056 1.8 1.2 1.2 

DG 18:0/18:0 0.830 0.0 0.0 0.0 0.405 -0.1 0.1 0.6 0.172 0.0 0.6 1.0 

DG 18:0/18:1 0.078 0.0 0.8 1.2 0.679 -0.1 0.0 0.3 0.138 0.5 0.8 1.0 

DG 18:1/18:1 0.109 0.0 0.8 0.8 0.786 0.0 0.0 0.1 0.167 0.2 0.9 0.7 

DG 18:1/18:2 0.425 0.0 0.2 0.2 0.305 0.0 -0.6 -0.5 0.307 0.4 0.4 0.1 

DG 18:1/20:4 0.326 0.3 0.0 -0.3 0.010 0.0 -2.8 -2.4 0.817 0.0 0.0 0.0 

DG 18:2/18:2 0.767 0.0 0.0 -0.1 0.136 0.0 -0.8 -1.1 0.657 0.0 0.2 0.0 

TG 14:0/16:0/18:1 0.066 0.1 1.1 1.1 0.472 0.0 0.3 0.4 0.070 0.1 1.4 1.7 

TG 14:0/16:0/18:2 0.056 0.2 1.2 1.1 0.089 0.3 1.7 0.4 0.065 0.8 1.6 1.1 

TG 14:0/16:1/18:1 0.061 0.1 1.1 1.2 0.089 0.3 1.1 1.0 0.056 0.8 1.7 1.6 

TG 14:0/16:1/18:2 0.060 0.2 1.1 1.2 0.784 0.1 0.1 0.0 0.065 0.5 1.8 1.0 

TG 14:0/17:0/18:1 0.062 -0.1 0.9 1.3 0.791 0.0 0.0 0.1 0.398 0.1 0.3 0.2 

TG 14:0/18:2/18:2 0.148 0.0 0.4 0.9 0.890 0.0 0.0 0.0 0.309 0.4 0.5 0.0 

TG 14:1/16:0/18:1 0.061 0.5 1.1 0.8 0.205 0.0 0.8 0.6 0.073 0.2 1.9 0.7 

TG 14:1/16:1/18:0 0.037 0.4 1.4 1.6 0.025 0.7 1.8 1.6 0.073 1.0 1.3 0.6 

TG 14:1/18:1/18:1 0.062 0.1 0.9 1.2 0.113 0.1 1.1 0.9 0.056 1.3 1.6 1.7 

TG 15:0/16:0/18:1 0.072 0.0 0.9 1.2 0.782 0.0 0.0 0.1 0.316 0.0 0.6 0.3 

TG 15:0/18:1/18:1 0.103 0.0 0.6 1.1 0.742 -0.2 -0.1 0.0 0.290 0.6 0.5 0.0 

TG 16:0/16:0/16:0 0.124 0.0 0.3 1.2 0.782 0.0 0.0 0.2 0.065 0.0 1.9 1.5 

TG 16:0/16:0/18:0 0.084 0.0 0.6 1.3 0.760 -0.1 0.0 0.1 0.167 0.0 0.9 0.9 

TG 16:0/16:0/18:1 0.096 0.1 0.6 1.1 0.742 0.0 0.0 0.2 0.146 0.1 1.1 0.7 

TG 16:0/16:0/18:2 0.218 0.0 0.2 0.9 0.701 0.0 -0.2 -0.1 0.352 0.1 0.5 0.1 

TG 16:0/16:1/17:0 0.072 0.0 0.7 1.5 0.936 0.0 0.0 0.0 0.223 0.6 0.6 0.1 

TG 16:0/16:1/18:1 0.061 0.2 1.1 1.1 0.079 0.0 1.6 1.0 0.070 0.9 1.4 0.9 

TG 16:0/17:0/18:1 0.049 0.0 1.2 1.6 0.542 -0.1 0.0 0.5 0.245 0.4 0.6 0.2 

TG 16:0/17:0/18:2 0.091 0.0 0.7 1.1 0.901 0.0 0.0 0.0 0.136 1.0 1.0 0.0 

TG 16:0/18:0/18:1 0.072 0.0 1.1 1.1 0.177 -0.4 0.0 1.2 0.136 0.0 1.0 1.2 

TG 16:0/18:1/18:1 0.081 0.1 0.7 1.2 0.635 0.0 0.2 0.3 0.198 0.6 0.7 0.2 

TG 16:0/18:1/18:2 0.391 0.1 0.1 0.3 0.348 0.0 -0.4 -0.7 0.474 0.4 0.1 0.0 

TG 16:0/18:2/18:2 0.589 0.1 0.1 0.0 0.079 0.0 -0.9 -1.6 0.484 0.5 0.1 0.0 

TG 16:1/16:1/16:1 0.039 0.3 1.4 1.5 0.037 0.5 1.7 1.4 0.056 1.1 1.7 1.1 

TG 16:1/16:1/18:1 0.056 0.3 1.1 1.2 0.177 0.3 1.0 0.3 0.056 1.3 1.6 1.0 

TG 16:1/17:0/18:1 0.079 0.0 0.7 1.3 0.901 0.0 0.0 0.0 0.167 1.1 0.7 0.0 

TG 16:1/18:1/18:1 0.043 0.1 1.6 1.3 0.030 0.0 2.1 1.6 0.056 1.3 1.5 1.3 

TG 16:1/18:1/18:2 0.093 0.1 0.5 1.2 0.944 0.0 0.0 0.0 0.079 1.2 1.4 0.1 

TG 17:0/18:1/18:1 0.093 0.0 0.7 1.1 0.615 0.0 0.1 0.4 0.216 0.4 0.8 0.2 

TG 18:0/18:0/18:0 0.277 0.0 0.2 0.6 0.742 0.0 0.0 0.2 0.138 0.0 0.8 1.4 

TG 18:0/18:0/18:1 0.048 0.2 0.9 1.8 0.796 -0.1 0.0 0.1 0.323 0.6 0.3 0.1 

TG 18:0/18:1/18:1 0.086 0.0 0.8 1.0 0.143 -0.4 0.0 1.4 0.070 0.1 1.5 1.5 

TG 18:0/18:2/18:2 0.295 0.0 0.2 0.6 0.936 0.0 0.0 0.0 0.178 0.5 1.0 0.1 

TG 18:1/18:1/18:1 0.062 0.0 1.1 1.3 0.333 0.0 0.3 0.7 0.056 1.0 1.6 1.3 

TG 18:1/18:1/18:2 0.139 0.0 0.5 0.9 0.828 0.0 0.0 0.0 0.118 0.9 1.3 0.1 

TG 18:1/18:1/20:4 0.078 0.8 0.0 -1.0 0.010 0.0 -2.6 -2.6 0.601 0.3 0.0 -0.1 

TG 18:1/18:1/22:6 0.067 0.8 0.0 -1.3 0.015 0.0 -2.4 -2.1 0.452 0.5 0.0 -0.1 
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Lipid species 

6 weeks 10 weeks 16 weeks 

P-

value
a 

db/h 

vs. 

H/H
b
 

db/db 

vs. 

H/H
b 

db/db 

vs. 

db/h
b
 

P-

value
a
 

db/h 

vs. 

H/H
b
 

db/db 

vs. 

H/H
b
 

db/db 

vs. 

db/h
b
 

P-

value
a
 

db/h 

vs. 

H/H
b
 

db/db 

vs. 

H/H
b
 

db/db 

vs. 

db/h
b
 

TG 18:1/18:2/18:2 0.228 0.1 0.4 0.4 0.679 0.0 -0.2 -0.2 0.225 0.6 0.7 0.1 

TG 18:2/18:2/18:2 0.528 0.1 0.2 0.0 0.405 0.0 -0.4 -0.4 0.284 0.4 0.6 0.1 

TG 18:2/18:2/20:4 0.094 0.7 0.0 -0.9 0.003 0.0 -4.1 -3.2 0.681 0.1 0.0 -0.1 

 
a 
P-value for the comparison of levels of each lipid species between genotypes at each age using the Kruskal Wallis 

test with Benjamini-Hochberg correction for multiple comparisons. P < 0.05 was considered significant (highlighted 

in pink).  
b 

Post-hoc analysis was performed using the Mann Whitney U test with Dunn-Sidak correction for multiple group 

comparisons. Values were derived from the formula: sign(difference in median levels)*-log10(post-hoc P-value). 

Colour-coded values 1.3 to 2.0 (light red, P = 0.05-0.01) and > 2.0 (dark red, P < 0.01) indicate a significant 

increase relative to the reference group. Colour-coded values -1.3 to -2.0 (light green, P = 0.05-0.01) and < -2.0 

(dark green, P < 0.01) indicate a significant decrease relative to the reference group.  
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Table S4.6 Relationship between genotype and liver lipid species in female mice. 

 

Lipid species 

6 weeks 10 weeks 16 weeks 

P-

value
a 

db/h 

vs. 

H/H
b
 

db/db 

vs. 

H/H
b 

db/db 

vs. 

db/h
b
 

P-

value
a
 

db/h 

vs. 

H/H
b
 

db/db 

vs. 

H/H
b
 

db/db 

vs. 

db/h
b
 

P-

value
a
 

db/h 

vs. 

H/H
b
 

db/db 

vs. 

H/H
b
 

db/db 

vs. 

db/h
b
 

Cer 16:0 0.022 -0.2 1.3 2.1 0.074 0.0 0.4 2.6 0.162 -0.8 0.1 1.4 

Cer 18:0 0.034 0.3 -0.9 -1.9 0.031 0.2 -1.1 -2.4 0.453 -0.3 0.0 0.2 

Cer 20:0 0.325 0.0 0.1 0.7 0.826 -0.1 0.0 0.0 0.162 -0.5 0.7 2.6 

Cer 22:0 0.018 -0.4 0.9 2.7 0.146 0.0 0.6 1.5 0.118 -0.5 1.2 3.0 

Cer 24:0 0.016 0.0 1.6 2.7 0.108 0.0 0.8 1.5 0.225 -0.8 0.0 0.8 

Cer 24:1 0.025 0.0 1.5 1.9 0.393 0.0 0.0 0.8 0.418 -0.4 0.0 0.2 

MHC 16:0 0.065 -0.4 -1.2 -0.5 0.004 -0.2 -3.6 -3.0 0.235 0.0 -0.7 -0.8 

MHC 20:0 0.028 0.0 -1.8 -1.5 0.213 0.0 -0.6 -0.8 0.250 -0.3 0.2 0.9 

MHC 22:0 0.081 -0.3 -1.6 -0.1 0.038 -0.2 -1.9 -1.2 0.235 -0.6 0.0 0.9 

MHC 24:0 0.563 -0.1 -0.2 0.0 0.037 -0.3 -1.9 -1.2 0.165 -0.3 -1.5 -0.6 

MHC 24:1 0.070 0.0 -1.3 -0.8 0.004 -0.5 -3.3 -3.3 0.162 0.0 -1.7 -1.8 

DHC 24:1 0.395 -0.4 0.0 0.1 0.769 0.0 0.0 -0.2 0.332 -0.4 -0.6 0.0 

SM 31:1 0.513 0.0 -0.1 -0.2 0.794 0.1 0.0 0.0 0.370 0.4 0.4 0.0 

SM 34:1 0.071 0.0 -1.1 -1.1 0.794 0.0 0.0 -0.1 0.412 -0.4 -0.3 0.0 

SM 35:1 0.007 0.0 -3.3 -3.0 0.019 0.0 -2.4 -2.0 0.227 -0.5 -0.9 -0.2 

SM 36:1 0.009 0.6 -1.3 -3.3 0.060 0.0 -1.2 -1.7 0.410 -0.2 -0.5 0.0 

SM 38:1 0.124 0.0 -1.0 -0.5 0.727 -0.1 0.0 0.1 0.410 -0.4 -0.3 0.0 

SM 38:2 0.488 0.0 0.3 0.1 0.136 0.0 1.0 1.0 0.718 0.0 0.0 0.1 

SM 39:1 0.809 0.0 0.0 0.0 0.806 0.1 0.0 0.0 0.322 -0.6 -0.3 0.1 

SM 41:1 0.850 0.0 0.0 0.0 0.842 0.0 0.0 0.0 0.294 -0.4 -0.8 0.0 

SM 41:2 0.630 -0.1 0.0 0.1 0.638 -0.1 0.0 0.2 0.422 -0.3 -0.4 0.0 

SM 42:1 0.110 -0.4 0.3 1.0 0.191 0.0 0.4 1.2 0.385 -0.5 -0.2 0.0 

PC 30:0 0.179 -0.1 0.2 0.8 0.993 0.0 0.0 0.0 0.255 -0.3 -0.9 -0.2 

PC 31:0 0.021 -0.5 -2.3 -0.7 0.010 0.0 -3.3 -2.2 0.162 -0.1 -1.3 -1.1 

PC 31:1 0.930 0.0 0.0 0.0 0.424 -0.4 -0.1 0.1 0.412 -0.3 -0.4 0.0 

PC 32:0 0.007 -0.1 -3.6 -3.0 0.004 -0.2 -3.9 -3.9 0.162 0.1 -1.7 -1.2 

PC 32:1 0.007 0.4 3.0 3.3 0.006 0.0 3.3 3.0 0.206 -0.4 0.2 1.0 

PC 32:2 0.009 0.8 2.5 1.5 0.007 0.0 3.0 3.0 0.433 0.0 0.1 0.4 

PC 32:3 0.348 -0.3 0.2 0.2 0.166 0.2 1.0 0.5 0.165 -1.9 -0.3 0.2 

PC 33:0 0.024 -0.4 -3.3 -0.1 0.011 -0.1 -3.6 -1.7 0.162 -0.2 -1.6 -1.1 

PC 33:1 0.050 0.0 1.2 1.4 0.334 -0.1 0.2 0.6 0.550 -0.2 -0.2 0.0 

PC 33:2 0.083 -0.3 -1.3 -0.3 0.417 0.0 -0.3 -0.4 0.368 -0.2 -0.6 0.0 

PC 34:0 0.422 -0.1 0.0 0.3 0.575 -0.1 0.0 0.2 0.516 -0.3 -0.1 0.0 

PC 34:1 0.693 0.0 0.1 0.0 0.595 -0.1 -0.1 0.2 0.458 -0.2 -0.4 0.0 

PC 34:2 0.064 0.0 -1.1 -1.2 0.570 -0.1 -0.2 0.0 0.550 -0.3 0.0 0.0 

PC 34:3 0.383 0.0 0.3 0.3 0.038 0.0 1.9 1.6 0.474 -0.4 -0.1 0.1 

PC 34:4 0.226 0.1 0.6 0.3 0.057 0.4 2.0 0.4 0.412 -0.4 -0.3 0.0 

PC 34:5 0.007 0.4 3.3 3.0 0.022 0.0 2.4 1.9 0.722 -0.1 0.0 -0.1 

PC 35:0 0.056 -1.5 -0.1 0.7 0.424 -0.3 0.1 0.2 0.165 -0.1 -1.5 -0.7 

PC 35:1 0.349 -0.2 0.0 0.5 0.248 -0.6 0.0 0.6 0.322 -0.6 -0.4 0.0 

PC 35:2 0.179 -0.9 0.0 0.4 0.461 -0.3 0.0 0.2 0.433 -0.6 0.0 0.1 

PC 35:3 0.486 -0.1 0.0 0.3 0.595 0.0 0.1 0.1 0.475 -0.3 -0.3 0.0 

PC 36:1 0.017 -0.8 0.8 2.5 0.236 0.0 0.5 0.9 0.283 -0.6 0.0 0.7 

PC 36:2 0.025 -1.2 0.1 2.1 0.143 0.0 0.6 1.3 0.258 -0.4 0.1 0.8 

PC 36:3 0.015 0.0 1.8 2.7 0.028 0.0 1.9 2.0 0.301 -0.1 0.1 0.8 

PC 36:4a 0.082 -0.2 0.3 1.5 0.059 0.3 1.9 0.6 0.322 -0.1 0.3 0.5 

PC 36:4b 0.007 0.4 -3.6 -3.3 0.004 0.3 -3.9 -3.9 0.174 0.0 -1.5 -0.7 

PC 36:5 0.007 0.0 3.0 3.3 0.004 -0.1 3.6 3.6 0.192 -0.8 0.1 1.0 

PC 36:6 0.007 0.3 3.6 3.3 0.004 0.1 3.9 3.9 0.322 -0.3 0.1 0.5 

PC 37:4 0.007 0.2 -3.6 -2.7 0.015 0.0 -2.8 -2.0 0.192 -0.1 -0.9 -0.9 

PC 37:5 0.350 -0.1 0.0 0.6 0.461 0.0 0.4 0.1 0.493 -0.4 0.0 0.1 

PC 37:6 0.032 0.0 -2.0 -1.2 0.040 0.1 -1.3 -1.9 0.162 -0.3 -1.7 -0.6 
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Lipid species 

6 weeks 10 weeks 16 weeks 

P-

value
a 

db/h 

vs. 

H/H
b
 

db/db 

vs. 

H/H
b 

db/db 

vs. 

db/h
b
 

P-

value
a
 

db/h 

vs. 

H/H
b
 

db/db 

vs. 

H/H
b
 

db/db 

vs. 

db/h
b
 

P-

value
a
 

db/h 

vs. 

H/H
b
 

db/db 

vs. 

H/H
b
 

db/db 

vs. 

db/h
b
 

PC 38:2 0.084 0.0 1.1 0.8 0.074 -0.1 0.6 2.0 0.692 0.0 0.0 0.2 

PC 38:3 0.032 0.0 1.3 1.9 0.296 0.0 0.3 0.8 0.250 -0.1 0.4 1.0 

PC 38:4 0.007 0.2 -3.0 -3.3 0.006 0.1 -2.6 -3.9 0.278 -0.1 -0.6 -0.6 

PC 38:5 0.111 0.0 1.3 0.3 0.866 0.0 0.0 0.0 0.668 -0.2 0.0 0.0 

PC 38:6a 0.154 -0.4 0.0 1.1 0.530 0.1 0.3 0.0 0.879 0.0 0.0 0.1 

PC 38:6b 0.007 0.2 -3.6 -3.3 0.011 0.0 -2.4 -3.0 0.297 -0.3 -0.8 -0.1 

PC 38:7 0.022 0.3 2.0 1.4 0.007 0.0 3.3 2.8 0.389 -0.1 0.1 0.6 

PC 39:6 0.024 -0.8 -1.8 -0.7 0.017 0.0 -2.6 -2.0 0.322 -0.3 -0.6 -0.1 

PC 39:7 0.668 0.0 -0.1 0.1 0.461 0.2 0.0 -0.3 0.562 0.1 -0.3 0.0 

PC 40:5 0.209 0.0 0.4 0.6 0.321 0.0 0.2 0.7 0.165 -1.1 0.1 1.1 

PC 40:6 0.017 0.2 -1.8 -2.1 0.417 0.0 -0.3 -0.4 0.422 -0.5 -0.1 0.1 

PC 40:7 0.641 0.0 0.2 0.0 0.638 0.1 0.1 0.0 0.478 -0.3 0.0 0.2 

PC(O-32:1) 0.117 0.0 1.0 0.6 0.453 0.0 0.2 0.4 0.717 -0.1 0.0 0.1 

PC(O-34:1) 0.021 -1.0 -2.5 -0.1 0.017 -0.1 -2.4 -2.0 0.162 -0.3 -1.5 -0.7 

PC(O-34:2) 0.076 -1.6 -0.3 0.1 0.194 -0.5 -1.0 0.0 0.364 -0.2 -0.3 -0.4 

PC(O-35:4) 0.400 0.4 0.1 0.0 0.851 0.0 0.0 0.1 0.631 0.0 -0.2 -0.1 

PC(O-36:0) 0.109 0.0 -0.9 -0.7 0.688 0.0 -0.1 -0.1 0.162 -0.6 -1.5 -0.5 

PC(O-36:2) 0.721 -0.1 0.0 0.0 0.268 0.0 0.2 1.0 0.995 0.0 0.0 0.0 

PC(O-36:3) 0.110 -1.1 -0.2 0.3 0.134 -0.2 -1.3 -0.4 0.181 -0.6 -1.1 -0.3 

PC(O-36:4) 0.023 -0.3 -1.8 -1.4 0.004 -0.3 -3.6 -2.8 0.192 -0.1 -1.3 -0.4 

PC(O-36:5) 0.267 0.4 -0.1 -0.3 0.814 0.0 0.0 0.0 0.322 -0.6 -0.3 0.1 

PC(O-38:5) 0.021 0.0 -2.0 -1.7 0.004 -0.1 -3.6 -3.9 0.162 0.0 -1.0 -1.5 

PC(O-40:6) 0.016 -0.7 -2.3 -1.1 0.015 0.0 -2.6 -2.2 0.291 -0.3 -0.8 -0.1 

PC(O-40:7) 0.008 -0.2 -3.3 -2.3 0.004 -0.4 -3.9 -3.6 0.162 -0.1 -1.9 -1.4 

PC(P-32:0) 0.708 0.0 -0.1 0.0 0.612 0.0 -0.1 -0.2 0.273 -0.3 -0.7 -0.3 

PC(P-34:1) 0.509 -0.2 -0.1 -0.1 0.337 -0.7 0.0 0.1 0.192 -0.6 -0.9 -0.4 

PC(P-36:2) 0.305 -0.8 0.0 0.1 0.319 -0.7 0.0 0.2 0.271 -0.3 -0.9 -0.1 

PC(P-36:4) 0.082 0.4 -0.4 -1.1 0.872 0.0 0.0 0.0 0.322 -0.6 -0.3 0.0 

PC(P-38:4) 0.104 0.0 -1.5 -0.3 0.191 -0.9 -0.4 0.1 0.322 0.0 -0.6 -0.4 

PC(P-38:5) 0.055 -0.5 -1.5 -0.3 0.051 0.0 -0.9 -2.2 0.195 -0.1 -1.2 -0.6 

PC(P-38:6) 0.008 -0.3 -3.3 -2.1 0.050 0.0 -1.5 -1.7 0.162 -0.2 -1.7 -0.7 

PC(P-40:5) 0.013 -0.7 -3.0 -0.7 0.015 0.0 -2.8 -2.0 0.162 -0.6 -1.3 -1.0 

PC(P-40:6) 0.041 0.0 -1.6 -1.2 0.028 0.0 -1.9 -2.0 0.165 0.0 -1.0 -1.2 

LPC 16:0 0.460 0.3 0.1 0.0 0.337 0.1 0.5 0.3 0.718 0.0 0.0 0.1 

LPC 16:1 0.007 0.6 3.6 3.3 0.011 0.0 2.8 2.6 0.162 0.0 1.1 1.6 

LPC 18:0 0.778 0.0 0.0 0.0 0.248 1.0 0.2 0.0 0.474 0.0 0.1 0.4 

LPC 18:1 0.112 0.0 0.8 0.8 0.123 1.2 0.7 0.0 0.918 0.0 0.0 0.0 

LPC 18:2 0.021 0.0 1.3 2.5 0.358 0.2 0.5 0.0 0.773 -0.1 0.0 0.1 

LPC 20:4 0.403 0.0 -0.1 -0.3 0.198 0.6 0.0 -0.8 0.381 0.0 -0.3 -0.4 

LPC 22:6 0.264 0.8 0.0 -0.2 0.589 0.2 0.0 -0.1 0.819 0.0 0.0 -0.1 

PE 32:0 0.546 -0.1 -0.2 0.0 0.281 0.0 -0.6 -0.5 0.550 -0.1 -0.2 0.0 

PE 32:1 0.007 1.2 3.6 3.3 0.004 0.0 3.9 3.9 0.165 -0.1 0.6 1.5 

PE 34:1 0.011 0.0 2.5 2.3 0.014 0.0 2.8 2.2 0.294 -0.9 0.0 0.3 

PE 34:2 0.022 -0.1 1.3 2.3 0.015 -0.6 1.2 2.8 0.192 -1.5 0.0 0.5 

PE 34:3 0.011 0.0 2.1 2.7 0.004 -0.1 3.6 3.9 0.192 -0.8 0.0 1.0 

PE 35:1 0.087 -0.4 0.4 1.0 0.806 0.0 0.1 0.0 0.541 -0.3 0.0 0.0 

PE 35:2 0.306 -0.1 0.3 0.3 0.446 -0.2 0.0 0.3 0.192 -1.6 -0.4 0.1 

PE 36:0 0.202 0.5 0.0 -0.5 0.123 0.0 -1.1 -1.0 0.322 0.8 0.2 0.0 

PE 36:1 0.046 0.1 1.6 1.0 0.191 0.0 0.7 0.9 0.271 -0.6 0.0 0.7 

PE 36:2 0.042 0.0 1.3 1.5 0.282 0.1 0.1 1.0 0.177 -1.9 0.0 0.4 

PE 36:3 0.086 0.0 0.7 1.4 0.059 0.0 1.5 1.5 0.322 -0.5 0.0 0.6 

PE 36:4 0.075 0.0 0.9 1.2 0.223 -0.6 0.0 0.7 0.353 -0.8 0.0 0.1 

PE 36:5 0.007 0.0 3.6 3.3 0.004 -0.3 3.6 3.9 0.258 -0.1 0.4 0.8 

PE 38:3 0.349 0.0 -0.4 -0.2 0.526 -0.4 0.0 0.0 0.322 -0.6 0.0 0.2 
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Lipid species 

6 weeks 10 weeks 16 weeks 

P-

value
a 

db/h 

vs. 

H/H
b
 

db/db 

vs. 

H/H
b 

db/db 

vs. 

db/h
b
 

P-

value
a
 

db/h 

vs. 

H/H
b
 

db/db 

vs. 

H/H
b
 

db/db 

vs. 

db/h
b
 

P-

value
a
 

db/h 

vs. 

H/H
b
 

db/db 

vs. 

H/H
b
 

db/db 

vs. 

db/h
b
 

PE 38:4 0.014 0.0 -1.8 -3.0 0.175 -0.1 -1.0 -0.5 0.301 -0.8 -0.2 0.1 

PE 38:5 0.042 0.0 2.0 0.8 0.530 0.0 0.1 0.3 0.474 -0.4 0.0 0.1 

PE 38:6 0.007 0.0 -3.3 -3.3 0.033 -0.6 -2.0 -0.8 0.176 -0.3 -1.5 -0.4 

PE 40:5 0.716 0.0 0.1 0.0 0.483 -0.1 0.0 0.4 0.247 -1.2 -0.1 0.2 

PE 40:6 0.008 0.4 -2.3 -3.0 0.173 -0.1 -0.9 -0.7 0.251 -0.3 -1.0 -0.1 

PE 40:7 0.009 0.9 -1.2 -3.3 0.175 0.0 -0.6 -1.1 0.202 -0.2 -1.1 -0.4 

PE(O-36:2) 0.306 -0.1 0.3 0.3 0.446 -0.2 0.0 0.3 0.192 -1.6 -0.4 0.1 

PE(O-36:5) 0.472 0.0 -0.2 -0.3 0.014 -0.4 -1.9 -2.8 0.162 -0.8 -1.7 -1.0 

PE(O-38:4) 0.021 -0.6 -2.5 -0.5 0.081 0.0 -1.3 -1.2 0.162 -0.8 -1.6 -1.0 

PE(O-38:5) 0.884 0.0 0.0 0.0 0.884 -0.1 0.0 0.0 0.412 0.0 -0.3 -0.3 

PE(O-40:6) 0.009 0.0 -3.6 -1.9 0.033 0.0 -2.0 -1.6 0.219 -0.7 -0.9 -0.1 

PE(P-36:4) 0.349 0.0 -0.3 -0.3 0.010 -0.3 -2.0 -3.6 0.162 -0.6 -1.6 -1.0 

PE(P-38:4) 0.022 -0.3 -2.5 -0.6 0.188 -0.1 -1.0 -0.4 0.118 -0.8 -2.8 -1.6 

PE(P-38:5) 0.716 0.1 0.0 0.0 0.240 -0.4 -0.6 -0.1 0.235 -0.6 -0.9 -0.1 

LPE 16:0 0.060 1.1 1.2 0.0 0.268 -0.1 0.3 0.7 0.451 -0.2 0.0 0.4 

LPE 18:0 0.281 0.6 0.2 0.0 0.952 0.0 0.0 0.0 0.278 -0.5 0.0 0.7 

LPE 18:1 0.007 3.0 2.5 0.7 0.055 0.0 1.7 1.2 0.322 0.0 0.3 0.6 

LPE 20:4 0.087 1.2 0.7 0.0 0.393 0.6 0.1 0.0 0.902 0.0 0.0 0.0 

LPE 22:6 0.063 1.5 0.0 -0.8 0.268 0.9 0.0 -0.3 0.474 0.0 -0.3 -0.2 

PI 36:1 0.207 0.0 0.4 0.6 0.768 0.0 0.1 0.1 0.370 -0.1 0.1 0.6 

PI 36:2 0.528 0.0 0.1 0.3 0.958 0.0 0.0 0.0 0.291 -0.5 -0.8 0.0 

PI 38:2 0.009 -0.1 2.3 2.7 0.015 1.2 2.0 1.1 0.235 -0.1 0.4 1.0 

PI 38:3 0.021 -0.2 1.2 2.3 0.102 0.1 1.2 1.0 0.162 -0.3 0.4 1.6 

PI 38:4 0.096 0.3 -0.1 -1.5 0.720 0.0 -0.1 -0.1 0.294 -0.5 -0.6 -0.1 

PI 40:4 0.015 -0.3 1.3 2.7 0.103 -0.2 0.5 1.5 0.162 -0.6 0.2 1.9 

PI 40:5 0.022 0.0 2.0 1.7 0.049 -0.8 0.3 1.9 0.162 -0.7 0.1 1.5 

PI 40:6 0.021 0.0 -1.3 -2.7 0.342 0.0 -0.6 -0.3 0.162 -0.4 -1.5 -0.6 

PS 36:1 0.148 -0.2 -1.1 -0.1 0.102 -0.1 -1.2 -1.0 0.162 -0.3 -1.9 -1.0 

PS 36:2 0.348 -0.3 0.0 0.4 0.247 -0.6 0.0 0.6 0.322 -0.6 -0.4 0.0 

PS 38:3 0.624 0.0 0.0 0.2 0.417 -0.2 0.0 0.4 0.550 -0.2 0.0 0.1 

PS 38:4 0.009 0.1 -2.5 -2.7 0.004 -0.6 -3.9 -2.8 0.215 -0.1 -0.9 -0.7 

PS 38:5 0.009 0.1 2.3 3.0 0.004 -0.1 3.9 3.9 0.379 -0.1 0.0 0.6 

PS 40:5 0.471 0.0 0.2 0.3 0.105 -1.3 0.0 0.7 0.478 -0.4 0.0 0.1 

PS 40:6 0.121 0.0 -0.5 -1.1 0.123 -1.0 -0.9 0.0 0.322 -0.3 -0.8 0.0 

PG 34:1 0.663 -0.2 0.0 0.0 0.306 -0.1 0.1 0.7 0.590 -0.1 -0.2 0.0 

PG 34:2 0.349 -0.4 -0.1 0.1 0.879 0.0 0.0 0.0 0.389 0.0 -0.6 -0.1 

PG 36:1 0.991 0.0 0.0 0.0 0.525 -0.2 0.0 0.1 0.514 -0.1 -0.3 0.0 

PG 36:2 0.178 -0.1 -1.2 0.0 0.530 -0.2 -0.1 0.0 0.215 -1.0 -0.8 0.0 

PG 36:3 0.703 0.0 0.1 0.0 0.337 0.1 0.7 0.1 0.723 0.0 -0.2 0.0 

BMP 18:1/18:1 0.009 -0.1 2.1 3.3 0.105 -0.1 0.4 1.7 0.162 -0.4 0.1 1.8 

CL 18:2/18:2/18:2/16:1 0.009 0.7 3.0 1.2 0.004 0.2 3.0 3.9 0.320 -0.1 0.3 0.6 

CL 18:2/18:1/18:2/16:1 0.007 0.4 3.6 2.5 0.019 0.6 1.9 1.9 0.301 -0.4 0.1 0.6 

CL 18:2/18:1/18:1/16:1 0.007 0.3 3.6 2.3 0.014 0.2 2.2 2.6 0.162 -0.6 0.9 1.3 

CL 18:2/18:2/18:2/18:3 0.209 -0.8 0.0 0.3 0.424 0.0 0.2 0.4 0.258 -1.0 -0.5 0.0 

CL 18:2/18:2/18:2/18:2 0.010 0.0 -2.5 -2.5 0.013 -0.2 -3.0 -1.7 0.397 -0.4 -0.3 0.0 

CL 18:2/18:2/18:2/18:1 0.063 0.1 -0.4 -1.9 0.393 0.0 -0.2 -0.6 0.215 -0.9 -0.8 0.1 

CL 18:2/18:1/18:2/18:1 0.285 0.5 0.0 -0.3 0.612 0.2 0.0 0.0 0.332 -0.4 -0.4 0.1 

CL 18:1/18:1/18:1/18:2 0.800 0.0 0.0 0.0 0.461 0.3 0.0 -0.2 0.894 0.0 0.0 0.0 

CL 18:2/18:2/18:2/20:3 0.716 0.0 -0.1 -0.1 0.867 -0.1 0.0 0.0 0.772 0.0 0.0 0.1 

CL 18:2/18:1/18:2/20:3 0.009 0.0 -3.3 -2.1 0.075 -0.1 -1.6 -0.9 0.433 -0.5 -0.1 0.1 

CL 18:2/18:1/18:2/20:2 0.008 -0.2 -3.3 -2.3 0.010 -0.4 -3.0 -1.9 0.291 -0.6 -0.6 0.0 

CE 16:0 0.021 1.0 -0.4 -2.3 0.219 0.0 -0.7 -0.7 0.692 0.0 0.0 -0.2 

CE 16:1 0.009 2.5 2.8 0.0 0.054 0.7 1.7 0.4 0.174 0.0 1.1 1.0 

CE 17:1 0.076 1.5 0.1 -0.5 0.342 0.5 0.3 0.0 0.947 0.0 0.0 0.0 
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Lipid species 

6 weeks 10 weeks 16 weeks 

P-

value
a 

db/h 

vs. 

H/H
b
 

db/db 

vs. 

H/H
b 

db/db 

vs. 

db/h
b
 

P-

value
a
 

db/h 

vs. 

H/H
b
 

db/db 

vs. 

H/H
b
 

db/db 

vs. 

db/h
b
 

P-

value
a
 

db/h 

vs. 

H/H
b
 

db/db 

vs. 

H/H
b
 

db/db 

vs. 

db/h
b
 

CE 18:0 0.007 2.1 -1.5 -3.3 0.028 0.3 -1.2 -2.2 0.773 -0.1 0.0 0.0 

CE 18:1 0.009 1.8 -0.5 -3.0 0.103 1.2 0.0 -0.9 0.412 0.0 -0.2 -0.4 

CE 18:2 0.070 0.5 -0.1 -1.5 0.656 0.1 0.0 -0.1 0.723 -0.1 0.0 0.0 

CE 18:3 0.140 0.2 0.0 -1.4 0.452 0.5 0.1 0.0 0.990 0.0 0.0 0.0 

CE 20:3 0.563 0.3 0.0 0.0 0.362 0.7 0.0 -0.1 0.888 0.0 0.1 0.0 

CE 20:4 0.076 0.3 0.0 -2.1 0.337 0.5 0.0 -0.4 0.618 0.0 0.0 0.2 

CE 22:5 0.219 0.1 0.7 0.2 0.906 0.0 0.0 0.0 0.322 0.0 0.6 0.3 

COH 0.305 -0.1 -0.8 0.0 0.981 0.0 0.0 0.0 0.368 -0.7 0.1 0.1 

DG 14:0/16:0 0.007 0.6 3.0 2.3 0.004 0.7 3.6 2.4 0.894 0.0 0.0 0.0 

DG 14:0/18:1 0.007 0.7 3.6 2.3 0.004 0.5 3.9 3.6 0.322 0.0 0.4 0.6 

DG 14:0/18:2 0.119 0.2 1.3 0.0 0.032 0.7 1.5 1.5 0.995 0.0 0.0 0.0 

DG 16:0/16:0 0.028 0.6 2.0 0.5 0.221 0.1 0.7 0.5 0.397 0.0 -0.5 -0.2 

DG 16:0/18:0 0.054 1.0 1.3 0.1 0.203 0.3 0.8 0.3 0.963 0.0 0.0 0.0 

DG 16:0/18:1 0.034 0.9 2.0 0.1 0.166 0.1 0.9 0.6 0.949 0.0 0.0 0.0 

DG 16:0/18:2 0.270 0.3 0.0 -0.6 0.624 0.2 0.0 0.0 0.389 0.0 -0.2 -0.6 

DG 16:0/20:3 0.418 0.0 0.4 0.1 0.918 0.0 0.0 0.0 0.956 0.0 0.0 0.0 

DG 16:0/20:4 0.049 0.4 -0.6 -1.5 0.028 0.2 -1.2 -2.4 0.516 0.0 -0.1 -0.4 

DG 16:0/22:5 0.217 0.1 0.7 0.2 0.236 0.0 0.7 0.6 0.268 0.0 0.5 0.8 

DG 16:0/22:6 0.294 0.1 -0.1 -0.6 0.947 0.0 0.0 0.0 0.604 0.0 0.1 0.2 

DG 16:1/18:0 0.007 1.6 3.6 2.7 0.004 0.7 3.9 3.9 0.271 0.0 0.6 0.7 

DG 16:1/18:1 0.007 1.3 3.6 2.5 0.004 1.1 3.9 2.8 0.225 0.0 0.6 1.0 

DG 18:0/18:1 0.325 0.3 0.4 0.0 0.337 0.6 0.3 0.0 0.993 0.0 0.0 0.0 

DG 18:0/18:2 0.096 0.5 -0.3 -1.0 0.285 0.6 0.0 -0.4 0.557 0.0 -0.2 -0.2 

DG 18:0/20:4 0.009 0.8 -1.5 -3.0 0.082 0.2 -0.7 -1.5 0.192 0.0 -0.6 -1.3 

DG 18:1/18:1 0.097 0.8 1.0 0.0 0.369 0.7 0.1 0.0 0.963 0.0 0.0 0.0 

DG 18:1/18:2 0.055 0.7 -0.4 -1.4 0.307 0.8 0.0 -0.2 0.389 0.0 -0.2 -0.6 

DG 18:1/18:3 0.306 0.3 0.0 -0.5 0.429 0.4 0.2 0.0 0.477 0.0 -0.1 -0.4 

DG 18:1/20:3 0.952 0.0 0.0 0.0 0.756 0.1 0.0 0.0 0.875 0.0 -0.1 0.0 

DG 18:1/20:4 0.076 0.3 -0.6 -1.1 0.814 0.0 0.0 -0.1 0.385 0.0 -0.4 -0.3 

DG 18:2/18:2 0.019 0.2 -1.8 -1.9 0.175 0.7 -0.1 -0.7 0.179 0.0 -0.7 -1.3 

TG 14:0/16:0/18:1 0.032 0.9 2.0 0.2 0.158 0.6 0.6 0.6 0.181 0.0 1.0 1.0 

TG 14:0/16:0/18:2 0.016 0.9 3.0 0.3 0.037 0.2 1.7 1.5 0.162 0.0 1.5 1.8 

TG 14:0/16:1/18:1 0.016 1.0 2.8 0.3 0.082 0.7 1.0 0.8 0.162 0.0 1.2 1.5 

TG 14:0/16:1/18:2 0.055 0.9 1.6 0.0 0.247 0.2 0.5 0.6 0.165 0.0 1.0 1.3 

TG 14:0/17:0/18:1 0.084 1.1 0.8 0.0 0.459 0.3 0.2 0.0 0.258 0.0 0.6 0.7 

TG 14:1/16:0/18:1 0.045 1.0 1.8 0.0 0.240 0.1 0.6 0.6 0.165 0.0 1.1 1.3 

TG 14:1/16:1/18:0 0.007 1.2 3.6 1.1 0.004 0.4 3.3 3.6 0.162 0.1 1.7 1.9 

TG 14:1/18:1/18:1 0.024 1.2 2.1 0.0 0.161 0.7 0.7 0.3 0.162 0.0 1.2 1.4 

TG 15:0/16:0/18:1 0.042 1.0 1.8 0.0 0.268 0.4 0.5 0.2 0.165 0.0 0.9 1.3 

TG 15:0/18:1/18:1 0.055 1.8 0.1 -0.5 0.323 0.9 0.0 -0.1 0.431 0.0 0.4 0.2 

TG 16:0/16:0/16:0 0.049 0.1 1.8 0.6 0.025 0.5 2.0 1.3 0.165 0.0 0.6 1.5 

TG 16:0/16:0/18:0 0.560 0.0 0.2 0.1 0.247 0.6 0.5 0.2 0.283 -0.1 0.2 0.8 

TG 16:0/16:0/18:1 0.081 1.0 1.0 0.0 0.464 0.5 0.1 0.0 0.225 0.0 0.7 0.9 

TG 16:0/16:0/18:2 0.126 0.8 0.1 -0.6 0.500 0.4 0.0 -0.1 0.259 0.0 0.4 0.9 

TG 16:0/16:1/17:0 0.087 0.8 1.1 0.0 0.318 0.4 0.4 0.1 0.235 0.0 0.8 0.7 

TG 16:0/16:1/18:1 0.021 1.5 2.1 0.0 0.247 0.7 0.4 0.1 0.165 0.0 1.1 1.2 

TG 16:0/17:0/18:1 0.114 1.0 0.6 0.0 0.530 0.4 0.0 0.0 0.322 0.0 0.4 0.6 

TG 16:0/17:0/18:2 0.065 1.5 0.7 0.0 0.570 0.3 0.0 0.0 0.322 0.0 0.6 0.4 

TG 16:0/18:0/18:1 0.299 0.9 0.1 0.0 0.459 0.6 0.0 -0.1 0.271 0.0 0.6 0.7 

TG 16:0/18:1/18:1 0.048 2.0 0.5 -0.1 0.411 0.7 0.0 -0.1 0.322 0.0 0.6 0.4 

TG 16:0/18:1/18:2 0.048 1.6 0.0 -1.1 0.424 0.5 -0.1 -0.1 0.550 0.0 0.2 0.1 

TG 16:0/18:2/18:2 0.043 1.1 -0.1 -1.5 0.471 0.2 -0.1 -0.1 0.950 0.0 0.0 0.0 

TG 16:1/16:1/16:1 0.009 1.0 3.6 0.6 0.004 0.1 3.3 3.6 0.162 0.0 1.9 1.9 

TG 16:1/16:1/18:1 0.017 1.6 2.3 0.0 0.203 0.5 0.6 0.3 0.162 0.0 1.2 1.6 
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Lipid species 

6 weeks 10 weeks 16 weeks 

P-

value
a 

db/h 

vs. 

