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Abstract 
 
Cardiac remodelling plays a major role in the progression of cardiomyopathies to 

heart failure (HF) and is recognised as a clinical determinant for HF. The process 

of cardiac remodelling is driven by a plethora of molecular and cellular events. 

Among these events, the lipid synthesis pathways, such as the sphingolipids 

synthesis pathway, is dysregulated. The de novo sphingolipid synthesis pathway 

harbours several lipids and enzymes that have not been explored in terms of their 

effects on cardiac remodelling. These sphingolipids include dihydrosphingosine 1 

phosphate (dhS1P) and dihydrosphingosine (dhSph), and the enzyme 

dihydroceramide desaturase 1 (DES1). This dissertation explored the effects of 

dhS1P and dhSph on known remodelling signalling pathways such as the 

transforming growth factor beta (TGFβ), phosphatidyl inositol 3-kinase (PI3K)/ 

protein kinase B (Akt), and Janus Kinase (JAK)- signal transducer and activator of 

transcription (STAT) pathways in vitro in primary neonatal rat cardiac fibroblast 

(NCFs) and myocytes (NCMs). This thesis also hypothesizes that, shifting the 

balance of sphingolipids towards the dihydrosphingolipids by inhibiting DES1 can 

reduce cardiac remodelling in a mice ischemic reperfusion (I/R) injury model. 

Exogenous dhS1P increased collagen synthesis in NCFs through the PI3K/Akt 

and JAK/STAT signalling pathways. DhS1P also increased hypertrophy in NCMs 

through the JAK/STAT pathway. While exogenous dhSph reduced TGFβ 

mediated collagen synthesis in primary cardiac fibroblasts by increasing the 

metabolism of specific dihydrosphingolipids, such as dhS1P, in the de novo 

synthesis pathway. Investigation of the benefits of the DES1 inhibitor CIN038 in 

a mouse I/R injury model suggests beneficial effects on cellular and molecular 

markers of cardiac remodelling. Taken together, the data presented in this 
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dissertation suggests that dihydrosphingolipids such as dhS1P and dhSph can play 

a role in cardiac remodelling and sheds light on the potential of DES1 enzyme 

targeted therapy for cardiac remodelling.  
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Chapter 1: Introduction and literature 
review 

 

1.1 General introduction 

Lipids are the basic building blocks of cells [1]. Their functions and roles within 

the biological system range from supporting the structural integrity of cells to 

acting as mediators of cell signalling events  [1, 2]. These roles and functions are 

also divergent in terms of species, target site, and disease states. Perturbation of 

the metabolic pathways that govern each category or group of lipids can also 

impose effects on other lipid categories or pathways, especially in disease states 

where dyslipidemia poses a risk for further complications such as cardiovascular 

diseases (CVD). Dyslipidemia as a risk factor in heart failure (HF) is well 

documented for classical lipids such as cholesterol, high density lipids (HDLs), 

low density lipids (LDLs), and triglycerides (TG) [3, 4]. In the last century, 

technological advances in small molecule analysis have led to increased 

characterization and delineation of other lipid categories and their synthetic 

pathways [5]. This has allowed advancement in scientific research regarding their 

roles in physiological and pathological states. The sphingolipids are among the low 

abundance lipids that are now being investigated for their role in the aetiology of 

cardiovascular diseases.  

The heart responds to biochemical stresses and mechanical stimuli through what 

is known as cardiac remodelling [6]. Cardiac remodelling plays a major role in 

progression of cardiomyopathies to HF, that ultimately results in death [7]. It can 

occur in both physiological and pathological states [7, 8]. Clinically it is evident as 

morphometric and functional changes in the heart [9]. These clinical changes are 

the result of a combination of a series of events occurring at the cellular, and 
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molecular level in the myocardium [6, 9]. The degree of remodelling in the heart 

depends on the extent of injury or change in pathophysiology of the myocardium 

[6]. The focus of this thesis is on the molecular events in the pathophysiology 

of cardiac remodelling in the context of myocardial infarction (MI). 

 

 1.2 Physiology of the myocardium  
 
The heart comprises four chambers; the left and right aorta, and the left and right 

ventricles [10].  These work in rhythmic cohesion to maintain locale and global 

perfusion. It is a muscular pump made up of a meshwork of muscle fibres, cells, 

and vasculature [10].  

The heart wall consists of three different layers; the pericardium- comprising two 

different layers made up of simple mesothelial cells (visceral) and fibrous elastic 

tissue (parietal), the myocardium- or the muscle layer, makes up the bulk of the 

heart, and the endocardium- or the endothelial layer inside the myocardium [10]. 