H/H
b
 

db/db 

vs. 

H/H
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db/db 

vs. 

db/h
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value
a
 

db/h 
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H/H
b
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H/H
b
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vs. 
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a
 

db/h 

vs. 

H/H
b
 

db/db 

vs. 

H/H
b
 

db/db 

vs. 

db/h
b
 

TG 16:1/17:0/18:1 0.060 2.0 0.4 -0.1 0.411 0.6 0.1 0.0 0.397 0.0 0.4 0.3 

TG 16:1/18:1/18:1 0.023 2.0 1.5 0.0 0.236 1.0 0.3 0.1 0.162 0.0 1.2 1.2 

TG 16:1/18:1/18:2 0.063 1.3 0.4 -0.5 0.446 0.6 0.1 0.0 0.304 0.0 0.6 0.6 

TG 17:0/18:1/18:1 0.058 1.8 0.4 -0.2 0.393 0.7 0.0 -0.1 0.368 0.0 0.4 0.4 

TG 18:0/18:0/18:1 0.930 0.0 0.0 0.0 0.417 0.7 0.0 0.0 0.192 -0.1 0.4 1.3 

TG 18:0/18:1/18:1 0.115 1.5 0.0 -0.3 0.247 1.4 0.0 -0.1 0.474 0.0 0.2 0.3 

TG 18:0/18:2/18:2 0.016 1.8 -0.3 -2.1 0.149 0.4 -0.3 -1.1 0.975 0.0 0.0 0.0 

TG 18:1/18:1/18:1 0.055 2.0 0.3 -0.2 0.223 1.5 0.0 0.0 0.304 0.0 0.6 0.6 

TG 18:1/18:1/18:2 0.050 1.3 0.0 -1.2 0.306 0.9 0.0 -0.2 0.855 0.0 0.1 0.0 

TG 18:1/18:1/20:4 0.009 1.5 -1.2 -2.3 0.125 0.2 -0.4 -1.3 0.879 0.0 0.0 0.0 

TG 18:1/18:1/22:6 0.017 1.3 -0.6 -2.1 0.362 0.1 -0.2 -0.6 0.903 0.0 0.0 0.0 

TG 18:1/18:2/18:2 0.042 1.2 -0.1 -1.5 0.429 0.6 0.0 -0.1 0.950 0.0 0.0 0.0 

TG 18:2/18:2/18:2 0.017 0.9 -0.9 -2.3 0.232 0.2 -0.2 -0.9 0.875 0.0 0.0 0.0 

 
a 
P-value for the comparison of levels of each lipid species between genotypes at each age using the Kruskal Wallis 

test with Benjamini-Hochberg correction for multiple comparisons. P < 0.05 was considered significant (highlighted 

in pink).  
b 

Post-hoc analysis was performed using the Mann Whitney U test with Dunn-Sidak correction for multiple group 

comparisons. Values were derived from the formula: sign(difference in median levels)*-log10(post-hoc P-value). 

Colour-coded values 1.3 to 2.0 (light red, P = 0.05-0.01) and > 2.0 (dark red, P < 0.01) indicate a significant 

increase relative to the reference group. Colour-coded values -1.3 to -2.0 (light green, P = 0.05-0.01) and < -2.0 

(dark green, P < 0.01) indicate a significant decrease relative to the reference group.  
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Table S4.7 Relationship between genotype and skeletal muscle lipid species in female mice. 
 

Lipid species 

 6 weeks 10 weeks 16 weeks 

P-

value
a 

db/h 

vs. 

H/H
b
 

db/db 

vs. 

H/H
b 

db/db 

vs. 

db/h
b
 

P-

value
a
 

db/h 

vs. 

H/H
b
 

db/db 

vs. 

H/H
b
 

db/db 

vs. 

db/h
b
 

P-

value
a
 

db/h 

vs. 

H/H
b
 

db/db 

vs. 

H/H
b
 

db/db 

vs. 

db/h
b
 

Cer 16:0 0.079 0.0 -0.8 -1.8 1.000 -0.4 0.0 0.4 0.865 -0.1 0.0 0.0 

Cer 18:0 0.026 0.2 -1.4 -2.3 0.035 -2.0 -1.9 -0.1 0.211 0.0 -1.0 -0.8 

Cer 22:0 0.633 0.1 -0.2 0.0 0.008 -2.9 0.0 3.0 0.649 -0.1 0.0 0.2 

Cer 24:0 0.701 0.0 -0.1 -0.1 0.045 -2.2 0.0 1.3 0.934 0.0 0.0 0.0 

Cer 24:1 0.081 0.0 -1.3 -1.2 0.084 -1.9 -0.1 1.0 0.844 0.0 -0.1 0.0 

MHC 18:0 0.155 1.1 0.7 0.0 0.190 -1.5 -0.1 0.6 0.998 0.0 0.0 0.0 

MHC 20:0 0.506 0.2 0.3 0.0 0.372 -1.2 -0.4 0.1 0.922 0.0 0.0 0.0 

MHC 22:0 0.266 0.5 0.5 0.0 0.273 -1.3 -0.3 0.3 0.993 0.0 0.0 0.0 

MHC 24:0 0.192 0.8 0.7 0.0 0.405 -1.0 -0.1 0.5 0.999 0.0 0.0 0.0 

MHC 24:1 0.200 0.6 0.8 0.0 0.233 -1.4 -0.1 0.6 0.981 0.0 0.0 0.0 

GM3 18:0 0.015 0.2 -2.3 -2.3 0.035 -2.4 -0.4 0.9 0.649 -0.2 0.0 0.1 

SM 32:1 0.034 0.3 2.1 1.1 0.006 -2.9 0.6 3.9 0.452 0.0 0.1 0.5 

SM 33:1 0.514 0.0 -0.1 -0.4 0.029 -2.2 -0.6 1.2 0.449 -0.5 -0.2 0.0 

SM 34:1 0.960 0.0 0.0 0.0 0.008 -3.1 0.0 3.3 0.364 -0.5 0.0 0.4 

SM 34:2 0.389 0.1 0.5 0.0 0.006 -3.1 0.6 3.9 0.146 -0.3 0.7 1.5 

SM 35:1 0.104 -0.1 -1.4 -0.6 0.039 -2.4 -0.3 0.8 0.261 -0.3 -0.9 -0.1 

SM 36:1 0.026 0.7 -0.5 -2.8 0.008 -3.0 -0.6 1.9 0.890 0.0 -0.1 0.0 

SM 36:2 0.897 0.0 0.0 0.0 0.006 -3.3 0.0 3.9 0.503 0.0 0.2 0.3 

SM 38:1 0.785 0.0 0.1 0.0 0.006 -3.1 0.5 3.6 0.364 0.0 0.0 1.1 

SM 38:2 0.009 0.2 3.9 3.3 0.005 -2.5 3.9 3.9 0.146 0.0 0.7 1.9 

SM 39:1 0.202 -0.8 0.0 0.7 0.008 -2.5 0.4 3.3 0.801 0.0 0.0 0.2 

SM 41:1 0.814 0.0 0.0 -0.2 0.008 -2.5 0.0 3.9 0.870 0.0 0.1 0.0 

SM 41:2 0.623 0.0 -0.1 -0.2 0.008 -2.9 -0.1 3.3 0.993 0.0 0.0 0.0 

SM 42:1 0.539 0.2 0.1 0.0 0.180 -1.4 0.0 0.9 0.998 0.0 0.0 0.0 

PC 24:0 0.170 0.4 -0.1 -1.2 0.037 -1.5 0.3 2.2 0.216 -0.3 0.2 1.0 

PC 28:0 0.009 2.8 3.9 0.4 0.024 -0.7 1.0 3.3 0.419 -0.5 -0.2 -0.1 

PC 29:0 0.876 0.0 0.0 0.0 1.000 -0.1 0.0 0.0 0.211 0.0 -0.8 -0.9 

PC 30:0 0.241 0.8 0.1 -0.3 0.111 -2.0 -0.6 0.0 0.211 0.0 -0.8 -0.9 

PC 31:0 0.012 0.0 -2.8 -3.0 0.024 -2.2 -2.2 -0.1 0.138 0.0 -1.9 -1.8 

PC 31:1 0.652 0.1 0.1 0.0 0.441 -0.3 0.4 1.0 0.317 0.6 0.0 -0.5 

PC 32:0 0.010 0.0 -3.3 -3.3 0.007 -3.3 -2.8 -0.6 0.146 0.1 -1.4 -1.9 

PC 32:1 0.012 2.1 3.3 0.4 0.006 -2.9 2.2 3.9 0.261 0.0 0.7 0.7 

PC 32:2 0.009 0.8 3.9 3.0 0.005 -3.3 3.9 3.9 0.146 0.0 1.0 2.0 

PC 32:3 0.012 0.2 3.1 2.3 0.006 -1.6 3.6 3.9 1.000 0.0 0.0 0.0 

PC 33:0 0.014 0.0 -2.4 -3.0 0.008 -3.1 -2.6 0.0 0.146 0.0 -1.3 -1.4 

PC 33:1 0.017 0.1 -1.6 -2.8 0.012 -2.9 -0.4 1.7 0.179 0.0 -1.2 -1.0 

PC 33:2 0.662 -0.1 -0.1 0.0 0.012 -2.5 0.1 2.8 0.605 -0.1 0.0 0.3 

PC 34:0 0.093 0.0 -0.8 -1.5 0.013 -3.3 -1.1 0.3 0.540 -0.1 -0.2 -0.1 

PC 34:1 0.114 0.7 -0.1 -1.2 0.012 -2.8 -0.8 1.5 0.590 0.0 -0.2 -0.2 

PC 34:2 0.422 0.0 0.7 0.0 0.006 -3.3 0.0 3.9 0.261 0.0 0.2 1.3 

PC 34:3 0.009 0.2 3.9 2.8 0.005 -2.9 3.9 3.9 0.146 0.0 0.8 1.9 

PC 34:4 0.026 1.6 1.8 -0.5 0.060 -1.6 0.0 1.9 0.416 0.0 -0.2 -0.5 

PC 35:0 0.177 0.0 -0.6 -1.0 0.081 -2.1 0.0 0.8 0.318 -0.2 -0.6 -0.2 

PC 35:1 0.015 0.0 -2.1 -3.0 0.012 -2.8 -0.9 1.5 0.242 0.0 -0.7 -0.7 

PC 35:2 0.740 -0.1 0.0 0.1 0.008 -2.9 0.3 3.3 0.458 -0.1 0.0 0.5 

PC 35:3 0.452 -0.3 0.0 0.3 0.019 -0.7 2.2 2.4 0.993 0.0 0.0 0.0 

PC 35:4 0.017 0.0 -2.4 -2.1 0.054 -1.9 -1.6 0.0 0.179 0.0 -1.2 -1.0 

PC 36:1 0.676 0.0 0.0 -0.1 0.011 -2.8 -0.1 2.6 0.916 0.0 0.0 0.1 

PC 36:2 0.255 0.0 0.2 0.9 0.006 -2.8 1.0 3.6 0.211 0.1 0.5 1.0 

PC 36:3 0.717 0.0 -0.1 -0.1 0.008 -3.0 -0.1 3.0 0.449 0.0 0.0 0.7 

PC 36:4a 0.015 0.3 3.3 1.1 0.006 -1.9 2.6 3.9 0.190 0.0 0.8 1.2 

PC 36:4b 0.009 0.5 -3.1 -3.3 0.008 -2.2 -3.6 -1.3 0.146 0.0 -1.2 -1.5 
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b
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b
 

PC 36:5 0.015 0.4 3.9 0.9 0.005 -2.8 3.0 3.9 0.146 0.0 1.0 1.8 

PC 36:6 0.515 0.4 0.0 0.0 1.000 -0.4 -0.1 0.1 0.455 0.0 -0.2 -0.4 

PC 37:4 0.012 0.0 -3.1 -3.0 0.049 -1.9 -1.7 0.0 0.149 -0.2 -1.2 -1.0 

PC 37:5 0.076 0.0 -1.1 -1.5 0.020 -2.9 -1.0 0.3 0.616 -0.1 -0.2 -0.1 

PC 37:6 0.015 0.0 -2.3 -2.8 0.117 -0.6 -1.9 -0.4 0.146 0.0 -1.3 -1.3 

PC 38:2 0.693 0.0 0.0 0.2 0.033 -2.8 0.0 1.1 0.787 0.0 0.0 0.1 

PC 38:3 0.717 0.0 0.0 0.2 0.007 -3.3 0.3 3.3 0.242 -0.2 0.2 1.0 

PC 38:4 0.318 0.0 -0.3 -0.5 0.041 -2.0 -0.3 1.5 0.418 -0.5 0.0 0.2 

PC 38:5 0.562 0.2 0.0 -0.2 0.037 -2.2 -0.1 1.5 0.261 0.1 0.0 1.1 

PC 38:6a 0.859 0.0 0.0 0.0 0.036 -0.9 1.3 2.0 0.267 0.1 0.2 0.9 

PC 38:6b 0.015 0.0 -1.8 -3.6 0.036 -0.6 -2.4 -1.3 0.211 0.0 -0.8 -0.9 

PC 38:7 0.187 0.9 0.7 0.0 0.156 -0.5 0.4 1.7 0.401 0.3 0.4 0.1 

PC 39:6 0.073 0.0 -1.5 -1.2 0.495 -0.9 -0.6 0.0 0.179 -0.5 -1.3 -0.5 

PC 39:7 0.036 0.1 -1.1 -2.3 0.102 -0.6 -1.7 -0.7 0.149 0.0 -1.2 -1.3 

PC 40:5 0.911 0.0 0.0 0.0 0.054 -2.1 0.0 1.3 0.146 -0.8 0.3 1.7 

PC 40:6 0.204 0.0 -0.4 -1.0 0.665 -0.7 -0.6 0.0 0.525 -0.4 0.0 0.1 

PC 40:7 0.150 0.1 -0.3 -1.3 1.000 -0.7 -0.2 0.0 0.948 0.0 0.0 0.0 

PC(O-32:0) 0.032 0.0 -1.6 -2.1 0.013 -2.4 -3.0 0.0 0.138 -0.1 -2.2 -1.4 

PC(O-32:1) 0.414 0.2 0.4 0.0 0.301 -1.2 0.0 0.7 0.971 0.0 0.0 0.0 

PC(O-34:1) 0.183 0.0 -0.5 -1.0 0.021 -2.9 -1.0 0.3 0.146 0.0 -1.6 -1.0 

PC(O-34:2) 0.513 0.0 -0.2 -0.2 0.054 -2.1 -0.1 1.1 0.416 -0.6 -0.2 0.0 

PC(O-36:2) 0.562 0.0 -0.2 -0.2 0.077 -2.1 -0.3 0.6 0.386 -0.2 -0.6 0.0 

PC(O-36:4) 0.019 0.0 -1.6 -3.0 0.008 -2.8 -3.6 -0.1 0.263 -0.7 -0.5 -0.1 

PC(O-38:4) 0.016 -1.8 -2.4 -0.3 0.019 -2.5 -2.0 -0.1 0.412 -0.1 -0.7 -0.1 

PC(O-38:5) 0.200 -0.8 -0.7 0.0 0.011 -2.9 -2.2 0.2 0.211 -1.1 0.0 0.7 

PC(O-40:6) 0.222 0.0 -0.8 -0.4 0.224 -0.9 -1.5 0.0 0.787 0.0 -0.1 0.0 

PC(O-40:7) 0.021 -0.3 -2.6 -1.2 0.024 -2.2 -2.2 0.0 0.528 -0.2 0.0 0.2 

PC(P-32:0) 0.017 0.1 -1.3 -3.3 0.010 -2.1 -2.6 -1.3 0.146 0.0 -1.2 -1.6 

PC(P-32:1) 0.413 0.4 0.0 -0.2 1.000 -0.2 0.1 0.4 0.711 -0.3 0.0 0.0 

PC(P-34:1) 0.219 0.3 -0.1 -0.9 0.593 -1.0 -0.4 0.0 0.185 0.0 -0.9 -1.2 

PC(P-34:2) 0.935 0.0 0.0 0.0 0.044 -2.3 -1.2 0.0 0.605 0.0 0.1 0.2 

PC(P-36:4) 0.012 0.0 -2.8 -2.8 0.035 -1.1 -2.8 -0.4 0.468 -0.1 -0.3 -0.1 

PC(P-38:5) 0.241 0.0 -0.3 -0.8 0.035 -2.4 -1.3 0.0 0.875 -0.2 0.0 0.0 

PC(P-38:6) 0.054 0.0 -0.8 -2.5 0.035 -0.6 -2.4 -1.3 0.179 0.0 -1.1 -1.1 

PC(P-40:5) 0.079 0.0 -1.5 -1.0 0.079 -1.8 -1.3 0.0 0.138 -1.3 -1.8 -0.8 

PC(P-40:6) 0.105 0.1 -0.4 -1.6 0.179 -1.2 -1.1 -0.1 0.158 0.0 -1.3 -1.1 

LPC 14:0 0.464 0.0 -0.2 -0.3 0.020 -2.4 0.0 2.2 0.922 0.0 0.1 0.0 

LPC 16:0 0.104 0.0 -0.4 -2.0 0.078 -2.2 -0.3 0.4 0.993 0.0 0.0 0.0 

LPC 16:1 0.979 0.0 0.0 0.0 0.006 -2.5 2.4 3.9 0.267 0.0 0.7 0.6 

LPC 18:0 0.279 0.0 0.0 -1.6 0.014 -2.5 0.0 2.6 0.787 0.0 0.1 0.1 

LPC 18:1 0.105 0.0 -0.6 -1.6 0.057 -1.2 0.4 1.9 0.751 0.0 0.2 0.0 

LPC 18:2 0.617 -0.1 0.0 0.3 0.006 -3.3 0.3 3.9 0.317 0.0 0.5 0.6 

LPC 20:4 0.135 -0.1 -0.8 -1.0 0.066 -2.1 -0.2 0.8 0.787 -0.2 0.0 0.0 

LPC 22:6 0.034 -0.2 -1.6 -1.8 0.325 -1.4 -0.4 0.0 0.787 -0.1 0.0 0.0 

PE 32:0 0.118 -0.4 -1.0 -0.5 0.224 -1.3 -0.9 0.0 0.138 -1.6 -2.4 -0.3 

PE 32:1 0.413 0.3 0.4 0.0 0.133 -1.4 0.2 1.1 0.517 0.3 0.0 -0.2 

PE 34:1 0.437 0.4 0.0 -0.1 0.013 -2.9 -0.1 1.9 0.929 0.0 0.0 0.1 

PE 34:2 0.851 0.0 0.0 0.0 0.008 -3.0 0.0 3.6 0.528 0.0 0.1 0.4 

PE 34:3 0.012 0.0 2.8 3.0 0.006 -2.1 2.2 3.6 0.138 -0.8 0.5 2.6 

PE 35:2 0.076 -0.1 0.4 2.3 0.022 -2.0 0.1 2.6 0.446 -0.3 0.0 0.4 

PE 36:1 0.255 -0.2 0.0 -1.1 0.023 -2.8 -0.2 1.1 0.934 0.0 0.0 0.0 

PE 36:2 0.414 0.0 0.3 0.3 0.006 -3.3 0.3 3.9 0.216 0.0 0.3 1.2 

PE 36:3 0.079 0.0 0.9 1.6 0.006 -3.0 1.0 3.9 0.179 0.0 0.4 1.8 

PE 36:4 0.076 0.0 -1.6 -1.0 0.009 -2.9 -1.0 1.6 0.892 0.0 0.1 0.0 
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Lipid species 
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PE 36:5 0.015 0.0 3.1 1.8 0.005 -2.9 3.6 3.9 0.293 0.0 0.3 0.8 

PE 38:3 0.864 0.0 0.0 0.0 0.018 -1.8 0.3 3.0 0.455 0.0 0.1 0.5 

PE 38:4 0.839 0.0 0.0 0.0 0.028 -2.2 0.0 2.0 0.216 -0.2 0.0 1.4 

PE 38:5 0.745 0.0 0.1 0.1 0.008 -3.0 0.0 2.8 0.211 0.1 0.0 1.6 

PE 38:6 0.011 0.7 -2.4 -3.0 0.043 -1.9 -1.9 0.0 0.211 0.2 -0.4 -1.1 

PE 40:5 0.070 0.2 -0.8 -1.8 0.043 -2.0 -1.3 0.3 0.926 0.0 0.0 0.0 

PE 40:6 0.057 0.0 -1.4 -1.6 0.174 -1.8 -0.3 0.2 0.865 0.0 -0.1 0.0 

PE 40:7 0.318 0.3 0.0 -0.5 0.047 -1.9 0.2 1.6 0.179 -0.5 0.1 1.5 

PE(O-34:1) 0.364 0.3 0.0 -0.4 0.022 -2.9 -0.1 1.1 0.692 -0.1 -0.1 -0.1 

PE(O-36:2) 0.209 0.9 0.2 -0.3 0.543 -1.0 -0.1 0.3 0.993 0.0 0.0 0.0 

PE(O-38:5) 0.740 -0.2 0.0 0.0 0.066 -1.7 0.4 1.3 0.138 -0.7 0.8 2.2 

PE(O-40:5) 0.651 0.0 -0.1 0.0 0.094 -2.4 -0.1 0.3 0.787 0.0 0.0 -0.2 

PE(O-40:6) 0.073 0.0 -0.9 -1.8 0.614 -0.9 -0.2 0.2 0.998 0.0 0.0 0.0 

PE(O-40:7) 0.318 0.2 -0.1 -0.6 1.000 -0.6 -0.1 0.3 0.993 0.0 0.0 0.0 

PE(O-42:7) 0.821 0.0 0.0 0.0 1.000 -0.1 0.0 0.0 0.317 0.6 0.5 0.0 

PE(P-34:1) 0.255 0.6 0.3 -0.1 0.623 -0.9 0.0 0.4 0.738 -0.1 0.0 0.2 

PE(P-36:1) 0.667 0.1 0.0 -0.1 0.679 -0.9 -0.2 0.1 0.894 0.1 0.0 0.0 

PE(P-36:2) 0.183 0.6 1.0 0.0 0.783 -0.7 0.0 0.5 0.922 0.0 0.0 0.0 

PE(P-36:4) 0.231 -0.1 -0.8 -0.3 0.008 -2.4 -3.6 -0.2 0.343 -0.8 -0.2 0.0 

PE(P-38:4) 0.318 0.0 -0.3 -0.6 0.550 -1.1 0.0 0.3 0.614 -0.1 0.0 0.2 

PE(P-38:5) 0.643 0.0 -0.1 -0.1 0.072 -2.0 -0.9 0.1 0.993 0.0 0.0 0.0 

PE(P-38:6) 0.015 0.3 -1.3 -3.6 0.024 -1.1 -2.4 -1.2 0.146 0.0 -1.2 -1.4 

PE(P-40:5) 0.252 0.1 -0.3 -0.7 0.043 -2.0 -1.7 0.0 0.418 0.0 -0.3 -0.4 

PE(P-40:6) 0.018 0.0 -2.3 -2.1 0.017 -2.4 -2.4 -0.1 0.196 0.1 -0.8 -1.0 

LPE 16:0 0.091 0.4 -0.1 -1.8 0.123 -1.9 -0.4 0.2 0.971 0.0 0.0 0.0 

LPE 18:0 0.172 0.2 -0.2 -1.2 0.120 -1.3 0.0 1.5 0.509 0.0 0.2 0.3 

LPE 18:1 0.376 0.4 0.2 -0.1 0.212 -1.0 0.1 1.2 0.437 -0.1 0.2 0.3 

LPE 22:6 0.036 0.0 -0.8 -3.0 0.124 -1.8 -0.9 0.0 0.319 -0.3 -0.7 -0.1 

PI 32:0 0.090 0.1 -1.1 -1.1 0.377 -1.1 -0.6 0.0 0.267 -1.2 -0.1 0.1 

PI 34:0 0.074 1.2 -0.1 -1.3 0.290 -1.0 0.0 1.0 0.389 -0.7 0.0 0.2 

PI 34:1 0.081 0.8 -0.2 -1.5 0.233 -1.1 0.0 1.0 0.590 -0.2 0.0 0.2 

PI 36:1 0.322 0.4 0.0 -0.5 0.089 -1.7 0.0 1.3 0.998 0.0 0.0 0.0 

PI 36:2 0.789 0.1 0.0 0.0 0.008 -2.5 0.4 3.3 0.187 -0.7 0.1 1.3 

PI 36:4 0.071 0.0 -1.4 -1.3 0.008 -3.0 -2.8 0.1 0.418 -0.2 -0.5 -0.1 

PI 38:2 0.661 0.0 -0.1 -0.1 0.066 -1.5 0.1 1.7 0.449 0.0 0.2 0.4 

PI 38:3 0.114 0.0 -0.9 -1.1 0.273 -0.9 0.0 1.2 0.317 0.0 0.7 0.4 

PI 38:4 0.073 0.1 -1.3 -1.3 0.068 -2.0 -0.6 0.4 0.645 0.0 -0.1 -0.2 

PI 38:5 0.318 0.0 -0.8 -0.1 0.013 -2.6 0.0 2.6 0.452 -0.1 0.0 0.6 

PI 38:6 0.010 0.1 -3.1 -3.3 0.006 -2.9 -3.9 -0.8 0.138 0.1 -1.9 -1.8 

PI 40:4 0.039 0.0 -2.1 -1.3 0.008 -2.8 -1.2 1.7 0.476 -0.1 0.1 0.4 

PI 40:5 0.924 0.0 0.0 0.0 0.011 -2.5 0.0 3.3 0.261 -0.1 0.2 1.0 

PI 40:6 0.009 0.3 -3.3 -3.6 0.019 -1.9 -2.8 -0.3 0.149 0.0 -1.0 -1.5 

PS 36:1 0.209 0.5 0.8 0.0 0.294 -1.1 -0.1 0.6 0.776 0.0 0.0 0.1 

PS 36:2 0.668 0.1 0.1 0.0 0.030 -2.4 -0.2 1.3 0.457 -0.2 0.0 0.4 

PS 38:3 0.661 0.0 0.0 -0.3 0.007 -3.3 0.0 3.6 0.449 0.0 0.1 0.5 

PS 38:4 0.953 0.0 0.0 0.0 0.014 -3.0 -0.3 1.5 0.261 -0.7 0.0 0.7 

PS 38:5 0.863 0.0 0.0 0.0 0.140 -1.3 0.0 1.3 0.926 0.0 0.0 0.0 

PS 40:5 0.799 0.0 0.0 0.0 0.008 -3.0 0.0 2.8 0.158 -0.2 0.2 1.8 

PS 40:6 0.012 0.0 -2.8 -3.0 0.035 -2.4 -1.5 0.0 0.453 0.0 -0.2 -0.4 

PG 32:0 0.440 0.0 -0.1 -0.5 0.072 -1.2 -1.9 -0.2 0.146 0.5 -0.2 -1.8 

PG 34:1 0.570 0.3 0.0 0.0 0.007 -2.4 1.1 3.9 0.611 -0.3 0.0 0.1 

PG 34:2 0.863 0.0 0.0 0.0 0.008 -1.9 1.9 3.6 0.649 -0.2 0.0 0.1 

PG 36:1 0.192 0.6 0.8 0.0 0.290 -1.0 0.0 0.9 0.916 0.0 0.0 0.0 

PG 36:2 0.513 0.2 0.3 0.0 0.011 -1.8 0.6 3.6 0.211 -0.3 0.0 1.4 
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P-

value
a 

db/h 

vs. 

H/H
b
 

db/db 

vs. 

H/H
b 

db/db 

vs. 

db/h
b
 

P-

value
a
 

db/h 

vs. 

H/H
b
 

db/db 

vs. 

H/H
b
 

db/db 

vs. 

db/h
b
 

P-

value
a
 

db/h 

vs. 

H/H
b
 

db/db 

vs. 

H/H
b
 

db/db 

vs. 

db/h
b
 

CL 18:2/18:2/18:2/16:1 0.059 1.5 1.5 0.0 0.006 -2.0 1.9 3.9 0.138 0.0 1.5 3.0 

CL 18:2/18:1/18:2/16:1 0.222 0.4 0.8 0.0 0.019 -1.0 0.7 3.6 0.455 0.0 0.2 0.4 

CL 18:2/18:1/18:1/16:1 0.183 0.9 0.7 0.0 1.000 -0.1 0.0 0.2 0.419 0.0 0.6 0.2 

CL 18:2/18:2/18:2/18:2 0.864 0.0 0.0 0.0 0.017 -2.1 0.1 2.8 0.190 0.0 0.2 1.7 

CL 18:2/18:2/18:2/18:1 0.163 0.3 -0.3 -1.1 0.041 -2.5 -0.1 0.8 0.369 -0.5 -0.1 0.3 

CL 18:2/18:1/18:2/18:1 0.146 0.3 -0.3 -1.1 0.035 -2.4 -0.2 1.1 0.261 -1.0 -0.3 0.1 

CL 18:1/18:1/18:1/18:2 0.302 0.7 0.2 0.0 1.000 -0.2 0.1 0.6 0.419 -0.7 0.0 0.1 

CL 18:2/18:2/18:2/20:3 0.814 0.0 0.0 -0.1 0.038 -2.1 -0.3 1.3 0.314 -0.3 0.0 0.7 

CL 18:2/18:1/18:2/20:3 0.473 0.3 0.0 -0.3 0.045 -2.1 -0.6 0.8 0.416 -0.5 -0.3 0.0 

CL 18:2/18:1/18:2/20:2 0.217 0.2 -0.2 -0.9 0.436 -1.0 -0.6 0.0 0.380 0.0 -0.5 -0.4 

CL 18:2/18:2/18:2/20:4 0.778 0.0 0.0 -0.1 0.054 -1.8 0.0 1.7 0.190 -1.6 -0.2 0.2 

CL 18:2/18:2/18:2/22:6 0.076 0.9 -0.2 -1.5 1.000 -0.3 -0.6 0.0 0.261 0.0 -0.5 -0.9 

CL 18:2/18:1/18:2/22:6 0.180 -0.1 -1.1 -0.3 1.000 0.0 -0.2 -0.1 0.410 0.0 -0.3 -0.5 

CE 18:0 0.661 0.0 -0.1 -0.2 0.047 -1.1 -2.2 -0.4 0.738 -0.1 0.0 0.1 

CE 18:1 0.209 0.0 -0.7 -0.7 0.156 -1.1 -1.3 -0.1 0.924 0.0 0.0 0.0 

CE 18:2 0.795 0.0 0.0 0.1 0.126 -1.5 -0.1 1.1 0.261 0.0 0.5 0.9 

CE 20:4 0.312 0.0 -0.1 -0.9 0.291 -1.1 -0.1 0.7 0.211 0.0 0.2 1.4 

CE 22:6 0.864 0.0 0.0 0.0 0.043 -0.6 0.3 3.6 0.146 0.0 1.0 2.2 

COH 0.376 0.4 0.0 -0.4 0.037 -2.3 -0.4 0.9 0.926 0.0 0.0 0.0 

DG 14:0/16:0 0.496 0.0 0.1 0.4 0.066 -1.2 0.3 1.9 0.616 -0.1 0.0 0.3 

DG 14:0/18:1 0.103 0.0 0.6 1.8 0.091 0.0 1.5 1.9 0.211 0.0 0.6 1.2 

DG 16:0/16:0 0.496 0.0 -0.1 -0.4 0.032 -2.3 -0.6 1.0 0.993 0.0 0.0 0.0 

DG 16:0/18:1 0.523 0.0 0.1 0.4 0.145 -0.1 0.7 1.9 0.197 0.0 0.6 1.3 

DG 16:0/18:2 0.617 0.0 0.0 0.3 0.196 -0.1 0.9 1.5 0.235 0.0 0.5 1.0 

DG 16:0/20:4 0.502 0.3 0.0 -0.2 0.098 -1.7 0.0 1.2 0.787 -0.1 0.0 0.1 

DG 16:0/22:5 0.102 0.0 1.6 0.6 0.008 -2.6 0.6 3.3 0.138 -0.8 0.8 2.2 

DG 16:0/22:6 0.580 0.1 0.0 -0.2 0.068 -1.7 0.0 1.6 0.930 0.0 0.0 0.0 

DG 16:1/18:1 0.038 0.0 1.5 2.0 0.015 0.1 2.8 3.0 0.146 0.0 1.0 2.2 

DG 18:0/18:1 0.717 0.0 0.0 0.2 0.744 -0.1 0.4 0.8 0.416 0.0 0.3 0.4 

DG 18:0/18:2 0.839 0.0 0.0 -0.1 0.595 -0.2 0.3 1.0 0.416 0.0 0.2 0.6 

DG 18:0/20:4 0.574 0.1 0.0 -0.3 0.084 -2.1 -0.3 0.4 0.926 0.0 0.0 0.0 

DG 18:1/18:1 0.594 0.0 0.1 0.2 0.325 0.0 0.9 1.1 0.211 0.0 0.4 1.2 

DG 18:1/18:2 0.594 0.0 0.1 0.2 0.256 0.1 1.1 1.0 0.240 0.0 0.5 1.0 

DG 18:1/18:3 0.076 0.0 0.7 2.1 0.050 0.1 1.9 2.0 0.179 0.0 0.7 1.4 

DG 18:1/20:4 0.192 0.1 0.8 0.4 0.027 -0.4 2.0 2.4 0.196 -0.1 0.4 1.3 

DG 18:2/18:2 0.389 0.0 0.2 0.5 0.145 0.3 1.3 1.1 0.267 -0.1 0.2 0.9 

TG 14:0/16:0/18:1 0.076 0.0 0.8 2.0 0.013 -0.1 2.4 3.9 0.261 0.0 0.5 0.8 

TG 14:0/16:0/18:2 0.015 0.0 2.6 2.5 0.008 -0.1 3.9 3.9 0.146 0.0 1.1 1.6 

TG 14:0/16:1/18:1 0.015 0.1 2.6 2.1 0.008 0.0 3.9 3.9 0.146 0.0 1.0 1.8 

TG 14:0/16:1/18:2 0.015 0.1 2.6 2.1 0.008 0.0 3.9 3.9 0.146 0.0 0.9 1.7 

TG 14:0/17:0/18:1 0.211 0.0 0.4 1.1 0.019 -0.1 2.0 3.6 0.242 0.0 0.3 1.2 

TG 14:0/18:0/18:1 0.256 0.0 0.2 1.1 0.043 -0.7 0.6 2.8 0.616 0.0 0.2 0.1 

TG 14:0/18:2/18:2 0.099 0.0 0.5 2.1 0.010 -0.1 3.0 3.9 0.190 0.0 0.7 1.4 

TG 14:1/16:0/18:1 0.015 0.1 2.4 2.3 0.008 0.0 3.9 3.9 0.146 0.0 0.9 1.7 

TG 14:1/16:1/18:0 0.009 0.3 3.6 3.0 0.008 0.0 3.9 3.9 0.146 0.1 1.1 1.5 

TG 14:1/18:0/18:2 0.034 0.1 1.6 2.0 0.008 0.0 3.9 3.9 0.158 0.0 0.8 1.6 

TG 14:1/18:1/18:1 0.023 0.1 2.1 2.0 0.008 0.0 3.9 3.9 0.146 0.0 1.0 1.8 

TG 15:0/16:0/18:1 0.294 0.0 0.3 0.8 0.051 -0.2 1.3 2.4 0.292 0.0 0.4 0.8 

TG 15:0/18:1/18:1 0.462 0.0 0.2 0.3 0.042 -0.1 1.6 2.6 0.211 0.0 0.5 1.4 

TG 16:0/16:0/16:0 0.255 0.0 0.2 1.1 0.015 -1.0 0.8 3.9 0.404 0.0 0.3 0.5 

TG 16:0/16:0/18:0 0.444 0.0 0.0 0.7 0.055 -1.3 0.0 2.4 0.645 0.0 0.2 0.1 

TG 16:0/16:0/18:1 0.222 0.0 0.4 1.0 0.017 -0.2 1.7 3.9 0.216 0.0 0.6 1.0 

TG 16:0/16:0/18:2 0.255 0.0 0.3 1.0 0.019 -0.2 1.6 3.9 0.292 0.0 0.5 0.7 

TG 16:0/16:1/17:0 0.130 0.0 0.5 1.6 0.013 -0.2 2.2 3.9 0.211 0.0 0.5 1.3 
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Lipid species 

 6 weeks 10 weeks 16 weeks 

P-

value
a 

db/h 

vs. 

H/H
b
 

db/db 

vs. 

H/H
b 

db/db 

vs. 

db/h
b
 

P-

value
a
 

db/h 

vs. 

H/H
b
 

db/db 

vs. 

H/H
b
 

db/db 

vs. 

db/h
b
 

P-

value
a
 

db/h 

vs. 

H/H
b
 

db/db 

vs. 

H/H
b
 

db/db 

vs. 

db/h
b
 

TG 16:0/16:1/18:1 0.042 0.0 1.6 1.6 0.008 -0.1 3.9 3.9 0.146 0.0 1.0 1.9 

TG 16:0/17:0/18:0 0.266 0.0 0.4 0.7 0.033 -0.1 1.7 2.8 0.211 0.0 0.5 1.2 

TG 16:0/17:0/18:1 0.241 0.0 0.4 0.9 0.024 -0.2 1.2 3.9 0.216 0.0 0.5 1.1 

TG 16:0/17:0/18:2 0.222 0.0 0.4 0.9 0.017 -0.1 2.0 3.9 0.242 0.0 0.4 1.1 

TG 16:0/18:0/18:1 0.414 0.0 0.1 0.8 0.066 -0.7 0.3 2.6 0.416 0.0 0.3 0.5 

TG 16:0/18:1/18:1 0.318 0.0 0.3 0.7 0.037 -0.1 1.3 3.0 0.190 0.0 0.7 1.4 

TG 16:0/18:1/18:2 0.269 0.0 0.4 0.7 0.019 0.0 2.0 3.6 0.211 0.0 0.5 1.3 

TG 16:0/18:2/18:2 0.187 0.0 0.4 1.2 0.015 -0.1 2.2 3.9 0.196 0.0 0.6 1.4 

TG 16:1/16:1/16:1 0.009 0.3 3.9 3.3 0.008 0.0 3.9 3.9 0.146 0.0 1.2 1.6 

TG 16:1/16:1/18:0 0.099 0.0 0.7 1.8 0.008 -0.5 2.6 3.9 0.292 0.0 0.5 0.7 

TG 16:1/16:1/18:1 0.012 0.2 2.8 2.5 0.008 0.0 3.9 3.9 0.146 0.0 1.2 1.7 

TG 16:1/17:0/18:1 0.222 0.0 0.4 0.9 0.017 0.0 2.4 3.6 0.190 0.0 0.6 1.5 

TG 16:1/18:1/18:1 0.076 0.0 1.3 1.3 0.008 0.0 3.6 3.9 0.146 0.0 0.8 2.1 

TG 16:1/18:1/18:2 0.099 0.0 0.8 1.5 0.011 0.0 3.0 3.9 0.146 0.0 0.7 2.0 

TG 17:0/18:1/18:1 0.502 0.0 0.2 0.2 0.132 -0.1 0.6 2.2 0.216 0.0 0.4 1.3 

TG 18:0/18:0/18:1 0.570 0.0 0.0 0.5 0.223 -0.9 0.0 1.5 0.631 0.0 0.3 0.0 

TG 18:0/18:1/18:1 0.421 0.0 0.1 0.7 0.089 -0.5 0.4 2.4 0.343 0.0 0.3 0.7 

TG 18:0/18:2/18:2 0.488 0.0 0.2 0.3 0.039 -0.2 1.3 2.8 0.343 0.0 0.3 0.7 

TG 18:1/18:1/18:1 0.676 0.0 0.1 0.1 0.110 0.0 0.9 2.2 0.261 0.0 0.4 1.0 

TG 18:1/18:1/18:2 0.506 0.0 0.2 0.2 0.107 0.0 1.0 2.2 0.261 0.0 0.3 1.0 

TG 18:1/18:1/20:4 0.200 0.0 0.4 1.1 0.021 0.0 2.4 3.0 0.211 0.0 0.5 1.3 

TG 18:1/18:2/18:2 0.255 0.0 0.4 0.7 0.024 0.0 2.0 3.3 0.216 0.0 0.5 1.2 

TG 18:2/18:2/18:2 0.222 0.0 0.4 0.9 0.015 0.0 2.6 3.6 0.233 0.0 0.4 1.2 

TG 18:2/18:2/20:4 0.211 0.0 0.5 0.9 0.024 0.0 1.6 3.9 0.261 0.0 0.5 0.9 

 
a 
P-value for the comparison of levels of each lipid species between genotypes at each age using the Kruskal Wallis 

test with Benjamini-Hochberg correction for multiple comparisons. P <0.05 was considered significant (highlighted 

in pink).  
b 

Post-hoc analysis was performed using the Mann Whitney U test with Dunn-Sidak correction for multiple group 

comparisons. Values were derived from the formula: sign(difference in median levels)*-log10(post-hoc P-value). 

Colour-coded values 1.3 to 2.0 (light red, P = 0.05-0.01) and > 2.0 (dark red, P< 0.01) indicate a significant increase 

relative to the reference group. Colour-coded values -1.3 to -2.0 (light green, P = 0.05-0.01) and < -2.0 (dark green, 

P < 0.01) indicate a significant decrease relative to the reference group.  
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Table S4.8 Relationship between genotype and left-ventricle lipid species in female mice. 

 

Lipid species 

6 weeks 10 weeks 16 weeks 

P-

value
a 

db/h 

vs. 

H/H
b
 

db/db 

vs. 

H/H
b 

db/db 

vs. 

db/h
b
 

P-

value
a
 

db/h 

vs. 

H/H
b
 

db/db 

vs. 

H/H
b
 

db/db 

vs. 

db/h
b
 

P-

value
a
 

db/h 

vs. 

H/H
b
 

db/db 

vs. 