The thickness of the myocardium is determined by the pressure present in the 

chamber; thus, the ventricles have greater wall thickness than the atria. In adults 

the left ventricle wall is three folds thicker than the right, due to the higher pressure 

in the systemic circulation than the pulmonary circuit [10]. 

The cellular structure of the myocardium consists of the muscle cells or myocytes 

(cardiomyocytes) and non- cardiomyocytes  [11, 12]. Both the cardiomyocytes and 

the non- cardiomyocytes are essential for normal heart homeostasis, efficient 

contraction and long term survival of the heart [12]. Numerically, the 

cardiomyocytes are less in number compared to other cell populations. Recent 

assessment of cell populations in the murine heart have shown that 36% of the 

cells were cardiac myocytes, and 64% endothelial cells, including 15% fibroblasts, 

and 9% leukocytes [11]. These make up three integrated components in the 
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myocardium; the myocytes, extracellular matrix (ECM), and the microvascular 

circulation [13].  

 

 1.2.1 The myocytes 

The cardiac myocyte is a terminally differentiated cell, that is composed of 

myofibrils that are bundled together [10]. The myofibrils contain myofilaments 

made up of the myosin and actin proteins which form the thick and thin filaments, 

respectively [10]. The basic contractile unit of the myocyte is the sarcomere which 

is defined as the structure between two Z-lines or discs within the myofilament 

[10]. The myosin is the molecular motor that drives the contraction. Contraction 

occurs when the central bipolar myosin thick filaments use adenosine triphosphate 

(ATP) generated at the head by the myosin ATPase, to pull the thin filaments [14] 

[15]. This allows the two types of filaments to slide across each other reducing the 

sarcomere length, therefore generating the contractile force during the process of 

excitation- contraction coupling [15]. The thin filaments are composed of three 

proteins; actin, tropomyosin, and troponin (troponin- T and troponin-C).  

Apart from the sarcomeres, cardiac myocytes have other structures that are vital 

for proper functioning of the heart. Adherence to other myocytes are maintained 

by intercalated discs at the periphery of the cell [10]. Gap junctions at the 

intercalated discs allow electrical communication between cells [10, 16]. They also 

have transverse tubules or T tubules that are extensions from the myocyte plasma 

membrane which helps maintain the sarcoplasmic reticulum (SR) calcium (Ca2+) 

storage and regulation [10, 17]. The terminal cisternae in the SR mechanically 

couples to T tubules and voltage sensitive ryanodine receptors that release Ca2+[15, 

17]. The binding affinity of Ca2+ to troponin C drives the force generating 
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response [10]. Ca2+ is also an important regulator of cell metabolism, apoptosis 

and transcription [17]. 

 

1.2.2 The ECM 

The myocytes are coupled with the ECM which acts as a viscoelastic scaffold that 

is stress tolerant [13]. The dynamic and complex architectural structure of the 

ECM consists of both structural proteins and non- structural proteins that allow 

for its plasticity[13, 18, 19]. The Structural proteins of the ECM mainly consist of 

collagen type I and III [18]. The ECMs non- structural properties include 

accommodating multiple proteins with cell receptor and growth factor receptor 

binding properties and cells types such as the cardiac fibroblasts, myofibroblasts, 

leukocytes and vasculature [13, 19]. These properties enable the ECM to serve as 

a reservoir, processing site and a communication hub for signalling molecules, 

proteins and genetic information [18, 19].  

 

1.2.3 The microvascular circulation 

The microvascular circulation of the myocardium serves as the transport system 

and exchange interface for substrates [20, 21]. These microvasculature are fed with 

arterial blood through the coronary arteries; right anterior coronary artery to the 

right side of the heart, and the left anterior coronary artery, which branches out 

into the left anterior descending (LAD) and left circumflex (LCX) artery in about 

58% of human beings, which supply the left side of the heart  [10, 20].  The 

coronary circulation in the heart is unique in that pressure, capacitance and 

resistance differs in the larger arteries (500 µM- 5 mm), arterioles (100- 500 µM) 
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and transmural arterioles (< 100 µM) [21]. Blood flow in the microvasculature is 

determined by the ventricular contraction/relaxation and lumen space of pre-

capillary arterioles [21]. 

 

1.3 Cardiac remodelling 
 
Injury or insult to the myocardium results in alterations in the physiology of the 

myocardium, in-order to maintain cardiac function [6, 7]. These alterations 

eventually lead to the pathology of cardiac remodelling.  

 

1.3.1 Definition of cardiac remodelling 

The term “cardiac remodelling” was first used by Hochman and Bulkley in 1982 

in a MI model describing the formation of scar tissue at the site of infarction [22]. 

Their definition has now been expanded upon and encompasses a plethora of 

events at the genomic, molecular, cellular and interstitial level which is clinically 

evident as changes in the size, shape and function of the heart in both 

physiological and pathological remodelling [6]. It is aimed at supporting and 

maintaining ventricular wall integrity and preventing myocardial rapture post 

injury [7]. 

 

1.3.2 Clinical aspect of cardiac remodelling  

Clinically, remodelling after a MI has a unique pattern of presentation [13, 23]. 

The acute loss of myocytes due to necrosis, has a sudden effect on the loading 

conditions, evident as a 20% increase in left ventricular end diastolic volume 

(LVEDV) [13, 23]. The left ventricular end systolic volume (LVESV) and ejection 
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fraction (EF) have also been considered as clinical endpoints [23]. The hearts 

morphology also changes, in terms of cavity diameter, mass, wall thickness, shape 

and area [9, 24]. The extent of remodelling differs across the different phases of 

MI (acute, subacute and late), and progresses toward HF [9].  

 

1.3.3 Molecular mechanisms of cardiac remodelling 

The resultant increase in load due to an injury or insult also triggers a cascade of 

cellular, molecular and biochemical signalling processes that initiate and 

subsequently modulate reparative changes, which include dilatation, hypertrophy 

inflammatory infiltrates, and fibrosis [6, 13]. 

 

1.3.3.1 Cardiac myocyte death  
 
The process of cell death can occur through autophagy, apoptosis and necrosis   

[25]. Autophagy and apoptosis play important roles in ischemia/reperfusion (I/R) 

and cardiomyocyte death [25, 26]. Autophagic cell death is activated initially as a 

response to depleted APT levels due to low oxygen supply [26]. The cardiac 

myocytes derive 95% of the energy they need to function from oxidative 

phosphorylation [27]. In re-perfused conditions, autophagy is driven by oxidative 

stress (OS), mitochondrial damage, endoplasmic stress, and calcium overload [26]. 

Autophagy can be adaptive or maladaptive depending on the context.  

The regulated and energy dependent process of apoptosis is activated upon 

cellular stress or injury [28]. The process occurs through the extrinsic or death 

receptor pathway and the intrinsic or mitochondrial pathway and converge on the 

same terminal pathway [28, 29].  The terminal pathway involves the activation of 

effector caspases 3, 6 and 7 which then cleave essential cellular substrates leading 
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to apoptosis [29]. Apoptosis appears in 50-60% of patients 24 h after an MI and 

correlates with the presence of HF or arrhythmias and left ventricular remodelling 

[30, 31]. The amount and presence of apoptosis differs across the regions of injury 

(infarct zone, border zone, remote zone), and the MI phases [28]. 

Unlike autophagy and apoptosis, the process of necrosis initiates remodelling[31, 

32]. The injured or stressed cardiomyocytes and damaged ECM release substrates 

that act as danger signals [32]. These substrates include interleukin 1α, heat shock 

protein 60 and 70 (HSP60 & 70), mitochondrial DNA, single and double stranded 

RNA, uric acid, ATP, the DNA binding nuclear protein (high mobility group box 

1 -HMGB1), calcium binding cytoplasmic proteins (S100A8 and S100A9), low 

molecular weight hyaluronic acid, and fibronectin-EDA [32, 33]. Collectively 

termed danger associated- molecular patterns (DAMPs). DAMPs bind to cognate 

pattern recognition receptors (PRRs) expressed intracellularly or on the surface of 

innate immune cells resident in tissue (macrophages, fibroblasts, mast cells, 

dendritic cells), and in circulation (monocytes and neutrophils)[33]. These PRRs 

include the toll like receptors (TLRs), interleukin 1 receptor (IL-R), nucleotide-

binding oligomerization domain- like receptor (NLRs) and receptor for advanced 

glycation end-products (RAGE) [34].  All of which converge downstream on 

mitogen activated protein kinases (MAPKs) and the nuclear factor kappa B 

(NFĸB) [33, 34]. These then drive the increased expression and secretion of 

inflammatory factors that trigger the inflammatory cascade. Necrosis also results 

in release of intracellular proteins such as creatine kinase (CK), myoglobin, 

troponins T and I and lactate dehydrogenase (LDH) [35, 36]. These substrates 

leak into the interstitial spaces and enter the microcirculation and are considered 

as biomarkers for an active MI.  
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1.3.3.2 Myocyte hypertrophy 
 
Broadly, hypertrophy can be defined as the enlargement of individual myocyte 

size, enhanced protein synthesis, and heightened organization of the sarcomeres  

[37, 38]. Classically, pathological hypertrophy is categorized as concentric 

hypertrophy; which is characterized by parallel addition of sarcomeres and lateral 

growth of individual cardiomyocytes due to pressure overload, or eccentric 

hypertrophy; which is characterized by addition of sarcomeres in series (end to 

end) and longitudinal cell growth due to volume overload [37]. In MI induced 

cardiac remodelling, the mechanical and physiological stress impairs cardiac 

function which causes the cardiac myocyte to undergo eccentric hypertrophy as a 

compensatory response to reduce wall stress and oxygen consumption [38, 39]. 