H/H
b
 

db/db 

vs. 

db/h
b
 

Sph 18:1 0.419 -0.1 -0.4 -0.1 0.391 -0.3 -0.2 0.0 0.262 -0.1 0.1 1.0 

Cer 16:0 0.378 -0.3 0.0 0.4 0.005 -2.2 0.1 1.9 0.969 0.0 0.0 0.0 

Cer 18:0 0.026 -0.4 0.6 2.1 0.002 -2.6 0.3 2.6 0.200 -0.8 -0.4 0.2 

Cer 20:0 0.020 -0.6 0.9 2.0 0.002 -1.2 1.3 3.0 0.300 -0.5 -0.3 0.1 

Cer 22:0 0.070 -0.9 0.1 1.2 0.027 -1.0 0.1 1.7 0.660 0.0 -0.1 -0.1 

Cer 24:0 0.169 -1.1 0.0 0.4 0.123 -0.9 -0.3 0.2 0.132 0.0 -0.8 -1.1 

Cer 24:1 0.918 0.0 0.0 0.0 0.048 -1.3 0.1 0.9 0.554 0.0 -0.1 -0.2 

MHC 22:0 0.158 -0.2 -1.3 -0.1 0.789 0.0 0.0 0.0 0.157 0.1 -0.4 -1.1 

MHC 24:0 0.071 -0.1 -1.1 -1.0 0.129 0.0 -0.8 -0.6 0.074 -0.1 -1.4 -1.0 

MHC 24:1 0.529 -0.3 -0.1 0.0 0.276 -0.4 -0.4 0.0 0.514 0.0 -0.3 -0.1 

DHC 20:0 0.184 -0.4 0.0 1.0 0.524 0.0 0.1 0.2 0.387 0.5 0.1 -0.1 

DHC 22:0 0.898 0.0 0.0 0.0 0.085 -0.3 0.3 1.2 0.645 0.1 0.0 -0.2 

THC 18:0 0.749 -0.1 0.0 0.1 0.959 0.0 0.0 0.0 0.201 0.9 0.1 -0.4 

GM3 18:0 0.086 0.0 -1.3 -0.7 0.020 -1.7 -1.3 0.0 0.653 0.2 0.0 0.0 

GM3 20:0 0.020 0.0 -1.8 -1.8 0.150 0.0 -0.9 -0.5 0.302 0.0 -0.4 -0.6 

GM3 22:0 0.004 0.0 -3.9 -2.8 0.002 -0.1 -3.0 -3.0 0.168 0.1 -0.3 -1.2 

GM3 24:0 0.038 0.2 -0.9 -1.6 0.099 0.0 -0.9 -0.8 0.213 0.1 -0.1 -1.2 

GM3 24:1 0.242 0.1 -0.7 -0.4 0.007 0.0 -2.8 -1.9 0.979 0.0 0.0 0.0 

SM 31:1 0.771 0.0 0.0 0.0 0.392 -0.4 -0.1 0.0 0.984 0.0 0.0 0.0 

SM 32:1 0.006 0.2 2.6 2.5 0.203 -0.1 0.2 0.7 0.493 0.0 0.4 0.1 

SM 33:1 0.406 0.0 -0.2 -0.4 0.629 0.0 -0.1 -0.1 0.032 0.0 -1.6 -2.4 

SM 34:0 0.158 -0.6 0.1 0.8 0.096 -1.0 0.0 0.6 0.412 -0.4 0.0 0.2 

SM 34:1 0.267 -0.6 -0.2 0.1 0.109 -1.1 -0.4 0.0 0.253 0.0 -0.6 -0.6 

SM 34:2 0.354 -0.5 -0.1 0.1 0.595 0.0 0.1 0.1 0.653 0.0 -0.2 0.0 

SM 35:1 0.154 -0.8 -0.8 0.0 0.111 -0.7 -0.9 0.0 0.129 0.0 -0.8 -1.1 

SM 36:1 0.717 -0.2 0.0 0.0 0.048 -1.7 -0.2 0.2 0.150 -0.1 -0.9 -0.7 

SM 36:2 0.795 0.0 0.0 0.0 0.075 -1.3 0.0 0.6 0.400 -0.5 -0.1 0.1 

SM 38:1 0.276 -0.8 -0.1 0.0 0.538 -0.2 0.0 0.1 0.326 -0.2 -0.7 0.0 

SM 38:2 0.668 0.0 0.0 0.2 0.321 -0.1 0.1 0.4 0.419 -0.2 -0.4 0.0 

SM 39:1 0.004 0.0 -3.3 -3.3 0.001 -2.0 -3.9 -1.2 0.032 0.1 -1.4 -2.2 

SM 41:1 0.007 0.0 -3.1 -1.8 0.008 -1.0 -2.2 -0.8 0.035 0.0 -1.3 -2.5 

SM 41:2 0.042 0.6 -0.9 -1.2 0.003 -0.7 -3.0 -1.7 0.104 0.0 -0.8 -1.3 

SM 42:1 0.074 -0.2 -1.3 -0.7 0.024 -0.6 -2.2 -0.3 0.042 0.0 -1.5 -1.8 

PC 24:0 0.232 0.0 -0.8 -0.4 0.047 -0.3 -1.9 -0.3 0.376 0.5 -0.2 0.0 

PC 30:0 0.004 0.0 3.1 3.0 0.008 -0.3 1.9 2.0 0.647 -0.1 0.0 -0.1 

PC 31:0 0.079 -0.8 -1.4 0.0 0.121 -1.0 -0.5 0.0 0.023 0.0 -2.4 -3.1 

PC 31:1 0.117 0.0 0.7 1.1 0.321 -0.4 0.0 0.2 0.104 0.0 -1.0 -1.1 

PC 32:0 0.020 0.0 -2.1 -1.5 0.001 -0.7 -3.9 -2.6 0.027 0.0 -1.8 -3.1 

PC 32:1 0.003 0.1 3.9 3.6 0.001 -0.6 3.9 3.9 0.082 0.0 0.9 1.5 

PC 32:2 0.003 -0.1 3.9 3.6 0.001 -0.5 3.3 3.9 0.044 -0.2 0.6 2.4 

PC 33:0 0.067 -1.0 -1.3 0.0 0.020 -1.1 -1.7 -0.3 0.023 0.0 -2.7 -3.1 

PC 33:1 0.060 -0.1 0.8 1.5 0.213 -0.9 0.0 0.2 0.066 0.0 -1.2 -1.5 

PC 33:2 0.009 -0.6 1.8 2.1 0.010 -0.2 1.6 2.2 0.339 0.0 -0.1 -0.7 

PC 34:0 0.107 0.0 -0.8 -1.0 0.026 -0.8 -1.9 -0.2 0.038 0.0 -1.3 -2.2 

PC 34:1 0.007 0.0 3.9 1.3 0.010 -0.1 2.2 1.7 0.676 0.1 0.1 0.0 

PC 34:2 0.003 -0.1 3.9 3.3 0.001 -0.5 3.9 3.9 0.677 0.0 0.1 0.1 

PC 34:3 0.003 0.0 3.9 3.6 0.001 -0.3 3.9 3.9 0.032 0.0 1.5 2.4 

PC 34:4 0.004 0.0 3.1 3.3 0.001 -0.5 3.9 3.9 0.032 -0.5 0.5 2.7 

PC 35:0 0.035 -0.1 -1.8 -1.0 0.066 -1.7 -0.4 0.0 0.043 0.7 -0.7 -1.8 

PC 35:1 0.354 -0.2 -0.6 0.0 0.109 -1.5 0.0 0.1 0.023 0.4 -1.5 -3.3 

PC 35:2 0.005 -0.3 2.3 3.0 0.001 -1.9 1.7 3.3 0.205 0.0 -0.5 -0.8 

PC 35:3 0.010 -0.1 1.9 2.3 0.001 0.0 3.9 3.9 0.575 0.3 0.0 0.0 
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Lipid species 

6 weeks 10 weeks 16 weeks 

P-

value
a 

db/h 

vs. 

H/H
b
 

db/db 

vs. 

H/H
b 

db/db 

vs. 

db/h
b
 

P-

value
a
 

db/h 

vs. 

H/H
b
 

db/db 

vs. 

H/H
b
 

db/db 

vs. 

db/h
b
 

P-

value
a
 

db/h 

vs. 

H/H
b
 

db/db 

vs. 

H/H
b
 

db/db 

vs. 

db/h
b
 

PC 35:4 0.719 -0.1 0.0 0.1 0.158 -0.5 0.1 0.6 0.253 -0.3 -0.7 -0.1 

PC 36:0 0.811 0.0 0.0 0.0 0.465 0.0 0.2 0.3 0.358 -0.3 -0.5 0.0 

PC 36:1 0.004 0.3 3.3 2.5 0.001 -0.9 3.9 3.6 0.894 0.0 0.0 0.0 

PC 36:2 0.003 0.0 3.9 3.6 0.001 -1.2 3.9 3.9 0.302 0.0 0.5 0.5 

PC 36:3 0.003 0.0 3.9 3.6 0.001 -0.3 3.9 3.9 0.340 0.0 0.2 0.7 

PC 36:4a 0.003 0.0 3.9 3.6 0.001 -0.4 3.9 3.9 0.300 0.0 0.2 0.7 

PC 36:4b 0.590 0.0 0.2 0.1 0.008 -0.2 1.2 3.0 0.514 -0.4 -0.1 0.0 

PC 36:5 0.003 0.0 3.9 3.6 0.001 -0.7 3.9 3.9 0.038 -0.1 1.2 2.2 

PC 36:6 0.701 -0.1 0.0 0.1 0.091 -0.5 0.5 0.8 0.410 -0.3 0.0 0.4 

PC 37:4 0.868 0.0 0.0 0.0 0.039 -1.1 0.1 1.2 0.094 -0.1 -1.2 -0.9 

PC 37:5 0.181 -0.1 0.7 0.6 0.002 -0.3 3.9 3.0 0.807 0.0 0.0 0.1 

PC 37:6 0.076 -0.6 -1.3 -0.2 0.151 0.0 -0.7 -0.6 0.358 -0.2 -0.5 0.0 

PC 38:2 0.425 0.0 0.1 0.4 0.774 0.0 0.0 0.1 0.771 -0.1 0.0 0.0 

PC 38:3 0.014 0.4 2.1 1.5 0.001 -0.8 3.3 3.6 0.384 0.0 0.1 0.5 

PC 38:4 0.556 0.0 0.1 0.3 0.006 -0.8 0.7 3.0 0.770 -0.1 0.0 0.0 

PC 38:5 0.089 0.0 1.3 0.8 0.002 -0.7 3.0 3.3 0.065 -0.2 0.6 1.9 

PC 38:6a 0.005 0.1 3.9 1.8 0.002 0.0 3.9 3.6 0.279 0.0 0.3 0.8 

PC 38:6b 0.047 -0.1 -1.6 -0.8 0.014 0.0 -1.7 -2.0 0.150 -0.1 -1.0 -0.6 

PC 38:7 0.419 0.0 0.4 0.1 0.002 -0.1 3.6 3.0 0.419 -0.2 0.0 0.4 

PC 39:6 0.060 -0.1 -1.9 -0.4 0.099 -0.8 -0.8 0.0 0.097 -0.2 -1.1 -0.9 

PC 39:7 0.406 0.0 -0.7 0.0 0.847 0.0 0.0 0.0 0.917 0.0 0.0 0.0 

PC 40:5 0.208 -0.7 0.0 0.6 0.121 -0.8 0.1 0.6 0.212 -0.7 0.0 0.7 

PC 40:6 0.012 -0.2 -2.6 -1.3 0.002 0.0 -3.6 -3.9 0.046 -0.3 -1.5 -1.2 

PC 40:7 0.559 0.0 -0.3 -0.1 0.219 -0.1 0.3 0.5 0.591 0.0 -0.1 -0.2 

PC(O-30:0) 0.765 0.0 -0.1 0.0 0.541 -0.1 0.0 0.2 0.095 0.0 -1.1 -1.2 

PC(O-32:0) 0.004 0.0 -3.3 -3.3 0.100 -0.2 -0.9 -0.6 0.023 0.1 -2.5 -2.9 

PC(O-32:1) 0.075 0.4 1.3 0.4 0.007 -0.4 1.3 2.6 0.666 -0.2 0.0 0.0 

PC(O-34:0) 0.243 -0.1 -0.6 -0.4 0.145 -0.1 -0.8 -0.4 0.023 0.4 -2.5 -2.2 

PC(O-34:1) 0.004 0.0 -3.6 -3.3 0.083 -1.0 -0.7 -0.1 0.028 0.0 -1.8 -2.7 

PC(O-34:2) 0.939 0.0 0.0 0.0 0.411 0.0 0.2 0.3 0.027 0.0 -2.2 -2.4 

PC(O-34:3) 0.393 -0.2 0.0 0.4 0.392 0.0 0.1 0.5 0.205 0.0 -0.9 -0.5 

PC(O-36:0) 0.248 -0.3 -0.8 0.0 0.363 0.0 -0.3 -0.4 0.032 0.1 -1.4 -2.4 

PC(O-36:1) 0.659 0.0 -0.1 0.0 0.665 -0.1 0.0 -0.2 0.095 0.0 -1.1 -1.2 

PC(O-36:2) 0.580 0.0 -0.1 -0.3 0.893 0.0 0.0 0.0 0.032 0.0 -2.0 -2.0 

PC(O-36:3) 0.304 -0.3 -0.6 0.0 0.211 -0.7 0.0 0.3 0.038 0.0 -1.5 -1.9 

PC(O-36:4) 0.852 0.0 0.0 0.0 0.068 -0.9 0.0 1.1 0.279 -0.2 -0.7 -0.1 

PC(O-36:5) 0.313 0.0 0.7 0.2 0.119 -0.6 0.2 0.7 0.284 -0.8 -0.1 0.2 

PC(O-38:4) 0.641 -0.1 0.0 0.1 0.859 0.0 0.0 0.0 0.083 0.0 -1.4 -1.0 

PC(O-38:5) 0.588 0.0 0.2 0.1 0.027 -0.7 0.6 1.5 0.113 -0.4 0.2 1.4 

PC(O-40:6) 0.235 -0.2 -0.9 0.0 0.627 0.0 -0.1 -0.1 0.046 -0.4 -1.8 -0.8 

PC(O-40:7) 0.119 -0.1 -1.3 -0.3 0.524 -0.1 -0.1 0.1 0.540 -0.1 -0.2 -0.1 

PC(P-32:0) 0.634 0.0 -0.2 -0.1 0.151 -0.4 -0.7 -0.1 0.028 -0.1 -1.9 -2.4 

PC(P-32:1) 0.043 0.9 1.6 0.1 0.013 -0.1 2.0 1.7 0.557 0.0 0.4 0.0 

PC(P-34:1) 0.230 0.0 0.8 0.3 0.560 0.0 0.2 0.0 0.677 0.0 0.0 -0.2 

PC(P-34:2) 0.680 -0.2 0.0 0.0 0.372 0.0 0.3 0.2 0.148 -0.1 -1.0 -0.6 

PC(P-34:3) 0.064 0.0 -1.1 -1.2 0.295 -0.3 -0.3 -0.2 0.193 0.0 -0.7 -0.8 

PC(P-36:2) 0.593 0.1 0.0 -0.3 0.185 0.8 0.3 0.0 0.132 0.0 -0.6 -1.4 

PC(P-36:4) 0.272 0.0 0.8 0.3 0.021 -0.5 0.9 1.7 0.302 -0.8 -0.1 0.0 

PC(P-36:5) 0.006 0.0 3.6 1.8 0.002 0.0 3.6 3.3 0.114 -0.1 0.5 1.5 

PC(P-38:4) 0.836 -0.1 0.0 0.0 0.574 0.0 0.2 0.1 0.410 -0.1 -0.5 0.0 

PC(P-38:5) 0.412 0.0 -0.5 0.0 0.631 -0.2 0.0 0.0 0.376 -0.6 -0.2 0.0 

PC(P-38:6) 0.090 -0.2 -1.4 -0.3 0.158 0.0 -0.6 -0.6 0.097 -0.7 -1.2 -0.3 

PC(P-40:5) 0.147 -0.4 -1.1 0.0 0.556 0.0 -0.1 -0.3 0.032 -0.4 -2.4 -1.1 

PC(P-40:6) 0.020 -0.5 -2.6 -0.3 0.034 0.3 -0.7 -1.6 0.023 -0.3 -2.2 -2.7 
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LPC 14:0 0.518 -0.2 0.1 0.2 0.096 -1.0 0.0 0.6 0.157 0.0 0.5 1.2 

LPC 15:0 0.402 0.0 -0.3 -0.3 0.042 -0.4 -1.7 -0.3 0.677 0.1 0.0 -0.1 

LPC 16:0 0.699 0.0 -0.1 -0.1 0.039 -0.7 -1.7 -0.1 0.872 0.0 0.0 0.0 

LPC 16:1 0.004 0.2 3.6 3.0 0.007 -0.4 1.6 2.4 0.023 0.1 3.1 3.6 

LPC 17:0 0.515 0.0 -0.4 0.0 0.114 -1.0 -0.6 0.0 0.376 0.1 -0.1 -0.5 

LPC 17:1 0.939 0.0 0.0 0.0 0.091 -0.7 -1.0 -0.1 0.967 0.0 0.0 0.0 

LPC 18:0 0.955 0.0 0.0 0.0 0.093 -1.0 -0.6 0.0 0.953 0.0 0.0 0.0 

LPC 18:1 0.201 0.0 0.5 0.8 0.003 -1.8 0.9 2.6 0.321 0.0 0.2 0.7 

LPC 18:2 0.018 0.0 1.9 1.8 0.001 -2.3 2.4 3.9 0.262 0.1 0.6 0.5 

LPC 20:1 0.773 -0.1 0.0 0.0 0.179 -0.6 0.0 0.6 0.894 0.1 0.0 0.0 

LPC 20:3 0.022 0.0 1.9 1.5 0.001 -3.1 3.3 3.9 0.138 0.1 0.3 1.4 

LPC 20:4 0.556 0.0 0.1 0.3 0.001 -2.5 2.4 3.9 0.253 0.1 0.2 0.9 

LPC 22:4 0.357 0.0 0.2 0.4 0.003 -0.7 1.0 3.9 0.616 0.0 0.1 0.2 

LPC 22:5 0.195 -0.4 0.1 0.8 0.001 -2.5 1.5 3.9 0.038 0.1 1.1 2.2 

LPC 22:6 0.339 -0.3 -0.4 -0.1 0.071 -1.8 -0.1 0.1 0.653 0.0 0.2 0.0 

LPC(O-16:0) 0.016 0.2 -1.0 -2.8 0.005 -0.6 -3.0 -1.2 0.648 0.1 0.0 -0.1 

PE 32:0 0.845 0.0 0.1 0.0 0.361 0.0 -0.2 -0.4 0.777 -0.1 0.0 0.0 

PE 34:1 0.087 0.0 0.7 1.5 0.004 0.0 2.8 2.6 0.368 0.3 0.5 0.0 

PE 34:2 0.003 0.0 3.9 3.6 0.001 0.0 3.9 3.9 0.579 0.0 0.2 0.1 

PE 34:3 0.003 0.0 3.9 3.3 0.001 0.4 3.9 3.9 0.047 -0.1 0.7 2.4 

PE 35:1 0.358 0.0 0.5 0.2 0.560 0.0 0.2 0.0 0.719 0.0 -0.2 0.0 

PE 35:2 0.025 -0.2 1.3 1.8 0.001 -0.9 3.9 3.9 0.122 0.0 -0.5 -1.4 

PE 36:1 0.399 0.1 0.5 0.0 0.219 -0.1 0.4 0.5 0.201 0.1 -0.4 -0.8 

PE 36:2 0.003 0.0 3.9 3.6 0.001 -0.1 3.9 3.9 0.909 0.0 0.0 0.0 

PE 36:3 0.003 0.0 3.9 3.6 0.001 -0.4 3.9 3.9 0.205 0.0 0.6 0.8 

PE 36:4 0.003 0.0 3.9 3.6 0.001 0.0 3.9 3.9 0.038 -0.2 0.7 2.5 

PE 36:5 0.003 0.6 3.9 3.6 0.001 0.0 3.9 3.9 0.027 0.0 2.4 2.2 

PE 38:3 0.103 0.2 0.8 0.9 0.001 0.1 3.9 3.9 0.551 0.0 0.1 0.3 

PE 38:4 0.003 0.1 3.9 3.6 0.001 -0.1 3.9 3.9 0.045 -0.2 0.8 2.0 

PE 38:5 0.003 0.0 3.9 3.6 0.001 0.0 3.9 3.9 0.038 -0.7 0.5 2.2 

PE 38:6 0.906 0.0 0.0 0.0 0.145 0.0 0.9 0.5 0.327 -0.4 -0.5 0.0 

PE 40:5 0.031 0.0 1.5 1.5 0.006 -0.3 1.6 2.6 0.177 -1.1 -0.5 0.0 

PE 40:6 0.765 0.0 -0.1 0.0 0.185 -0.1 0.6 0.4 0.150 -0.1 -1.0 -0.5 

PE 40:7 0.918 0.0 0.0 0.0 0.004 0.0 3.0 2.2 0.541 -0.1 -0.2 0.0 

PE(O-34:1) 0.160 0.0 0.9 0.4 0.191 -0.1 0.3 0.6 0.541 0.1 0.0 -0.2 

PE(O-36:2) 0.408 -0.3 0.0 0.3 0.430 0.2 0.2 0.0 0.559 0.0 -0.1 -0.2 

PE(O-36:3) 0.786 0.0 0.0 0.0 0.113 0.1 0.8 0.7 0.541 0.0 -0.1 -0.3 

PE(O-36:4) 0.518 -0.1 0.0 0.3 0.003 0.1 2.8 2.8 0.669 -0.1 -0.1 0.0 

PE(O-36:5) 0.658 0.1 0.1 0.0 0.576 -0.4 0.0 0.0 0.862 0.0 0.0 0.0 

PE(O-38:4) 0.343 0.2 0.6 0.0 0.711 0.0 0.0 0.1 0.156 -0.2 -1.1 -0.3 

PE(O-38:5) 0.003 0.0 3.9 3.6 0.001 -0.3 3.9 3.9 0.023 -0.2 2.0 3.6 

PE(O-40:4) 0.984 0.0 0.0 0.0 0.574 0.1 0.0 -0.2 0.902 0.0 0.0 0.0 

PE(O-40:5) 0.044 0.0 1.9 0.9 0.038 0.0 1.1 1.6 0.217 -0.5 0.0 0.8 

PE(O-40:6) 0.485 -0.1 -0.4 0.0 0.284 0.0 0.3 0.4 0.285 0.1 -0.6 -0.3 

PE(O-40:7) 0.939 0.0 0.0 0.0 0.027 -0.1 1.6 1.3 0.648 -0.1 0.0 0.1 

PE(P-34:2) 0.104 0.0 1.1 0.7 0.071 0.0 1.1 1.0 0.514 0.1 0.5 0.0 

PE(P-36:2) 0.483 -0.3 0.0 0.2 0.027 0.8 1.7 0.3 0.122 -0.1 -1.6 -0.2 

PE(P-36:4) 0.004 0.0 3.6 2.5 0.002 -0.3 2.8 3.9 0.773 0.0 0.1 0.0 

PE(P-38:4) 0.038 0.0 1.9 1.0 0.002 -0.4 2.8 2.8 0.648 0.0 -0.2 -0.1 

PE(P-38:5) 0.008 0.0 2.4 2.3 0.004 0.0 2.8 2.6 0.540 -0.2 0.0 0.2 

PE(P-38:6) 0.669 0.0 -0.1 -0.1 0.284 -0.1 0.1 0.6 0.125 -1.4 -0.7 0.0 

PE(P-40:4) 0.224 -0.8 0.0 0.4 0.959 0.0 0.0 0.0 0.869 0.0 0.0 0.0 

PE(P-40:5) 0.584 0.0 0.0 0.2 0.498 0.0 0.2 0.2 0.443 0.0 -0.3 -0.2 

PE(P-40:6) 0.750 0.0 -0.1 0.0 0.859 0.0 0.0 0.0 0.038 -0.1 -2.0 -1.3 
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LPE 16:0 0.519 0.0 -0.1 -0.3 0.022 -0.2 -2.6 -0.6 0.469 0.4 0.2 0.0 

LPE 18:0 0.975 0.0 0.0 0.0 0.194 -0.1 -0.9 -0.1 0.536 0.3 0.1 0.0 

LPE 18:1 0.852 0.0 0.0 0.0 0.459 -0.1 -0.3 0.0 0.587 0.0 0.3 0.0 

LPE 18:2 0.217 0.0 0.3 0.9 0.070 -0.6 0.1 1.3 0.279 0.7 0.3 -0.1 

LPE 20:4 0.020 0.0 1.8 1.8 0.001 -2.4 2.6 3.9 0.099 0.3 1.0 0.9 

LPE 22:5 0.018 0.0 1.4 2.3 0.001 -1.0 3.9 3.9 0.023 0.1 2.5 3.6 

LPE 22:4 0.975 0.0 0.0 0.0 0.077 -1.3 -0.1 0.4 0.388 0.2 0.5 0.0 

LPE 22:6 0.237 -0.7 -0.4 0.0 0.026 -2.3 -0.2 0.2 0.347 0.0 0.0 -0.9 

PI 34:1 0.020 0.4 1.9 1.1 0.001 0.1 3.9 3.9 0.591 0.0 0.1 0.1 

PI 36:1 0.069 0.8 1.3 0.2 0.021 -0.1 0.9 2.4 0.762 0.0 0.0 -0.1 

PI 36:2 0.028 -0.2 1.1 1.8 0.026 -0.1 1.6 1.3 0.253 0.0 -0.5 -0.7 

PI 36:3 0.003 0.3 3.9 3.0 0.001 0.3 3.9 3.9 0.151 0.0 0.7 1.1 

PI 36:4 0.003 0.0 3.9 3.3 0.008 0.0 3.0 1.6 0.349 -0.3 -0.5 0.0 

PI 38:2 0.020 0.0 2.1 1.5 0.238 0.0 0.4 0.5 0.651 0.2 0.0 0.0 

PI 38:3 0.750 0.0 0.0 0.1 0.006 0.0 3.3 1.7 0.591 0.0 0.0 0.2 

PI 38:4 0.419 0.0 0.1 0.4 0.126 -0.1 0.4 1.0 0.193 -0.8 -0.7 0.0 

PI 38:5 0.003 0.3 3.9 3.6 0.001 -0.1 3.9 3.9 0.144 -0.2 0.2 1.4 

PI 38:6 0.795 0.0 0.0 -0.1 0.690 -0.1 0.0 0.0 0.405 -0.4 0.0 0.2 

PI 40:4 0.786 0.0 0.0 0.1 0.141 -0.1 0.2 1.1 0.579 -0.2 -0.1 0.0 

PI 40:5 0.004 -0.5 2.6 2.8 0.004 -0.1 1.9 3.3 0.023 -0.8 1.4 3.1 

PI 40:6 0.186 -0.2 -0.8 -0.3 0.028 -0.4 -1.6 -0.8 0.388 -0.2 -0.5 0.0 

PS 36:1 0.181 0.0 -0.4 -1.0 0.018 -0.2 -1.7 -1.5 0.023 0.1 -1.6 -3.3 

PS 36:2 0.004 -0.8 2.4 3.3 0.001 -1.9 1.3 3.6 0.902 0.0 0.0 0.0 

PS 38:3 0.118 -0.3 0.3 1.1 0.185 0.0 0.3 0.9 0.750 0.0 -0.1 0.0 

PS 38:4 0.276 0.0 0.4 0.5 0.204 -0.2 -0.2 0.6 0.307 0.0 -0.5 -0.5 

PS 38:5 0.006 -0.1 2.3 2.8 0.002 0.0 3.6 3.9 0.082 -1.1 0.0 1.4 

PS 40:5 0.020 -0.4 1.5 1.6 0.002 -0.8 1.6 3.6 0.273 -0.7 0.0 0.4 

PS 40:6 0.719 -0.2 0.0 0.0 0.072 -0.5 -0.1 1.3 0.091 -0.4 -1.4 -0.5 

PG 34:1 0.090 -0.2 0.4 1.3 0.027 0.0 1.7 1.3 0.660 0.0 0.1 0.1 

PG 34:2 0.004 -0.4 2.3 3.6 0.002 0.0 3.9 3.0 0.902 0.0 0.0 0.0 

PG 36:1 0.495 -0.3 0.0 0.1 0.139 -0.9 -0.3 0.1 0.253 0.0 -0.8 -0.3 

PG 36:2 0.006 0.0 3.3 2.0 0.007 0.0 2.8 1.9 0.953 0.0 0.0 0.0 

PG 36:3 0.006 0.0 2.1 3.6 0.003 0.0 2.6 3.0 0.384 0.2 0.5 0.0 

BMP 16:0/18:1 0.786 0.0 0.1 0.0 0.372 -0.2 0.1 0.3 0.294 -0.1 0.4 0.5 

BMP 18:1/18:1 0.196 0.1 0.9 0.2 0.318 -0.2 0.1 0.4 0.762 0.0 0.1 0.0 

CL 18:2/18:2/18:2/16:1 0.003 1.5 3.9 2.5 0.001 0.0 3.9 3.9 0.032 0.0 1.8 2.4 

CL 18:2/18:1/18:2/16:1 0.003 0.4 3.9 3.6 0.001 0.1 3.9 3.9 0.028 0.0 2.2 2.2 

CL 18:2/18:1/18:1/16:1 0.022 0.9 1.6 0.9 0.624 -0.2 0.0 0.0 0.027 -0.2 0.9 3.6 

CL 18:2/18:2/18:2/18:3 0.614 0.0 0.1 0.2 0.003 -0.2 2.2 3.3 0.869 0.1 0.0 0.0 

CL 18:2/18:2/18:2/18:2 0.011 0.0 2.8 1.5 0.001 -0.2 3.9 3.6 0.660 0.0 0.0 0.2 

CL 18:2/18:2/18:2/18:1 0.934 0.0 0.0 0.0 0.014 0.0 2.4 1.5 0.474 0.0 -0.4 -0.1 

CL 18:2/18:1/18:2/18:1 0.529 -0.1 -0.2 0.0 0.121 0.3 -0.1 -1.0 0.604 0.0 -0.2 0.0 

CL 18:1/18:1/18:1/18:2 0.525 0.0 -0.2 -0.2 0.129 0.4 1.0 0.0 0.917 0.0 0.0 0.0 

CL 18:2/18:2/18:2/20:3 0.107 0.0 0.9 0.9 0.002 -0.1 3.0 3.0 0.418 -0.1 0.0 0.5 

CL 18:2/18:1/18:2/20:3 0.746 0.0 0.0 0.1 0.125 0.0 1.1 0.5 0.591 -0.1 -0.2 0.0 

CL 18:2/18:1/18:2/20:2 0.495 -0.3 -0.1 0.1 0.769 -0.1 0.0 0.0 0.179 0.0 -0.7 -0.9 

CL 18:2/18:2/18:2/20:4 0.515 -0.1 0.0 0.4 0.004 -0.2 2.4 2.8 0.557 -0.3 -0.1 0.0 

CL 18:2/18:1/18:2/20:1 0.310 -0.6 0.0 0.3 0.637 0.0 0.4 0.0 0.046 -0.4 -1.6 -0.9 

CL 18:2/18:2/18:2/22:6 0.071 -0.3 -1.4 -0.4 0.174 0.0 -0.4 -0.8 0.128 0.0 -0.8 -1.1 

CL 18:2/18:1/18:2/22:6 0.296 0.0 -0.8 -0.1 0.018 0.0 -1.6 -1.9 0.122 -0.1 -1.1 -0.7 

CL 18:2/18:1/18:2/22:5 0.730 0.0 0.1 0.0 0.108 0.0 1.1 0.6 0.474 -0.2 -0.3 0.0 

CL 18:2/22:6/18:2/20:3 0.562 -0.1 -0.2 0.0 0.030 0.3 -1.3 -1.2 0.575 -0.1 -0.1 -0.2 

CE 18:1 0.267 0.1 0.6 0.3 0.169 0.0 0.3 1.0 0.618 0.0 -0.1 -0.1 

CE 18:2 0.004 -0.1 2.8 3.6 0.002 -0.3 2.8 3.9 0.038 -0.5 0.5 2.5 
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CE 18:3 0.006 0.0 3.3 2.1 0.008 -0.1 1.7 2.4 0.373 -0.2 0.0 0.6 

CE 20:3 0.213 0.1 0.8 0.2 0.026 -0.1 1.2 1.7 0.045 -0.2 1.1 1.8 

CE 20:4 0.195 0.6 0.7 0.0 0.113 0.0 0.7 0.9 0.365 -0.2 0.0 0.6 

CE 20:5 0.003 0.0 3.9 3.3 0.001 0.0 3.9 3.9 0.027 0.0 1.5 3.1 

CE 22:6 0.502 0.0 0.3 0.1 0.003 -0.9 1.5 3.0 0.368 0.1 0.1 0.6 

COH 0.593 0.2 0.0 0.1 0.196 -0.7 -0.1 0.3 0.269 0.0 -0.6 -0.5 

DG 16:0/16:0 0.006 0.1 3.6 1.8 0.001 -2.1 3.9 3.9 0.063 0.0 0.9 1.9 

DG 16:0/18:1 0.008 0.1 3.9 1.1 0.001 -1.3 3.9 3.9 0.032 -0.1 1.4 2.4 

DG 16:0/18:2 0.047 0.0 2.4 0.4 0.001 -1.0 3.6 3.9 0.044 -0.1 0.9 2.2 

DG 16:0/20:4 0.204 0.1 0.9 0.2 0.004 -0.1 2.2 3.0 0.798 0.0 0.0 0.1 

DG 16:0/22:5 0.015 -0.1 1.5 2.3 0.001 -0.1 3.9 3.9 0.089 0.0 0.9 1.5 

DG 16:0/22:6 0.773 0.0 0.0 0.1 0.051 0.0 1.0 1.5 0.578 -0.2 -0.2 0.0 

DG 16:1/18:1 0.003 0.3 3.9 2.8 0.001 -1.8 2.8 3.9 0.027 0.0 1.8 3.1 

DG 18:0/18:1 0.020 0.0 3.3 0.6 0.001 -1.7 2.8 3.9 0.104 0.0 0.6 1.5 

DG 18:0/18:2 0.064 0.0 1.4 1.0 0.001 -1.3 3.9 3.9 0.483 0.0 0.1 0.5 

DG 18:0/20:4 0.529 0.0 -0.2 -0.2 0.027 -1.6 -0.8 0.3 0.027 0.3 -1.3 -2.9 

DG 18:1/18:1 0.016 0.4 3.3 0.3 0.001 -0.3 3.9 3.9 0.065 0.0 1.0 1.6 

DG 18:1/18:2 0.023 0.3 3.1 0.2 0.001 -0.2 3.9 3.9 0.126 0.0 0.7 1.3 

DG 18:1/18:3 0.008 0.0 3.6 1.3 0.001 -1.5 3.9 3.9 0.023 0.0 2.0 3.1 

DG 18:1/20:3 0.226 0.0 0.5 0.7 0.002 0.0 2.8 3.6 0.578 0.0 0.2 0.2 

DG 18:1/20:4 0.016 1.5 2.3 0.1 0.001 0.0 3.9 3.9 0.739 0.0 0.1 0.0 

DG 18:2/18:2 0.177 0.1 1.3 0.0 0.002 0.0 3.3 3.9 0.412 0.0 0.2 0.4 

TG 14:0/16:0/18:1 0.006 0.0 2.8 2.3 0.002 -0.1 2.6 3.9 0.037 -0.1 1.3 2.2 

TG 14:0/16:0/18:2 0.018 0.0 2.1 1.6 0.004 -0.6 1.0 3.9 0.052 0.0 1.1 1.8 

TG 14:0/16:1/18:1 0.006 0.0 3.3 2.0 0.003 -0.2 1.7 3.9 0.032 0.0 1.8 2.0 

TG 14:0/16:1/18:2 0.011 0.0 2.3 2.1 0.002 -0.9 1.7 3.9 0.038 0.0 1.6 1.8 

TG 14:0/17:0/18:1 0.022 -0.3 0.9 2.1 0.007 0.0 1.7 3.0 0.038 0.0 1.6 1.8 

TG 14:1/16:0/18:1 0.008 0.2 3.1 1.3 0.010 0.0 1.3 3.0 0.038 0.0 1.8 1.8 

TG 14:1/16:1/18:0 0.008 0.0 2.8 2.0 0.006 -0.3 0.8 3.9 0.032 0.0 1.8 2.4 

TG 14:1/18:1/18:1 0.005 0.0 3.3 2.3 0.002 -0.2 2.2 3.9 0.023 0.0 2.5 2.9 

TG 16:0/16:0/16:0 0.004 0.0 3.3 2.8 0.002 -0.9 1.9 3.9 0.144 -0.1 0.4 1.3 

TG 16:0/16:0/18:0 0.006 0.0 3.1 2.1 0.002 -1.0 1.2 3.9 0.232 0.0 0.3 0.9 

TG 16:0/16:0/18:1 0.004 0.0 3.9 2.1 0.002 -0.1 3.3 3.9 0.033 0.0 1.4 2.4 

TG 16:0/16:0/18:2 0.007 0.0 3.1 2.0 0.002 0.0 2.8 3.9 0.066 -0.1 0.8 1.8 

TG 16:0/16:1/18:1 0.004 0.0 3.6 2.8 0.002 -0.2 2.4 3.9 0.023 0.0 2.4 2.7 

TG 16:0/17:0/18:1 0.011 0.0 2.3 2.1 0.003 0.0 3.0 2.8 0.038 0.0 1.6 1.8 

TG 16:0/17:0/18:2 0.022 0.0 1.9 1.5 0.005 -0.1 1.5 3.6 0.065 0.0 1.0 1.6 

TG 16:0/18:0/18:1 0.007 0.0 2.8 2.1 0.005 -0.2 1.1 3.9 0.091 -0.1 0.6 1.6 

TG 16:0/18:1/18:1 0.007 0.2 3.3 1.5 0.003 0.0 2.2 3.9 0.032 0.0 1.6 2.4 

TG 16:0/18:1/18:2 0.016 0.1 3.6 0.6 0.002 0.0 3.3 3.9 0.032 -0.1 1.6 2.0 

TG 16:0/18:2/18:2 0.041 0.0 1.9 0.8 0.002 0.0 2.8 3.6 0.032 -0.1 1.9 2.0 

TG 16:1/16:1/16:1 0.009 0.0 2.4 2.1 0.005 -0.2 1.1 3.9 0.027 0.0 2.4 2.2 

TG 16:1/16:1/18:0 0.017 -0.2 1.9 1.6 0.004 0.3 1.3 3.9 0.144 -0.2 0.3 1.2 

TG 16:1/16:1/18:1 0.005 0.0 3.3 2.3 0.004 0.1 1.5 3.9 0.023 0.0 2.7 3.1 

TG 16:1/17:0/18:1 0.006 0.0 3.3 2.0 0.002 0.0 2.6 3.9 0.032 0.0 1.9 2.2 

TG 16:1/18:1/18:1 0.004 0.1 3.9 2.5 0.002 -0.4 2.0 3.9 0.023 0.0 2.9 3.1 

TG 16:1/18:1/18:2 0.004 0.0 3.6 2.3 0.002 -0.2 2.8 3.9 0.023 0.0 2.5 2.7 

TG 17:0/18:1/18:1 0.050 0.0 1.3 1.3 0.094 -0.1 0.6 1.0 0.032 -0.1 1.6 2.2 

TG 18:0/18:0/18:1 0.009 -0.1 2.8 1.8 0.004 -0.4 1.0 3.9 0.069 -0.1 0.5 2.0 

TG 18:0/18:1/18:1 0.006 0.0 3.3 2.0 0.007 -0.1 1.1 3.9 0.042 0.0 1.3 1.9 

TG 18:1/18:1/18:1 0.006 0.6 3.9 0.7 0.002 0.0 2.6 3.9 0.032 0.0 2.0 1.9 

TG 18:1/18:1/18:2 0.037 0.1 2.4 0.4 0.003 0.0 2.6 3.6 0.045 -0.1 1.3 1.6 

TG 18:1/18:1/20:4 0.007 1.6 3.1 0.3 0.021 0.0 1.5 1.9 0.143 0.0 0.9 0.9 

TG 18:1/18:1/22:6 0.419 0.0 0.4 0.1 0.149 0.0 0.6 0.8 0.361 0.0 0.4 0.4 
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Lipid species 

6 weeks 10 weeks 16 weeks 

P-

value
a 

db/h 

vs. 

H/H
b
 

db/db 

vs. 

H/H
b 

db/db 

vs. 

db/h
b
 

P-

value
a
 

db/h 

vs. 

H/H
b
 

db/db 

vs. 

H/H
b
 

db/db 

vs. 

db/h
b
 

P-

value
a
 

db/h 

vs. 

H/H
b
 

db/db 

vs. 

H/H
b
 

db/db 

vs. 

db/h
b
 

TG 18:1/18:2/18:2 0.059 0.2 1.9 0.3 0.002 0.0 3.0 3.3 0.044 0.0 1.6 1.5 

TG 18:2/18:2/18:2 0.275 0.0 0.5 0.4 0.009 0.0 2.0 2.2 0.089 0.0 1.3 1.1 

TG 18:2/18:2/20:4 0.417 0.3 0.3 0.0 0.811 0.0 0.0 0.0 0.288 -0.4 0.0 0.6 

 
a 
P-value for the comparison of levels of each lipid species between genotypes at each age using the Kruskal Wallis 

test with Benjamini-Hochberg correction for multiple comparisons. P < 0.05 was considered significant (highlighted 

in pink).  
b 

Post-hoc analysis was performed using the Mann Whitney U test with Dunn-Sidak correction for multiple group 

comparisons. Values were derived from the formula: sign(difference in median levels)*-log10(post-hoc P-value). 

Colour-coded values 1.3 to 2.0 (light red, P = 0.05-0.01) and > 2.0 (dark red, P < 0.01) indicate a significant 

increase relative to the reference group. Colour-coded values -1.3 to -2.0 (light green, P = 0.05-0.01) and < -2.0 

(dark green, P < 0.01) indicate a significant decrease relative to the reference group.  
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Table S4.9 Relationship between genotype and adipose lipid species in female mice. 
 

Lipid species 

6 weeks 10 weeks 16 weeks 

P-

value
a 

db/h 

vs. 

H/H
b
 

db/db 

vs. 

H/H
b 

db/db 

vs. 

db/h
b
 

P-

value
a
 

db/h 

vs. 

H/H
b
 

db/db 

vs. 

H/H
b
 

db/db 

vs. 

db/h
b
 

P-

value
a
 

db/h 

vs. 

H/H
b
 

db/db 

vs. 

H/H
b
 

db/db 

vs. 

db/h
b
 

Sph 18:1 0.066 -0.2 0.4 1.3 0.151 0.9 0.3 0.0 0.692 -0.2 0.0 0.0 

Cer 16:0 0.003 1.2 -2.1 -3.0 0.027 -0.4 -1.5 -1.3 0.824 0.0 0.0 0.0 

Cer 18:0 0.003 0.0 -3.1 -3.3 0.020 0.0 -2.1 -2.0 0.647 0.1 0.0 -0.2 

Cer 20:0 0.003 1.0 -3.9 -3.3 0.029 -0.2 -1.9 -0.8 0.634 0.0 0.0 -0.3 

Cer 22:0 0.003 0.9 -3.3 -3.0 0.051 -0.3 -1.5 -0.4 0.971 0.0 0.0 0.0 

Cer 24:0 0.003 0.6 -2.8 -2.7 0.020 -0.2 -1.9 -2.0 0.948 0.0 0.0 0.0 

Cer 24:1 0.003 1.0 -3.9 -3.3 0.027 -0.2 -1.5 -1.6 0.598 0.0 -0.2 -0.1 

MHC 16:0 0.102 -0.1 -1.4 -0.1 0.027 0.0 -2.3 -0.9 0.293 -0.2 -0.7 -0.1 

MHC 22:0 0.082 -0.1 -1.1 -0.4 0.018 0.0 -2.9 -2.7 0.067 -0.8 -2.2 -0.8 

MHC 24:0 0.021 -0.1 -1.8 -1.2 0.018 0.0 -3.1 -2.4 0.092 -0.7 -1.9 -0.3 

MHC 24:1 0.069 -0.2 -1.3 -0.4 0.028 0.0 -1.8 -1.5 0.181 -0.5 -1.2 0.0 

SM 32:1 0.004 -1.2 2.3 2.2 0.018 0.4 2.4 1.6 0.059 -0.1 3.3 2.9 

SM 33:1 0.105 -0.4 -0.9 -0.1 0.276 0.0 -0.3 -0.6 0.440 0.0 -0.5 -0.1 

SM 34:0 0.038 -1.3 0.0 1.3 0.099 0.2 1.0 0.4 0.161 -0.1 0.5 1.2 

SM 34:1 0.115 -0.2 -0.9 -0.2 0.668 0.0 0.0 -0.2 0.129 -0.3 0.7 1.3 

SM 34:2 0.219 0.1 0.7 0.1 0.115 0.1 0.8 0.7 0.082 0.2 1.8 1.3 

SM 35:1 0.066 -1.6 -0.2 0.2 0.732 0.0 0.0 -0.1 0.920 0.0 0.0 0.0 

SM 35:2 0.916 0.0 0.0 0.0 0.925 0.0 0.0 0.0 0.595 0.1 0.2 0.0 

SM 36:1 0.168 -0.6 -0.1 0.4 0.415 0.2 0.2 0.0 0.996 0.0 0.0 0.0 

SM 36:2 0.039 -0.6 0.4 1.5 0.051 0.7 1.2 0.3 0.529 0.1 0.3 0.0 

SM 38:1 0.009 0.2 -1.6 -2.7 0.395 -0.1 -0.4 0.0 0.824 0.0 0.0 -0.1 

SM 38:2 0.916 0.0 0.0 0.0 0.127 0.0 0.5 1.0 0.367 0.0 0.2 0.6 

SM 39:1 0.149 -0.2 0.0 1.0 0.479 0.2 0.1 0.0 0.750 -0.1 0.0 0.1 

SM 41:1 0.041 -0.2 0.8 1.3 0.045 0.9 1.2 0.2 0.464 0.0 0.2 0.3 

SM 41:2 0.006 -0.1 2.4 2.4 0.029 0.9 1.3 0.6 0.211 0.1 1.1 0.2 

SM 42:1 0.006 0.4 -2.1 -2.4 0.077 0.0 -0.9 -1.2 0.748 0.0 0.0 -0.1 

PC 24:0 0.005 0.3 -2.1 -3.0 0.018 -1.6 -2.6 0.0 0.090 -0.5 -1.8 -0.8 

PC 28:0 0.121 -0.6 0.0 0.9 0.653 -0.1 -0.1 0.0 0.163 -1.2 0.0 0.7 

PC 30:0 0.011 -0.2 -2.6 -1.2 0.038 0.0 -1.8 -0.9 0.163 -0.1 -1.2 -0.6 

PC 31:0 0.011 -0.3 -2.4 -1.3 0.018 0.0 -2.6 -1.8 0.073 -0.4 -2.0 -1.1 

PC 31:1 0.075 -1.0 -0.8 0.0 0.094 -0.1 -1.5 -0.2 0.176 -0.8 -0.7 -0.2 

PC 32:0 0.003 -0.1 -3.3 -2.7 0.018 -0.3 -2.9 -2.2 0.092 -0.1 -1.6 -1.2 

PC 32:1 0.587 -0.2 -0.1 0.0 0.245 -0.2 0.0 0.7 0.696 0.0 -0.2 0.0 

PC 32:2 0.013 -0.5 0.9 2.4 0.020 0.1 1.9 2.0 0.456 -0.2 0.0 0.4 

PC 32:3 0.337 -0.2 0.0 0.4 0.154 0.2 0.8 0.2 0.497 0.0 0.1 0.3 

PC 33:0 0.028 0.1 -1.6 -0.9 0.018 -0.1 -3.1 -1.5 0.067 -0.7 -2.0 -1.2 

PC 33:1 0.003 0.0 -3.3 -3.0 0.032 -0.9 -1.5 -0.3 0.258 0.0 -0.7 -0.4 

PC 33:2 0.004 0.1 -3.3 -2.4 0.019 -1.0 -2.1 -0.6 0.696 0.0 -0.2 0.0 

PC 34:0 0.003 -0.5 -3.9 -2.2 0.018 -0.2 -3.4 -2.4 0.067 -0.5 -2.2 -1.4 

PC 34:1 0.004 0.1 -2.8 -2.7 0.020 -0.7 -2.1 -0.8 0.178 0.0 -0.9 -0.7 

PC 34:2 0.005 0.2 -2.4 -2.7 0.062 -0.4 -1.6 -0.1 0.748 0.0 0.0 -0.1 

PC 34:3 0.014 0.1 -1.6 -2.0 0.080 -0.8 -1.0 0.0 0.949 0.0 0.0 0.0 

PC 34:4 0.008 0.0 -2.4 -2.2 0.080 -0.4 -1.0 -0.4 0.384 0.0 -0.1 -0.7 

PC 35:0 0.006 -0.3 -3.1 -1.6 0.027 -0.3 -2.1 -0.7 0.299 -0.1 -0.7 -0.2 

PC 35:1 0.006 0.0 -2.8 -2.2 0.018 -0.6 -2.6 -1.5 0.207 0.0 -0.7 -0.7 

PC 35:2 0.012 0.0 -2.1 -1.8 0.018 -0.9 -2.2 -0.8 0.952 0.0 0.0 0.0 

PC 35:3 0.011 0.0 -2.1 -2.0 0.024 -0.8 -1.8 -0.6 0.547 0.0 -0.2 -0.2 

PC 35:4 0.003 0.0 -3.6 -3.0 0.022 -0.5 -1.9 -0.9 0.228 0.0 -1.0 -0.3 

PC 35:5 0.003 1.3 -3.1 -3.0 0.077 -0.1 -1.5 -0.3 0.192 0.1 0.0 -1.4 

PC 36:0 0.089 -1.2 -0.4 0.1 0.837 0.0 0.0 0.0 0.456 -0.1 -0.5 0.0 

PC 36:1 0.551 -0.1 0.0 0.2 0.491 0.1 0.2 0.0 0.392 0.0 0.0 -0.7 

PC 36:2 0.053 0.4 -0.4 -1.3 0.314 -0.2 -0.6 0.0 0.765 0.1 0.0 -0.1 
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Lipid species 

6 weeks 10 weeks 16 weeks 

P-

value
a 

db/h 

vs. 

H/H
b
 

db/db 

vs. 

H/H
b 

db/db 

vs. 

db/h
b
 

P-

value
a
 

db/h 

vs. 

H/H
b
 

db/db 

vs. 

H/H
b
 

db/db 

vs. 

db/h
b
 

P-

value
a
 

db/h 

vs. 

H/H
b
 

db/db 

vs. 

H/H
b
 

db/db 

vs. 

db/h
b
 

PC 36:3 0.003 0.3 -3.6 -3.0 0.025 -0.5 -1.9 -0.7 0.589 0.0 -0.1 -0.2 

PC 36:4a 0.005 0.0 -3.1 -2.4 0.041 -0.5 -1.6 -0.3 0.384 0.0 -0.3 -0.4 

PC 36:4b 0.003 0.4 -3.3 -3.3 0.020 -0.3 -2.4 -1.0 0.129 0.0 -1.0 -1.5 

PC 36:5 0.017 0.2 -1.5 -1.6 0.154 -0.5 -0.7 0.0 0.576 0.0 -0.2 -0.2 

PC 36:6 0.114 0.0 -0.8 -0.7 0.215 -0.5 -0.5 0.0 0.258 0.0 -0.8 -0.3 

PC 37:4 0.003 0.1 -3.3 -3.3 0.018 -0.4 -2.6 -1.6 0.177 0.0 -0.7 -0.9 

PC 37:5 0.007 0.1 -3.3 -1.6 0.033 -0.8 -1.1 -0.9 0.237 0.0 -0.7 -0.6 

PC 38:2 0.021 0.0 -1.6 -1.5 0.909 0.0 0.0 0.0 0.852 0.0 0.0 0.0 

PC 38:3 0.118 0.0 -0.7 -0.7 0.103 -0.9 -0.6 0.0 0.657 0.1 -0.1 -0.1 

PC 38:4 0.003 0.1 -3.3 -3.3 0.018 -0.5 -2.6 -0.9 0.152 0.0 -1.1 -1.1 

PC 38:5 0.003 0.1 -3.1 -3.3 0.048 -0.5 -1.1 -0.8 0.274 0.0 -0.3 -0.7 

PC 38:6a 0.004 0.0 -2.6 -3.3 0.043 -0.6 -1.1 -0.8 0.161 0.0 -0.5 -1.5 

PC 38:6b 0.004 0.0 -3.3 -2.4 0.026 -0.2 -2.2 -0.7 0.159 0.0 -0.5 -1.4 

PC 38:7 0.042 0.0 -0.8 -1.5 0.178 -0.7 -0.4 0.0 0.305 0.0 -0.5 -0.5 

PC 39:6 0.224 -0.1 -0.4 -0.4 0.050 0.0 -2.4 -0.3 0.299 0.0 -0.5 -0.4 

PC 39:7 0.257 0.0 -0.5 -0.2 0.043 0.0 -0.9 -1.8 0.384 -0.3 -0.4 0.0 

PC 40:5 0.242 -0.1 -0.6 -0.1 0.067 -0.2 -1.8 -0.1 0.407 -0.1 -0.2 -0.5 

PC 40:6 0.417 0.0 -0.5 0.0 0.222 0.0 -0.9 -0.1 0.381 0.0 -0.1 -0.6 

PC 40:7 0.009 0.0 -2.4 -2.0 0.036 -0.4 -1.8 -0.4 0.214 0.0 -0.5 -0.8 

PC(O-30:0) 0.407 -0.1 -0.3 -0.1 0.195 0.0 -0.7 -0.4 0.067 -0.1 -2.4 -1.4 

PC(O-32:0) 0.038 -0.4 -1.5 -0.5 0.018 0.0 -2.6 -2.4 0.067 -0.2 -2.4 -1.8 

PC(O-32:1) 0.591 0.1 -0.1 0.0 0.319 0.0 -0.3 -0.4 0.809 0.0 -0.1 0.0 

PC(O-34:0) 0.082 -0.5 -1.1 0.0 0.027 0.0 -1.5 -2.0 0.067 -0.3 -2.7 -1.5 

PC(O-34:1) 0.143 -0.2 -0.9 -0.1 0.040 0.0 -1.0 -1.8 0.163 -0.4 -1.4 -0.1 

PC(O-34:2) 0.551 0.1 0.2 0.0 0.411 0.0 -0.2 -0.4 0.199 -0.2 -0.8 -0.4 

PC(O-34:4) 0.324 0.0 -0.3 -0.3 0.216 -0.3 -0.4 -0.3 0.829 0.0 0.0 0.0 

PC(O-36:0) 0.188 -0.4 -0.6 0.0 0.397 0.0 -0.2 -0.4 0.149 -0.2 -1.6 -0.5 

PC(O-36:1) 0.264 -0.4 -0.1 0.1 0.685 0.0 -0.1 -0.1 0.088 -0.3 -2.2 -0.7 

PC(O-36:2) 0.474 -0.1 0.0 0.3 0.298 0.0 -0.4 -0.4 0.440 -0.1 -0.4 0.0 

PC(O-36:3) 0.197 -0.1 -0.8 0.0 0.043 0.0 -1.2 -1.5 0.617 0.0 -0.3 0.0 

PC(O-36:4) 0.045 0.0 -1.1 -1.2 0.018 0.0 -3.1 -2.4 0.085 -0.1 -1.3 -1.9 

PC(O-36:5) 0.561 0.0 0.0 -0.2 0.685 0.0 -0.2 0.0 0.930 0.0 0.0 0.0 

PC(O-38:4) 0.151 -0.1 -0.8 -0.2 0.022 0.0 -1.8 -2.0 0.092 0.0 -1.4 -1.5 

PC(O-38:5) 0.149 0.0 -0.8 -0.3 0.020 0.0 -1.9 -2.0 0.497 -0.2 -0.2 0.0 

PC(O-40:6) 0.290 -0.1 -0.4 0.0 0.033 0.0 -1.2 -1.8 0.128 -0.3 -1.5 -0.7 

PC(O-40:7) 0.224 0.0 -0.6 -0.2 0.047 0.0 -1.0 -1.6 0.380 -0.3 -0.4 0.0 

PC(P-32:0) 0.003 1.6 -3.3 -3.3 0.028 -0.2 -2.2 -0.6 0.159 0.0 -0.9 -1.0 

PC(P-34:1) 0.003 1.3 -2.4 -3.3 0.033 -0.2 -1.9 -0.7 0.129 0.0 -1.3 -1.2 

PC(P-34:2) 0.003 1.5 -2.6 -2.7 0.051 -0.1 -1.8 -0.5 0.299 0.1 -0.1 -0.7 

PC(P-34:3) 0.021 -0.2 -1.8 -1.0 0.018 -0.3 -3.1 -3.0 0.178 0.0 -0.9 -0.7 

PC(P-36:2) 0.004 0.0 -2.4 -3.3 0.032 -0.9 -1.6 -0.1 0.184 0.0 -0.6 -1.0 

PC(P-36:4) 0.003 1.3 -3.1 -3.0 0.058 -0.1 -1.5 -0.6 0.173 0.1 -0.1 -1.4 

PC(P-38:4) 0.014 0.0 -1.9 -1.6 0.018 0.0 -2.6 -2.0 0.159 -0.2 -0.9 -0.8 

PC(P-38:5) 0.004 0.2 -2.1 -3.3 0.032 -0.1 -1.9 -0.8 0.245 0.0 -0.5 -0.7 

PC(P-38:6) 0.003 1.5 -2.3 -3.0 0.077 0.0 -1.3 -0.6 0.274 0.0 -0.2 -0.8 

LPC 14:0 0.275 0.0 -0.3 -0.4 0.628 0.0 -0.1 -0.1 0.696 0.0 -0.2 0.0 

LPC 16:0 0.008 0.1 -1.9 -2.7 0.029 0.0 -1.8 -1.3 0.305 -0.1 -0.6 -0.2 

LPC 16:1 0.832 0.0 0.0 0.0 0.087 0.4 1.2 0.1 0.852 0.1 0.0 0.0 

LPC 17:0 0.143 -0.9 -0.4 0.0 0.749 0.1 0.0 0.0 0.809 0.0 0.0 0.0 

LPC 18:0 0.684 0.0 -0.1 0.0 0.186 0.5 0.0 -0.7 0.720 0.0 -0.1 -0.1 

LPC 18:1 0.075 0.2 -0.4 -1.2 0.348 0.1 -0.2 -0.3 0.330 0.0 -0.2 -0.7 

LPC 18:2 0.081 0.2 -0.3 -1.2 0.391 0.0 -0.2 -0.2 0.440 0.2 0.0 -0.4 

LPC 20:1 0.086 0.0 -0.8 -0.8 0.094 0.5 0.0 -1.5 0.267 0.0 -0.6 -0.4 

LPC 20:3 0.075 0.3 -0.3 -1.2 0.345 0.0 -0.6 -0.1 0.647 0.1 0.0 -0.2 
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vs. 

H/H
b
 

db/db 

vs. 

db/h
b
 

LPC 20:4 0.038 0.3 -0.8 -1.3 0.200 0.0 -0.5 -0.6 0.236 0.0 -0.2 -1.0 

LPC 22:4 0.004 0.4 -1.9 -3.3 0.038 -0.3 -1.5 -0.8 0.173 0.2 -0.2 -1.1 

LPC 22:5 0.165 0.0 -0.3 -0.8 0.726 0.0 0.0 -0.1 0.796 0.0 0.0 0.1 

LPC 22:6 0.034 0.4 -0.8 -1.5 0.162 0.1 -0.5 -0.7 0.336 0.0 -0.2 -0.7 

LPC(O-16:0) 0.622 -0.1 -0.1 0.0 0.263 0.4 0.0 -0.4 0.347 -0.3 -0.5 0.0 

PE 32:0 0.007 -0.8 -2.8 -0.9 0.018 0.1 -2.4 -2.2 0.245 0.0 -0.7 -0.4 

PE 32:1 0.003 -0.7 3.1 3.0 0.018 0.6 2.9 1.5 0.617 0.1 0.2 0.0 

PE 34:1 0.035 0.0 -0.8 -1.8 0.236 -0.2 -0.6 -0.1 0.890 0.0 0.0 0.0 

PE 34:2 0.075 0.0 -0.8 -1.2 0.728 0.0 0.1 0.0 0.336 0.2 0.7 0.0 

PE 34:3 0.010 -0.9 0.9 2.4 0.018 0.5 3.4 0.9 0.087 0.3 1.6 1.2 

PE 35:1 0.014 0.1 -1.6 -1.8 0.027 -0.3 -1.6 -1.2 0.687 0.1 0.0 -0.1 

PE 35:2 0.025 0.0 -1.0 -2.0 0.900 0.0 0.0 0.0 0.750 0.0 0.1 0.1 

PE 36:1 0.003 0.2 -3.6 -3.3 0.019 -0.3 -2.2 -1.5 0.245 0.1 -0.1 -1.0 

PE 36:2 0.027 0.1 -0.7 -2.2 0.387 0.0 -0.5 0.0 0.342 0.4 0.5 0.0 

PE 36:3 0.028 0.0 -1.3 -1.6 0.490 0.0 -0.2 -0.2 0.698 0.2 0.0 0.0 

PE 36:4 0.004 0.0 -3.1 -2.7 0.057 -0.2 -1.5 -0.4 0.926 0.0 0.0 0.0 

PE 36:5 0.908 0.0 0.0 0.0 0.186 -0.1 0.5 0.6 0.417 0.0 0.4 0.2 

PE 38:3 0.005 0.0 -2.8 -2.4 0.018 -0.7 -2.4 -0.8 0.427 0.0 -0.3 -0.3 

PE 38:4 0.003 -0.1 -3.9 -2.4 0.018 -0.1 -3.4 -1.6 0.155 0.0 -0.7 -1.4 

PE 38:5 0.003 0.0 -3.6 -2.7 0.083 -0.1 -1.5 -0.2 0.668 0.0 0.0 -0.2 

PE 38:6 0.008 0.0 -2.6 -2.0 0.122 -0.1 -0.8 -0.6 0.384 0.0 -0.3 -0.4 

PE 40:5 0.050 -0.1 -1.3 -0.8 0.018 -0.4 -2.6 -1.2 0.159 0.0 -0.7 -1.3 

PE 40:6 0.028 -0.2 -1.9 -0.5 0.029 0.0 -1.9 -1.2 0.144 0.0 -0.9 -1.4 

PE 40:7 0.005 0.0 -3.3 -2.0 0.113 -0.1 -0.9 -0.5 0.214 0.0 -0.4 -1.0 

PE(O-34:1) 0.012 0.0 -1.9 -2.2 0.018 -0.1 -3.1 -1.6 0.177 -0.1 -1.1 -0.4 

PE(O-36:4) 0.003 0.4 -3.9 -3.3 0.018 0.0 -2.4 -2.7 0.144 0.0 -1.0 -1.3 

PE(O-36:5) 0.003 1.5 -3.6 -3.0 0.154 0.0 -0.2 -1.5 0.990 0.0 0.0 0.0 

PE(O-38:4) 0.028 -0.1 -1.5 -1.2 0.020 0.0 -1.8 -2.4 0.067 -0.3 -1.6 -1.8 

PE(O-38:5) 0.030 0.0 -1.8 -0.9 0.027 0.0 -2.1 -1.2 0.930 0.0 0.0 0.0 

PE(O-40:4) 0.084 -0.2 -1.3 -0.2 0.018 0.0 -1.5 -3.3 0.180 0.0 -1.0 -0.6 

PE(O-40:5) 0.112 -0.6 -0.8 0.0 0.025 0.1 -1.3 -2.0 0.392 -0.3 -0.4 0.0 

PE(O-40:6) 0.035 -0.4 -1.4 -0.7 0.045 0.0 -1.8 -0.8 0.440 -0.2 -0.3 0.0 

PE(O-40:7) 0.014 0.0 -2.3 -1.5 0.069 0.0 -1.1 -1.0 0.184 -0.4 -1.0 -0.1 

PE(P-34:1) 0.009 1.2 -0.9 -2.4 0.501 0.0 -0.2 -0.1 0.829 0.0 -0.1 0.0 

PE(P-36:1) 0.886 0.0 0.0 0.0 0.728 0.0 0.0 -0.1 0.320 0.3 0.0 -0.6 

PE(P-36:4) 0.003 1.3 -3.6 -3.0 0.036 0.0 -1.3 -1.5 0.696 0.0 -0.1 -0.1 

PE(P-37:4) 0.675 -0.1 0.0 0.0 0.657 0.0 0.1 0.1 0.236 0.8 0.4 0.0 

PE(P-38:4) 0.003 0.2 -3.3 -3.3 0.018 0.0 -2.2 -3.0 0.214 0.0 -0.4 -0.9 

PE(P-38:5) 0.003 0.6 -3.3 -2.7 0.060 -0.1 -1.1 -1.0 0.576 0.0 -0.2 -0.2 

PE(P-38:6) 0.003 0.6 -3.3 -3.3 0.077 0.0 -0.9 -1.2 0.696 0.0 0.0 -0.2 

PE(P-40:4) 0.551 -0.1 -0.1 0.0 0.922 0.0 0.0 0.0 0.933 0.0 0.0 0.0 

PE(P-40:5) 0.020 0.0 -1.8 -1.3 0.018 0.0 -2.2 -3.0 0.092 -0.8 -1.2 -1.2 

PE(P-40:6) 0.003 -1.0 -3.3 -1.8 0.018 0.0 -3.1 -3.3 0.159 0.0 -0.7 -1.3 

LPE 16:0 0.075 0.1 -0.4 -1.3 0.195 -0.1 -0.9 -0.1 0.813 -0.1 0.0 0.0 

LPE 18:0 0.213 0.1 -0.1 -0.7 0.195 0.0 -0.6 -0.4 0.594 -0.2 -0.2 0.0 

LPE 18:1 0.066 0.4 -0.1 -1.6 0.221 0.0 -0.7 -0.3 0.930 0.0 0.0 0.0 

LPE 18:2 0.174 0.4 0.0 -0.7 0.391 0.1 0.0 -0.4 0.630 0.1 0.2 0.0 

LPE 20:4 0.017 0.3 -1.0 -2.0 0.178 0.0 -0.6 -0.6 0.293 0.0 -0.5 -0.6 

LPE 22:6 0.017 0.4 -0.9 -2.0 0.188 0.0 -0.6 -0.6 0.293 0.0 -0.3 -0.7 

PI 34:1 0.012 0.3 -1.1 -2.7 0.072 -0.3 -1.0 -0.7 0.996 0.0 0.0 0.0 

PI 36:1 0.004 0.4 -2.4 -3.0 0.042 -0.3 -1.3 -0.9 0.956 0.0 0.0 0.0 

PI 36:2 0.145 0.1 -0.1 -1.0 0.131 -0.2 -1.0 -0.2 0.668 0.0 0.3 0.0 

PI 36:3 0.290 0.0 0.0 -0.9 0.675 -0.1 0.0 0.1 0.270 0.2 0.7 0.1 

PI 36:4 0.832 0.0 0.0 -0.1 0.820 0.0 0.0 0.0 0.668 0.1 0.0 -0.1 
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PI 38:3 0.075 0.1 -0.4 -1.3 0.195 0.0 -0.9 -0.2 0.361 0.1 -0.1 -0.6 

PI 38:4 0.075 0.3 -0.4 -1.0 0.288 0.0 -0.7 -0.1 0.159 0.1 -0.7 -1.1 

PI 38:5 0.775 0.0 0.0 -0.1 0.282 0.0 0.3 0.4 0.384 0.4 0.2 -0.1 

PI 40:4 0.041 0.1 -0.8 -1.5 0.067 0.0 -1.5 -0.7 0.245 0.0 -0.5 -0.7 

PI 40:5 0.165 0.1 -0.2 -0.8 0.414 -0.2 -0.2 0.0 0.497 0.1 -0.1 -0.3 

PS 36:1 0.009 0.0 -2.4 -2.0 0.018 0.0 -2.4 -2.0 0.267 0.0 -0.6 -0.5 

PS 36:2 0.003 0.4 -2.8 -3.0 0.026 -0.4 -2.1 -0.6 0.765 0.0 0.1 0.0 

PS 38:3 0.038 0.0 -1.6 -0.8 0.150 0.0 -0.5 -1.0 0.571 -0.2 0.0 0.2 

PS 38:4 0.229 0.0 -0.8 -0.1 0.642 0.0 0.0 -0.2 0.156 0.0 1.2 1.0 

PS 38:5 0.091 -0.4 0.2 1.0 0.029 0.2 1.8 1.0 0.067 0.0 2.2 2.1 

PS 40:5 0.035 -1.3 0.0 1.5 0.213 0.0 0.7 0.2 0.829 0.0 0.0 0.1 

PS 40:6 0.065 -0.8 0.0 1.3 0.195 0.2 0.7 0.1 0.926 0.0 0.0 0.0 

PG 34:1 0.003 -0.1 -3.9 -3.3 0.027 -0.4 -1.6 -1.2 0.174 0.0 -1.0 -0.7 

PG 34:2 0.149 -0.1 -0.8 -0.2 0.846 0.0 0.0 0.0 0.238 0.0 -0.6 -0.6 

PG 36:1 0.007 -0.3 -2.4 -2.0 0.020 0.0 -1.8 -2.2 0.133 -0.5 -1.2 -0.7 

PG 36:2 0.003 0.3 -3.9 -3.3 0.027 0.0 -2.1 -1.2 0.417 0.1 -0.1 -0.4 

BMP 18:1/18:1 0.684 0.0 -0.1 0.0 0.791 0.1 0.0 0.0 0.930 0.0 0.0 0.0 

CL 18:2/18:2/18:2/16:1 0.607 -0.1 0.0 0.1 0.234 0.1 0.8 0.0 0.159 0.3 0.0 -1.7 

CL 18:2/18:1/18:2/16:1 0.125 -0.6 -0.3 0.5 0.521 0.2 0.1 0.0 0.161 0.0 -0.9 -1.0 

CL 18:2/18:2/18:2/18:2 0.003 0.1 -3.6 -3.3 0.018 -0.1 -3.1 -2.0 0.175 0.1 0.0 -1.6 

CL 18:2/18:2/18:2/18:1 0.003 -0.4 -3.6 -2.7 0.018 0.0 -2.6 -2.4 0.115 0.0 -0.8 -1.8 

CL 18:2/18:1/18:2/18:1 0.009 -0.2 -2.3 -2.0 0.018 -0.2 -2.4 -1.8 0.092 0.0 -1.5 -1.5 

CE 14:0 0.142 0.0 0.8 0.5 0.019 1.0 2.6 0.1 0.129 1.1 1.3 0.2 

CE 16:0 0.497 0.0 -0.2 0.0 0.194 0.7 0.0 -0.2 0.320 0.5 0.0 -0.4 

CE 16:1 0.188 0.1 0.7 0.2 0.018 1.1 3.1 0.7 0.067 1.3 2.4 1.0 

CE 18:0 0.850 0.0 0.0 0.0 0.027 1.4 1.5 0.0 0.501 0.5 0.0 0.0 

CE 18:1 0.025 0.0 -1.4 -1.6 0.041 1.5 0.0 -0.8 0.267 0.2 0.9 0.0 

CE 18:2 0.092 -0.2 0.3 1.0 0.058 0.7 1.3 0.0 0.258 0.0 0.9 0.2 

CE 18:3 0.021 0.0 1.6 1.5 0.018 1.0 2.9 0.8 0.115 0.2 1.8 0.7 

CE 20:3 0.337 0.0 0.2 0.4 0.052 0.6 1.6 0.0 0.356 0.0 0.6 0.2 

CE 20:4 0.202 -0.2 0.1 0.6 0.094 0.7 1.0 0.0 0.459 0.1 0.5 0.0 

CE 20:5 0.003 -0.1 3.3 3.0 0.018 0.7 2.4 1.8 0.092 0.0 2.0 1.0 

CE 22:0 0.039 -0.5 0.8 1.2 0.018 1.9 1.6 0.9 0.299 0.0 0.7 0.4 

CE 22:5 0.178 0.0 -0.3 0.7 0.018 0.8 3.1 1.5 0.440 0.0 0.2 0.3 

CE 22:6 0.055 0.0 0.9 1.2 0.048 0.7 1.6 0.0 0.188 0.0 1.2 0.4 

CE 24:0 0.040 0.0 1.4 1.0 0.024 0.8 1.5 1.0 0.152 0.0 1.4 0.8 

COH 0.036 -0.1 -1.8 -0.5 0.688 0.1 0.0 -0.1 0.809 0.0 0.1 0.0 

DG 14:0/16:0 0.045 0.0 1.5 0.8 0.027 0.9 1.8 0.1 0.155 0.4 1.5 0.2 

DG 14:0/18:1 0.018 0.0 1.8 1.5 0.020 0.9 1.9 0.6 0.067 0.7 2.2 1.3 

DG 14:0/18:2 0.019 0.0 1.8 1.5 0.020 0.9 1.9 0.7 0.067 0.5 2.0 1.6 

DG 16:0/16:0 0.205 0.0 0.7 0.3 0.032 0.9 1.8 0.0 0.159 0.2 1.4 0.4 

DG 16:0/18:0 0.143 0.0 0.8 0.5 0.028 0.9 1.8 0.1 0.159 0.2 1.5 0.3 

DG 16:0/18:1 0.027 0.0 1.5 1.3 0.020 0.9 2.1 0.6 0.067 0.5 2.4 1.5 

DG 16:0/18:2 0.018 0.0 1.8 1.5 0.020 0.9 1.9 0.8 0.067 0.4 1.9 1.7 

DG 16:0/20:4 0.119 0.1 0.9 0.3 0.019 1.7 1.8 0.0 0.067 0.0 2.0 1.7 

DG 16:1/18:0 0.014 0.1 1.9 1.6 0.018 0.8 2.2 1.3 0.067 0.5 2.4 1.6 

DG 16:1/18:1 0.014 0.0 1.9 1.6 0.018 1.1 2.6 1.3 0.067 0.7 2.4 2.1 

DG 18:0/18:1 0.039 0.0 1.4 1.0 0.027 0.8 2.1 0.1 0.090 0.5 1.8 0.9 

DG 18:0/18:2 0.021 0.0 1.5 1.6 0.028 0.8 1.9 0.1 0.087 0.6 1.9 0.7 

DG 18:0/20:4 0.104 0.0 0.9 0.6 0.026 1.7 1.1 0.0 0.685 0.0 0.0 0.3 

DG 18:1/18:1 0.055 0.0 1.3 0.8 0.019 1.1 2.4 0.2 0.081 0.2 1.9 1.2 

DG 18:1/18:2 0.050 0.0 1.4 0.8 0.020 1.1 2.2 0.2 0.068 0.4 2.0 1.2 

DG 18:1/18:3 0.021 0.0 1.6 1.5 0.018 0.9 2.2 0.7 0.067 0.4 2.0 1.3 

DG 18:1/20:0 0.036 0.0 1.3 1.3 0.036 0.7 1.9 0.0 0.115 0.8 1.5 0.4 
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DG 18:1/20:3 0.028 0.0 1.5 1.3 0.019 1.2 2.2 0.1 0.067 0.3 1.9 1.6 

DG 18:1/20:4 0.279 0.0 0.5 0.1 0.018 1.8 2.2 0.0 0.092 0.1 1.8 1.0 

DG 18:2/18:2 0.039 0.0 1.5 0.9 0.020 1.0 2.2 0.1 0.081 0.2 1.9 1.2 

TG 14:0/16:0/18:1 0.011 -0.2 2.1 1.8 0.020 0.8 1.8 0.9 0.176 0.0 1.4 0.3 

TG 14:0/16:0/18:2 0.014 0.0 1.9 1.6 0.018 0.8 2.1 1.3 0.161 0.0 1.3 0.6 

TG 14:0/16:1/18:1 0.014 0.0 1.9 1.6 0.018 0.8 2.1 1.5 0.159 0.0 1.3 0.6 

TG 14:0/16:1/18:2 0.014 0.0 1.9 1.6 0.018 1.0 1.9 1.5 0.159 0.0 1.3 0.7 

TG 14:0/17:0/18:1 0.012 -0.2 1.9 1.8 0.022 0.7 1.8 1.0 0.204 0.0 1.1 0.4 

TG 14:0/18:0/18:1 0.012 -0.3 2.1 1.6 0.027 0.6 1.8 0.6 0.245 0.0 1.1 0.1 

TG 14:0/18:2/18:2 0.014 0.0 1.9 1.6 0.018 1.1 2.1 0.9 0.174 0.0 1.1 0.6 

TG 14:1/16:0/18:1 0.014 0.0 1.9 1.6 0.020 0.8 1.8 1.2 0.160 0.0 1.3 0.6 

TG 14:1/16:1/18:0 0.014 0.0 1.9 1.6 0.018 0.9 2.1 1.5 0.156 0.0 1.4 0.7 

TG 14:1/18:1/18:1 0.014 0.0 1.9 1.6 0.018 0.9 2.1 1.5 0.155 0.0 1.4 0.7 

TG 15:0/16:0/18:1 0.012 -0.2 2.1 1.6 0.020 0.8 1.8 0.9 0.189 0.0 1.2 0.3 

TG 15:0/18:1/18:1 0.014 -0.1 1.9 1.6 0.020 0.8 2.1 0.8 0.176 0.0 1.1 0.6 

TG 16:0/16:0/16:0 0.012 0.0 2.3 1.8 0.022 0.9 1.6 0.7 0.199 0.4 0.9 0.1 

TG 16:0/16:0/18:0 0.017 -0.2 1.6 1.5 0.022 1.0 1.6 0.6 0.267 0.4 0.7 0.0 

TG 16:0/16:0/18:1 0.009 -0.2 2.1 2.0 0.024 0.6 1.8 0.9 0.184 0.0 1.2 0.3 

TG 16:0/16:0/18:2 0.013 -0.2 2.1 1.6 0.022 0.7 1.8 0.8 0.184 0.0 1.2 0.4 

TG 16:0/16:1/17:0 0.012 -0.2 2.1 1.6 0.020 0.7 1.8 1.0 0.180 0.0 1.3 0.3 

TG 16:0/16:1/18:1 0.014 0.0 1.9 1.6 0.018 0.9 2.1 1.3 0.159 0.0 1.4 0.6 

TG 16:0/17:0/18:0 0.012 -0.1 2.1 1.8 0.029 0.8 1.5 0.5 0.222 0.2 0.9 0.2 

TG 16:0/17:0/18:1 0.009 -0.3 2.1 2.0 0.022 0.7 1.8 0.9 0.180 0.0 1.3 0.3 

TG 16:0/17:0/18:2 0.014 0.0 1.9 1.6 0.018 0.9 2.1 1.0 0.191 0.0 1.1 0.4 

TG 16:0/18:0/18:1 0.009 -0.4 2.1 2.0 0.025 0.7 1.8 0.6 0.214 0.0 1.1 0.2 

TG 16:0/18:1/18:1 0.017 0.0 1.9 1.5 0.020 0.8 1.9 0.9 0.159 0.0 1.3 0.6 

TG 16:0/18:1/18:2 0.014 0.0 1.9 1.6 0.018 0.9 2.1 1.0 0.177 0.0 1.1 0.6 

TG 16:0/18:2/18:2 0.014 0.0 1.9 1.6 0.018 0.9 2.1 1.0 0.177 0.0 1.1 0.6 

TG 16:1/16:1/16:1 0.014 0.0 1.9 1.6 0.018 0.8 2.1 1.5 0.129 0.0 1.5 1.0 

TG 16:1/16:1/18:0 0.014 -0.1 2.1 1.5 0.020 0.8 1.9 0.9 0.174 0.0 1.4 0.3 

TG 16:1/16:1/18:1 0.014 0.1 1.9 1.6 0.018 0.9 2.1 1.5 0.140 0.0 1.5 0.9 

TG 16:1/17:0/18:1 0.014 0.0 1.9 1.6 0.019 0.8 2.1 1.0 0.167 0.0 1.1 0.7 

TG 16:1/18:1/18:1 0.014 0.0 1.9 1.6 0.018 0.9 2.1 1.5 0.155 0.0 1.4 0.7 

TG 16:1/18:1/18:2 0.014 0.0 1.9 1.6 0.018 0.9 2.1 1.3 0.153 0.0 1.4 0.8 

TG 17:0/18:1/18:1 0.014 0.0 1.9 1.6 0.020 0.8 1.9 0.8 0.161 0.0 1.3 0.6 

TG 18:0/18:0/18:0 0.207 -0.4 0.1 0.4 0.048 0.9 1.5 0.0 0.569 0.1 0.2 0.0 

TG 18:0/18:0/18:1 0.010 -0.4 2.1 1.8 0.029 0.7 1.8 0.4 0.236 0.1 1.0 0.2 

TG 18:0/18:1/18:1 0.015 -0.1 2.1 1.3 0.020 0.7 1.9 0.8 0.164 0.1 1.4 0.4 

TG 18:0/18:2/18:2 0.016 0.0 1.9 1.5 0.020 0.8 2.2 0.4 0.183 0.0 1.2 0.4 

TG 18:1/18:1/18:1 0.017 0.0 1.9 1.5 0.020 0.9 1.9 0.8 0.159 0.0 1.3 0.6 

TG 18:1/18:1/18:2 0.014 0.0 1.9 1.6 0.020 0.9 1.9 0.7 0.159 0.0 1.3 0.6 

TG 18:1/18:1/20:4 0.014 0.1 2.1 1.6 0.018 1.3 2.4 0.9 0.159 0.1 1.2 0.7 

TG 18:1/18:2/18:2 0.014 0.0 1.9 1.6 0.018 1.0 2.1 1.0 0.161 0.0 1.1 0.7 

TG 18:2/18:2/18:2 0.014 0.0 1.9 1.6 0.018 0.8 2.1 1.2 0.164 0.0 1.0 0.7 

 
a 
P-value for the comparison of levels of each lipid species between genotypes at each age using the Kruskal Wallis 

test with Benjamini-Hochberg correction for multiple comparisons. P < 0.05 was considered significant (highlighted 

in pink).  
b 

Post-hoc analysis was performed using the Mann Whitney U test with Dunn-Sidak correction for multiple group 

comparisons. Values were derived from the formula: sign(difference in median levels)*-log10(post-hoc P-value). 

Colour-coded values 1.3 to 2.0 (light red, P = 0.05-0.01) and > 2.0 (dark red, P < 0.01) indicate a significant 

increase relative to the reference group. Colour-coded values -1.3 to -2.0 (light green, P = 0.05-0.01) and < -2.0 

(dark green, P < 0.01) indicate a significant decrease relative to the reference group.  
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Table S4.10 Relationship between genotype and plasma lipid species in female mice. 

 

Lipid species 

6 weeks 10 weeks 16 weeks 

P-

value
a 

db/h 

vs. 

H/H
b
 

db/db 

vs. 

H/H
b 

db/db 

vs. 

db/h
b
 

P-

value
a
 

db/h 

vs. 

H/H
b
 

db/db 

vs. 

H/H
b
 

db/db 

vs. 

db/h
b
 

P-

value
a
 

db/h 

vs. 

H/H
b
 

db/db 

vs. 