The adaptive responses become maladaptive leading to dysregulation of Ca2+ 

handling proteins (plus others), reactivation of fetal gene expression, altered 

protein synthesis and function, mitochondrial dysfunction, oxidative stress and 

metabolic reprogramming [38]. These biochemical changes activate G protein 

coupled intracellular signalling pathways that are involved in their regulation.  

Which include the calcineurin/ nuclear factor of activated T cells (NFAT) 

pathway, phospholipase C (PLC)/ protein kinase C (PKC) pathway, tyrosine 

kinase pathway, extracellular signal-regulated kinase (ERK) pathway, c-JUN N-

terminal kinase (JNK) pathway, p38 MAP kinase (p38) pathway, Rho family of 

small G-proteins, PI3K/Akt pathway, and JAK/STAT pathway [40-43].  The 

activation of the β and α Adrenergic receptors (β-AR and α-AR), adenosine 

receptors, angiotensin receptors, endothelin receptors and muscarinic receptors 

by their respective ligands also impact the downstream molecular targets of these 
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signalling pathways [44]. The activation of these pathways and receptors further 

contribute to fibrosis and angiogenesis. 

 At the genetic level, these signalling pathways and receptors lead to the 

reactivation of latent fetal genes such as β-myosin heavy chain (β-MHC), skeletal 

α-Actin (αSKA), and the atrial and brain natriuretic peptides (ANP and BNP), and 

reductions in α-myosin heavy chain (αMHC) [39, 40]. Metabolically, the myocyte 

in the state of hypertrophy switches from fatty acid oxidation to glucose utilization 

as its main source of ATP, resulting in increased glycolysis and the activity of its 

associated enzymes [45]. This switch to glucose catabolism is promoted by the 5’ 

AMP- activated protein kinase (AMPK), which acts as a central censor for cellular 

energy status. AMPK responds to increase in AMP/ ATP ratios and induces 

numerous pathways that contribute to lipid metabolism, protein synthesis and 

glucose catabolism [46].  

  

1.3.3.3 Neurohormonal factors 
 
Myocyte death and hypertrophy impairs pump function. This is sensed by 

peripheral arterial baroreceptors as “underfilling”, which activate a series of 

compensatory mechanisms involving neurohormonal factors.  However, 

prolonged activation of these factors contributes to disease progression towards 

HF. The two main neurohormonal systems involved in cardiac remodelling are 

the renin angiotensin aldosterone system (RAAS) and the sympathetic nervous 

system (SNS). The activation of the RAAS and SNS during remodelling leads to 

activation of intracellular signalling pathways that stimulate the synthesis of 

proteins in myocytes and fibroblasts, contributing to cellular hypertrophy, fibrosis 

and LV dilation [9]. The main products of SNS activation are the catecholamines, 

adrenaline and noradrenaline, which act as compensatory mechanisms to maintain 
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CO through ionotropic and chronotropic effects. Even though this produces 

protective effects, excessive production elevates the heart rate by aggravating the 

ischaemic damage [47]. The increased SNS outflow may cause desensitization of 

the -AR (β1, β2) and α-AR, depletion of noradrenalin stores, destruction of 

sympathetic innervation, arrhythmias, and impairment of diastolic and systolic 

function.  

The RAAS is the most important hormonal system that controls and regulates the 

systemic blood pressure, renal blood flow and glomerular filtration rate. The hypo-

perfusion of organs including the kidney, together with an activated SNS leads to 

activation of the RAAS and the production of angiotensin II (Ang II).  The 

components of the RAAS can act in autocrine or paracrine manner, 

independently. Ang II can affect the heart directly or indirectly by eliciting 

systemic effects. Ang II acts on the heart by increasing inotropy, decreasing 

lecithotrophy and coronary vasoconstriction. It drives fibroblast division and 

collagen production causing myocardial fibrosis, and myocyte hypertrophy [48]. 