H/H
b
 

db/db 

vs. 

db/h
b
 

Sph 18:1 0.659 0.0 0.0 -0.2 0.344 0.1 -0.1 -0.5 0.271 0.4 0.7 0.0 

Cer 16:0 0.066 -0.2 1.1 0.8 0.316 0.0 0.5 0.5 0.035 -0.4 0.9 3.9 

Cer 18:0 0.258 -0.2 -0.5 -0.1 0.682 0.1 0.0 0.0 0.795 0.0 0.1 0.0 

Cer 20:0 0.173 -1.0 -0.2 0.0 0.317 0.0 0.5 0.4 0.035 -0.5 1.4 3.1 

Cer 22:0 0.036 -1.1 0.1 1.5 0.283 0.1 0.5 0.3 0.036 -0.3 0.8 2.8 

Cer 24:0 0.017 -1.2 0.4 2.0 0.219 0.0 0.6 0.7 0.106 -0.4 0.2 1.5 

Cer 24:1 0.122 -0.8 0.0 0.8 0.282 0.2 0.5 0.2 0.449 -0.3 0.0 0.3 

MHC 16:0 0.173 -1.0 -0.1 0.2 0.879 0.0 0.0 0.0 0.524 0.0 -0.2 -0.3 

MHC 18:0 0.005 0.0 -2.8 -2.8 0.318 0.5 -0.1 -0.3 0.652 0.0 0.0 -0.2 

MHC 20:0 0.154 -0.3 -1.0 0.0 0.216 1.0 0.0 -0.2 0.386 0.1 0.4 0.2 

MHC 22:0 0.126 -1.0 0.0 0.5 0.672 0.2 0.0 0.0 0.486 0.0 0.3 0.2 

MHC 24:0 0.032 -1.3 0.0 1.6 0.914 0.0 0.0 0.0 0.628 0.0 -0.2 -0.1 

MHC 24:1 0.210 -0.7 -0.1 0.2 0.869 0.0 0.0 0.0 0.107 0.0 -1.0 -1.1 

SM 31:1 0.015 0.0 1.9 2.0 0.047 0.2 1.7 1.0 0.263 0.0 0.4 0.8 

SM 32:1 0.004 -0.7 1.9 3.6 0.021 0.6 2.4 0.8 0.056 0.0 1.0 2.1 

SM 32:2 0.004 0.0 3.9 3.6 0.004 1.5 3.2 1.5 0.036 0.0 1.5 2.4 

SM 33:1 0.026 -0.6 0.5 2.0 0.300 0.9 0.0 0.0 0.883 0.0 0.0 0.0 

SM 34:1 0.018 -1.1 0.1 2.5 0.391 0.2 0.3 0.0 0.492 -0.1 0.0 0.4 

SM 34:2 0.023 -1.2 0.1 2.0 0.221 0.4 0.5 0.2 0.363 0.0 0.2 0.8 

SM 34:3 0.004 -0.8 1.9 3.3 0.014 0.9 2.2 1.1 0.035 0.0 1.8 2.6 

SM 35:1 0.333 -0.2 -0.4 0.0 0.286 0.4 0.0 -0.5 0.746 0.0 0.0 -0.2 

SM 35:2 0.865 0.0 0.0 0.0 0.474 0.6 0.0 0.0 0.757 0.0 0.0 -0.1 

SM 36:1 0.018 0.0 -1.5 -2.1 0.232 0.2 -0.1 -0.9 0.500 0.0 -0.1 -0.4 

SM 36:2 0.961 0.0 0.0 0.0 0.626 0.1 0.1 0.0 0.963 0.0 0.0 0.0 

SM 36:3 0.492 0.0 0.3 0.1 0.291 0.1 0.5 0.3 0.178 0.0 0.5 1.0 

SM 37:2 0.347 -0.3 -0.3 0.0 0.484 0.3 0.2 0.0 0.538 0.2 0.0 -0.2 

SM 38:1 0.249 -0.1 0.1 0.7 0.552 0.1 0.2 0.1 0.040 0.0 1.5 1.9 

SM 38:2 0.056 0.1 0.8 1.6 0.039 0.6 1.7 0.7 0.106 -0.2 0.3 1.6 

SM 39:1 0.073 -0.4 0.1 1.6 0.063 0.8 1.3 0.3 0.144 -0.9 0.0 0.8 

SM 41:1 0.024 -0.1 0.9 2.1 0.174 0.7 0.5 0.2 0.861 0.0 0.0 0.0 

SM 41:2 0.014 -0.5 1.3 2.1 0.124 0.6 1.0 0.1 0.974 0.0 0.0 0.0 

SM 42:1 0.056 -0.3 0.3 1.6 0.174 0.3 0.7 0.5 0.791 0.0 0.0 0.1 

PC 24:0 0.320 -0.3 -0.3 -0.1 0.068 1.5 0.5 -0.1 0.998 0.0 0.0 0.0 

PC 28:0 0.147 -0.8 0.0 0.6 0.067 0.1 1.5 0.9 0.652 0.1 0.0 0.1 

PC 29:0 0.135 -0.9 0.0 0.6 0.022 1.7 1.7 0.0 0.757 0.0 -0.1 0.0 

PC 30:0 0.115 -0.4 0.3 0.9 0.037 0.7 1.7 0.7 0.727 0.0 0.0 0.2 

PC 31:0 0.054 -1.0 -1.1 0.2 0.450 0.4 0.1 0.0 0.535 0.0 -0.3 0.0 

PC 31:1 0.630 -0.2 0.0 0.0 0.225 1.0 0.1 0.0 0.965 0.0 0.0 0.0 

PC 32:0 0.033 -0.4 -1.9 -0.4 0.657 0.1 0.0 -0.1 0.605 0.0 -0.2 -0.1 

PC 32:1 0.009 0.0 2.8 1.8 0.003 1.3 3.5 2.0 0.368 0.0 0.3 0.4 

PC 32:2 0.009 0.0 2.8 1.8 0.021 0.5 2.0 1.3 0.172 0.0 0.4 1.1 

PC 32:3 0.320 0.0 0.3 0.3 0.021 1.3 1.5 0.8 0.184 0.0 0.6 0.9 

PC 33:0 0.043 -1.1 -1.1 0.3 0.696 0.1 0.1 0.0 0.652 0.1 -0.1 0.0 

PC 33:1 0.023 -0.6 0.8 1.8 0.010 0.5 2.9 1.5 0.161 -0.2 0.1 1.3 

PC 33:2 0.046 -0.9 0.0 1.6 0.121 0.6 1.0 0.2 0.091 -0.1 0.7 1.5 

PC 33:3 0.106 0.0 0.9 0.7 0.058 0.3 1.7 0.6 0.188 0.0 0.8 0.7 

PC 34:0 0.498 -0.3 0.0 0.0 0.626 0.2 0.0 0.0 0.991 0.0 0.0 0.0 

PC 34:1 0.055 -0.1 1.0 1.1 0.091 0.2 1.3 0.6 0.406 0.0 0.2 0.5 

PC 34:2 0.040 -0.3 1.0 1.2 0.024 0.7 1.9 0.9 0.038 -0.4 0.9 2.1 

PC 34:3 0.033 0.0 1.3 1.6 0.005 0.9 3.2 1.9 0.151 0.1 0.8 0.9 

PC 34:4 0.040 0.0 1.0 1.6 0.003 2.2 3.5 1.9 0.220 0.0 0.4 0.8 

PC 34:5 0.014 0.0 1.9 2.0 0.003 1.1 3.5 3.5 0.221 0.0 0.4 1.0 
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Lipid species 

6 weeks 10 weeks 16 weeks 

P-

value
a 

db/h 

vs. 

H/H
b
 

db/db 

vs. 

H/H
b 

db/db 

vs. 

db/h
b
 

P-

value
a
 

db/h 

vs. 

H/H
b
 

db/db 

vs. 

H/H
b
 

db/db 

vs. 

db/h
b
 

P-

value
a
 

db/h 

vs. 

H/H
b
 

db/db 

vs. 

H/H
b
 

db/db 

vs. 

db/h
b
 

PC 35:0 0.051 -1.3 0.0 1.1 0.398 0.2 0.4 0.0 0.643 0.0 0.0 0.2 

PC 35:1 0.015 -0.8 0.8 2.1 0.040 0.1 2.0 1.0 0.196 -0.1 0.2 1.0 

PC 35:2 0.012 -0.4 0.8 3.0 0.020 0.4 2.4 1.1 0.036 -0.3 0.9 2.4 

PC 35:3 0.034 -0.4 0.5 1.8 0.006 1.3 3.5 0.8 0.106 -0.3 0.4 1.4 

PC 35:4 0.348 -0.1 -0.4 -0.1 0.299 0.4 0.5 0.0 0.754 -0.1 -0.1 0.0 

PC 36:0 0.436 -0.2 -0.1 0.2 0.271 1.0 0.1 0.0 0.831 0.0 0.0 0.0 

PC 36:1 0.004 -0.4 2.8 3.3 0.045 0.5 1.4 1.0 0.117 0.0 0.8 1.3 

PC 36:2 0.004 -0.9 2.1 3.6 0.024 0.4 2.0 1.1 0.035 -0.1 1.1 3.1 

PC 36:3 0.004 -0.5 3.3 3.3 0.003 1.5 3.2 1.7 0.087 0.0 0.8 1.6 

PC 36:4a 0.007 -0.3 1.8 2.8 0.003 0.8 3.5 2.9 0.035 -0.5 1.6 3.9 

PC 36:4b 0.032 0.2 -0.8 -1.8 0.014 2.6 0.3 -0.5 0.714 0.0 -0.1 -0.1 

PC 36:5 0.004 -0.1 3.6 2.8 0.003 1.5 3.5 2.9 0.271 0.0 0.3 0.8 

PC 36:6 0.007 -0.2 2.8 2.0 0.003 2.3 3.5 3.5 0.149 0.0 0.6 1.3 

PC 37:4 0.143 0.0 -0.8 -0.6 0.109 1.0 0.0 -0.9 0.449 0.0 -0.2 -0.4 

PC 37:5 0.024 -0.5 0.7 2.0 0.109 1.1 0.7 0.0 0.566 -0.1 0.0 0.2 

PC 37:6 0.205 -0.7 -0.4 0.0 0.422 0.1 0.5 0.0 0.363 0.0 0.1 0.8 

PC 38:2 0.012 -0.5 0.8 2.8 0.101 0.5 1.0 0.5 0.818 0.0 0.0 0.1 

PC 38:3 0.009 -0.4 1.4 2.5 0.030 1.0 1.5 0.6 0.161 0.0 0.8 0.8 

PC 38:4 0.053 0.0 -0.9 -1.3 0.121 1.4 0.0 -0.2 0.752 0.0 0.0 -0.1 

PC 38:5 0.006 -0.1 2.3 3.0 0.010 1.7 1.9 1.0 0.254 0.0 0.4 0.8 

PC 38:6a 0.005 -0.3 3.6 2.0 0.003 2.1 3.5 1.5 0.106 0.0 0.7 1.6 

PC 38:6b 0.259 0.0 -0.4 -0.4 0.200 1.1 0.2 0.0 0.838 0.0 0.0 0.0 

PC 38:7 0.006 0.0 2.8 2.5 0.003 2.0 3.2 1.9 0.125 0.0 0.8 1.3 

PC 39:6 0.091 -1.2 -0.1 0.4 0.258 0.4 0.6 0.0 0.384 0.0 0.2 0.5 

PC 39:7 0.777 -0.1 0.0 0.0 0.007 0.5 3.5 1.5 0.268 -0.1 0.2 0.8 

PC 40:5 0.004 -0.7 3.1 3.6 0.064 0.2 1.3 1.0 0.091 0.0 0.9 1.5 

PC 40:6 0.865 0.0 0.0 0.0 0.291 0.6 0.3 0.1 0.517 0.0 0.1 0.4 

PC 40:7 0.046 0.0 1.1 1.3 0.003 1.9 3.5 0.9 0.220 0.0 0.5 0.8 

PC(O-30:0) 0.608 -0.1 0.0 0.1 0.113 0.3 1.4 0.2 0.727 0.0 0.1 0.1 

PC(O-32:0) 0.093 -0.7 -1.0 0.0 0.712 0.0 0.0 -0.1 0.056 0.2 -1.3 -1.5 

PC(O-32:1) 0.012 -1.0 1.1 2.0 0.004 0.0 3.5 3.5 0.386 0.0 0.2 0.6 

PC(O-32:1) 0.014 -0.8 0.8 2.3 0.097 0.0 1.5 0.6 0.714 0.1 0.1 0.0 

PC(O-34:0) 0.037 -0.5 -2.1 -0.1 0.375 0.2 0.0 -0.5 0.103 0.0 -1.1 -1.0 

PC(O-34:1) 0.036 -1.2 -1.5 0.0 0.822 0.0 0.0 0.0 0.392 0.0 -0.4 -0.3 

PC(O-34:2) 0.005 -1.6 0.7 3.3 0.045 0.2 1.9 0.9 0.041 -0.2 1.1 1.9 

PC(O-34:3) 0.006 -1.8 0.2 3.3 0.017 0.0 2.9 1.7 0.791 0.0 0.1 0.0 

PC(O-34:4) 0.055 -0.2 0.4 1.6 0.413 0.1 0.5 0.1 0.271 0.0 0.2 0.9 

PC(O-35:4) 0.199 -0.3 0.0 0.7 0.626 0.0 0.1 0.1 0.991 0.0 0.0 0.0 

PC(O-36:0) 0.064 -1.1 -0.9 0.0 0.271 0.3 0.6 0.0 0.587 -0.1 0.0 -0.3 

PC(O-36:1) 0.543 0.0 0.0 0.3 0.406 0.4 0.2 0.0 0.368 -0.7 0.0 0.2 

PC(O-36:2) 0.011 -0.9 0.4 3.0 0.028 0.6 2.2 0.6 0.386 -0.2 0.1 0.4 

PC(O-36:3) 0.006 -1.1 1.0 3.0 0.101 0.1 1.4 0.6 0.268 0.0 0.4 0.8 

PC(O-36:4) 0.297 -0.1 0.1 0.5 0.506 0.4 0.0 0.0 0.886 0.0 0.0 0.0 

PC(O-36:5) 0.014 -0.1 1.9 2.0 0.026 0.6 2.2 0.7 0.035 0.0 1.9 2.8 

PC(O-38:4) 0.504 -0.3 -0.1 0.0 0.427 0.3 0.3 0.0 0.429 -0.2 -0.4 0.0 

PC(O-38:5) 0.298 -0.2 0.0 0.5 0.672 0.2 0.0 0.0 0.435 -0.4 0.0 0.2 

PC(O-40:6) 0.143 -0.4 0.1 0.8 0.078 0.3 2.0 0.1 0.486 -0.2 0.0 0.3 

PC(O-40:7) 0.320 -0.3 -0.3 0.0 0.868 0.0 0.0 0.0 0.991 0.0 0.0 0.0 

PC(P-32:0) 0.320 -0.1 -0.5 0.0 0.363 0.6 0.0 -0.1 0.326 0.0 -0.2 -0.7 

PC(P-32:1) 0.035 -0.5 0.3 2.0 0.082 0.6 1.4 0.2 0.963 0.0 0.0 0.0 

PC(P-34:0) 0.608 -0.1 -0.1 0.0 0.660 0.1 0.1 0.0 0.293 -0.2 -0.7 -0.1 

PC(P-34:1) 0.033 -1.1 0.0 2.0 0.579 0.1 0.2 0.0 0.522 -0.6 0.0 0.0 

PC(P-34:2) 0.004 -1.5 1.3 3.6 0.041 0.0 1.7 1.5 0.035 -0.8 0.9 2.4 

PC(P-34:3) 0.025 -0.1 0.8 2.3 0.122 0.2 1.4 0.3 0.464 -0.3 0.0 0.3 
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Lipid species 

6 weeks 10 weeks 16 weeks 

P-

value
a 

db/h 

vs. 

H/H
b
 

db/db 

vs. 

H/H
b 

db/db 

vs. 

db/h
b
 

P-

value
a
 

db/h 

vs. 

H/H
b
 

db/db 

vs. 

H/H
b
 

db/db 

vs. 

db/h
b
 

P-

value
a
 

db/h 

vs. 

H/H
b
 

db/db 

vs. 

H/H
b
 

db/db 

vs. 

db/h
b
 

PC(P-36:2) 0.004 -2.0 0.9 3.6 0.006 0.4 3.5 1.9 0.478 -0.5 0.0 0.1 

PC(P-36:4) 0.270 0.0 -0.8 -0.1 0.285 0.7 0.3 0.0 0.965 0.0 0.0 0.0 

PC(P-36:5) 0.005 -0.5 1.4 3.6 0.054 0.1 1.4 1.4 0.053 -0.7 0.4 1.9 

PC(P-38:4) 0.212 -0.9 0.1 0.0 0.502 0.0 0.3 0.1 0.122 0.2 -0.2 -1.6 

PC(P-38:5) 0.445 -0.3 -0.1 0.0 0.344 0.3 0.5 0.0 0.818 0.0 0.0 0.1 

PC(P-40:5) 0.259 -0.6 -0.1 0.1 0.188 1.0 0.2 0.0 0.449 0.0 -0.3 -0.3 

PC(P-40:6) 0.035 -0.9 -1.6 -0.2 0.247 0.6 -0.1 -0.5 0.257 0.0 -0.5 -0.7 

LPC 14:0 0.012 0.0 2.3 2.0 0.100 0.9 0.8 0.3 0.271 0.0 0.4 0.7 

LPC 15:0 0.298 -0.1 0.1 0.6 0.534 0.2 0.0 -0.1 0.754 -0.1 0.0 0.0 

LPC 16:0 0.143 0.0 0.5 0.9 0.570 0.2 0.1 0.0 0.218 0.0 0.4 0.9 

LPC 16:1 0.006 0.1 2.8 2.3 0.014 0.7 2.4 1.1 0.077 0.0 1.0 1.6 

LPC 17:0 0.071 0.0 0.8 1.2 0.657 0.1 0.1 0.0 0.086 -0.8 0.1 1.6 

LPC 17:1 0.040 0.0 1.0 1.6 0.282 0.2 0.5 0.3 0.414 -0.1 0.0 0.6 

LPC 18:0 0.093 0.0 0.7 1.1 0.528 0.1 0.2 0.0 0.061 0.0 1.1 1.8 

LPC 18:1 0.029 -0.1 1.4 1.5 0.398 0.2 0.3 0.1 0.221 -0.1 0.2 1.0 

LPC 18:2 0.037 -0.3 1.0 1.3 0.443 0.1 0.4 0.0 0.049 -0.1 1.1 1.9 

LPC 18:3 0.021 0.0 1.5 2.0 0.443 0.0 0.3 0.2 0.181 0.0 0.6 0.9 

LPC 20:0 0.007 -0.7 1.1 3.0 0.024 0.6 2.0 1.0 0.035 -0.2 1.9 3.9 

LPC 20:1 0.024 -0.3 1.0 1.8 0.258 0.3 0.5 0.2 0.047 0.0 1.3 2.1 

LPC 20:2 0.004 -1.3 1.6 2.8 0.215 0.0 0.8 0.5 0.161 -0.1 0.4 1.1 

LPC 20:3 0.046 0.0 1.0 1.3 0.571 0.1 0.1 0.0 0.294 0.0 0.2 0.8 

LPC 20:4 0.527 0.0 -0.1 -0.2 0.398 0.1 0.0 -0.5 0.714 0.0 0.0 0.2 

LPC 20:5 0.006 0.0 2.6 2.8 0.203 0.0 0.7 0.6 0.220 0.0 0.5 0.8 

LPC 22:0 0.019 -0.5 0.5 2.5 0.384 0.0 0.3 0.3 0.104 -0.1 0.5 1.5 

LPC 22:1 0.094 -0.6 0.1 1.0 0.398 0.2 0.3 0.1 0.109 0.0 0.6 1.5 

LPC 22:4 0.029 -0.4 1.3 1.3 0.872 0.0 0.0 0.0 0.328 -0.1 0.1 0.8 

LPC 22:5 0.021 -0.2 1.5 1.6 0.879 0.0 0.0 0.0 0.139 -0.1 0.6 1.1 

LPC 22:6 0.971 0.0 0.0 0.0 0.845 0.0 0.0 0.0 0.861 -0.1 0.0 0.0 

LPC 24:0 0.025 -0.9 0.2 2.1 0.291 0.1 0.5 0.4 0.245 0.0 0.3 0.8 

LPC(O-16:0) 0.618 0.0 0.0 0.2 0.532 0.3 0.1 0.0 0.447 0.0 0.1 0.4 

LPC(O-18:0) 0.272 -0.4 0.0 0.4 0.726 0.1 0.0 0.0 0.818 0.0 -0.1 0.0 

LPC(O-18:1) 0.458 0.0 0.1 0.3 0.931 0.0 0.0 0.0 0.542 -0.1 0.0 0.3 

LPC(O-20:0) 0.320 -0.3 0.0 0.4 0.343 0.5 0.3 0.0 0.331 -0.4 -0.4 -0.1 

LPC(O-22:0) 0.195 -0.7 0.0 0.4 0.532 0.0 0.1 0.3 0.895 0.0 0.0 0.0 

LPC(O-22:1) 0.164 -0.5 0.0 0.8 0.532 0.0 0.3 0.1 0.447 0.0 0.1 0.5 

LPC(O-24:1) 0.794 0.0 0.0 0.0 0.672 -0.1 0.0 -0.1 0.775 0.0 0.0 -0.1 

PE 34:1 0.205 -0.6 -0.1 0.3 0.003 0.8 3.5 3.5 0.714 0.0 0.0 0.2 

PE 34:2 0.040 -0.6 0.6 1.3 0.003 0.5 3.5 3.2 0.253 0.1 0.6 0.5 

PE 36:1 0.193 -0.5 -0.1 0.4 0.018 0.0 2.0 2.2 0.429 0.0 0.3 0.4 

PE 36:2 0.093 -0.4 0.2 1.1 0.003 1.1 3.5 3.5 0.117 0.0 0.8 1.3 

PE 36:3 0.137 -0.8 0.0 0.7 0.003 1.7 3.5 3.2 0.176 0.0 0.5 1.1 

PE 36:4 0.111 -1.0 -0.1 0.5 0.003 1.5 3.5 2.2 0.577 0.1 0.2 0.0 

PE 38:3 0.320 -0.4 -0.1 0.2 0.003 0.4 3.5 3.5 0.397 0.0 0.4 0.2 

PE 38:4 0.193 -0.6 -0.4 0.0 0.006 1.9 2.4 1.0 0.886 0.0 0.0 0.0 

PE 38:5 0.249 -0.5 -0.2 0.1 0.008 0.7 2.9 1.7 0.571 0.0 0.4 0.0 

PE 38:6 0.190 -0.7 -0.4 0.0 0.017 1.3 1.9 0.7 0.799 0.1 0.0 0.0 

PE 40:5 0.287 -0.3 -0.4 0.0 0.010 0.2 2.4 2.4 0.363 0.0 0.3 0.5 

PE 40:6 0.106 -0.7 -0.9 0.0 0.010 0.7 2.9 1.3 0.920 0.0 0.0 0.0 

PE 40:7 0.156 -0.4 -0.8 0.0 0.045 0.6 1.4 0.9 0.831 0.0 0.0 -0.1 

PE(O-34:1) 0.024 -1.8 0.0 1.5 0.123 0.3 1.0 0.4 0.035 0.0 2.4 1.9 

PE(O-34:2) 0.011 -1.6 0.1 2.5 0.041 0.4 2.2 0.4 0.886 0.1 0.0 0.0 

PE(O-36:2) 0.040 -0.5 0.5 1.5 0.134 0.5 0.9 0.2 0.617 -0.1 0.0 0.2 

PE(O-36:3) 0.019 -0.3 0.8 2.3 0.132 0.1 1.4 0.3 0.775 -0.1 0.0 0.0 

PE(O-36:4) 0.665 -0.1 0.0 0.0 0.724 0.1 0.1 0.0 0.746 0.0 0.0 -0.1 
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Lipid species 

6 weeks 10 weeks 16 weeks 

P-

value
a 

db/h 

vs. 

H/H
b
 

db/db 

vs. 

H/H
b 

db/db 

vs. 

db/h
b
 

P-

value
a
 

db/h 

vs. 

H/H
b
 

db/db 

vs. 

H/H
b
 

db/db 

vs. 

db/h
b
 

P-

value
a
 

db/h 

vs. 

H/H
b
 

db/db 

vs. 

H/H
b
 

db/db 

vs. 

db/h
b
 

PE(O-38:4) 0.860 0.0 0.0 0.0 0.590 0.2 0.0 0.0 0.271 -0.6 0.1 0.4 

PE(O-38:5) 0.094 -0.2 0.8 0.8 0.099 0.0 1.4 0.8 0.036 -0.2 0.9 2.4 

PE(O-40:4) 0.450 -0.2 0.0 0.3 0.590 0.1 0.2 0.0 0.799 0.0 0.0 0.1 

PE(O-40:5) 0.004 -1.3 1.6 2.8 0.064 0.7 1.3 0.5 0.363 0.0 0.2 0.7 

PE(O-40:7) 0.503 -0.1 0.0 0.2 0.343 0.3 0.5 0.0 0.331 -0.3 0.0 0.6 

PE(O-42:7) 0.690 0.0 0.0 -0.1 0.898 0.0 0.0 0.0 0.643 0.1 0.1 0.0 

PE(P-36:1) 0.040 -0.5 0.5 1.5 0.134 0.5 0.9 0.2 0.617 -0.1 0.0 0.2 

PE(P-36:2) 0.021 -0.5 0.8 2.1 0.021 0.0 1.7 2.4 0.174 0.0 0.8 0.8 

PE(P-36:4) 0.218 -0.2 -0.8 0.1 0.672 0.0 -0.1 -0.1 0.623 -0.2 0.0 0.1 

PE(P-38:4) 0.133 -0.5 -0.8 0.1 0.626 0.1 0.1 0.0 0.991 0.0 0.0 0.0 

PE(P-38:5) 0.396 -0.1 -0.4 0.0 0.556 0.3 0.0 0.0 0.577 -0.1 -0.3 0.0 

PE(P-38:6) 0.050 -0.1 -1.9 -0.4 0.845 0.1 0.0 0.0 0.895 0.0 0.0 0.0 

PE(P-40:4) 0.007 -0.6 1.5 2.8 0.151 0.1 1.0 0.5 0.412 0.0 0.4 0.3 

PE(P-40:5) 0.730 -0.2 0.0 0.0 0.203 0.8 0.4 0.0 0.838 0.1 0.0 0.0 

PE(P-40:6) 0.421 -0.2 -0.3 0.0 0.291 0.2 0.7 0.0 0.754 0.3 0.0 0.0 

LPE 16:0 0.147 -0.4 0.1 0.9 0.375 0.4 0.3 0.0 0.965 0.0 0.0 0.0 

LPE 18:0 0.320 -0.1 0.0 0.5 0.406 0.2 0.3 0.1 0.524 0.0 0.1 0.3 

LPE 18:1 0.006 -0.4 1.6 3.0 0.134 0.2 1.0 0.4 0.144 0.1 0.4 1.3 

LPE 18:2 0.004 -0.6 2.1 3.3 0.130 0.0 0.8 1.0 0.035 -0.3 1.6 2.8 

LPE 20:4 0.015 -0.1 1.6 2.1 0.488 0.0 0.3 0.2 0.263 0.0 0.3 0.8 

LPE 22:6 0.091 0.0 0.4 1.5 0.863 0.0 0.0 0.0 0.729 0.0 0.0 0.2 

PI 32:0 0.971 0.0 0.0 0.0 0.790 0.0 0.0 0.0 0.037 1.5 1.8 0.3 

PI 32:1 0.004 0.0 3.3 3.3 0.014 0.2 2.4 1.9 0.035 0.0 1.6 2.6 

PI 34:1 0.004 -0.9 2.1 3.6 0.078 0.5 1.1 0.6 0.040 -0.2 1.0 2.1 

PI 36:1 0.004 -0.9 1.8 3.3 0.041 -0.1 1.5 1.5 0.035 -0.9 1.1 3.1 

PI 36:2 0.004 -1.3 1.5 3.6 0.054 0.2 1.4 1.1 0.038 -0.2 1.1 2.1 

PI 36:3 0.004 -1.1 2.4 3.6 0.028 0.2 2.0 1.3 0.053 0.0 0.9 2.1 

PI 36:4 0.004 -0.6 2.4 3.6 0.027 0.1 2.0 1.5 0.062 0.0 0.9 1.9 

PI 38:2 0.004 -0.5 2.8 3.6 0.011 0.0 2.9 2.2 0.149 0.0 0.8 1.0 

PI 38:3 0.005 -0.7 1.5 3.3 0.299 0.1 0.5 0.4 0.156 0.0 0.5 1.1 

PI 38:4 0.249 -0.2 0.1 0.5 0.328 0.3 0.3 0.1 0.262 0.0 0.4 0.8 

PI 38:5 0.004 -0.3 3.3 3.6 0.006 0.3 3.5 2.2 0.121 0.0 0.7 1.4 

PI 38:6 0.007 -0.5 1.3 3.0 0.061 0.0 1.5 1.1 0.056 -0.3 0.8 1.8 

PI 40:4 0.011 -0.2 1.5 2.5 0.078 0.5 1.0 0.8 0.124 0.0 0.6 1.4 

PI 40:5 0.004 -0.3 2.8 3.3 0.113 0.0 1.1 0.9 0.099 0.0 0.8 1.5 

PI 40:6 0.147 -1.1 0.0 0.4 0.595 0.2 0.1 0.0 0.070 -0.8 0.1 1.6 

LPI 18:1 0.065 -0.4 0.5 1.1 0.384 0.0 0.5 0.3 0.035 -0.2 1.4 2.8 

LPI 18:2 0.070 -0.2 0.7 1.1 0.701 0.0 0.1 0.1 0.099 -0.5 0.6 1.1 

LPI 20:4 0.396 0.0 0.3 0.2 0.970 0.0 0.0 0.0 0.587 -0.1 0.0 0.2 

PS 38:4 0.135 -0.5 -0.9 0.0 0.844 0.0 0.1 0.0 0.339 0.0 -0.4 -0.5 

PS 40:6 0.190 -0.3 -0.8 0.0 0.626 0.0 0.2 0.1 0.727 -0.1 -0.1 0.0 

CE 14:0 0.004 -0.9 3.1 3.3 0.021 0.4 2.4 1.0 0.087 0.0 0.8 1.8 

CE 15:0 0.009 -1.0 0.2 3.6 0.672 0.1 0.1 0.0 0.628 -0.2 0.0 -0.1 

CE 16:0 0.255 -0.5 0.0 0.4 0.286 0.6 0.3 0.0 0.271 -0.7 0.0 0.4 

CE 16:1 0.004 0.0 3.9 3.6 0.004 0.2 3.5 3.2 0.062 0.0 1.0 1.9 

CE 16:2 0.007 0.0 2.3 2.8 0.058 0.2 2.0 0.5 0.775 0.0 0.0 0.1 

CE 17:0 0.098 -0.4 0.0 1.5 0.571 0.3 0.0 0.0 0.203 -1.1 -0.4 0.0 

CE 17:1 0.022 -0.8 0.4 2.1 0.200 0.6 0.7 0.0 0.389 -0.1 0.0 0.6 

CE 18:1 0.085 -1.2 0.0 0.7 0.755 0.0 0.1 0.0 0.407 -0.3 0.0 0.4 

CE 18:2 0.023 -0.2 0.8 2.3 0.282 0.0 0.6 0.4 0.035 -0.2 1.9 3.9 

CE 18:3 0.006 -0.6 1.0 3.6 0.093 0.0 1.0 1.3 0.035 -0.4 1.3 3.3 

CE 20:3 0.006 -0.1 2.3 2.8 0.064 0.4 1.4 0.6 0.429 0.0 0.3 0.4 

CE 20:4 0.760 0.1 0.0 0.0 0.672 0.2 0.0 0.0 0.086 -0.1 0.2 2.4 

CE 20:5 0.143 -0.4 -0.8 0.0 0.488 0.0 -0.2 -0.3 0.036 -1.6 -2.1 -0.1 
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Lipid species 

6 weeks 10 weeks 16 weeks 

P-

value
a 

db/h 

vs. 

H/H
b
 

db/db 

vs. 

H/H
b 

db/db 

vs. 

db/h
b
 

P-

value
a
 

db/h 

vs. 

H/H
b
 

db/db 

vs. 

H/H
b
 

db/db 

vs. 

db/h
b
 

P-

value
a
 

db/h 

vs. 

H/H
b
 

db/db 

vs. 

H/H
b
 

db/db 

vs. 

db/h
b
 

CE 20:5 0.004 0.0 3.3 3.6 0.010 0.0 2.9 2.4 0.035 0.0 1.5 3.6 

CE 22:4 0.007 -0.4 1.6 2.8 0.488 0.2 0.2 0.0 0.149 -0.1 0.5 1.0 

CE 22:5 0.004 -0.9 3.9 3.6 0.022 0.0 2.2 1.7 0.035 0.0 1.4 3.9 

CE 22:6 0.542 0.0 0.1 0.3 0.879 0.0 0.0 0.0 0.036 -0.1 0.8 2.8 

CE 24:6 0.006 -1.0 0.8 3.3 0.215 0.0 0.5 0.8 0.461 0.0 0.1 0.4 

COH 0.085 -0.4 0.4 1.0 0.117 0.0 1.3 0.7 0.363 -0.1 0.1 0.6 

DG 16:0/16:0 0.035 0.0 1.8 0.9 0.113 0.1 1.4 0.5 0.500 0.0 0.3 0.2 

DG 16:0/18:0 0.173 0.0 0.6 0.6 0.488 0.0 0.3 0.2 0.577 0.0 0.1 0.2 

DG 16:0/18:1 0.030 0.3 1.5 1.1 0.003 1.3 3.5 1.7 0.102 0.0 1.0 1.3 

DG 16:0/18:2 0.030 0.0 1.5 1.5 0.012 1.0 2.0 1.4 0.130 0.0 0.8 1.0 

DG 16:1/18:1 0.005 0.3 3.6 1.8 0.003 1.0 3.5 2.9 0.038 0.0 1.6 1.9 

DG 18:0/18:0 0.817 0.0 0.0 0.0 0.977 0.0 0.0 0.0 0.736 -0.1 -0.1 0.0 

DG 18:0/18:1 0.025 0.0 1.9 1.2 0.010 1.2 2.7 0.7 0.271 0.0 0.6 0.5 

DG 18:1/18:1 0.015 0.3 2.6 0.9 0.037 0.3 1.9 1.0 0.068 0.0 1.0 1.8 

DG 18:1/18:2 0.016 0.0 2.4 1.3 0.057 1.0 1.3 0.3 0.109 0.0 0.8 1.4 

DG 18:1/20:4 0.180 0.0 0.4 0.7 0.563 0.1 0.2 0.0 0.535 0.2 0.2 0.0 

DG 18:2/18:2 0.035 0.1 1.5 1.1 0.286 0.4 0.4 0.1 0.221 0.0 0.7 0.7 

TG 14:0/16:0/18:1 0.004 1.1 3.3 2.5 0.003 1.9 3.5 3.2 0.036 0.0 1.8 2.1 

TG 14:0/16:0/18:2 0.004 1.0 3.3 3.3 0.003 1.7 3.5 3.5 0.036 0.0 1.8 1.9 

TG 14:0/16:1/18:1 0.004 1.3 3.9 2.8 0.003 1.1 3.5 3.5 0.038 0.0 1.6 1.9 

TG 14:0/16:1/18:2 0.004 0.7 3.3 3.3 0.003 0.9 3.5 2.9 0.036 0.0 1.9 1.8 

TG 14:0/17:0/18:1 0.008 0.4 2.6 1.6 0.006 0.8 2.9 2.0 0.088 0.0 1.3 1.1 

TG 14:0/18:2/18:2 0.004 1.1 2.8 2.8 0.008 0.6 2.7 2.0 0.056 0.0 1.4 1.6 

TG 14:1/16:0/18:1 0.004 0.7 3.1 2.3 0.003 0.6 3.5 3.5 0.038 0.0 1.6 1.9 

TG 14:1/16:1/18:0 0.004 1.8 3.9 3.6 0.003 2.0 3.5 3.5 0.036 0.1 1.8 1.9 

TG 14:1/18:1/18:1 0.004 1.2 3.1 3.6 0.003 1.5 3.5 3.5 0.036 0.0 1.8 1.9 

TG 15:0/16:0/18:1 0.004 0.4 2.8 2.5 0.003 1.3 3.5 2.7 0.038 0.0 1.6 1.9 

TG 15:0/18:1/18:1 0.013 0.0 1.8 2.3 0.017 0.6 2.0 1.5 0.048 -0.1 1.1 1.9 

TG 16:0/16:0/16:0 0.006 1.1 2.8 1.1 0.004 1.2 3.5 1.5 0.062 0.0 1.4 1.5 

TG 16:0/16:0/18:0 0.016 0.8 2.4 0.4 0.008 1.0 3.5 0.6 0.052 0.0 1.3 1.9 

TG 16:0/16:0/18:1 0.004 0.5 2.8 2.5 0.006 0.6 2.9 2.4 0.036 0.0 1.8 2.3 

TG 16:0/16:0/18:2 0.008 0.3 2.4 2.0 0.009 0.7 2.7 1.7 0.036 -0.2 1.5 2.1 

TG 16:0/16:1/17:0 0.005 0.7 2.8 2.1 0.004 0.8 3.2 2.2 0.065 0.0 1.4 1.4 

TG 16:0/16:1/18:1 0.004 1.2 3.1 3.6 0.003 1.7 3.5 3.2 0.036 0.0 1.6 2.3 

TG 16:0/17:0/18:1 0.008 0.0 2.4 2.3 0.022 0.3 2.0 1.4 0.036 0.0 1.8 2.3 

TG 16:0/17:0/18:2 0.004 0.0 2.8 3.6 0.007 0.3 2.9 2.4 0.036 0.0 1.8 2.1 

TG 16:0/18:0/18:1 0.018 0.1 2.4 1.0 0.044 0.2 1.7 1.0 0.035 0.0 2.1 3.6 

TG 16:0/18:1/18:1 0.005 0.1 2.8 2.5 0.057 0.2 1.7 0.7 0.035 0.0 1.9 2.4 

TG 16:0/18:1/18:2 0.009 0.2 2.1 2.3 0.174 0.4 0.8 0.2 0.043 -0.1 1.3 1.9 

TG 16:0/18:2/18:2 0.017 0.3 1.8 1.6 0.247 0.4 0.5 0.1 0.091 -0.1 1.0 1.3 

TG 16:1/16:1/16:1 0.004 1.5 3.9 3.6 0.003 1.5 3.5 3.5 0.036 0.1 1.9 1.9 

TG 16:1/16:1/18:1 0.004 1.1 3.1 3.6 0.003 1.4 3.5 3.5 0.036 0.0 1.8 1.9 

TG 16:1/17:0/18:1 0.004 0.0 2.8 3.6 0.007 0.3 2.7 2.7 0.035 -0.1 1.6 2.4 

TG 16:1/18:1/18:1 0.004 0.8 3.1 3.6 0.003 1.1 3.5 2.7 0.035 0.0 1.9 2.4 

TG 16:1/18:1/18:2 0.004 0.8 2.6 3.3 0.004 0.7 2.9 2.7 0.035 0.0 2.1 2.3 

TG 17:0/18:1/18:1 0.005 0.0 2.8 2.8 0.118 0.1 1.0 0.7 0.035 0.0 2.4 2.8 

TG 18:0/18:0/18:0 0.032 1.1 1.8 0.0 0.120 1.2 0.3 -0.1 0.427 0.0 0.3 0.3 

TG 18:0/18:0/18:1 0.056 0.0 1.3 0.9 0.016 0.5 2.4 1.3 0.035 0.0 2.1 2.1 

TG 18:0/18:1/18:1 0.102 0.0 0.9 0.7 0.045 1.1 1.3 0.3 0.035 0.1 2.3 3.6 

TG 18:0/18:2/18:2 0.050 0.0 0.9 1.5 0.534 0.1 0.2 0.1 0.035 0.0 2.1 2.1 

TG 18:1/18:1/18:1 0.018 0.0 1.9 1.6 0.017 1.0 2.0 0.8 0.035 0.0 2.1 2.6 

TG 18:1/18:1/18:2 0.021 0.0 1.6 1.8 0.012 1.0 2.4 0.9 0.035 -0.3 1.6 2.4 

TG 18:1/18:1/20:4 0.181 -0.7 -0.1 0.4 0.607 0.0 -0.1 -0.2 0.129 -0.1 0.8 0.9 

TG 18:1/18:1/22:6 0.294 -0.3 0.0 0.5 0.960 0.0 0.0 0.0 0.213 0.0 0.5 0.8 
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Lipid species 

6 weeks 10 weeks 16 weeks 

P-

value
a 

db/h 

vs. 

H/H
b
 

db/db 

vs. 

H/H
b 

db/db 

vs. 

db/h
b
 

P-

value
a
 

db/h 

vs. 

H/H
b
 

db/db 

vs. 

H/H
b
 

db/db 

vs. 

db/h
b
 

P-

value
a
 

db/h 

vs. 

H/H
b
 

db/db 

vs. 

H/H
b
 

db/db 

vs. 

db/h
b
 

TG 18:1/18:2/18:2 0.016 0.0 1.6 2.1 0.171 0.2 0.9 0.4 0.035 0.0 1.8 2.4 

TG 18:2/18:2/18:2 0.036 0.0 1.3 1.5 0.175 0.1 0.9 0.4 0.036 -0.1 1.6 2.1 

TG 18:2/18:2/20:4 0.298 -0.1 -0.4 -0.2 0.795 0.0 0.0 -0.1 0.124 0.0 0.8 1.3 

 
a 
P-value for the comparison of levels of each lipid species between genotypes at each age using the Kruskal Wallis 

test with Benjamini-Hochberg correction for multiple comparisons. P < 0.05 was considered significant (highlighted 

in pink).  
b 

Post-hoc analysis was performed using the Mann Whitney U test with Dunn-Sidak correction for multiple group 

comparisons. Values were derived from the formula: sign(difference in median levels)*-log10(post-hoc P-value). 

Colour-coded values 1.3 to 2.0 (light red, P = 0.05-0.01) and > 2.0 (dark red, P < 0.01) indicate a significant 

increase relative to the reference group. Colour-coded values -1.3 to -2.0 (light green, P = 0.05-0.01) and < -2.0 

(dark green, P < 0.01) indicate a significant decrease relative to the reference group.  
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Table S6.1 Significance levels obtained for comparisons of fasting plasma lipid species between the four study groups. 
 

Lipid species
 

ANCOVA
a
 

Ov-ob/IS 

vs. Lean/IS 

Ov-ob/IR 

vs. Lean/IS 

T2D vs. 

Lean/IS 

Ov-ob/IR 

vs. Ov-ob/IS 

T2D vs. 

Ov-ob/IS 

T2D vs. 

Ov-ob/IR 

Corrected 

P-value
b
 

Post-hoc 

P-value
c
 

Post-hoc 

P-value
c
 

Post-hoc 

P-value
c
 

Post-hoc 

P-value
c
 

Post-hoc 

P-value
c
 

Post-hoc 

P-value
c
 

dhCer 16:0 9.49E-01 (+) 9.98E-01 (-) 9.88E-01 (-) 1.00E+00  1.00E+00  1.00E+00  9.99E-01 (+) 

dhCer 18:0 1.81E-01 (+) 3.37E-01 (+) 6.17E-01 (+) 7.85E-02 (+) 9.99E-01 (-) 9.92E-01 (+) 8.72E-01 (+) 

dhCer 20:0 3.75E-01 (+) 4.01E-01 (+) 1.00E+00  6.34E-01 (+) 6.51E-01 (-) 9.99E-01 (-) 8.30E-01 (+) 

dhCer 22:0 6.75E-02 (+) 1.42E-01 (+) 6.21E-02 (+) 3.14E-02 (+) 1.00E+00  9.96E-01 (+) 1.00E+00  

dhCer 24:0 3.75E-01 (+) 3.83E-01 (+) 4.96E-01 (+) 4.92E-01 (+) 1.00E+00  1.00E+00  1.00E+00  

dhCer 24:1 1.11E-01 (+) 8.67E-01 (+) 8.91E-01 (+) 3.38E-02 (+) 1.00E+00  4.35E-01 (+) 3.50E-01 (+) 

Cer 16:0 9.87E-01 (+) 1.00E+00  1.00E+00  1.00E+00  1.00E+00  9.99E-01 (+) 1.00E+00  

Cer 18:0 3.84E-02 (+) 9.19E-01 (+) 2.17E-01 (+) 6.95E-03 (+) 8.65E-01 (+) 1.18E-01 (+) 7.43E-01 (+) 

Cer 20:0 1.96E-01 (+) 7.97E-01 (+) 3.87E-01 (+) 8.53E-02 (+) 9.95E-01 (+) 7.72E-01 (+) 9.82E-01 (+) 

Cer 22:0 2.89E-01 (+) 7.41E-01 (+) 1.50E-01 (+) 6.09E-01 (+) 9.31E-01 (+) 1.00E+00  9.53E-01 (-) 

Cer 24:0 6.06E-01 (+) 9.07E-01 (+) 6.61E-01 (+) 1.00E+00  9.99E-01 (+) 9.83E-01 (-) 8.36E-01 (-) 

Cer 24:1 4.66E-01 (+) 1.00E+00  9.99E-01 (+) 4.86E-01 (+) 1.00E+00  5.90E-01 (+) 7.51E-01 (+) 

MHC 16:0 2.12E-01 (+) 3.27E-01 (-) 4.67E-01 (-) 1.17E-01 (-) 1.00E+00  9.99E-01 (-) 9.83E-01 (-) 

MHC 18:0 3.75E-01 (+) 6.38E-01 (-) 5.00E-01 (-) 3.08E-01 (-) 1.00E+00  9.99E-01 (-) 1.00E+00  

MHC 20:0 4.84E-01 (+) 7.04E-01 (-) 4.31E-01 (-) 8.17E-01 (-) 1.00E+00  1.00E+00  9.92E-01 (+) 

MHC 22:0 2.63E-01 (+) 9.80E-01 (-) 3.74E-01 (-) 1.97E-01 (-) 8.83E-01 (-) 6.76E-01 (-) 1.00E+00  

MHC 24:0 9.92E-02 (+) 7.65E-01 (-) 1.41E-01 (-) 3.84E-02 (-) 9.08E-01 (-) 5.96E-01 (-) 9.97E-01 (-) 

MHC 24:1 6.67E-02 (+) 3.87E-01 (-) 2.11E-02 (-) 6.51E-02 (-) 8.20E-01 (-) 9.73E-01 (-) 9.98E-01 (+) 

DHC 16:0 3.64E-02 (+) 7.28E-02 (-) 8.16E-03 (-) 5.68E-02 (-) 9.80E-01 (-) 1.00E+00  9.74E-01 (+) 

DHC 18:0 2.36E-01 (+) 4.55E-01 (-) 3.36E-01 (-) 1.00E+00  1.00E+00  5.91E-01 (+) 4.29E-01 (+) 

DHC 20:0 9.97E-01 (+) 1.00E+00  1.00E+00  1.00E+00  1.00E+00  1.00E+00  1.00E+00  

DHC 22:0 4.34E-01 (+) 4.71E-01 (+) 1.00E+00  1.00E+00  5.91E-01 (-) 4.70E-01 (-) 1.00E+00  

DHC 24:0 2.61E-01 (+) 9.54E-01 (+) 5.23E-01 (-) 9.99E-01 (-) 1.25E-01 (-) 7.69E-01 (-) 7.73E-01 (+) 

DHC 24:1 3.37E-02 (+) 3.02E-01 (-) 2.86E-03 (-) 1.92E-01 (-) 4.79E-01 (-) 1.00E+00  5.08E-01 (+) 

THC 16:0 1.27E-03 (+) 1.82E-02 (-) 2.15E-04 (-) 2.72E-05 (-) 7.57E-01 (-) 3.82E-01 (-) 9.97E-01 (-) 

THC 18:0 3.64E-02 (+) 1.15E-01 (-) 3.29E-01 (-) 4.66E-03 (-) 9.97E-01 (+) 8.78E-01 (-) 4.90E-01 (-) 

THC 20:0 2.71E-02 (+) 4.04E-02 (-) 3.26E-02 (-) 5.39E-03 (-) 1.00E+00  9.92E-01 (-) 9.94E-01 (-) 

THC 22:0 9.86E-03 (+) 1.64E-01 (-) 5.69E-03 (-) 9.42E-04 (-) 8.24E-01 (-) 4.56E-01 (-) 9.97E-01 (-) 
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THC 24:0 1.46E-02 (+) 3.00E-01 (-) 3.15E-03 (-) 4.20E-03 (-) 5.02E-01 (-) 5.63E-01 (-) 1.00E+00  

THC 24:1 5.63E-03 (+) 7.74E-02 (-) 1.14E-03 (-) 8.36E-04 (-) 7.19E-01 (-) 6.64E-01 (-) 1.00E+00  

GM3 16:0 6.86E-03 (+) 6.88E-02 (-) 4.44E-04 (-) 6.00E-03 (-) 5.62E-01 (-) 9.72E-01 (-) 9.47E-01 (+) 

GM3 18:0 1.70E-02 (+) 6.83E-01 (-) 3.19E-03 (-) 1.35E-02 (-) 1.90E-01 (-) 4.25E-01 (-) 9.95E-01 (+) 

GM3 20:0 5.33E-02 (+) 7.46E-01 (-) 8.58E-03 (-) 7.76E-01 (-) 2.92E-01 (-) 1.00E+00  1.78E-01 (+) 

GM3 22:0 5.93E-01 (+) 1.00E+00 8.05E-01 (-) 9.04E-01 (-) 7.32E-01 (-) 8.31E-01 (-) 1.00E+00  

GM3 24:0 5.97E-02 (+) 9.78E-01 (-) 3.66E-02 (-) 6.76E-02 (-) 2.60E-01 (-) 3.71E-01 (-) 1.00E+00  

GM3 24:1 2.62E-03 (+) 6.08E-01 (-) 5.84E-05 (-) 1.10E-01 (-) 1.42E-02 (-) 9.49E-01 (-) 8.24E-02 (+) 

SM 31:1 2.03E-01 (+) 9.65E-01 (+) 6.74E-01 (+) 9.30E-01 (-) 9.95E-01 (+) 4.35E-01 (-) 1.15E-01 (-) 

SM 32:1 2.63E-01 (+) 1.00E+00  9.06E-01 (+) 7.70E-01 (-) 9.91E-01 (+) 5.32E-01 (-) 1.40E-01 (-) 

SM 32:2 2.03E-01 (+) 5.12E-01 (+) 7.72E-01 (+) 9.96E-01 (-) 9.99E-01 (-) 1.94E-01 (-) 3.61E-01 (-) 

SM 33:1 4.10E-01 (+) 9.98E-01 (-) 1.00E+00  5.93E-01 (-) 9.70E-01 (+) 9.01E-01 (-) 3.32E-01 (-) 

SM 34:1 1.87E-01 (+) 7.27E-01 (-) 2.54E-01 (-) 9.62E-02 (-) 9.86E-01 (-) 8.62E-01 (-) 9.99E-01 (-) 

SM 34:2 1.09E-01 (+) 8.95E-01 (+) 8.65E-01 (-) 3.88E-01 (-) 2.52E-01 (-) 4.13E-02 (-) 9.81E-01 (-) 

SM 34:3 2.22E-01 (+) 9.60E-01 (+) 9.86E-01 (+) 6.98E-01 (-) 1.00E+00  1.91E-01 (-) 2.29E-01 (-) 

SM 35:1 7.98E-01 (+) 9.95E-01 (-) 1.00E+00  8.72E-01 (-) 9.99E-01 (+) 9.97E-01 (-) 9.12E-01 (-) 

SM 35:2 3.47E-01 (+) 1.00E+00  1.00E+00  5.12E-01 (-) 1.00E+00  3.45E-01 (-) 4.64E-01 (-) 

SM 36:1 6.54E-01 (+) 1.00E+00  9.81E-01 (+) 7.14E-01 (+) 9.90E-01 (+) 7.70E-01 (+) 9.90E-01 (+) 

SM 36:2 8.30E-01 (+) 8.87E-01 (+) 1.00E+00  9.91E-01 (+) 9.78E-01 (-) 9.98E-01 (-) 1.00E+00  

SM 36:3 1.25E-01 (+) 9.67E-01 (-) 7.80E-01 (-) 4.40E-02 (-) 9.99E-01 (-) 3.11E-01 (-) 5.64E-01 (-) 

SM 38:1 1.05E-02 (+) 1.00E+00  1.00E+00  1.29E-02 (-) 1.00E+00  5.90E-03 (-) 3.69E-03 (-) 

SM 38:2 7.32E-01 (+) 1.00E+00  1.00E+00  8.98E-01 (-) 1.00E+00  7.80E-01 (-) 9.19E-01 (-) 

SM 39:1 3.49E-01 (+) 9.67E-01 (-) 7.74E-01 (+) 9.42E-01 (+) 2.87E-01 (+) 4.67E-01 (+) 9.99E-01 (-) 

SM 41:1 8.30E-01 (+) 1.00E+00  1.00E+00  9.43E-01 (-) 1.00E+00  9.87E-01 (-) 9.10E-01 (-) 

SM 41:2 6.60E-01 (+) 9.64E-01 (-) 9.19E-01 (-) 6.01E-01 (-) 1.00E+00  9.88E-01 (-) 9.96E-01 (-) 

SM 42:1 4.45E-01 (+) 1.00E+00  9.31E-01 (-) 6.64E-01 (-) 7.87E-01 (-) 4.30E-01 (-) 9.98E-01 (-) 

PC 28:0 9.97E-01 (+) 1.00E+00  1.00E+00  1.00E+00  1.00E+00  1.00E+00  1.00E+00  

PC 29:0 8.30E-01 (+) 9.51E-01 (+) 9.39E-01 (+) 9.43E-01 (+) 1.00E+00  1.00E+00  1.00E+00  

PC 30:0 9.97E-01 (+) 1.00E+00  1.00E+00  1.00E+00  1.00E+00  1.00E+00  1.00E+00  

PC 31:0 8.38E-01 (+) 9.98E-01 (+) 9.31E-01 (+) 9.40E-01 (+) 9.99E-01 (+) 9.99E-01 (+) 1.00E+00  

PC 31:1 3.64E-02 (+) 9.95E-01 (+) 9.98E-01 (+) 8.52E-02 (-) 1.00E+00  2.14E-02 (-) 2.12E-02 (-) 
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PC 32:0 3.97E-02 (+) 7.44E-01 (-) 2.17E-02 (-) 2.12E-02 (-) 4.87E-01 (-) 4.69E-01 (-) 1.00E+00  

PC 32:1 3.49E-01 (+) 5.60E-01 (+) 8.22E-01 (+) 2.36E-01 (+) 9.99E-01 (-) 9.98E-01 (+) 9.41E-01 (+) 

PC 32:2 7.64E-01 (+) 9.99E-01 (+) 9.99E-01 (+) 9.87E-01 (-) 1.00E+00  8.76E-01 (-) 8.48E-01 (-) 

PC 32:3 7.98E-01 (+) 1.00E+00  9.99E-01 (-) 9.72E-01 (-) 9.99E-01 (+) 9.82E-01 (-) 8.09E-01 (-) 

PC 33:0 5.32E-01 (+) 1.00E+00  9.60E-01 (-) 4.92E-01 (-) 9.97E-01 (-) 7.33E-01 (-) 9.61E-01 (-) 

PC 33:1 6.84E-01 (+) 9.60E-01 (+) 6.37E-01 (+) 9.34E-01 (+) 9.93E-01 (+) 1.00E+00  9.94E-01 (-) 

PC 33:2 1.09E-01 (+) 5.04E-01 (-) 9.82E-01 (-) 4.51E-02 (-) 9.37E-01 (+) 8.73E-01 (-) 2.24E-01 (-) 

PC 33:3 8.03E-01 (+) 9.28E-01 (+) 8.80E-01 (+) 9.97E-01 (-) 1.00E+00  9.98E-01 (-) 9.94E-01 (-) 

PC 34:0 1.54E-01 (+) 9.91E-01 (+) 8.89E-01 (-) 2.80E-01 (-) 5.37E-01 (-) 7.73E-02 (-) 9.26E-01 (-) 

PC 34:1 5.65E-01 (+) 8.60E-01 (+) 1.00E+00  9.96E-01 (-) 7.89E-01 (-) 4.99E-01 (-) 9.99E-01 (-) 

PC 34:2 3.64E-02 (+) 5.20E-02 (-) 9.88E-01 (-) 2.61E-02 (-) 2.64E-01 (+) 1.00E+00  1.28E-01 (-) 

PC 34:3 7.94E-01 (+) 1.00E+00  1.00E+00  9.34E-01 (-) 1.00E+00  9.16E-01 (-) 8.80E-01 (-) 

PC 34:4 7.90E-01 (+) 7.99E-01 (+) 9.72E-01 (+) 9.96E-01 (+) 9.99E-01 (-) 9.80E-01 (-) 1.00E+00  

PC 34:5 5.56E-01 (+) 6.16E-01 (+) 9.31E-01 (+) 1.00E+00  9.95E-01 (-) 7.23E-01 (-) 9.68E-01 (-) 

PC 35:0 2.63E-01 (+) 1.00E+00  1.00E+00  2.71E-01 (-) 1.00E+00  4.36E-01 (-) 2.73E-01 (-) 

PC 35:1 8.30E-01 (+) 1.00E+00  9.95E-01 (+) 9.97E-01 (-) 1.00E+00  9.78E-01 (-) 8.73E-01 (-) 

PC 35:2 1.70E-02 (+) 2.69E-01 (-) 7.90E-01 (-) 1.38E-03 (-) 9.71E-01 (+) 3.70E-01 (-) 5.03E-02 (-) 

PC 35:3 8.71E-02 (+) 1.00E+00  9.90E-01 (-) 5.39E-02 (-) 9.97E-01 (-) 8.14E-02 (-) 2.21E-01 (-) 

PC 35:4 9.07E-01 (+) 1.00E+00  1.00E+00  9.83E-01 (-) 1.00E+00  9.85E-01 (-) 9.87E-01 (-) 

PC 35:5 6.89E-01 (+) 7.58E-01 (+) 9.25E-01 (+) 1.00E+00  1.00E+00  9.11E-01 (-) 9.86E-01 (-) 

PC 36:1 6.75E-02 (+) 4.20E-02 (+) 5.76E-01 (+) 1.00E+00  7.75E-01 (-) 5.77E-02 (-) 6.50E-01 (-) 

PC 36:2 9.18E-02 (+) 4.11E-01 (-) 1.00E+00  7.26E-02 (-) 5.99E-01 (+) 9.74E-01 (-) 1.13E-01 (-) 

PC 36:3 6.18E-01 (+) 9.07E-01 (-) 1.00E+00  7.16E-01 (-) 9.63E-01 (+) 1.00E+00  8.06E-01 (-) 

PC 36:4a 2.08E-02 (+) 3.20E-01 (-) 3.32E-01 (-) 1.23E-03 (-) 1.00E+00  2.94E-01 (-) 2.34E-01 (-) 

PC 36:4b 8.59E-01 (+) 1.00E+00  1.00E+00  9.90E-01 (+) 9.95E-01 (-) 1.00E+00  9.20E-01 (+) 

PC 36:5 5.93E-01 (+) 5.60E-01 (+) 1.00E+00  9.99E-01 (+) 8.01E-01 (-) 8.33E-01 (-) 1.00E+00  

PC 36:6 2.36E-01 (+) 3.46E-01 (+) 1.00E+00  9.98E-01 (-) 4.24E-01 (-) 1.33E-01 (-) 9.96E-01 (-) 

PC 37:4 5.58E-01 (+) 9.72E-01 (-) 8.62E-01 (-) 4.69E-01 (-) 1.00E+00  9.47E-01 (-) 9.94E-01 (-) 

PC 37:5 5.91E-01 (+) 8.65E-01 (+) 1.00E+00  9.96E-01 (-) 9.52E-01 (-) 5.15E-01 (-) 9.76E-01 (-) 

PC 37:6 1.20E-01 (+) 9.94E-01 (+) 9.47E-01 (-) 1.85E-01 (-) 6.79E-01 (-) 5.20E-02 (-) 7.29E-01 (-) 

PC 38:2 3.00E-01 (+) 1.00E+00  6.32E-01 (-) 4.72E-01 (-) 5.56E-01 (-) 3.78E-01 (-) 1.00E+00  
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PC 38:3 4.93E-01 (+) 8.42E-01 (+) 3.97E-01 (+) 8.17E-01 (+) 9.91E-01 (+) 1.00E+00  9.88E-01 (-) 

PC 38:4 9.42E-01 (+) 9.81E-01 (+) 1.00E+00  1.00E+00  9.96E-01 (-) 9.96E-01 (-) 1.00E+00  

PC 38:5 2.83E-01 (+) 6.07E-01 (+) 9.94E-01 (-) 9.90E-01 (-) 2.75E-01 (-) 2.12E-01 (-) 1.00E+00  

PC 38:6a 3.40E-02 (+) 9.32E-01 (+) 9.34E-01 (-) 6.38E-02 (-) 3.98E-01 (-) 4.94E-03 (-) 4.33E-01 (-) 

PC 38:6b 1.87E-01 (+) 8.94E-01 (+) 6.44E-01 (-) 8.73E-01 (-) 1.21E-01 (-) 2.26E-01 (-) 9.99E-01 (+) 

PC 38:7 3.64E-02 (+) 8.10E-01 (+) 7.61E-01 (-) 1.39E-01 (-) 1.22E-01 (-) 5.80E-03 (-) 8.86E-01 (-) 

PC 39:6 2.89E-01 (+) 1.00E+00  7.12E-01 (-) 3.45E-01 (-) 7.15E-01 (-) 3.33E-01 (-) 9.97E-01 (-) 

PC 40:5 4.66E-01 (+) 4.02E-01 (+) 1.00E+00  9.73E-01 (+) 5.99E-01 (-) 8.83E-01 (-) 9.96E-01 (+) 

PC 40:6 4.66E-01 (+) 4.85E-01 (+) 1.00E+00  1.00E+00  5.24E-01 (-) 7.14E-01 (-) 1.00E+00  

PC 40:7 3.29E-03 (+) 1.00E+00  3.59E-02 (-) 2.29E-03 (-) 2.63E-02 (-) 1.30E-03 (-) 9.46E-01 (-) 

PC(O-30:0) 1.11E-01 (+) 9.63E-02 (-) 2.42E-01 (-) 8.02E-02 (-) 9.99E-01 (+) 1.00E+00  9.98E-01 (-) 

PC(O-32:0) 2.71E-02 (+) 1.04E-02 (-) 2.83E-02 (-) 1.86E-02 (-) 9.99E-01 (+) 1.00E+00  1.00E+00  

PC(O-32:1) 7.33E-02 (+) 1.47E-01 (-) 2.60E-02 (-) 1.13E-01 (-) 9.90E-01 (-) 1.00E+00  9.90E-01 (+) 

PC(O-32:2) 4.66E-01 (+) 4.31E-01 (-) 6.62E-01 (-) 7.23E-01 (-) 1.00E+00  9.98E-01 (+) 1.00E+00  

PC(O-34:0) 8.78E-01 (+) 1.00E+00  1.00E+00  9.88E-01 (-) 1.00E+00  9.71E-01 (-) 9.69E-01 (-) 

PC(O-34:1) 5.01E-03 (+) 3.07E-02 (-) 1.39E-03 (-) 5.40E-04 (-) 9.29E-01 (-) 8.16E-01 (-) 1.00E+00  

PC(O-34:2) 3.40E-02 (+) 1.16E-01 (-) 2.11E-01 (-) 3.46E-03 (-) 1.00E+00  8.29E-01 (-) 5.93E-01 (-) 

PC(O-34:4) 8.59E-01 (+) 9.71E-01 (-) 1.00E+00  9.43E-01 (-) 9.99E-01 (+) 1.00E+00  9.95E-01 (-) 

PC(O-35:4) 7.53E-01 (+) 9.99E-01 (-) 1.00E+00  8.32E-01 (-) 1.00E+00  9.80E-01 (-) 8.50E-01 (-) 

PC(O-36:0) 8.48E-02 (+) 1.49E-01 (+) 1.00E+00  9.92E-01 (-) 1.08E-01 (-) 3.16E-02 (-) 9.99E-01 (-) 

PC(O-36:1) 5.48E-01 (+) 6.85E-01 (-) 7.62E-01 (-) 1.00E+00  1.00E+00  8.68E-01 (+) 9.09E-01 (+) 

PC(O-36:2) 2.01E-03 (+) 4.02E-02 (-) 2.92E-02 (-) 2.95E-05 (-) 1.00E+00  2.34E-01 (-) 2.38E-01 (-) 

PC(O-36:3) 6.75E-02 (+) 1.84E-01 (-) 2.39E-01 (-) 1.47E-02 (-) 1.00E+00  9.40E-01 (-) 8.65E-01 (-) 

PC(O-36:4) 3.91E-01 (+) 5.30E-01 (-) 5.77E-01 (-) 3.55E-01 (-) 1.00E+00  1.00E+00  1.00E+00  

PC(O-36:5) 8.30E-01 (+) 9.61E-01 (+) 9.70E-01 (+) 1.00E+00  1.00E+00  9.72E-01 (-) 9.76E-01 (-) 

PC(O-38:4) 4.66E-01 (+) 5.11E-01 (-) 7.17E-01 (-) 5.18E-01 (-) 1.00E+00  1.00E+00  1.00E+00  

PC(O-38:5) 4.89E-02 (+) 4.03E-01 (-) 4.60E-02 (-) 1.32E-02 (-) 9.32E-01 (-) 7.05E-01 (-) 9.99E-01 (-) 

PC(O-40:7) 3.34E-02 (+) 9.20E-01 (-) 2.75E-02 (-) 1.30E-02 (-) 3.27E-01 (-) 1.86E-01 (-) 1.00E+00 

PC(P-32:0) 1.67E-02 (+) 2.27E-02 (-) 5.92E-03 (-) 5.13E-03 (-) 9.99E-01 (-) 9.99E-01 (-) 1.00E+00  

PC(P-32:1) 6.29E-02 (+) 8.80E-01 (-) 4.95E-02 (-) 3.60E-02 (-) 5.28E-01 (-) 4.32E-01 (-) 1.00E+00  

PC(P-34:1) 1.27E-03 (+) 5.07E-01 (-) 3.99E-04 (-) 1.23E-04 (-) 8.28E-02 (-) 3.23E-02 (-) 1.00E+00  
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PC(P-34:2) 1.43E-03 (+) 1.84E-01 (-) 2.98E-03 (-) 2.56E-05 (-) 6.62E-01 (-) 4.87E-02 (-) 7.30E-01 (-) 

PC(P-34:3) 5.93E-01 (+) 1.00E+00 (-) 1.00E+00  6.92E-01 (-) 1.00E+00  7.80E-01 (-) 7.35E-01 (-) 

PC(P-36:2) 4.44E-04 (+) 1.34E-01 (-) 6.48E-04 (-) 3.63E-06 (-) 4.46E-01 (-) 1.81E-02 (-) 6.97E-01 (-) 

PC(P-36:4) 7.22E-01 (+) 1.00E+00  9.48E-01 (-) 7.76E-01 (-) 9.90E-01 (-) 9.03E-01 (-) 1.00E+00  

PC(P-36:5) 6.71E-01 (+) 9.51E-01 (+) 9.33E-01 (+) 1.00E+00  1.00E+00  8.61E-01 (-) 8.12E-01 (-) 

PC(P-38:5) 4.08E-01 (+) 1.00E+00  7.03E-01 (-) 3.89E-01 (-) 9.21E-01 (-) 6.63E-01 (-) 9.99E-01 (-) 

PC(P-40:5) 6.44E-02 (+) 7.44E-01 (-) 4.30E-02 (-) 3.43E-02 (-) 6.58E-01 (-) 5.90E-01 (-) 1.00E+00  

LPC 14:0 7.98E-01 (+) 9.49E-01 (+) 9.66E-01 (+) 1.00E+00  1.00E+00  9.50E-01 (-) 9.62E-01 (-) 

LPC 15:0 7.63E-02 (+) 9.94E-01 (-) 4.17E-01 (-) 2.59E-02 (-) 8.45E-01 (-) 1.31E-01 (-) 7.98E-01 (-) 

LPC 16:0 1.25E-02 (+) 9.32E-01 (-) 1.11E-02 (-) 3.47E-03 (-) 1.67E-01 (-) 6.33E-02 (-) 1.00E+00  

LPC 16:1 1.10E-01 (+) 9.99E-01 (+) 2.11E-01 (-) 4.42E-01 (-) 1.05E-01 (-) 2.20E-01 (-) 9.98E-01 (+) 

LPC 17:0 1.70E-02 (+) 5.90E-01 (-) 2.31E-02 (-) 2.07E-03 (-) 6.55E-01 (-) 1.79E-01 (-) 9.75E-01 (-) 

LPC 17:1 2.38E-02 (+) 1.00E+00  5.80E-02 (-) 2.35E-02 (-) 8.31E-02 (-) 3.00E-02 (-) 1.00E+00  

LPC 18:0 3.82E-02 (+) 1.00E+00  1.31E-01 (-) 2.28E-02 (-) 2.77E-01 (-) 5.48E-02 (-) 9.88E-01 (-) 

LPC 18:1 5.63E-03 (+) 9.85E-01 (-) 2.87E-03 (-) 4.12E-03 (-) 3.22E-02 (-) 3.72E-02 (-) 1.00E+00  

LPC 18:2 1.83E-03 (+) 1.89E-01 (-) 5.99E-04 (-) 1.20E-04 (-) 3.33E-01 (-) 1.31E-01 (-) 9.99E-01 (-) 

LPC 18:3 8.30E-01 (+) 1.00E+00 (-) 9.94E-01 (-) 9.00E-01 (-) 9.99E-01 (-) 9.45E-01 (-) 9.99E-01 (-) 

LPC 20:0 2.56E-03 (+) 9.98E-01 (-) 2.00E-02 (-) 4.15E-03 (-) 7.38E-03 (-) 1.07E-03 (-) 9.98E-01 (-) 

LPC 20:1 1.83E-03 (+) 9.99E-01 (-) 1.02E-03 (-) 2.14E-03 (-) 6.81E-03 (-) 1.06E-02 (-) 1.00E+00  

LPC 20:2 1.41E-02 (+) 9.09E-01 (-) 3.56E-03 (-) 1.14E-02 (-) 8.48E-02 (-) 1.81E-01 (-) 9.98E-01 (+) 

LPC 20:4 9.18E-02 (+) 1.00E+00  5.34E-02 (-) 6.79E-01 (-) 7.83E-02 (-) 7.25E-01 (-) 6.79E-01 (+) 

LPC 20:5 5.31E-01 (+) 8.62E-01 (+) 9.89E-01 (-) 1.00E+00  4.70E-01 (-) 6.97E-01 (-) 9.99E-01 (+) 

LPC 22:0 9.86E-03 (+) 5.30E-01 (+) 3.44E-01 (-) 1.09E-01 (-) 8.84E-03 (-) 1.11E-03 (-) 9.96E-01 (-) 

LPC 22:1 5.49E-03 (+) 1.00E+00  2.67E-03 (-) 8.93E-02 (-) 1.55E-03 (-) 4.28E-02 (-) 7.36E-01 (+) 

LPC 22:5 1.27E-03 (+) 9.88E-01 (+) 1.71E-03 (-) 1.38E-02 (-) 3.47E-04 (-) 2.16E-03 (-) 9.75E-01 (+) 

LPC 22:6 8.62E-03 (+) 9.64E-01 (+) 8.18E-03 (-) 3.66E-01 (-) 1.02E-03 (-) 6.70E-02 (-) 5.11E-01 (+) 

LPC 24:0 9.86E-03 (+) 9.61E-01 (+) 1.16E-01 (-) 2.69E-02 (-) 1.84E-02 (-) 2.55E-03 (-) 9.96E-01 (-) 

LPC 26:0 1.27E-03 (+) 1.00E+00  1.49E-03 (-) 2.04E-03 (-) 1.56E-03 (-) 1.55E-03 (-) 1.00E+00  

LPC(O-16:0) 2.56E-03 (+) 6.95E-01 (-) 8.22E-03 (-) 1.41E-04 (-) 3.26E-01 (-) 1.72E-02 (-) 8.17E-01 (-) 

LPC(O-18:0) 3.40E-02 (+) 9.80E-01 (-) 1.13E-01 (-) 8.32E-03 (-) 5.20E-01 (-) 7.51E-02 (-) 9.30E-01 (-) 

LPC(O-18:1) 1.67E-03 (+) 9.67E-01 (-) 7.70E-03 (-) 1.41E-04 (-) 9.46E-02 (-) 2.88E-03 (-) 8.29E-01 (-) 
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LPC(O-20:0) 2.38E-02 (+) 9.29E-01 (-) 1.72E-02 (-) 9.84E-03 (-) 2.31E-01 (-) 1.44E-01 (-) 1.00E+00  

LPC(O-22:0) 2.01E-02 (+) 6.04E-01 (-) 2.17E-02 (-) 2.86E-03 (-) 6.26E-01 (-) 2.11E-01 (-) 9.90E-01 (-) 

LPC(O-22:1) 4.44E-04 (+) 9.57E-02 (-) 3.41E-05 (-) 1.49E-05 (-) 1.25E-01 (-) 7.13E-02 (-) 1.00E+00  

LPC(O-24:0) 2.80E-01 (+) 8.95E-01 (-) 1.79E-01 (-) 3.78E-01 (-) 8.49E-01 (-) 9.75E-01 (-) 9.99E-01 (+) 

LPC(O-24:1) 2.21E-02 (+) 6.29E-01 (-) 5.53E-03 (-) 1.21E-02 (-) 3.06E-01 (-) 4.53E-01 (-) 1.00E+00  

LPC(O-24:2) 8.17E-05 (+) 3.85E-02 (-) 1.28E-06 (-) 9.29E-06 (-) 3.74E-02 (-) 1.26E-01 (-) 9.90E-01 (+) 

PE 32:0 4.71E-01 (+) 5.89E-01 (-) 1.00E+00  7.29E-01 (-) 7.58E-01 (+) 1.00E+00  8.44E-01 (-) 

PE 32:1 2.61E-02 (+) 9.57E-01 (+) 3.46E-01 (+) 3.12E-03 (+) 9.14E-01 (+) 4.62E-02 (+) 3.83E-01 (+) 

PE 34:1 1.09E-01 (+) 8.69E-01 (+) 2.14E-01 (+) 4.13E-02 (+) 9.11E-01 (+) 4.81E-01 (+) 9.87E-01 (+) 

PE 34:2 5.89E-01 (+) 9.99E-01 (-) 8.69E-01 (+) 9.53E-01 (+) 6.51E-01 (+) 7.74E-01 (+) 1.00E+00  

PE 34:3 4.58E-01 (+) 1.00E+00  6.74E-01 (+) 5.03E-01 (+) 8.85E-01 (+) 7.42E-01 (+) 1.00E+00  

PE 35:1 3.66E-01 (+) 9.15E-01 (+) 2.43E-01 (+) 5.84E-01 (+) 8.94E-01 (+) 9.97E-01 (+) 9.93E-01 (-) 

PE 35:2 3.94E-01 (+) 1.00E+00  4.40E-01 (+) 9.90E-01 (+) 3.69E-01 (+) 9.65E-01 (+) 8.35E-01 (-) 

PE 36:0 9.83E-01 (+) 1.00E+00  1.00E+00  9.97E-01 (+) 1.00E+00  1.00E+00  1.00E+00  

PE 36:1 3.64E-02 (+) 4.81E-01 (+) 8.20E-03 (+) 3.28E-02 (+) 5.16E-01 (+) 8.30E-01 (+) 9.95E-01 (-) 

PE 36:2 2.89E-01 (+) 1.00E+00  2.17E-01 (+) 6.99E-01 (+) 4.43E-01 (+) 8.98E-01 (+) 9.65E-01 (-) 

PE 36:3 7.98E-01 (+) 1.00E+00  9.74E-01 (+) 9.89E-01 (+) 8.87E-01 (+) 9.19E-01 (+) 1.00E+00  

PE 36:4 6.34E-01 (+) 9.94E-01 (+) 9.81E-01 (+) 5.66E-01 (+) 1.00E+00  9.29E-01 (+) 9.56E-01 (+) 

PE 36:5 1.80E-01 (+) 8.00E-01 (+) 8.60E-01 (+) 6.41E-02 (+) 1.00E+00  6.93E-01 (+) 5.65E-01 (+) 

PE 38:3 1.71E-01 (+) 3.42E-01 (+) 2.38E-01 (+) 9.46E-02 (+) 1.00E+00  9.95E-01 (+) 9.99E-01 (+) 

PE 38:4 3.18E-01 (+) 2.87E-01 (+) 6.57E-01 (+) 3.33E-01 (+) 9.95E-01 (-) 1.00E+00  9.98E-01 (+) 

PE 38:5 4.66E-01 (+) 8.36E-01 (+) 9.73E-01 (-) 3.56E-01 (+) 9.99E-01 (-) 9.87E-01 (+) 8.63E-01 (+) 

PE 38:6 7.00E-01 (+) 1.00E+00  1.00E+00  7.38E-01 (+) 1.00E+00  9.17E-01 (+) 8.68E-01 (+) 

PE 40:5 8.48E-02 (+) 1.34E-01 (+) 2.93E-01 (+) 2.72E-02 (+) 9.99E-01 (-) 9.95E-01 (+) 9.12E-01 (+) 

PE 40:6 2.52E-01 (+) 6.68E-01 (+) 4.07E-01 (+) 1.27E-01 (+) 1.00E+00  9.43E-01 (+) 9.94E-01 (+) 

PE 40:7 8.30E-01 (+) 9.96E-01 (+) 1.00E+00  9.88E-01 (+) 9.60E-01 (-) 1.00E+00  9.03E-01 (+) 

PE(O-34:1) 6.94E-01 (+) 1.00E+00  8.47E-01 (+) 1.00E+00  8.98E-01 (+) 1.00E+00  7.28E-01 (-) 

PE(O-34:2) 1.82E-01 (+) 1.16E-01 (-) 9.98E-01 (-) 4.89E-01 (-) 3.48E-01 (+) 9.66E-01 (+) 8.14E-01 (-) 

PE(O-36:2) 7.16E-01 (+) 9.05E-01 (-) 1.00E+00  8.96E-01 (-) 9.28E-01 (+) 1.00E+00  9.02E-01 (-) 

PE(O-36:3) 3.11E-01 (+) 2.90E-01 (-) 1.00E+00  6.18E-01 (-) 5.37E-01 (+) 9.96E-01 (+) 8.30E-01 (-) 

PE(O-36:4) 6.44E-01 (+) 7.05E-01 (-) 1.00E+00  9.81E-01 (-) 7.56E-01 (+) 9.86E-01 (+) 9.84E-01 (-) 
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PE(O-36:5) 9.79E-01 (+) 1.00E+00  9.98E-01 (+) 1.00E+00  9.99E-01 (-) 1.00E+00  9.97E-01 (-) 

PE(O-36:6) 3.46E-01 (+) 7.26E-01 (+) 2.94E-01 (+) 9.97E-01 (+) 9.92E-01 (+) 9.55E-01 (-) 5.84E-01 (-) 

PE(O-38:4) 8.93E-01 (+) 9.57E-01 (-) 1.00E+00  9.93E-01 (-) 9.95E-01 (+) 1.00E+00  1.00E+00  

PE(O-38:5) 7.76E-01 (+) 9.74E-01 (-) 9.99E-01 (+) 9.94E-01 (-) 8.54E-01 (+) 1.00E+00  9.12E-01 (-) 

PE(O-40:4) 2.78E-01 (+) 5.24E-01 (+) 9.95E-01 (-) 9.99E-01 (-) 2.27E-01 (-) 2.51E-01 (-) 1.00E+00  

PE(O-40:5) 9.79E-01 (+) 9.99E-01 (+) 9.96E-01 (+) 9.99E-01 (+) 1.00E+00  1.00E+00  1.00E+00  

PE(O-40:6) 8.59E-01 (+) 9.65E-01 (+) 9.95E-01 (+) 9.41E-01 (+) 1.00E+00  1.00E+00  1.00E+00  

PE(O-40:7) 8.30E-01 (+) 1.00E+00  9.80E-01 (-) 9.47E-01 (-) 9.87E-01 (-) 9.58E-01 (-) 1.00E+00  

PE(O-42:7) 3.49E-12 (+) 5.12E-10 (+) 4.36E-01 (+) 2.43E-12 (+) 1.07E-06 (-) 8.81E-01 (+) 1.90E-09 (+) 

PE(P-34:1) 8.30E-01 (+) 9.89E-01 (+) 9.87E-01 (+) 1.00E+00  1.00E+00  9.51E-01 (-) 9.40E-01 (-) 

PE(P-34:2) 4.93E-01 (+) 6.33E-01 (-) 1.00E+00  9.98E-01 (-) 4.54E-01 (+) 9.07E-01 (+) 9.65E-01 (-) 

PE(P-36:1) 8.30E-01 (+) 1.00E+00  8.92E-01 (+) 1.00E+00  9.88E-01 (+) 1.00E+00  9.62E-01 (-) 

PE(P-36:2) 3.93E-01 (+) 5.67E-01 (-) 1.00E+00  8.81E-01 (-) 4.32E-01 (+) 9.96E-01 (+) 7.21E-01 (-) 

PE(P-36:4) 3.90E-01 (+) 7.83E-01 (+) 2.65E-01 (+) 9.43E-01 (+) 9.78E-01 (+) 9.99E-01 (-) 8.17E-01 (-) 

PE(P-37:4) 2.89E-01 (+) 9.97E-01 (+) 4.80E-01 (+) 9.98E-01 (-) 8.52E-01 (+) 9.21E-01 (-) 1.81E-01 (-) 

PE(P-38:4) 8.57E-01 (+) 9.30E-01 (+) 9.82E-01 (+) 9.99E-01 (+) 1.00E+00  9.94E-01 (-) 1.00E+00  

PE(P-38:5) 8.30E-01 (+) 1.00E+00  9.70E-01 (+) 1.00E+00  9.86E-01 (+) 1.00E+00  8.75E-01 (-) 

PE(P-38:6) 8.30E-01 (+) 1.00E+00  9.47E-01 (+) 1.00E+00  9.96E-01 (+) 9.99E-01 (-) 9.08E-01 (-) 

PE(P-40:4) 3.17E-02 (+) 6.94E-03 (+) 9.99E-01 (+) 9.89E-01 (+) 2.82E-02 (-) 3.81E-02 (-) 1.00E+00  

PE(P-40:5) 7.39E-01 (+) 9.98E-01 (+) 1.00E+00  9.48E-01 (-) 9.73E-01 (-) 7.32E-01 (-) 9.96E-01 (-) 

PE(P-40:6) 8.30E-01 (+) 1.00E+00  1.00E+00 9.75E-01 (-) 1.00E+00  9.01E-01 (-) 9.72E-01 (-) 

LPE 16:0 6.86E-03 (+) 4.31E-01 (-) 3.50E-04 (-) 1.50E-02 (-) 9.83E-02 (-) 7.05E-01 (-) 7.67E-01 (+) 

LPE 16:1 7.98E-01 (+) 1.00E+00  1.00E+00 8.89E-01 (+) 1.00E+00  9.51E-01 (+) 9.13E-01 (+) 

LPE 18:0 1.28E-01 (+) 9.94E-01 (+) 3.10E-01 (-) 5.32E-01 (-) 1.16E-01 (-) 2.08E-01 (-) 9.99E-01 (+) 

LPE 18:1 6.22E-01 (+) 7.47E-01 (-) 6.64E-01 (-) 9.25E-01 (-) 1.00E+00  9.99E-01 (+) 9.97E-01 (+) 

LPE 18:2 1.70E-01 (+) 4.21E-01 (-) 2.99E-01 (-) 7.51E-02 (-) 1.00E+00  9.73E-01 (-) 9.92E-01 (-) 

LPE 20:4 2.88E-01 (+) 1.00E+00  5.78E-01 (-) 2.40E-01 (-) 8.48E-01 (-) 4.79E-01 (-) 9.97E-01 (-) 

LPE 22:5 6.77E-01 (+) 9.23E-01 (-) 8.52E-01 (-) 1.00E+00  1.00E+00  9.39E-01 (+) 8.61E-01 (+) 

LPE 22:6 1.07E-01 (+) 1.00E+00  7.70E-02 (-) 6.50E-01 (-) 8.54E-02 (-) 6.21E-01 (-) 8.04E-01 (+) 

PI 32:0 5.00E-01 (+) 9.99E-01 (+) 5.60E-01 (+) 6.70E-01 (+) 8.63E-01 (+) 9.19E-01 (+) 1.00E+00  

PI 32:1 3.00E-01 (+) 9.43E-01 (+) 3.82E-01 (+) 2.30E-01 (+) 9.49E-01 (+) 8.37E-01 (+) 1.00E+00  



315 
 

Lipid species
 

ANCOVA
a
 

Ov-ob/IS 

vs. Lean/IS 

Ov-ob/IR 

vs. Lean/IS 

T2D vs. 

Lean/IS 

Ov-ob/IR 

vs. Ov-ob/IS 

T2D vs. 

Ov-ob/IS 

T2D vs. 