The systemic effects of Ang II include sodium (Na) reabsorption by increasing 

aldosterone secretion and by stimulating water intake by direct effect on the 

tubules. It also causes vasoconstriction directly and may facilitate the release of 

noradrenaline by acting on the sympathetic nerve endings.  The stimulatory effects 

of Ang II occur after the peptide binds to its G protein-coupled cell surface 

receptors (GPCR), most notably angiotensin receptor type 1 (AT1). Renin is the 

rate limiting factor in the production of Ang II, alterations in the production of 

renin have been linked to cardiac and vascular disorders [49]. The release of renin 

is inhibited by ANP and BNP [50].  In the circulation ANP and BNP bind to 

different natriuretic peptide receptors (NPRs) and exert their effects: NPR-A, 

NPR-B and NPR-C. ANP and BNP primarily bind with NPR-A which activates 
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the 3’-5’-guanosine monophosphate (cGMP) signalling thus increasing 

vasodilation, diuresis and natriuresis, leading to decrease in renin and aldosterone, 

cell proliferation and cardiac fibrosis [51]. Ang II can also trigger the release of 

other vasoactive substances such as arginine Vasopressin (AVP), and endothelin, 

and reduces nitric oxide (NO) which contribute to endothelial dysfunction [48, 

52-54]. Due to the diverse systemic and myocardial effects of Ang II, coupled with 

clinical trials that have shown survival benefit, angiotensin converting enzyme 

(ACE) inhibitors are recommended in patients with MI [13, 55, 56].   

 

1.3.3.4 Inflammation 
 
Necrosis of the cardiac myocytes also triggers a complex inflammatory process 

involving multiple players in the heart  [35, 57]. These include resident myocardial 

cells; cardiomyocytes, endothelial cells, and fibroblasts, and circulating immune 

cells; neutrophils, monocytes, macrophages, dendritic cells and lymphocytes. The 

initial inflammatory phase triggered by the DAMPs after an MI assists in digesting 

and clearing damaged cells and the ECM, in the infarct zone [32, 33]. The PRR 

driven increased expression and secretion of inflammatory cytokines such as 

tumour necrosis factor- α (TNF-α), interleukin-1 (IL-1β), interleukin-6 (IL-6), 

and interleukin-18 (IL-18); CXC chemokines; CC chemokines; cell adhesion 

molecules and complement factor B enable recruitment and migration of 

macrophages, monocytes and neutrophils into the infarct zone [32]. The 

endothelial layer also undergoes activation and changes in its permeability to allow 

cellular component migration between compartments. These further enhance and 

amplify the immune response and promotes efferocytosis of dying cells and 

damaged tissue digestion through the release of proteolytic enzymes and oxidases 

[58]. Thus, preparing the microenvironment in the infarct zone for repair. 
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The reparative phase is anti-inflammatory and allows wound healing and scar 

formation to prevent cardiac rupture. The cytokine, IL-1β, induces the production 

of Matrix Metalloproteinases (MMPs) by fibroblasts, which breaks down the ECM 

[59]. This encourages infiltration of the infarcted zone by neutrophils and 

monocytes which clear the wound of dead cells and matrix debris. As the infarct 

zone is cleared up, the inflammatory response progressively decreases.  The large 

infiltrates of neutrophils into the infarcted myocardium undergo apoptosis due to 

their short lifespan and are phagocytosed by macrophages. The dying neutrophils 

release mediators that inhibit further neutrophil recruitment, such as annexin 1 

and lactoferrin [60, 61]. Macrophages further suppress the inflammation process 

by secreting transforming growth factor β (TGF-β), interleukin-10 (IL-10) and 

other lipid mediators such as resolvins and protectins which prevent additional 

neutrophil transmigration [62, 63]. The balance and transition between these two 

phases determine the extent of cardiac or left ventricular remodelling.  

 

1.3.3.5 Fibrosis 
 
The fibrogenic effect is initiated by MI and involves the acute innate immune 

response. Which leads to activation of effector cells, such as fibroblasts, myocytes, 

myofibroblasts, fibrocytes, epithelial cells undergoing mesenchymal 

transformation (EMT), endothelial cells undergoing mesenchymal transformation 

(EnMT) and pericytes, which then increase excretion and deposition of ECM.   

The process of fibrosis follows from the reparative phase during inflammation 

(1.3.3.2), which can be termed as the proliferative phase, to the maturation phase. 

Suppression of inflammation during the reparative phase, allows for infiltration of 

the infarct with fibroblasts and endothelial cells which increase profibrotic 

signalling, which involves the activation of the TGF-β dependent and independent 
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cascades, ultimately leading to trans-differentiation of fibroblast into 

myofibroblast phenotype. Myofibroblasts express α-Smooth Muscle Actin (α-

SMA), and contractile proteins such as actin, troponin, and titin [64].  They 

synthesize and deposit matrix proteins such as collagen type III and I. Collagen 

deposition is crucial to increase the tensile strength and prevent myocardial rapture 

[65]. The myofibroblasts also produce matricellular proteins such as 

thrombospondin-1 (TSP-1) and tenascin C, and fibronectin with extra domain A 

(EDA-FN) which further promote myofibroblasts migration [66]. A massive 

angiogenesis process accompanies this phase to allow for oxygen and nutrients 

provision to the metabolically active wound [67].  The RAAS has also been shown 

to play a role in promoting myofibroblasts proliferation and stimulation of matrix 

synthesis; through circulating Ang II and aldosterone as well as locally produced 

Ang II which interacts with nuclear angiotensin receptors in cardiac fibroblasts 

[68, 69].  

Proliferation subsides and transition to the maturation phase follows replacement 

of collagen type I with collagen type III by the remaining myofibroblasts. During 

this phase, the reparative cells are either deactivated or undergo apoptosis. The 

STOP signals that are responsible for terminating the proliferative stage is not well 

defined. The activation of these signals, inhibits and terminates TGF-β and Ang 

II signalling. The synthetic activity of the fibroblasts maybe inhibited by clearance 

of the matricellular proteins that promote survival and activity of the 

myofibroblasts. As the scar matures, the ECM becomes cross-linked allowing for 

increased tensile strength and contraction of the scar. This alters the geometry of 

the chamber and contributes to remodelling in the remote areas of the ventricular 

wall [70]. Even though in other tissues the myofibroblasts are all cleared from the 

scar area, they have been found to persist in the infarct scar decades after the insult 
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[71]. When there is an imbalance between resorption and deposition of ECM, HF 

can occur. This balance is governed by senescence, apoptosis and autophagy of 

effector cells. 

 

 

Figure 1.1  Initiation of myocardium repair after an infarction. Summative 

figure derived from section 1.3.3 and illustrated with Microsoft power point 

software, 2019.  

 

1.4 Dysregulation of lipids in cardiac remodelling 
 
Shifts in energy demand and supply in the injured myocardium also contribute to 

contractile dysfunction. The heart is sometimes described as a “metabolic 

omnivore”. Several factors in cardiac metabolism have been linked to lipid 

metabolism. These factors include an imbalance in the supply and demand for 

oxygen and the switching of fatty acid (FA) β-oxidation to glycolysis leading to 

accumulation of TGs [72]. FAs are the main source of fuel in the heart, except in 

the post prandial state.  The oxidation of FAs in the heart generates about 70 to 

90% of ATP [73].  FAs can be supplied to the heart as free FAs (non-esterified) 
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bound to albumin or released from TG following hydrolysis from chylomicrons 

or very low density lipoproteins (VLDL) by lipoprotein lipase [74].  Approximately 

20 % of free FAs are taken up by the heart and converted to TGs. The TG pool 

in the myocardium plays a key role in regulating lipid homeostasis of the heart. In 

the setting of HF or ischemia FAs levels are significantly raised [75, 76].  The 

imbalance in FA uptake and oxidation results in accumulation of long chain FAs 

which are esterified to TGs and phospholipids from esterified fatty acyl-CoA. 

Fatty acyl-CoA, particularly palmitoyl-CoA, lead to de novo synthesis of 

sphingolipids such as Cer, which are involved in several cellular regulatory 

processes [77].  

 

1.5 Sphingolipids 
 
The sphingolipids are a class of lipids discovered in the 1800s by a scientist named 

Thudichum from brain extracts [78]. These class of lipids are characterized by a 

common carbon backbone called, “sphingosine”, to which other head groups are 

added [78]. The length of the carbon chain in sphingolipids is determined by the 

type of fatty acid metabolized in the beginning of the de novo synthesis pathway 

and the enzymes that catalyse the reactions in the pathway. Sphingolipids are 

found through-out the body and are structural components of the plasma 

membrane [79]. They are found in circulation bound to HDL and are produced 

by platelets [79-81]. 