Ov-ob/IR 

Corrected 

P-value
b
 

Post-hoc 

P-value
c
 

Post-hoc 

P-value
c
 

Post-hoc 

P-value
c
 

Post-hoc 

P-value
c
 

Post-hoc 

P-value
c
 

Post-hoc 

P-value
c
 

PI 34:0 7.63E-01 (+) 9.97E-01 (-) 9.75E-01 (+) 1.00E+00  8.00E-01 (+) 1.00E+00  8.89E-01 (-) 

PI 34:1 4.41E-01 (+) 9.98E-01 (+) 4.01E-01 (+) 6.98E-01 (+) 7.59E-01 (+) 9.45E-01 (+) 9.98E-01 (-) 

PI 36:1 7.39E-01 (+) 1.00E+00  8.57E-01 (+) 1.00E+00  7.99E-01 (+) 9.99E-01 (+) 9.33E-01 (-) 

PI 36:2 1.22E-01 (+) 4.28E-01 (-) 9.98E-01 (-) 7.92E-02 (-) 7.71E-01 (+) 9.75E-01 (-) 2.08E-01 (-) 

PI 36:3 4.66E-01 (+) 7.66E-01 (-) 9.70E-01 (-) 3.78E-01 (-) 9.98E-01 (+) 9.97E-01 (-) 8.87E-01 (-) 

PI 36:4 9.46E-01 (+) 9.98E-01 (+) 9.99E-01 (+) 9.80E-01 (+) 1.00E+00  1.00E+00  1.00E+00  

PI 38:2 7.22E-01 (+) 6.97E-01 (-) 9.70E-01 (-) 9.95E-01 (-) 9.94E-01 (+) 9.58E-01 (+) 1.00E+00  

PI 38:3 9.97E-01 (+) 1.00E+00  1.00E+00  1.00E+00  1.00E+00  1.00E+00  1.00E+00  

PI 38:4 8.93E-01 (+) 9.98E-01 (+) 9.99E-01 (+) 1.00E+00  9.51E-01 (-) 9.89E-01 (-) 1.00E+00  

PI 38:5 4.27E-01 (+) 1.00E+00  9.43E-01 (-) 6.24E-01 (-) 8.09E-01 (-) 3.95E-01 (-) 9.94E-01 (-) 

PI 38:6 8.12E-01 (+) 1.00E+00  9.99E-01 (-) 9.39E-01 (-) 9.93E-01 (-) 8.66E-01 (-) 9.97E-01 (-) 

PI 40:4 7.64E-01 (+) 9.97E-01 (+) 9.89E-01 (+) 7.51E-01 (+) 1.00E+00  9.74E-01 (+) 9.88E-01 (+) 

PI 40:5 8.30E-01 (+) 9.59E-01 (+) 9.66E-01 (+) 9.17E-01 (+) 1.00E+00  1.00E+00  1.00E+00  

PI 40:6 9.79E-01 (+) 1.00E+00  1.00E+00  1.00E+00  1.00E+00  9.94E-01 (-) 1.00E+00  

PS 36:1 3.64E-02 (+) 1.02E-02 (+) 9.78E-01 (+) 1.00E+00  9.12E-02 (-) 2.56E-02 (-) 9.99E-01 (-) 

PS 36:2 8.71E-02 (+) 5.69E-02 (+) 9.98E-01 (-) 1.00E+00  1.99E-01 (-) 5.21E-02 (-) 9.97E-01 (-) 

PS 38:3 6.43E-02 (+) 4.03E-02 (+) 1.00E+00  1.00E+00  6.53E-02 (-) 4.70E-02 (-) 1.00E+00  

PS 38:4 5.05E-02 (+) 2.22E-02 (+) 1.00E+00  1.00E+00  5.57E-02 (-) 4.50E-02 (-) 1.00E+00  

PS 38:5 8.26E-02 (+) 4.68E-02 (+) 9.98E-01 (-) 1.00E+00  1.62E-01 (-) 5.65E-02 (-) 1.00E+00  

PS 40:5 1.25E-01 (+) 6.26E-02 (+) 9.99E-01 (+) 9.97E-01 (+) 1.99E-01 (-) 1.88E-01 (-) 1.00E+00  

PS 40:6 9.18E-02 (+) 3.66E-02 (+) 9.97E-01 (+) 9.92E-01 (+) 1.45E-01 (-) 1.49E-01 (-) 1.00E+00  

COH 8.30E-01 (+) 9.66E-01 (+) 1.00E+00  1.00E+00  9.27E-01 (-) 9.33E-01 (-) 1.00E+00  

CE 14:0 7.47E-02 (+) 9.03E-01 (+) 3.82E-02 (+) 7.64E-02 (+) 4.27E-01 (+) 5.96E-01 (+) 1.00E+00  

CE 15:0 2.18E-01 (+) 9.93E-01 (+) 1.03E-01 (+) 7.95E-01 (+) 4.04E-01 (+) 9.92E-01 (+) 7.43E-01 (-) 

CE 16:0 2.58E-01 (+) 9.94E-01 (-) 4.19E-01 (+) 1.00E+00  1.69E-01 (+) 9.95E-01 (+) 3.71E-01 (-) 

CE 16:1 1.64E-01 (+) 9.70E-01 (+) 1.40E-01 (+) 1.67E-01 (+) 6.26E-01 (+) 6.67E-01 (+) 1.00E+00  

CE 16:2 1.22E-01 (+) 1.00E+00  1.13E-01 (+) 1.00E+00  1.22E-01 (+) 1.00E+00  1.42E-01 (-) 

CE 17:0 9.87E-01 (+) 1.00E+00  9.99E-01 (+) 1.00E+00  1.00E+00  1.00E+00  1.00E+00  

CE 17:1 5.44E-01 (+) 1.00E+00  7.62E-01 (+) 6.94E-01 (+) 8.60E-01 (+) 7.92E-01 (+) 1.00E+00  

CE 18:0 4.71E-01 (+) 1.00E+00  7.89E-01 (+) 9.95E-01 (-) 8.78E-01 (+) 9.87E-01 (-) 3.65E-01 (-) 

CE 18:1 1.91E-01 (+) 9.77E-01 (-) 3.77E-01 (+) 1.00E+00  9.94E-02 (+) 9.76E-01 (+) 3.33E-01 (-) 
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CE 18:2 3.64E-02 (+) 5.39E-01 (-) 3.53E-01 (+) 9.19E-01 (-) 9.52E-03 (+) 9.88E-01 (+) 3.12E-02 (-) 

CE 18:3 1.22E-01 (+) 1.00E+00  1.08E-01 (+) 1.00E+00  1.12E-01 (+) 1.00E+00  1.67E-01 (-) 

CE 20:1 1.27E-03 (+) 1.34E-02 (-) 9.79E-03 (-) 1.02E-05 (-) 1.00E+00  2.94E-01 (-) 2.93E-01 (-) 

CE 20:3 2.38E-02 (+) 9.96E-01 (-) 1.51E-02 (+) 7.73E-01 (+) 4.65E-03 (+) 4.11E-01 (+) 2.69E-01 (-) 

CE 20:4 2.89E-01 (+) 9.79E-01 (-) 6.74E-01 (+) 9.97E-01 (+) 2.48E-01 (+) 1.00E+00  2.88E-01 (-) 

CE 20:5 3.46E-01 (+) 1.00E+00  7.22E-01 (+) 9.72E-01 (-) 8.38E-01 (+) 9.42E-01 (-) 1.95E-01 (-) 

CE 22:0 2.89E-01 (+) 8.17E-01 (+) 1.63E-01 (+) 5.08E-01 (+) 9.00E-01 (+) 9.99E-01 (+) 9.86E-01 (-) 

CE 22:1 6.74E-01 (+) 9.04E-01 (-) 6.52E-01 (-) 9.11E-01 (-) 9.99E-01 (-) 1.00E+00  9.98E-01 (+) 

CE 22:4 3.75E-01 (+) 9.51E-01 (-) 7.68E-01 (+) 1.00E+00  2.49E-01 (+) 9.73E-01 (+) 6.59E-01 (-) 

CE 22:5 3.07E-01 (+) 1.00E+00  5.37E-01 (+) 9.99E-01 (+) 3.66E-01 (+) 1.00E+00  2.57E-01 (-) 

CE 22:6 2.61E-01 (+) 9.83E-01 (-) 9.94E-01 (+) 4.77E-01 (-) 7.90E-01 (+) 9.29E-01 (-) 1.47E-01 (-) 

CE 24:0 2.76E-01 (+) 9.05E-01 (+) 1.50E-01 (+) 4.77E-01 (+) 7.91E-01 (+) 9.90E-01 (+) 9.86E-01 (-) 

CE 24:1 8.45E-01 (+) 1.00E+00  1.00E+00  9.08E-01 (+) 1.00E+00  9.90E-01 (+) 9.80E-01 (+) 

CE 24:4 3.46E-01 (+) 2.95E-01 (-) 7.24E-01 (-) 3.82E-01 (-) 9.90E-01 (+) 1.00E+00  9.98E-01 (-) 

CE 24:5 6.35E-01 (+) 6.11E-01 (-) 1.00E+00  9.99E-01 (-) 8.34E-01 (+) 8.73E-01 (+) 1.00E+00  

CE 24:6 3.97E-01 (+) 9.96E-01 (-) 8.97E-01 (+) 7.37E-01 (+) 6.07E-01 (+) 3.78E-01 (+) 1.00E+00  

DG 14:0/16:0 9.18E-02 (+) 1.00E+00  4.73E-02 (+) 5.49E-01 (+) 9.88E-02 (+) 7.03E-01 (+) 7.70E-01 (-) 

DG 14:0/18:1 6.75E-02 (+) 1.00E+00  2.59E-02 (+) 8.04E-01 (+) 6.08E-02 (+) 9.14E-01 (+) 3.51E-01 (-) 

DG 14:0/18:2 8.37E-02 (+) 1.00E+00  6.49E-02 (+) 1.00E+00  6.53E-02 (+) 9.99E-01 (+) 1.09E-01 (-) 

DG 16:0/16:0 8.78E-02 (+) 1.00E+00  4.16E-02 (+) 6.36E-01 (+) 8.77E-02 (+) 7.79E-01 (+) 6.53E-01 (-) 

DG 16:0/18:0 3.84E-02 (+) 1.00E+00  1.32E-02 (+) 6.75E-01 (+) 2.46E-02 (+) 7.52E-01 (+) 3.25E-01 (-) 

DG 16:0/18:1 5.73E-02 (+) 9.99E-01 (+) 1.61E-02 (+) 7.60E-01 (+) 6.21E-02 (+) 9.49E-01 (+) 2.93E-01 (-) 

DG 16:0/18:2 9.42E-02 (+) 1.00E+00  9.30E-02 (+) 1.00E+00  6.46E-02 (+) 9.97E-01 (+) 1.34E-01 (-) 

DG 16:0/20:0 3.47E-01 (+) 7.04E-01 (-) 9.55E-01 (+) 9.99E-01 (-) 2.10E-01 (+) 9.09E-01 (+) 7.60E-01 (-) 

DG 16:0/20:3 1.34E-01 (+) 9.99E-01 (+) 6.99E-02 (+) 5.65E-01 (+) 2.09E-01 (+) 8.40E-01 (+) 8.48E-01 (-) 

DG 16:0/20:4 7.90E-02 (+) 1.00E+00  3.20E-02 (+) 6.04E-01 (+) 8.38E-02 (+) 8.00E-01 (+) 6.12E-01 (-) 

DG 16:0/22:5 1.25E-01 (+) 9.95E-01 (+) 4.78E-02 (+) 7.63E-01 (+) 2.17E-01 (+) 9.83E-01 (+) 5.56E-01 (-) 

DG 16:0/22:6 1.81E-01 (+) 9.89E-01 (+) 7.96E-02 (+) 6.07E-01 (+) 3.73E-01 (+) 9.63E-01 (+) 8.45E-01 (-) 

DG 16:1/18:0 1.09E-01 (+) 9.82E-01 (+) 3.47E-02 (+) 5.17E-01 (+) 2.37E-01 (+) 9.49E-01 (+) 7.20E-01 (-) 

DG 16:1/18:1 2.70E-01 (+) 9.60E-01 (+) 1.28E-01 (+) 8.99E-01 (+) 6.31E-01 (+) 1.00E+00  6.69E-01 (-) 

DG 18:0/18:0 4.66E-01 (+) 7.61E-01 (-) 9.89E-01 (+) 1.00E+00  3.62E-01 (+) 9.26E-01 (+) 9.01E-01 (-) 
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Lipid species
 

ANCOVA
a
 

Ov-ob/IS 

vs. Lean/IS 

Ov-ob/IR 

vs. Lean/IS 

T2D vs. 

Lean/IS 

Ov-ob/IR 

vs. Ov-ob/IS 

T2D vs. 

Ov-ob/IS 

T2D vs. 

Ov-ob/IR 

Corrected 

P-value
b
 

Post-hoc 

P-value
c
 

Post-hoc 

P-value
c
 

Post-hoc 

P-value
c
 

Post-hoc 

P-value
c
 

Post-hoc 

P-value
c
 

Post-hoc 

P-value
c
 

DG 18:0/18:1 1.70E-02 (+) 1.00E+00  2.65E-03 (+) 7.91E-01 (+) 1.20E-02 (+) 9.54E-01 (+) 6.74E-02 (-) 

DG 18:0/18:2 5.39E-02 (+) 1.00E+00  2.85E-02 (+) 9.99E-01 (+) 5.27E-02 (+) 1.00E+00  5.96E-02 (-) 

DG 18:0/20:4 7.63E-02 (+) 4.49E-01 (+) 1.54E-02 (+) 6.40E-01 (+) 6.95E-01 (+) 1.00E+00  3.89E-01 (-) 

DG 18:1/18:1 6.08E-02 (+) 9.99E-01 (+) 2.41E-02 (+) 9.98E-01 (+) 1.01E-01 (+) 1.00E+00  6.66E-02 (-) 

DG 18:1/18:2 1.09E-01 (+) 1.00E+00  3.51E-01 (+) 9.39E-01 (-) 2.09E-01 (+) 9.96E-01 (-) 3.64E-02 (-) 

DG 18:1/18:3 1.86E-01 (+) 1.00E+00  1.77E-01 (+) 1.00E+00  2.99E-01 (+) 1.00E+00  1.63E-01 (-) 

DG 18:1/20:0 1.32E-01 (+) 9.02E-01 (-) 4.11E-01 (+) 1.00E+00  5.85E-02 (+) 9.80E-01 (+) 2.02E-01 (-) 

DG 18:1/20:3 5.63E-01 (+) 9.75E-01 (+) 5.07E-01 (+) 9.98E-01 (+) 9.58E-01 (+) 1.00E+00  8.02E-01 (-) 

DG 18:1/20:4 8.79E-02 (+) 1.00E+00  5.43E-02 (+) 9.97E-01 (+) 8.01E-02 (+) 9.98E-01 (+) 1.50E-01 (-) 

DG 18:2/18:2 1.64E-01 (+) 8.55E-01 (-) 9.86E-01 (+) 4.00E-01 (-) 4.44E-01 (+) 9.90E-01 (-) 8.88E-02 (-) 

TG 14:0/16:0/18:1 3.82E-02 (+) 8.36E-01 (+) 2.68E-02 (+) 1.82E-02 (+) 4.34E-01 (+) 3.34E-01 (+) 1.00E+00  

TG 14:0/16:0/18:2 1.25E-01 (+) 8.90E-01 (+) 1.07E-01 (+) 9.94E-02 (+) 7.24E-01 (+) 6.93E-01 (+) 1.00E+00  

TG 14:0/16:1/18:1 1.47E-01 (+) 7.88E-01 (+) 1.33E-01 (+) 9.66E-02 (+) 8.83E-01 (+) 8.11E-01 (+) 1.00E+00  

TG 14:0/16:1/18:2 4.18E-01 (+) 9.85E-01 (+) 2.96E-01 (+) 7.87E-01 (+) 7.94E-01 (+) 9.96E-01 (+) 9.71E-01 (-) 

TG 14:0/17:0/18:1 4.89E-02 (+) 8.32E-01 (+) 2.24E-02 (+) 3.81E-02 (+) 3.99E-01 (+) 5.13E-01 (+) 1.00E+00  

TG 14:0/18:0/18:1 1.70E-02 (+) 8.60E-01 (+) 6.86E-03 (+) 7.95E-03 (+) 1.73E-01 (+) 1.78E-01 (+) 1.00E+00  

TG 14:0/18:2/18:2 4.66E-01 (+) 9.98E-01 (+) 3.60E-01 (+) 9.49E-01 (+) 7.28E-01 (+) 9.99E-01 (+) 8.95E-01 (-) 

TG 14:1/16:0/18:1 6.09E-02 (+) 6.82E-01 (+) 5.95E-02 (+) 2.11E-02 (+) 7.96E-01 (+) 5.31E-01 (+) 1.00E+00  

TG 14:1/16:1/18:0 1.66E-01 (+) 7.28E-01 (+) 3.28E-01 (+) 6.42E-02 (+) 9.96E-01 (+) 7.70E-01 (+) 9.80E-01 (+) 

TG 14:1/18:0/18:2 3.82E-02 (+) 2.27E-01 (+) 1.63E-02 (+) 1.63E-02 (+) 9.13E-01 (+) 9.18E-01 (+) 1.00E+00  

TG 14:1/18:1/18:1 2.57E-01 (+) 6.11E-01 (+) 1.46E-01 (+) 3.64E-01 (+) 9.73E-01 (+) 1.00E+00  9.97E-01 (-) 

TG 15:0/16:0/18:1 4.74E-02 (+) 8.45E-01 (+) 2.55E-02 (+) 3.00E-02 (+) 4.12E-01 (+) 4.35E-01 (+) 1.00E+00  

TG 15:0/18:1/18:1 5.73E-02 (+) 4.78E-01 (+) 1.44E-02 (+) 6.73E-02 (+) 6.50E-01 (+) 9.45E-01 (+) 9.90E-01 (-) 

TG 16:0/16:0/16:0 3.64E-02 (+) 9.95E-01 (+) 4.27E-02 (+) 2.78E-02 (+) 2.00E-01 (+) 1.29E-01 (+) 1.00E+00  

TG 16:0/16:0/18:0 3.97E-02 (+) 9.82E-01 (+) 2.38E-02 (+) 4.78E-02 (+) 1.79E-01 (+) 2.75E-01 (+) 1.00E+00  

TG 16:0/16:0/18:1 3.37E-02 (+) 9.07E-01 (+) 2.07E-02 (+) 1.68E-02 (+) 2.91E-01 (+) 2.39E-01 (+) 1.00E+00  

TG 16:0/16:0/18:2 1.18E-01 (+) 9.90E-01 (+) 6.62E-02 (+) 2.44E-01 (+) 3.19E-01 (+) 6.81E-01 (+) 9.90E-01 (-) 

TG 16:0/16:1/17:0 4.89E-02 (+) 8.78E-01 (+) 3.10E-02 (+) 3.03E-02 (+) 4.15E-01 (+) 3.94E-01 (+) 1.00E+00  

TG 16:0/16:1/18:1 7.63E-02 (+) 4.85E-01 (+) 5.88E-02 (+) 3.29E-02 (+) 9.23E-01 (+) 8.27E-01 (+) 1.00E+00  

TG 16:0/17:0/18:0 1.43E-02 (+) 8.81E-01 (+) 6.35E-03 (+) 5.81E-03 (+) 1.49E-01 (+) 1.29E-01 (+) 1.00E+00  

TG 16:0/17:0/18:1 2.84E-02 (+) 7.72E-01 (+) 6.08E-03 (+) 3.00E-02 (+) 2.19E-01 (+) 5.24E-01 (+) 9.91E-01 (-) 
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Lipid species
 

ANCOVA
a
 

Ov-ob/IS 

vs. Lean/IS 

Ov-ob/IR 

vs. Lean/IS 

T2D vs. 

Lean/IS 

Ov-ob/IR 

vs. Ov-ob/IS 

T2D vs. 

Ov-ob/IS 

T2D vs. 

Ov-ob/IR 

Corrected 

P-value
b
 

Post-hoc 

P-value
c
 

Post-hoc 

P-value
c
 

Post-hoc 

P-value
c
 

Post-hoc 

P-value
c
 

Post-hoc 

P-value
c
 

Post-hoc 

P-value
c
 

TG 16:0/17:0/18:2 4.89E-02 (+) 5.26E-01 (+) 1.98E-02 (+) 2.86E-02 (+) 6.79E-01 (+) 7.62E-01 (+) 1.00E+00  

TG 16:0/18:0/18:1 1.70E-02 (+) 8.76E-01 (+) 3.27E-03 (+) 1.96E-02 (+) 9.54E-02 (+) 3.04E-01 (+) 9.86E-01 (-) 

TG 16:0/18:1/18:1 2.80E-02 (+) 3.70E-01 (+) 7.45E-03 (+) 1.23E-02 (+) 6.10E-01 (+) 7.22E-01 (+) 1.00E+00  

TG 16:0/18:1/18:2 2.89E-01 (+) 9.70E-01 (+) 1.49E-01 (+) 7.26E-01 (+) 6.43E-01 (+) 9.97E-01 (+) 8.95E-01 (-) 

TG 16:0/18:2/18:2 5.00E-01 (+) 1.00E+00 (+) 4.46E-01 (+) 9.75E-01 (+) 6.92E-01 (+) 9.98E-01 (+) 9.02E-01 (-) 

TG 16:1/16:1/16:1 3.91E-01 (+) 6.99E-01 (+) 4.75E-01 (+) 3.41E-01 (+) 1.00E+00  9.98E-01 (+) 1.00E+00  

TG 16:1/16:1/18:0 4.82E-02 (+) 8.50E-01 (+) 2.24E-02 (+) 3.66E-02 (+) 3.78E-01 (+) 4.78E-01 (+) 1.00E+00  

TG 16:1/16:1/18:1 3.46E-01 (+) 5.90E-01 (+) 3.78E-01 (+) 3.16E-01 (+) 1.00E+00  1.00E+00  1.00E+00  

TG 16:1/17:0/18:1 4.89E-02 (+) 4.63E-01 (+) 1.52E-02 (+) 3.91E-02 (+) 6.77E-01 (+) 8.76E-01 (+) 9.99E-01 (-) 

TG 16:1/18:1/18:1 1.34E-01 (+) 1.57E-01 (+) 1.62E-01 (+) 1.19E-01 (+) 1.00E+00  1.00E+00 (+) 1.00E+00  

TG 16:1/18:1/18:2 3.66E-01 (+) 7.62E-01 (+) 2.71E-01 (+) 4.94E-01 (+) 9.84E-01 (+) 1.00E+00 (+) 9.99E-01 (-) 

TG 17:0/18:1/18:1 2.01E-02 (+) 2.94E-01 (+) 2.03E-03 (+) 2.49E-02 (+) 4.19E-01 (+) 9.22E-01 (+) 9.40E-01 (-) 

TG 18:0/18:0/18:0 1.86E-01 (+) 9.77E-01 (+) 7.63E-02 (+) 6.60E-01 (+) 4.23E-01 (+) 9.88E-01 (+) 7.93E-01 (-) 

TG 18:0/18:0/18:1 1.69E-02 (+) 9.16E-01 (+) 1.37E-03 (+) 1.20E-01 (+) 3.93E-02 (+) 7.03E-01 (+) 4.95E-01 (-) 

TG 18:0/18:1/18:1 6.86E-03 (+) 7.70E-01 (+) 3.96E-04 (+) 3.23E-02 (+) 3.20E-02 (+) 5.45E-01 (+) 6.00E-01 (-) 

TG 18:0/18:2/18:2 2.13E-01 (+) 9.80E-01 (+) 1.71E-01 (+) 2.64E-01 (+) 6.47E-01 (+) 7.73E-01 (+) 1.00E+00  

TG 18:1/18:1/18:1 6.29E-02 (+) 7.68E-01 (+) 2.63E-02 (+) 5.43E-02 (+) 5.07E-01 (+) 6.85E-01 (+) 1.00E+00  

TG 18:1/18:1/18:2 4.99E-01 (+) 9.60E-01 (+) 4.98E-01 (+) 5.96E-01 (+) 9.71E-01 (+) 9.89E-01 (+) 1.00E+00  

TG 18:1/18:1/20:4 1.09E-01 (+) 5.72E-01 (+) 8.59E-02 (+) 6.09E-02 (+) 9.32E-01 (+) 8.81E-01 (+) 1.00E+00  

TG 18:1/18:1/22:6 8.26E-02 (+) 7.90E-01 (+) 1.53E-01 (+) 2.50E-02 (+) 9.07E-01 (+) 4.58E-01 (+) 9.84E-01 (+) 

TG 18:1/18:2/18:2 7.39E-01 (+) 1.00E+00  7.82E-01 (+) 9.38E-01 (+) 9.35E-01 (+) 9.91E-01 (+) 1.00E+00  

TG 18:2/18:2/18:2 8.78E-01 (+) 1.00E+00  9.95E-01 (+) 1.00E+00  9.54E-01 (+) 1.00E+00  9.72E-01 (-) 

TG 18:2/18:2/20:4 4.34E-01 (+) 9.61E-01 (+) 5.19E-01 (+) 4.04E-01 (+) 9.75E-01 (+) 9.36E-01 (+) 1.00E+00  

 
Ov-ob, overweight-to-obese; IS, insulin sensitive; IR, insulin resistant; T2D, type 2 diabetic

 

a 
Analysis of covariance of each lipid species in the four groups, adjusted for age, sex, and systolic blood pressure, with 

b
P-value corrected for multiple 

comparisons using Benjamini-Hochberg method. 
c 

Post-hoc analysis was performed using the Mann Whitney U test with Dunn-Sidak correction for multiple group comparisons. 

Bold type indicates P < 0.05, with positive or negative sign in brackets indicating direction of change of lipid species relative to latter group.
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Table S6.2 Linear regression of lipid species with HOMA-IR in fasting plasma and steady-state clamp plasma. 

Lipid species
 

HOMA-IR
a
 (fasting plasma) HOMA-IR

a
 (steady-state clamp plasma) 

β-Coefficient (95% CI)
b 

Uncorrected 

P-value 

Corrected 

P-value
c 

β-Coefficient (95% CI)
b 

Uncorrected 

P-value 

Corrected 

P-value
c 

dhCer 16:0 0.24 (-0.20 - 0.67) 2.87E-01 5.80E-01 0.45 (-0.09 - 0.99) 1.06E-01 2.60E-01 

dhCer 18:0 0.10 (-0.39 - 0.60) 6.83E-01 8.77E-01 0.41 (-0.05 - 0.88) 8.89E-02 2.40E-01 

dhCer 20:0 -0.16 (-0.50 - 0.19) 3.83E-01 6.66E-01 0.12 (-0.24 - 0.48) 5.05E-01 6.74E-01 

dhCer 22:0 0.29 (-0.21 - 0.79) 2.63E-01 5.61E-01 0.21 (-0.19 - 0.60) 3.17E-01 5.12E-01 

dhCer 24:0 0.09 (-0.29 - 0.48) 6.43E-01 8.47E-01 0.18 (-0.22 - 0.58) 3.88E-01 5.92E-01 

dhCer 24:1 -0.01 (-0.39 - 0.37) 9.60E-01 9.76E-01 -0.01 (-0.51 - 0.50) 9.80E-01 9.90E-01 

Cer 16:0 0.29 (-0.14 - 0.72) 1.94E-01 4.83E-01 0.30 (-0.03 - 0.62) 8.47E-02 2.31E-01 

Cer 18:0 0.25 (-0.21 - 0.72) 2.95E-01 5.83E-01 0.75 (0.24 - 1.26) 5.87E-03 3.02E-02 

Cer 20:0 0.11 (-0.40 - 0.61) 6.82E-01 8.77E-01 0.38 (0.03 - 0.73) 3.74E-02 1.31E-01 

Cer 22:0 0.37 (-0.09 - 0.84) 1.21E-01 3.59E-01 0.40 (0.05 - 0.75) 2.94E-02 1.11E-01 

Cer 24:0 0.28 (-0.14 - 0.69) 1.94E-01 4.83E-01 0.23 (-0.10 - 0.56) 1.74E-01 3.62E-01 

Cer 24:1 0.06 (-0.35 - 0.46) 7.86E-01 9.12E-01 0.25 (-0.13 - 0.62) 2.07E-01 4.05E-01 

MHC 16:0 0.12 (-0.27 - 0.51) 5.58E-01 8.03E-01 0.16 (-0.22 - 0.54) 4.22E-01 6.27E-01 

MHC 18:0 0.12 (-0.29 - 0.53) 5.56E-01 8.03E-01 0.16 (-0.19 - 0.50) 3.75E-01 5.77E-01 

MHC 20:0 0.07 (-0.35 - 0.50) 7.31E-01 8.96E-01 0.00 (-0.49 - 0.50) 9.88E-01 9.94E-01 

MHC 22:0 -0.05 (-0.41 - 0.31) 7.78E-01 9.12E-01 0.02 (-0.38 - 0.43) 9.16E-01 9.41E-01 

MHC 24:0 -0.09 (-0.54 - 0.36) 7.02E-01 8.88E-01 -0.09 (-0.57 - 0.38) 7.01E-01 8.08E-01 

MHC 24:1 -0.12 (-0.49 - 0.26) 5.44E-01 8.02E-01 -0.18 (-0.66 - 0.30) 4.71E-01 6.58E-01 

DHC 16:0 -0.12 (-0.44 - 0.21) 4.82E-01 7.77E-01 -0.44 (-0.90 - 0.03) 7.31E-02 2.11E-01 

DHC 18:0 0.15 (-0.35 - 0.65) 5.52E-01 8.03E-01 0.17 (-0.32 - 0.66) 5.05E-01 6.74E-01 

DHC 20:0 -0.07 (-0.61 - 0.47) 8.07E-01 9.14E-01 0.27 (-0.11 - 0.66) 1.70E-01 3.57E-01 

DHC 22:0 -0.15 (-0.57 - 0.27) 4.98E-01 7.78E-01 0.13 (-0.28 - 0.54) 5.36E-01 6.98E-01 

DHC 24:0 -0.24 (-0.57 - 0.08) 1.53E-01 4.19E-01 -0.14 (-0.58 - 0.30) 5.41E-01 6.98E-01 

DHC 24:1 -0.30 (-0.57 - -0.02) 3.89E-02 1.97E-01 -0.41 (-0.77 - -0.05) 3.07E-02 1.13E-01 

THC 16:0 0.02 (-0.49 - 0.53) 9.36E-01 9.65E-01 -0.05 (-0.62 - 0.51) 8.52E-01 9.06E-01 

THC 18:0 0.44 (-0.09 - 0.97) 1.12E-01 3.47E-01 0.73 (0.10 - 1.37) 2.83E-02 1.09E-01 

THC 20:0 0.08 (-0.36 - 0.52) 7.28E-01 8.96E-01 -0.35 (-0.85 - 0.16) 1.81E-01 3.69E-01 

THC 22:0 -0.16 (-0.62 - 0.30) 5.00E-01 7.78E-01 -0.07 (-0.42 - 0.28) 6.80E-01 7.98E-01 

THC 24:0 -0.30 (-0.85 - 0.25) 2.89E-01 5.80E-01 -0.24 (-0.68 - 0.21) 3.00E-01 5.01E-01 
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Lipid species
 

HOMA-IR
a
 (fasting plasma) HOMA-IR

a
 (steady-state clamp plasma) 

β-Coefficient (95% CI)
b 

Uncorrected 

P-value 

Corrected 

P-value
c 

β-Coefficient (95% CI)
b 

Uncorrected 

P-value 

Corrected 

P-value
c 

THC 24:1 -0.19 (-0.74 - 0.36) 4.95E-01 7.78E-01 -0.48 (-1.04 - 0.07) 9.52E-02 2.46E-01 

GM3 16:0 -0.06 (-0.48 - 0.36) 7.82E-01 9.12E-01 -0.15 (-0.56 - 0.27) 4.90E-01 6.72E-01 

GM3 18:0 -0.28 (-0.76 - 0.20) 2.53E-01 5.52E-01 -0.22 (-0.77 - 0.34) 4.48E-01 6.40E-01 

GM3 20:0 -0.33 (-0.84 - 0.19) 2.20E-01 4.99E-01 -0.12 (-0.48 - 0.23) 4.95E-01 6.73E-01 

GM3 22:0 -0.05 (-0.58 - 0.49) 8.60E-01 9.37E-01 0.18 (-0.31 - 0.68) 4.66E-01 6.54E-01 

GM3 24:0 -0.13 (-0.52 - 0.26) 5.23E-01 7.93E-01 -0.36 (-0.84 - 0.13) 1.58E-01 3.47E-01 

GM3 24:1 -0.47 (-0.86 - -0.08) 2.33E-02 1.36E-01 -0.45 (-0.88 - -0.02) 4.33E-02 1.48E-01 

SM 31:1 0.22 (-0.24 - 0.68) 3.49E-01 6.37E-01 0.08 (-0.25 - 0.41) 6.25E-01 7.62E-01 

SM 32:1 0.34 (-0.08 - 0.75) 1.19E-01 3.55E-01 0.31 (-0.25 - 0.86) 2.83E-01 4.88E-01 

SM 32:2 -0.07 (-0.58 - 0.45) 7.99E-01 9.14E-01 -0.11 (-0.67 - 0.46) 7.12E-01 8.08E-01 

SM 33:1 0.45 (0.00 - 0.90) 5.49E-02 2.41E-01 0.19 (-0.29 - 0.68) 4.43E-01 6.40E-01 

SM 34:1 0.06 (-0.26 - 0.38) 7.15E-01 8.96E-01 -0.03 (-0.40 - 0.34) 8.73E-01 9.23E-01 

SM 34:2 -0.16 (-0.75 - 0.43) 5.89E-01 8.22E-01 -0.31 (-0.89 - 0.28) 3.13E-01 5.12E-01 

SM 34:3 0.07 (-0.36 - 0.51) 7.39E-01 8.96E-01 0.09 (-0.43 - 0.61) 7.27E-01 8.20E-01 

SM 35:1 0.11 (-0.33 - 0.54) 6.24E-01 8.35E-01 0.24 (-0.26 - 0.74) 3.52E-01 5.57E-01 

SM 35:2 0.12 (-0.36 - 0.60) 6.25E-01 8.35E-01 0.04 (-0.39 - 0.48) 8.41E-01 9.01E-01 

SM 36:1 0.04 (-0.44 - 0.52) 8.79E-01 9.38E-01 0.16 (-0.31 - 0.64) 5.02E-01 6.74E-01 

SM 36:2 -0.05 (-0.58 - 0.48) 8.63E-01 9.37E-01 -0.10 (-0.59 - 0.40) 6.99E-01 8.08E-01 

SM 36:3 -0.10 (-0.65 - 0.46) 7.29E-01 8.96E-01 -0.08 (-0.59 - 0.44) 7.73E-01 8.47E-01 

SM 38:1 0.42 (-0.06 - 0.90) 9.50E-02 3.12E-01 -0.09 (-0.65 - 0.46) 7.48E-01 8.35E-01 

SM 38:2 0.29 (-0.18 - 0.75) 2.35E-01 5.22E-01 0.09 (-0.33 - 0.52) 6.66E-01 7.95E-01 

SM 39:1 0.23 (-0.12 - 0.58) 2.06E-01 4.87E-01 0.40 (-0.06 - 0.86) 9.50E-02 2.46E-01 

SM 41:1 0.20 (-0.23 - 0.63) 3.61E-01 6.45E-01 0.21 (-0.23 - 0.66) 3.47E-01 5.52E-01 

SM 41:2 0.01 (-0.45 - 0.47) 9.54E-01 9.75E-01 -0.10 (-0.60 - 0.41) 7.04E-01 8.08E-01 

SM 42:1 -0.05 (-0.42 - 0.31) 7.73E-01 9.12E-01 -0.11 (-0.47 - 0.26) 5.60E-01 7.11E-01 

PC 28:0 0.05 (-0.15 - 0.26) 6.06E-01 8.29E-01 0.16 (-0.13 - 0.46) 2.78E-01 4.86E-01 

PC 29:0 0.14 (-0.21 - 0.49) 4.44E-01 7.30E-01 0.24 (-0.18 - 0.65) 2.67E-01 4.79E-01 

PC 30:0 0.19 (-0.20 - 0.58) 3.51E-01 6.37E-01 0.34 (-0.06 - 0.75) 1.03E-01 2.59E-01 

PC 31:0 0.22 (-0.14 - 0.58) 2.41E-01 5.30E-01 0.35 (-0.02 - 0.71) 7.28E-02 2.11E-01 

PC 31:1 0.22 (-0.19 - 0.63) 2.92E-01 5.80E-01 0.19 (-0.24 - 0.63) 3.86E-01 5.92E-01 

PC 32:0 -0.20 (-0.67 - 0.27) 4.08E-01 6.91E-01 0.15 (-0.43 - 0.73) 6.12E-01 7.57E-01 
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Lipid species
 

HOMA-IR
a
 (fasting plasma) HOMA-IR

a
 (steady-state clamp plasma) 

β-Coefficient (95% CI)
b 

Uncorrected 

P-value 

Corrected 

P-value
c 

β-Coefficient (95% CI)
b 

Uncorrected 

P-value 

Corrected 

P-value
c 

PC 32:1 -0.10 (-0.47 - 0.27) 6.01E-01 8.26E-01 0.19 (-0.28 - 0.65) 4.36E-01 6.39E-01 

PC 32:2 0.06 (-0.38 - 0.50) 8.02E-01 9.14E-01 0.19 (-0.32 - 0.71) 4.61E-01 6.52E-01 

PC 32:3 0.05 (-0.37 - 0.46) 8.24E-01 9.19E-01 0.18 (-0.24 - 0.60) 4.07E-01 6.07E-01 

PC 33:0 0.05 (-0.37 - 0.48) 8.00E-01 9.14E-01 0.10 (-0.33 - 0.52) 6.56E-01 7.88E-01 

PC 33:1 0.00 (-0.40 - 0.39) 9.83E-01 9.89E-01 0.35 (-0.12 - 0.81) 1.50E-01 3.32E-01 

PC 33:2 0.37 (-0.19 - 0.93) 2.01E-01 4.86E-01 0.43 (-0.15 - 1.01) 1.48E-01 3.31E-01 

PC 33:3 0.13 (-0.32 - 0.58) 5.73E-01 8.12E-01 0.28 (-0.15 - 0.71) 2.15E-01 4.12E-01 

PC 34:0 -0.08 (-0.52 - 0.36) 7.17E-01 8.96E-01 0.24 (-0.18 - 0.66) 2.65E-01 4.79E-01 

PC 34:1 -0.07 (-0.51 - 0.37) 7.60E-01 9.07E-01 0.00 (-0.39 - 0.40) 9.81E-01 9.90E-01 

PC 34:2 0.40 (0.01 - 0.80) 5.21E-02 2.39E-01 0.16 (-0.30 - 0.62) 4.97E-01 6.73E-01 

PC 34:3 -0.06 (-0.50 - 0.38) 7.93E-01 9.14E-01 0.09 (-0.33 - 0.51) 6.76E-01 7.98E-01 

PC 34:4 0.01 (-0.40 - 0.43) 9.46E-01 9.73E-01 0.22 (-0.20 - 0.63) 3.08E-01 5.08E-01 

PC 34:5 -0.06 (-0.40 - 0.28) 7.33E-01 8.96E-01 0.02 (-0.32 - 0.36) 9.11E-01 9.39E-01 

PC 35:0 0.23 (-0.11 - 0.57) 1.94E-01 4.83E-01 0.13 (-0.20 - 0.46) 4.48E-01 6.40E-01 

PC 35:1 0.05 (-0.36 - 0.46) 8.23E-01 9.19E-01 0.13 (-0.19 - 0.45) 4.43E-01 6.40E-01 

PC 35:2 0.27 (-0.22 - 0.77) 2.84E-01 5.79E-01 0.26 (-0.22 - 0.73) 2.93E-01 4.96E-01 

PC 35:3 0.12 (-0.34 - 0.58) 6.12E-01 8.31E-01 0.18 (-0.28 - 0.64) 4.48E-01 6.40E-01 

PC 35:4 0.21 (-0.23 - 0.65) 3.57E-01 6.41E-01 0.29 (-0.23 - 0.81) 2.79E-01 4.86E-01 

PC 35:5 0.03 (-0.34 - 0.40) 8.80E-01 9.38E-01 -0.01 (-0.32 - 0.29) 9.41E-01 9.64E-01 

PC 36:1 0.03 (-0.34 - 0.39) 8.83E-01 9.38E-01 0.18 (-0.32 - 0.69) 4.78E-01 6.63E-01 

PC 36:2 0.54 (0.11 - 0.97) 1.83E-02 1.11E-01 0.23 (-0.14 - 0.60) 2.34E-01 4.37E-01 

PC 36:3 0.20 (-0.28 - 0.69) 4.10E-01 6.91E-01 0.35 (-0.08 - 0.78) 1.13E-01 2.68E-01 

PC 36:4a 0.03 (-0.43 - 0.49) 8.90E-01 9.41E-01 -0.03 (-0.39 - 0.33) 8.73E-01 9.23E-01 

PC 36:4b 0.06 (-0.31 - 0.43) 7.63E-01 9.07E-01 0.04 (-0.50 - 0.58) 8.86E-01 9.26E-01 

PC 36:5 -0.10 (-0.53 - 0.33) 6.47E-01 8.47E-01 -0.09 (-0.52 - 0.34) 6.84E-01 7.98E-01 

PC 36:6 -0.22 (-0.68 - 0.23) 3.37E-01 6.28E-01 -0.16 (-0.64 - 0.32) 5.25E-01 6.93E-01 

PC 37:4 0.14 (-0.30 - 0.58) 5.43E-01 8.02E-01 0.16 (-0.34 - 0.65) 5.39E-01 6.98E-01 

PC 37:5 0.00 (-0.39 - 0.39) 9.95E-01 9.98E-01 -0.03 (-0.35 - 0.29) 8.47E-01 9.03E-01 

PC 37:6 -0.12 (-0.50 - 0.26) 5.46E-01 8.02E-01 -0.04 (-0.41 - 0.32) 8.09E-01 8.77E-01 

PC 38:2 -0.13 (-0.51 - 0.25) 4.99E-01 7.78E-01 -0.05 (-0.44 - 0.34) 8.11E-01 8.77E-01 

PC 38:3 0.36 (-0.12 - 0.83) 1.47E-01 4.12E-01 0.53 (0.05 - 1.00) 3.37E-02 1.21E-01 
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HOMA-IR
a
 (fasting plasma) HOMA-IR

a
 (steady-state clamp plasma) 

β-Coefficient (95% CI)
b 

Uncorrected 

P-value 

Corrected 

P-value
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β-Coefficient (95% CI)
b 