 

1.5.1 Sphingolipid synthesis and metabolism 

The sphingolipids are amphipathic lipids that are synthesized through the de novo 

synthesis pathway, the hydrolytic or sphingomyelin pathway, and the salvage 
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pathway [78]. The main synthetic pathway is the de novo synthesis pathway which 

occurs in the endoplasmic reticulum (ER)[82]. This pathway begins at the 

condensation of palmitoyl-CoA and Serine by the enzyme serine palmotyl-

transferase (SPT) to form 3-ketosphinganine. 3-ketosphinganine is reduced by 3 

keto-sphinganine reductase (3-KSR) to dihydrosphingosine (dhSph). The 

acylation of dhSph by ceramide synthase 1-6 (CerS1-6) derives dihydroceramide 

(dhCer), while it’s phosphorylation by sphingosine kinase 1 and 2 (SK1 and 2) 

leads to the formation of dihydrosphingosine 1 phosphate (dhS1P). The six 

different ceramide synthases, CerS1-6, utilize differing chain lengths of fatty acyl 

CoAs for N-acylation of dhCer, indicate that they may have distinct functions 

both in pathological and physiological stimuli [83]. DhCer is then desaturated by 

the enzyme dihydroceramide desaturase 1 and 2 (DES1 & 2) in a non- reversible 

reaction to ceramides (Cer).  Cer is metabolized by ceramidase (CDase) to produce 

sphingosine (Sph), acylated by sphingomyelin synthase to form Sphingomyelin 

(SM), and is also converted to other complex lipids such as glucosylceramide. The 

production of sphingosine 1 phosphate (S1P) from Sph is exclusively 

phosphorylated by K1 & 2. S1P is then degraded to ethanolamine phosphate 

(EAP) and trans- 2- hexadecenal by S1P lyase (SPL) [84]. The latter forms the base 

for globosides. DhS1P & S1P can be converted back to dhSph and Sph by S1P 

phosphatase (S1PP). 

Cer is also produced through the hydrolysis or sphingomyelin (SM) pathway, from 

complex sphingolipids and SM. SM is catabolized by sphingomyelinases (SMase). 

The SM pathway is activated at the plasma membrane, golgi apparatus and in the 

mitochondria. The Cer formed through the sphingomyelin pathway accounts for 

most of the Ceramide 1 phosphate (Cer1P) in circulation. This conversion is 

catalysed by ceramide kinase (CERK) [85, 86]. The salvage pathway takes place in 
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the lysosomes and endosomes, where complex sphingolipids such as 

glycosphingolipids and glucosphingolipids are catabolized. Sph is the resultant 

catabolic end- product of complex sphingolipids, which is then recycled through 

acylation to produce Cers [87].  

Figure 1.2. Sphingolipid synthesis pathway. Schematic diagram illustrated 

using Microsoft power point, 2016. 

 

1.5.2 Sphingolipid transport  

The intra-and extracellular transport of sphingolipids is governed by their 

biophysical properties. These movement maybe within a membrane or between 

membranes [88-91]. Sphingolipids found on the membranes of all eukaryotic cell 

types.  Cer and Cer1P, are transported to the golgi apparatus for further processing 
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by lipid transfer proteins (LPTs) such as Cer transfer protein (CERT) and Cer1P 

transfer protein (CPTP) [89, 90]. Cer is known to undergo spontaneous flip-flop; 

passively moves from one lipid bilayer to another as dictated by concentration 

gradients  [91].  While the amphipathic nature of Sph and dhSph allows them to 

diffuse and flip between membranes leaflets [78]. The ionization of their free 

amino groups also allows them to accumulate in acidic pH organelles. S1P and 

dhS1P are soluable in hydrophilic environment but are unable to traverse 

membranes without the aid of lipid transporters such as Spinster-Homolog-2 

(encoded by the gene SPNS2) and the major facilitator superfamily transporter 2b 

(Msfd2b) [92, 93]. These transporters aid dhS1P and S1P in their roles as “inside- 

out signalling” molecules. SNPS2 is mainly localized in epithelial cells and tissues 

and plays a role in the effect of S1P on lymphocyte traffic, while Msfd2b is 

abundant in plasma membranes of erythrocytes, platelets and bone marrow [94, 

95]. Apart from these, the ATP binding cassette (ABC) transporters also transport 

S1P and the other sphingolipids. In the plasma about 65% of S1P is bound to 

HDL specifically through apolipoprotein M, and another 30% is bound by 

albumin, while dhS1P is un-specifically bound to HDL [79, 96].  