Uncorrected 

P-value 

Corrected 

P-value
c 

PC 38:4 0.17 (-0.17 - 0.50) 3.38E-01 6.28E-01 0.14 (-0.42 - 0.71) 6.22E-01 7.62E-01 

PC 38:5 -0.13 (-0.61 - 0.35) 5.95E-01 8.23E-01 -0.08 (-0.54 - 0.38) 7.40E-01 8.30E-01 

PC 38:6a 0.08 (-0.38 - 0.54) 7.39E-01 8.96E-01 -0.12 (-0.61 - 0.36) 6.19E-01 7.62E-01 

PC 38:6b -0.26 (-0.68 - 0.15) 2.17E-01 4.99E-01 -0.26 (-0.75 - 0.22) 2.91E-01 4.95E-01 

PC 38:7 -0.33 (-0.85 - 0.19) 2.15E-01 4.99E-01 -0.37 (-0.88 - 0.14) 1.63E-01 3.54E-01 

PC 39:6 -0.13 (-0.53 - 0.27) 5.16E-01 7.90E-01 -0.18 (-0.59 - 0.23) 4.00E-01 6.00E-01 

PC 40:5 -0.02 (-0.35 - 0.32) 9.22E-01 9.57E-01 0.10 (-0.39 - 0.58) 7.01E-01 8.08E-01 

PC 40:6 -0.15 (-0.60 - 0.29) 5.09E-01 7.85E-01 -0.10 (-0.63 - 0.43) 7.06E-01 8.08E-01 

PC 40:7 -0.34 (-0.84 - 0.16) 1.84E-01 4.81E-01 -0.27 (-0.70 - 0.16) 2.29E-01 4.30E-01 

PC(O-30:0) 0.09 (-0.41 - 0.58) 7.34E-01 8.96E-01 0.13 (-0.34 - 0.60) 5.86E-01 7.33E-01 

PC(O-32:0) -0.01 (-0.41 - 0.39) 9.63E-01 9.76E-01 -0.01 (-0.43 - 0.40) 9.46E-01 9.66E-01 

PC(O-32:1) -0.14 (-0.74 - 0.47) 6.58E-01 8.55E-01 -0.30 (-0.89 - 0.29) 3.22E-01 5.18E-01 

PC(O-32:2) -0.10 (-0.48 - 0.27) 5.91E-01 8.22E-01 0.13 (-0.22 - 0.49) 4.64E-01 6.54E-01 

PC(O-34:0) 0.06 (-0.46 - 0.57) 8.30E-01 9.19E-01 0.40 (-0.13 - 0.93) 1.46E-01 3.29E-01 

PC(O-34:1) -0.09 (-0.62 - 0.44) 7.44E-01 8.97E-01 -0.13 (-0.71 - 0.44) 6.54E-01 7.88E-01 

PC(O-34:2) 0.12 (-0.35 - 0.59) 6.19E-01 8.35E-01 0.12 (-0.37 - 0.60) 6.39E-01 7.76E-01 

PC(O-34:4) -0.21 (-0.54 - 0.11) 2.04E-01 4.87E-01 -0.21 (-0.51 - 0.10) 1.89E-01 3.78E-01 

PC(O-35:4) -0.23 (-0.75 - 0.29) 3.89E-01 6.73E-01 -0.08 (-0.56 - 0.41) 7.53E-01 8.36E-01 

PC(O-36:0) -0.36 (-0.72 - 0.00) 5.55E-02 2.41E-01 0.00 (-0.31 - 0.31) 9.96E-01 9.96E-01 

PC(O-36:1) -0.01 (-0.42 - 0.40) 9.64E-01 9.76E-01 0.17 (-0.35 - 0.70) 5.21E-01 6.91E-01 

PC(O-36:2) 0.14 (-0.40 - 0.68) 6.25E-01 8.35E-01 0.14 (-0.32 - 0.59) 5.62E-01 7.11E-01 

PC(O-36:3) 0.21 (-0.28 - 0.71) 4.06E-01 6.91E-01 0.22 (-0.28 - 0.72) 3.92E-01 5.92E-01 

PC(O-36:4) 0.06 (-0.37 - 0.48) 7.96E-01 9.14E-01 0.30 (-0.28 - 0.87) 3.18E-01 5.12E-01 

PC(O-36:5) -0.03 (-0.45 - 0.38) 8.77E-01 9.38E-01 -0.07 (-0.44 - 0.30) 7.09E-01 8.08E-01 

PC(O-38:4) 0.22 (-0.24 - 0.69) 3.48E-01 6.37E-01 0.34 (-0.19 - 0.86) 2.12E-01 4.09E-01 

PC(O-38:5) 0.04 (-0.46 - 0.54) 8.84E-01 9.38E-01 0.16 (-0.37 - 0.70) 5.57E-01 7.11E-01 

PC(O-40:7) -0.31 (-0.92 - 0.29) 3.17E-01 6.02E-01 -0.31 (-0.79 - 0.18) 2.23E-01 4.24E-01 

PC(P-32:0) -0.13 (-0.55 - 0.29) 5.40E-01 8.02E-01 -0.27 (-0.66 - 0.11) 1.68E-01 3.57E-01 

PC(P-32:1) -0.28 (-0.67 - 0.12) 1.73E-01 4.60E-01 -0.29 (-0.70 - 0.13) 1.78E-01 3.65E-01 

PC(P-34:1) -0.33 (-0.91 - 0.25) 2.69E-01 5.63E-01 -0.54 (-1.22 - 0.13) 1.22E-01 2.85E-01 

PC(P-34:2) -0.10 (-0.67 - 0.47) 7.41E-01 8.96E-01 -0.23 (-0.84 - 0.37) 4.56E-01 6.48E-01 
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a
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a
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β-Coefficient (95% CI)
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Uncorrected 
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b 

Uncorrected 

P-value 

Corrected 
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c 

PC(P-34:3) -0.06 (-0.61 - 0.48) 8.26E-01 9.19E-01 -0.01 (-0.54 - 0.52) 9.58E-01 9.76E-01 

PC(P-36:2) 0.07 (-0.50 - 0.65) 8.06E-01 9.14E-01 -0.24 (-0.91 - 0.44) 4.98E-01 6.73E-01 

PC(P-36:4) -0.02 (-0.54 - 0.49) 9.28E-01 9.60E-01 0.09 (-0.49 - 0.66) 7.69E-01 8.46E-01 

PC(P-36:5) 0.03 (-0.27 - 0.32) 8.64E-01 9.37E-01 0.02 (-0.25 - 0.28) 9.01E-01 9.32E-01 

PC(P-38:5) -0.06 (-0.47 - 0.34) 7.55E-01 9.04E-01 -0.09 (-0.47 - 0.29) 6.48E-01 7.85E-01 

PC(P-40:5) -0.10 (-0.58 - 0.39) 6.92E-01 8.83E-01 -0.21 (-0.73 - 0.31) 4.32E-01 6.38E-01 

LPC 14:0 0.02 (-0.39 - 0.43) 9.22E-01 9.57E-01 0.25 (-0.19 - 0.69) 2.73E-01 4.86E-01 

LPC 15:0 -0.06 (-0.45 - 0.32) 7.50E-01 9.01E-01 0.09 (-0.33 - 0.51) 6.83E-01 7.98E-01 

LPC 16:0 -0.20 (-0.73 - 0.32) 4.55E-01 7.44E-01 -0.08 (-0.46 - 0.30) 6.73E-01 7.97E-01 

LPC 16:1 -0.41 (-0.87 - 0.04) 8.25E-02 2.97E-01 -0.32 (-0.87 - 0.23) 2.54E-01 4.63E-01 

LPC 17:0 -0.11 (-0.51 - 0.28) 5.86E-01 8.22E-01 -0.08 (-0.58 - 0.43) 7.70E-01 8.46E-01 

LPC 17:1 -0.37 (-0.83 - 0.10) 1.31E-01 3.72E-01 -0.22 (-0.68 - 0.25) 3.68E-01 5.68E-01 

LPC 18:0 -0.16 (-0.72 - 0.40) 5.74E-01 8.12E-01 0.04 (-0.46 - 0.54) 8.81E-01 9.25E-01 

LPC 18:1 -0.38 (-0.80 - 0.04) 8.64E-02 3.01E-01 -0.50 (-1.02 - 0.02) 6.32E-02 1.90E-01 

LPC 18:2 -0.34 (-0.77 - 0.08) 1.19E-01 3.55E-01 -0.38 (-0.81 - 0.04) 8.20E-02 2.26E-01 

LPC 18:3 -0.12 (-0.42 - 0.18) 4.42E-01 7.30E-01 -0.12 (-0.48 - 0.25) 5.41E-01 6.98E-01 

LPC 20:0 -0.29 (-0.68 - 0.10) 1.48E-01 4.12E-01 -0.20 (-0.56 - 0.16) 2.84E-01 4.88E-01 

LPC 20:1 -0.47 (-0.92 - -0.02) 4.70E-02 2.21E-01 -0.31 (-0.75 - 0.13) 1.68E-01 3.57E-01 

LPC 20:2 -0.40 (-0.85 - 0.04) 8.08E-02 2.97E-01 -0.24 (-0.70 - 0.22) 3.15E-01 5.12E-01 

LPC 20:4 -0.35 (-0.79 - 0.10) 1.31E-01 3.72E-01 -0.26 (-0.64 - 0.12) 1.92E-01 3.79E-01 

LPC 20:5 -0.31 (-0.83 - 0.20) 2.38E-01 5.26E-01 -0.23 (-0.63 - 0.17) 2.73E-01 4.86E-01 

LPC 22:0 -0.24 (-0.68 - 0.21) 3.06E-01 5.98E-01 -0.25 (-0.62 - 0.13) 2.05E-01 4.02E-01 

LPC 22:1 -0.53 (-0.94 - -0.12) 1.52E-02 1.02E-01 -0.54 (-0.98 - -0.11) 1.82E-02 7.60E-02 

LPC 22:5 -0.70 (-1.24 - -0.16) 1.45E-02 9.86E-02 -0.76 (-1.34 - -0.18) 1.36E-02 6.08E-02 

LPC 22:6 -0.71 (-1.15 - -0.26) 3.03E-03 3.37E-02 -0.69 (-1.14 - -0.23) 5.00E-03 2.73E-02 

LPC 24:0 -0.14 (-0.57 - 0.30) 5.47E-01 8.02E-01 -0.31 (-0.69 - 0.07) 1.15E-01 2.70E-01 

LPC 26:0 -0.53 (-1.11 - 0.05) 8.01E-02 2.97E-01 -0.25 (-0.61 - 0.10) 1.69E-01 3.57E-01 

LPC(O-16:0) -0.22 (-0.78 - 0.34) 4.38E-01 7.28E-01 -0.04 (-0.56 - 0.48) 8.77E-01 9.25E-01 

LPC(O-18:0) -0.22 (-0.82 - 0.38) 4.76E-01 7.75E-01 0.05 (-0.47 - 0.58) 8.40E-01 9.01E-01 

LPC(O-18:1) -0.29 (-0.72 - 0.14) 1.94E-01 4.83E-01 -0.09 (-0.60 - 0.42) 7.32E-01 8.23E-01 

LPC(O-20:0) -0.27 (-0.83 - 0.29) 3.56E-01 6.41E-01 -0.32 (-0.87 - 0.23) 2.61E-01 4.74E-01 
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HOMA-IR
a
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a
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β-Coefficient (95% CI)
b 

Uncorrected 

P-value 

Corrected 

P-value
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β-Coefficient (95% CI)
b 

Uncorrected 

P-value 

Corrected 

P-value
c 

LPC(O-22:0) -0.19 (-0.78 - 0.40) 5.35E-01 8.02E-01 -0.14 (-0.56 - 0.28) 5.07E-01 6.75E-01 

LPC(O-22:1) -0.37 (-0.83 - 0.10) 1.26E-01 3.66E-01 -0.50 (-0.90 - -0.09) 2.03E-02 8.29E-02 

LPC(O-24:0) -0.14 (-0.56 - 0.27) 5.01E-01 7.78E-01 -0.23 (-0.58 - 0.12) 2.11E-01 4.09E-01 

LPC(O-24:1) -0.28 (-0.68 - 0.13) 1.84E-01 4.81E-01 -0.30 (-0.65 - 0.06) 1.10E-01 2.66E-01 

LPC(O-24:2) -0.63 (-1.15 - -0.11) 2.22E-02 1.33E-01 -0.86 (-1.50 - -0.21) 1.21E-02 5.53E-02 

PE 32:0 0.04 (-0.32 - 0.40) 8.31E-01 9.19E-01 0.43 (-0.01 - 0.87) 6.36E-02 1.90E-01 

PE 32:1 0.17 (-0.15 - 0.48) 3.11E-01 5.98E-01 0.39 (0.01 - 0.77) 4.87E-02 1.58E-01 

PE 34:1 0.21 (-0.16 - 0.57) 2.70E-01 5.63E-01 0.39 (0.05 - 0.72) 2.96E-02 1.11E-01 

PE 34:2 0.26 (-0.04 - 0.55) 9.42E-02 3.12E-01 0.37 (0.07 - 0.67) 2.11E-02 8.38E-02 

PE 34:3 0.18 (-0.17 - 0.52) 3.16E-01 6.02E-01 0.31 (-0.02 - 0.64) 7.16E-02 2.10E-01 

PE 35:1 0.29 (-0.03 - 0.61) 8.01E-02 2.97E-01 0.48 (0.13 - 0.82) 8.80E-03 4.27E-02 

PE 35:2 0.26 (-0.04 - 0.56) 9.15E-02 3.12E-01 0.39 (0.11 - 0.68) 9.57E-03 4.57E-02 

PE 36:0 -0.40 (-0.86 - 0.05) 8.66E-02 3.01E-01 0.16 (-0.36 - 0.67) 5.57E-01 7.11E-01 

PE 36:1 0.39 (0.02 - 0.77) 4.62E-02 2.21E-01 0.40 (0.08 - 0.72) 1.88E-02 7.74E-02 

PE 36:2 0.30 (0.02 - 0.59) 4.03E-02 2.01E-01 0.37 (0.10 - 0.63) 8.81E-03 4.27E-02 

PE 36:3 0.25 (-0.15 - 0.65) 2.26E-01 5.10E-01 0.41 (0.06 - 0.77) 2.72E-02 1.06E-01 

PE 36:4 0.13 (-0.15 - 0.41) 3.70E-01 6.56E-01 0.31 (0.03 - 0.60) 3.72E-02 1.31E-01 

PE 36:5 0.09 (-0.36 - 0.53) 6.99E-01 8.88E-01 0.28 (-0.05 - 0.60) 1.04E-01 2.60E-01 

PE 38:3 0.15 (-0.14 - 0.45) 3.09E-01 5.98E-01 0.44 (0.10 - 0.78) 1.38E-02 6.08E-02 

PE 38:4 0.08 (-0.20 - 0.37) 5.67E-01 8.12E-01 0.40 (0.05 - 0.75) 3.01E-02 1.12E-01 

PE 38:5 0.14 (-0.34 - 0.62) 5.77E-01 8.13E-01 0.44 (0.00 - 0.88) 5.51E-02 1.75E-01 

PE 38:6 0.04 (-0.33 - 0.41) 8.22E-01 9.19E-01 0.24 (-0.10 - 0.57) 1.69E-01 3.57E-01 

PE 40:5 0.05 (-0.33 - 0.44) 7.87E-01 9.12E-01 0.38 (0.01 - 0.74) 4.74E-02 1.57E-01 

PE 40:6 0.11 (-0.26 - 0.47) 5.70E-01 8.12E-01 0.35 (-0.07 - 0.77) 1.05E-01 2.60E-01 

PE 40:7 -0.09 (-0.53 - 0.35) 6.93E-01 8.83E-01 0.22 (-0.27 - 0.71) 3.91E-01 5.92E-01 

PE(O-34:1) 0.27 (-0.13 - 0.68) 1.95E-01 4.83E-01 0.31 (-0.20 - 0.82) 2.40E-01 4.45E-01 

PE(O-34:2) 0.45 (-0.02 - 0.91) 6.65E-02 2.74E-01 0.43 (-0.07 - 0.93) 1.00E-01 2.53E-01 

PE(O-36:2) 0.18 (-0.23 - 0.58) 3.92E-01 6.75E-01 0.04 (-0.47 - 0.54) 8.91E-01 9.26E-01 

PE(O-36:3) 0.25 (-0.13 - 0.63) 1.98E-01 4.86E-01 0.28 (-0.08 - 0.64) 1.37E-01 3.12E-01 

PE(O-36:4) 0.21 (-0.20 - 0.63) 3.12E-01 5.98E-01 0.31 (-0.12 - 0.73) 1.61E-01 3.52E-01 

PE(O-36:5) -0.03 (-0.47 - 0.42) 9.13E-01 9.56E-01 0.14 (-0.30 - 0.58) 5.41E-01 6.98E-01 
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Lipid species
 

HOMA-IR
a
 (fasting plasma) HOMA-IR

a
 (steady-state clamp plasma) 

β-Coefficient (95% CI)
b 

Uncorrected 

P-value 

Corrected 

P-value
c 

β-Coefficient (95% CI)
b 

Uncorrected 

P-value 

Corrected 

P-value
c 

PE(O-36:6) 0.12 (-0.22 - 0.47) 4.85E-01 7.77E-01 0.08 (-0.28 - 0.44) 6.60E-01 7.90E-01 

PE(O-38:4) 0.14 (-0.32 - 0.60) 5.55E-01 8.03E-01 0.26 (-0.20 - 0.72) 2.76E-01 4.86E-01 

PE(O-38:5) 0.21 (-0.15 - 0.57) 2.56E-01 5.55E-01 0.32 (-0.11 - 0.74) 1.49E-01 3.31E-01 

PE(O-40:4) -0.14 (-0.57 - 0.29) 5.34E-01 8.02E-01 0.24 (-0.20 - 0.67) 2.89E-01 4.95E-01 

PE(O-40:5) 0.07 (-0.30 - 0.45) 7.07E-01 8.91E-01 0.14 (-0.30 - 0.59) 5.30E-01 6.98E-01 

PE(O-40:6) -0.01 (-0.37 - 0.35) 9.69E-01 9.78E-01 0.40 (-0.04 - 0.84) 7.88E-02 2.23E-01 

PE(O-40:7) -0.09 (-0.44 - 0.26) 6.12E-01 8.31E-01 -0.16 (-0.60 - 0.28) 4.86E-01 6.70E-01 

PE(O-42:7) -0.71 (-1.20 - -0.22) 6.45E-03 5.55E-02 -0.78 (-1.22 - -0.35) 9.74E-04 7.23E-03 

PE(P-34:1) 0.11 (-0.36 - 0.58) 6.45E-01 8.47E-01 0.21 (-0.23 - 0.65) 3.54E-01 5.57E-01 

PE(P-34:2) 0.52 (0.00 - 1.03) 5.40E-02 2.41E-01 0.51 (-0.02 - 1.03) 6.50E-02 1.92E-01 

PE(P-36:1) 0.43 (-0.04 - 0.90) 8.23E-02 2.97E-01 0.12 (-0.29 - 0.54) 5.57E-01 7.11E-01 

PE(P-36:2) 0.48 (0.03 - 0.94) 4.37E-02 2.15E-01 0.51 (-0.01 - 1.03) 6.19E-02 1.90E-01 

PE(P-36:4) 0.21 (-0.29 - 0.72) 4.18E-01 7.02E-01 0.31 (-0.06 - 0.68) 1.07E-01 2.62E-01 

PE(P-37:4) 0.05 (-0.40 - 0.49) 8.40E-01 9.26E-01 0.19 (-0.34 - 0.71) 4.91E-01 6.72E-01 

PE(P-38:4) 0.07 (-0.41 - 0.55) 7.80E-01 9.12E-01 0.40 (-0.05 - 0.84) 8.49E-02 2.31E-01 

PE(P-38:5) 0.13 (-0.35 - 0.61) 5.96E-01 8.23E-01 0.21 (-0.36 - 0.77) 4.75E-01 6.61E-01 

PE(P-38:6) 0.02 (-0.33 - 0.37) 9.13E-01 9.56E-01 0.01 (-0.39 - 0.41) 9.75E-01 9.90E-01 

PE(P-40:4) -0.22 (-0.57 - 0.13) 2.29E-01 5.13E-01 -0.07 (-0.34 - 0.20) 6.12E-01 7.57E-01 

PE(P-40:5) -0.05 (-0.49 - 0.39) 8.22E-01 9.19E-01 -0.03 (-0.41 - 0.36) 8.93E-01 9.26E-01 

PE(P-40:6) -0.01 (-0.41 - 0.39) 9.50E-01 9.74E-01 0.00 (-0.45 - 0.45) 9.92E-01 9.95E-01 

LPE 16:0 -0.53 (-1.11 - 0.06) 8.26E-02 2.97E-01 -0.09 (-0.66 - 0.48) 7.61E-01 8.41E-01 

LPE 16:1 -0.06 (-0.50 - 0.38) 7.80E-01 9.12E-01 0.17 (-0.19 - 0.54) 3.61E-01 5.64E-01 

LPE 18:0 -0.32 (-0.90 - 0.26) 2.81E-01 5.79E-01 0.16 (-0.24 - 0.55) 4.44E-01 6.40E-01 

LPE 18:1 -0.07 (-0.47 - 0.33) 7.21E-01 8.96E-01 0.19 (-0.17 - 0.55) 3.00E-01 5.01E-01 

LPE 18:2 -0.02 (-0.49 - 0.44) 9.18E-01 9.57E-01 0.22 (-0.19 - 0.63) 2.95E-01 4.97E-01 

LPE 20:4 -0.05 (-0.57 - 0.48) 8.59E-01 9.37E-01 0.39 (0.03 - 0.75) 3.86E-02 1.34E-01 

LPE 22:5 -0.04 (-0.47 - 0.39) 8.60E-01 9.37E-01 0.25 (-0.15 - 0.64) 2.25E-01 4.25E-01 

LPE 22:6 -0.50 (-0.92 - -0.08) 2.53E-02 1.45E-01 -0.05 (-0.45 - 0.34) 7.97E-01 8.67E-01 

PI 32:0 0.33 (0.02 - 0.64) 4.46E-02 2.16E-01 0.47 (0.08 - 0.86) 2.08E-02 8.36E-02 

PI 32:1 0.11 (-0.22 - 0.45) 5.10E-01 7.85E-01 0.22 (-0.15 - 0.59) 2.41E-01 4.45E-01 

PI 34:0 0.29 (-0.12 - 0.70) 1.67E-01 4.46E-01 0.38 (-0.08 - 0.84) 1.13E-01 2.68E-01 
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Lipid species
 

HOMA-IR
a
 (fasting plasma) HOMA-IR

a
 (steady-state clamp plasma) 

β-Coefficient (95% CI)
b 

Uncorrected 

P-value 

Corrected 

P-value
c 

β-Coefficient (95% CI)
b 

Uncorrected 

P-value 

Corrected 

P-value
c 

PI 34:1 0.21 (-0.20 - 0.61) 3.20E-01 6.03E-01 0.25 (-0.12 - 0.62) 1.89E-01 3.78E-01 

PI 36:1 0.22 (-0.19 - 0.62) 3.09E-01 5.98E-01 0.16 (-0.18 - 0.50) 3.57E-01 5.60E-01 

PI 36:2 0.19 (-0.16 - 0.54) 2.83E-01 5.79E-01 0.16 (-0.15 - 0.48) 3.06E-01 5.08E-01 

PI 36:3 0.17 (-0.21 - 0.56) 3.73E-01 6.56E-01 0.21 (-0.12 - 0.53) 2.18E-01 4.15E-01 

PI 36:4 0.17 (-0.20 - 0.54) 3.73E-01 6.56E-01 0.38 (0.02 - 0.73) 4.27E-02 1.47E-01 

PI 38:2 0.29 (-0.13 - 0.70) 1.87E-01 4.83E-01 0.37 (-0.11 - 0.86) 1.40E-01 3.19E-01 

PI 38:3 0.23 (-0.18 - 0.64) 2.79E-01 5.78E-01 0.33 (-0.03 - 0.70) 7.99E-02 2.24E-01 

PI 38:4 0.15 (-0.28 - 0.58) 4.99E-01 7.78E-01 0.33 (0.00 - 0.66) 5.69E-02 1.77E-01 

PI 38:5 -0.03 (-0.49 - 0.43) 9.03E-01 9.52E-01 0.27 (-0.12 - 0.65) 1.78E-01 3.65E-01 

PI 38:6 0.12 (-0.36 - 0.60) 6.38E-01 8.47E-01 0.33 (-0.22 - 0.88) 2.46E-01 4.51E-01 

PI 40:4 0.22 (-0.32 - 0.76) 4.23E-01 7.06E-01 0.43 (-0.12 - 0.99) 1.33E-01 3.05E-01 

PI 40:5 0.14 (-0.24 - 0.51) 4.79E-01 7.76E-01 0.25 (-0.11 - 0.62) 1.82E-01 3.69E-01 

PI 40:6 -0.04 (-0.48 - 0.40) 8.70E-01 9.38E-01 0.05 (-0.39 - 0.49) 8.26E-01 8.90E-01 

PS 36:1 -0.49 (-1.00 - 0.02) 6.44E-02 2.69E-01 0.06 (-0.37 - 0.50) 7.77E-01 8.49E-01 

PS 36:2 -0.38 (-0.83 - 0.08) 1.09E-01 3.42E-01 0.14 (-0.34 - 0.62) 5.66E-01 7.13E-01 

PS 38:3 -0.42 (-0.83 - 0.00) 5.34E-02 2.41E-01 0.11 (-0.30 - 0.51) 6.04E-01 7.53E-01 

PS 38:4 -0.42 (-0.85 - 0.02) 6.80E-02 2.75E-01 0.10 (-0.29 - 0.48) 6.25E-01 7.62E-01 

PS 38:5 -0.44 (-0.90 - 0.03) 7.13E-02 2.80E-01 0.09 (-0.33 - 0.51) 6.69E-01 7.95E-01 

PS 40:5 -0.39 (-0.87 - 0.09) 1.14E-01 3.50E-01 0.06 (-0.29 - 0.40) 7.53E-01 8.36E-01 

PS 40:6 -0.26 (-0.64 - 0.13) 1.94E-01 4.83E-01 -0.02 (-0.36 - 0.32) 8.93E-01 9.26E-01 

COH 0.00 (-0.45 - 0.45) 9.99E-01 9.99E-01 0.18 (-0.24 - 0.60) 4.00E-01 6.00E-01 

CE 14:0 0.46 (0.10 - 0.83) 1.70E-02 1.07E-01 0.63 (0.30 - 0.97) 5.11E-04 4.49E-03 

CE 15:0 0.58 (0.05 - 1.12) 3.76E-02 1.96E-01 0.73 (0.33 - 1.13) 7.23E-04 5.62E-03 

CE 16:0 0.59 (0.21 - 0.96) 3.77E-03 3.93E-02 0.58 (0.17 - 0.99) 8.14E-03 4.06E-02 

CE 16:1 0.27 (-0.03 - 0.57) 8.45E-02 3.00E-01 0.54 (0.19 - 0.90) 4.14E-03 2.39E-02 

CE 16:2 0.64 (0.18 - 1.11) 8.98E-03 6.81E-02 0.83 (0.45 - 1.20) 7.67E-05 2.02E-03 

CE 17:0 0.09 (-0.31 - 0.50) 6.53E-01 8.52E-01 0.51 (0.10 - 0.91) 1.72E-02 7.26E-02 

CE 17:1 0.13 (-0.43 - 0.70) 6.46E-01 8.47E-01 0.31 (-0.15 - 0.78) 1.91E-01 3.79E-01 

CE 18:0 0.35 (-0.06 - 0.76) 1.02E-01 3.21E-01 0.41 (0.01 - 0.80) 4.79E-02 1.57E-01 

CE 18:1 0.66 (0.21 - 1.12) 5.99E-03 5.41E-02 0.54 (0.22 - 0.87) 1.90E-03 1.25E-02 

CE 18:2 0.75 (0.40 - 1.11) 1.09E-04 7.29E-03 0.52 (0.33 - 0.72) 4.25E-06 1.01E-03 
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Lipid species
 

HOMA-IR
a
 (fasting plasma) HOMA-IR

a
 (steady-state clamp plasma) 

β-Coefficient (95% CI)
b 

Uncorrected 

P-value 

Corrected 

P-value
c 

β-Coefficient (95% CI)
b 

Uncorrected 

P-value 

Corrected 

P-value
c 

CE 18:3 0.33 (0.08 - 0.58) 1.44E-02 9.86E-02 0.50 (0.21 - 0.78) 1.14E-03 8.29E-03 

CE 20:1 -0.14 (-0.53 - 0.25) 4.86E-01 7.77E-01 -0.09 (-0.59 - 0.40) 7.17E-01 8.12E-01 

CE 20:3 0.56 (0.25 - 0.88) 1.04E-03 2.14E-02 0.57 (0.30 - 0.84) 1.37E-04 2.58E-03 

CE 20:4 0.42 (0.13 - 0.70) 5.93E-03 5.41E-02 0.58 (0.34 - 0.83) 2.64E-05 1.47E-03 

CE 20:5 0.27 (-0.09 - 0.64) 1.49E-01 4.12E-01 0.46 (0.15 - 0.77) 5.16E-03 2.73E-02 

CE 22:0 0.40 (0.09 - 0.72) 1.57E-02 1.03E-01 0.28 (-0.04 - 0.60) 9.01E-02 2.41E-01 

CE 22:1 -0.13 (-0.50 - 0.25) 5.21E-01 7.93E-01 -0.13 (-0.61 - 0.35) 5.86E-01 7.33E-01 

CE 22:4 0.25 (-0.13 - 0.62) 2.00E-01 4.86E-01 0.54 (0.18 - 0.90) 5.22E-03 2.73E-02 

CE 22:5 0.39 (0.04 - 0.74) 3.21E-02 1.76E-01 0.64 (0.27 - 1.01) 1.39E-03 9.34E-03 

CE 22:6 0.32 (-0.08 - 0.72) 1.28E-01 3.69E-01 0.40 (0.19 - 0.61) 4.78E-04 4.44E-03 

CE 24:0 0.31 (0.09 - 0.53) 7.71E-03 6.13E-02 0.30 (-0.05 - 0.66) 9.74E-02 2.48E-01 

CE 24:1 0.09 (-0.33 - 0.52) 6.71E-01 8.69E-01 0.22 (-0.20 - 0.63) 3.09E-01 5.08E-01 

CE 24:4 0.03 (-0.38 - 0.45) 8.74E-01 9.38E-01 -0.08 (-0.48 - 0.32) 7.06E-01 8.08E-01 

CE 24:5 0.24 (-0.13 - 0.60) 2.08E-01 4.88E-01 0.41 (0.00 - 0.81) 5.55E-02 1.75E-01 

CE 24:6 0.28 (-0.15 - 0.72) 2.11E-01 4.92E-01 0.60 (0.20 - 1.00) 5.14E-03 2.73E-02 

DG 14:0/16:0 0.31 (0.13 - 0.49) 1.36E-03 2.14E-02 0.37 (0.18 - 0.55) 2.82E-04 3.14E-03 

DG 14:0/18:1 0.43 (0.19 - 0.66) 9.14E-04 2.04E-02 0.27 (0.14 - 0.40) 1.39E-04 2.58E-03 

DG 14:0/18:2 0.31 (0.12 - 0.50) 2.22E-03 2.65E-02 0.36 (0.17 - 0.54) 3.65E-04 3.81E-03 

DG 16:0/16:0 0.26 (0.13 - 0.40) 3.49E-04 1.43E-02 0.32 (0.16 - 0.48) 2.49E-04 3.07E-03 

DG 16:0/18:0 0.51 (0.28 - 0.73) 5.69E-05 7.29E-03 0.31 (0.16 - 0.46) 1.35E-04 2.58E-03 

DG 16:0/18:1 0.43 (0.21 - 0.64) 3.69E-04 1.43E-02 0.31 (0.16 - 0.46) 1.93E-04 3.07E-03 

DG 16:0/18:2 0.34 (0.14 - 0.53) 1.18E-03 2.14E-02 0.27 (0.13 - 0.41) 6.09E-04 4.96E-03 

DG 16:0/20:0 0.71 (0.39 - 1.03) 5.91E-05 7.29E-03 0.65 (0.37 - 0.92) 3.23E-05 1.54E-03 

DG 16:0/20:3 0.47 (0.21 - 0.74) 1.10E-03 2.14E-02 0.32 (0.15 - 0.49) 4.84E-04 4.44E-03 

DG 16:0/20:4 0.42 (0.19 - 0.65) 7.84E-04 2.04E-02 0.38 (0.18 - 0.59) 5.53E-04 4.65E-03 

DG 16:0/22:5 0.43 (0.14 - 0.73) 5.65E-03 5.39E-02 0.40 (0.17 - 0.62) 1.34E-03 9.33E-03 

DG 16:0/22:6 0.33 (-0.06 - 0.71) 1.01E-01 3.20E-01 0.42 (0.11 - 0.73) 1.03E-02 4.87E-02 

DG 16:1/18:0 0.35 (0.13 - 0.57) 3.03E-03 3.37E-02 0.31 (0.14 - 0.48) 9.66E-04 7.23E-03 

DG 16:1/18:1 0.28 (0.04 - 0.53) 2.95E-02 1.67E-01 0.36 (0.15 - 0.56) 1.27E-03 9.02E-03 

DG 18:0/18:0 0.19 (0.04 - 0.35) 1.82E-02 1.11E-01 0.41 (0.19 - 0.62) 4.48E-04 4.44E-03 

DG 18:0/18:1 0.64 (0.35 - 0.94) 1.06E-04 7.29E-03 0.39 (0.21 - 0.57) 7.86E-05 2.02E-03 
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Lipid species
 

HOMA-IR
a
 (fasting plasma) HOMA-IR

a
 (steady-state clamp plasma) 

β-Coefficient (95% CI)
b 

Uncorrected 

P-value 

Corrected 

P-value
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β-Coefficient (95% CI)
b 

Uncorrected 

P-value 

Corrected 

P-value
c 

DG 18:0/18:2 0.38 (0.16 - 0.60) 1.41E-03 2.14E-02 0.35 (0.18 - 0.53) 2.74E-04 3.14E-03 

DG 18:0/20:4 0.36 (-0.02 - 0.74) 6.84E-02 2.75E-01 0.44 (0.21 - 0.67) 4.92E-04 4.44E-03 

DG 18:1/18:1 0.52 (0.21 - 0.83) 1.78E-03 2.28E-02 0.39 (0.20 - 0.57) 1.57E-04 2.62E-03 

DG 18:1/18:2 0.39 (0.09 - 0.69) 1.39E-02 9.86E-02 0.38 (0.16 - 0.60) 1.40E-03 9.34E-03 

DG 18:1/18:3 0.25 (0.02 - 0.47) 3.82E-02 1.96E-01 0.27 (0.09 - 0.44) 4.94E-03 2.73E-02 

DG 18:1/20:0 0.66 (0.35 - 0.96) 1.02E-04 7.29E-03 0.54 (0.26 - 0.82) 3.63E-04 3.81E-03 

DG 18:1/20:3 0.40 (-0.01 - 0.81) 6.24E-02 2.64E-01 0.44 (0.14 - 0.74) 6.29E-03 3.18E-02 

DG 18:1/20:4 0.39 (0.11 - 0.67) 8.43E-03 6.54E-02 0.47 (0.17 - 0.77) 3.52E-03 2.14E-02 

DG 18:2/18:2 0.20 (-0.03 - 0.43) 9.70E-02 3.15E-01 0.27 (0.07 - 0.47) 1.20E-02 5.53E-02 

TG 14:0/16:0/18:1 0.40 (0.12 - 0.67) 7.42E-03 6.05E-02 0.69 (0.35 - 1.03) 2.50E-04 3.07E-03 

TG 14:0/16:0/18:2 0.21 (0.02 - 0.41) 3.35E-02 1.77E-01 0.43 (0.15 - 0.71) 3.74E-03 2.22E-02 

TG 14:0/16:1/18:1 0.20 (-0.02 - 0.43) 8.16E-02 2.97E-01 0.57 (0.20 - 0.95) 4.35E-03 2.46E-02 

TG 14:0/16:1/18:2 0.18 (-0.03 - 0.38) 9.52E-02 3.12E-01 0.32 (0.05 - 0.59) 2.48E-02 9.76E-02 

TG 14:0/17:0/18:1 0.53 (0.22 - 0.83) 1.39E-03 2.14E-02 1.04 (0.63 - 1.45) 9.95E-06 1.11E-03 

TG 14:0/18:0/18:1 0.50 (0.22 - 0.77) 9.11E-04 2.04E-02 0.80 (0.45 - 1.15) 4.72E-05 1.58E-03 

TG 14:0/18:2/18:2 0.23 (-0.03 - 0.49) 8.94E-02 3.08E-01 0.31 (0.00 - 0.62) 5.84E-02 1.81E-01 

TG 14:1/16:0/18:1 0.28 (0.01 - 0.55) 5.02E-02 2.33E-01 0.57 (0.20 - 0.94) 3.79E-03 2.22E-02 

TG 14:1/16:1/18:0 0.17 (-0.07 - 0.41) 1.63E-01 4.38E-01 0.40 (0.09 - 0.70) 1.45E-02 6.31E-02 

TG 14:1/18:0/18:2 0.37 (0.04 - 0.70) 3.22E-02 1.76E-01 0.55 (0.20 - 0.91) 3.44E-03 2.13E-02 

TG 14:1/18:1/18:1 0.22 (-0.04 - 0.49) 1.01E-01 3.20E-01 0.42 (0.09 - 0.75) 1.50E-02 6.40E-02 

TG 15:0/16:0/18:1 0.43 (0.18 - 0.68) 1.53E-03 2.14E-02 0.76 (0.44 - 1.07) 1.97E-05 1.37E-03 

TG 15:0/18:1/18:1 0.43 (0.15 - 0.72) 4.00E-03 4.05E-02 1.10 (0.62 - 1.58) 4.57E-05 1.58E-03 

TG 16:0/16:0/16:0 0.35 (0.16 - 0.54) 8.37E-04 2.04E-02 0.56 (0.30 - 0.82) 9.53E-05 2.12E-03 

TG 16:0/16:0/18:0 0.35 (0.17 - 0.53) 4.33E-04 1.45E-02 0.48 (0.24 - 0.72) 2.57E-04 3.07E-03 

TG 16:0/16:0/18:1 0.38 (0.15 - 0.61) 1.91E-03 2.36E-02 0.75 (0.42 - 1.07) 3.88E-05 1.58E-03 

TG 16:0/16:0/18:2 0.27 (0.10 - 0.44) 3.53E-03 3.81E-02 0.50 (0.24 - 0.77) 4.73E-04 4.44E-03 

TG 16:0/16:1/17:0 0.45 (0.18 - 0.72) 1.78E-03 2.28E-02 0.91 (0.53 - 1.28) 2.04E-05 1.37E-03 

TG 16:0/16:1/18:1 0.28 (0.00 - 0.57) 5.63E-02 2.41E-01 0.65 (0.25 - 1.05) 2.70E-03 1.73E-02 

TG 16:0/17:0/18:0 0.48 (0.20 - 0.76) 1.44E-03 2.14E-02 0.61 (0.33 - 0.88) 7.37E-05 2.02E-03 

TG 16:0/17:0/18:1 0.61 (0.29 - 0.93) 5.19E-04 1.58E-02 0.97 (0.60 - 1.35) 6.02E-06 1.01E-03 

TG 16:0/17:0/18:2 0.40 (0.11 - 0.70) 9.97E-03 7.40E-02 0.82 (0.42 - 1.22) 2.32E-04 3.07E-03 
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HOMA-IR
a
 (fasting plasma) HOMA-IR

a
 (steady-state clamp plasma) 

β-Coefficient (95% CI)
b 

Uncorrected 

P-value 

Corrected 

P-value
c 

β-Coefficient (95% CI)
b 

Uncorrected 

P-value 

Corrected 

P-value
c 

TG 16:0/18:0/18:1 0.51 (0.25 - 0.77) 3.03E-04 1.43E-02 0.63 (0.32 - 0.93) 2.28E-04 3.07E-03 

TG 16:0/18:1/18:1 0.37 (0.08 - 0.65) 1.61E-02 1.03E-01 0.84 (0.38 - 1.29) 6.99E-04 5.56E-03 

TG 16:0/18:1/18:2 0.29 (0.03 - 0.54) 3.32E-02 1.77E-01 0.50 (0.12 - 0.88) 1.25E-02 5.63E-02 

TG 16:0/18:2/18:2 0.18 (-0.01 - 0.37) 7.06E-02 2.80E-01 0.32 (-0.01 - 0.65) 6.37E-02 1.90E-01 

TG 16:1/16:1/16:1 0.13 (-0.10 - 0.35) 2.70E-01 5.63E-01 0.33 (0.01 - 0.65) 4.75E-02 1.57E-01 

TG 16:1/16:1/18:0 0.40 (0.12 - 0.67) 6.48E-03 5.55E-02 0.73 (0.34 - 1.11) 5.57E-04 4.65E-03 

TG 16:1/16:1/18:1 0.10 (-0.06 - 0.27) 2.19E-01 4.99E-01 0.33 (0.02 - 0.64) 4.46E-02 1.51E-01 

TG 16:1/17:0/18:1 0.43 (0.13 - 0.72) 6.87E-03 5.73E-02 0.99 (0.54 - 1.45) 9.16E-05 2.12E-03 

TG 16:1/18:1/18:1 0.16 (-0.17 - 0.48) 3.50E-01 6.37E-01 0.60 (0.02 - 1.17) 4.96E-02 1.59E-01 

TG 16:1/18:1/18:2 0.23 (-0.08 - 0.54) 1.54E-01 4.19E-01 0.35 (-0.03 - 0.74) 7.68E-02 2.19E-01 

TG 17:0/18:1/18:1 0.53 (0.18 - 0.88) 4.94E-03 4.85E-02 0.93 (0.49 - 1.37) 1.50E-04 2.62E-03 

TG 18:0/18:0/18:0 0.24 (-0.03 - 0.51) 9.29E-02 3.12E-01 0.19 (-0.15 - 0.54) 2.79E-01 4.86E-01 

TG 18:0/18:0/18:1 0.34 (0.14 - 0.54) 1.53E-03 2.14E-02 0.42 (0.21 - 0.63) 2.13E-04 3.07E-03 

TG 18:0/18:1/18:1 0.58 (0.28 - 0.87) 3.85E-04 1.43E-02 0.63 (0.32 - 0.94) 2.24E-04 3.07E-03 

TG 18:0/18:2/18:2 0.18 (-0.05 - 0.42) 1.25E-01 3.66E-01 0.38 (0.04 - 0.73) 3.35E-02 1.21E-01 

TG 18:1/18:1/18:1 0.58 (0.15 - 1.01) 1.14E-02 8.27E-02 0.58 (0.21 - 0.94) 3.34E-03 2.11E-02 

TG 18:1/18:1/18:2 0.20 (-0.14 - 0.55) 2.60E-01 5.60E-01 0.31 (-0.05 - 0.67) 9.72E-02 2.48E-01 

TG 18:1/18:1/20:4 0.29 (-0.07 - 0.65) 1.15E-01 3.50E-01 0.40 (-0.06 - 0.87) 9.48E-02 2.46E-01 

TG 18:1/18:1/22:6 0.24 (-0.20 - 0.69) 2.90E-01 5.80E-01 0.31 (-0.32 - 0.93) 3.38E-01 5.40E-01 

TG 18:1/18:2/18:2 0.13 (-0.10 - 0.36) 2.64E-01 5.61E-01 0.23 (-0.10 - 0.56) 1.76E-01 3.65E-01 

TG 18:2/18:2/18:2 0.07 (-0.09 - 0.23) 3.78E-01 6.61E-01 0.14 (-0.16 - 0.44) 3.63E-01 5.65E-01 

TG 18:2/18:2/20:4 0.29 (-0.03 - 0.60) 7.91E-02 2.97E-01 0.15 (-0.22 - 0.52) 4.34E-01 6.39E-01 

 

HOMA-IR, homeostasis model assessment of insulin resistance 
a 

Linear regression of HOMA-IR versus each lipid species in the three non-diabetic groups, adjusted for age, sex, BMI and systolic blood pressure.  
b 

Beta-coefficient (95% confidence intervals) based on an interquartile range increase in predictor lipid species measurement. 
c 

P-value corrected for multiple comparisons using Benjamini-Hochberg method. Bold type indicates P < 0.05. 

 

 