   

1.5.3  Sphingolipid function  

Sphingolipid function is reliant upon a complex interplay between the 

sphingolipids and the metabolic pathway enzymes, the transport system and 

membrane receptors. The segment of the pathway that begins at DES1 & 2 to 

S1P which includes Cer, Sph, S1P including SM, has been studied the most and 

their functions are well documented [83, 97-99]. Briefly, Cer has been known for 

a long time to be an important biological molecule that is involved in apoptosis, 
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lipid metabolism, fibrosis and stress response.  Cer, due to the differing acyl CoAs 

that can be used to produce it, is technically a class of molecules rather than a 

single molecule and therefore may have different biological functions depending 

on the acyl chain it is composed of. Although Cers are physiological modulators, 

they become pathological or toxic when they are in excess or their quality is 

compromised [100]. Apart from Cers, Sph, S1P and SM may exert different effects 

on their downstream targets, their levels in cellular or biological compartments 

also differ both in physiological and pathological states. Sph is known to promote 

apoptosis and cell cycle arrest by targeting sphingosine dependent kinase (SDK) 

and protein kinase Cδ (PKCδ) [101]. S1P is a bioactive molecule that binds 

specifically to G-protein coupled receptors termed Sphingosine 1 Phosphate 

receptors (S1PR). There are five characterized S1P receptors (S1PR1-5). In 

mammals the S1PR1-3 are most abundant, and their functions have been 

delineated. S1P functions through these receptors and mediates various 

intracellular signalling pathways.  It is thought of as a lipid mediator involved in 

cell proliferation, cell growth, cell survival, cell migration, inflammation, 

angiogenesis, and resistance to apoptotic cell death [102]. SM is dominant in most 

cellular plasma membranes and its functions range from regulation of endocytosis 

and receptor mediated ligand uptake, G protein and ion channel signalling, and is 

known to be the preferred choice of substrate for cholesterol to interact with [85].  

The functional attributes of sphingolipids such as dhSph, dhS1P and dhCer have 

not been fully delineated yet. This is due to them being intermediates in the 

pathway, therefore rapidly metabolized through the de novo pathway resulting in 

low levels in both tissue and circulation.  
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1.5.4  Sphingolipids in cardiac remodelling 

The evidence for sphingolipids in cardiac remodelling so far targets the Cer-S1P-

SM arm of the pathway. Indeed, S1P is the most studied sphingolipid in terms of 

its effects on the myocardium. Its inside out signalling capabilities, together with 

the affinity of binding to HDL in plasma have made it a potential target for 

cardiovascular disease therapy [80]. Here I discuss the mechanisms regarding 

sphingolipid in cardiac fibrosis and hypertrophy. Figure 1.3 summarises what is 

known and unknown about the effect of sphingolipids in terms of cardiac 

remodelling. 

Figure 1.3. Summary of sphingolipid effects in cardiac remodelling. 

Schematics summarized from section 1.5.4 and illustrated in Microsoft power-

point, 2016. 
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1.5.4.1 S1P in cardiac remodelling 
 
The effects of S1P on cardiac cells seem to differ from fibroblasts, myocytes and 

endothelial cells. These differences may also be dependent on the type of S1P 

receptors being activated, the pathophysiological conditions under which they are 

investigated, and model. For example, a recent population study proposed that 

S1P is causally involved in the pathophysiology of HF [103]. However, some cell 

and animal studies have revealed that S1P signalling through S1PRs in post 

ischemic conditions maybe cardio-protective [104, 105]. S1P may be able to 

promote  hypertrophy[106] and hyperplastic cardiac remodelling [107] effects due 

to its growth promoting ability as observed in tumors [108]. Multiple studies have 

found that S1P signalling through its receptors have differing effects on 

downstream targets. The most abundant S1P receptor in cardiac myocytes is 

S1PR1 followed by S1PR3 and S1PR2, while in cardiac fibroblasts S1PR3 is most 

abundant [109, 110]. Inside- out signalling by S1P due to increased TGFβ activates 

S1PR2 in cardiac fibroblasts leading to increased collagen synthesis [107]. 

S1P/S1PR2 signalling has been found to regulate myogenic responses in 

progressive HF with increased activation of p38 MAPK and ERK 1/2 and 

inhibition of myosin light chain Protein (MLCP) [111]. The activation of S1PR3 

in endothelial progenitor cells activated the PI3K/Akt pathway promoting 

proliferation, while PI3K/Akt activation through S1PR1 reduced apoptosis [112]. 

S1PR2/3 knockout in cardiac myocytes leads to reduced ERK activation and 

abrogation of Akt activity, even in the presence of S1PR1, while Akt activation 

through S1PR2 and 3 protects against ischemia reperfusion[104, 110]. 

Additionally, S1PR1 knockout in myocytes has been associated with perinatal 

lethality in mice as a result of defects in myocardial development [113]. Inversely, 
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S1PR1 overexpression in mice fibroblasts leads to cardiac remodelling involving 

increased ang II, IL-6 and STAT3 activation [114]. Together with S1PRs, the 

enzyme SK1 is also an important factor in S1Ps activity [115, 116]. The SK1/ 

S1P/S1PR1 axis has been targeted the most and is known to have proliferative 

effects on vascular cells and cardiac fibroblasts [115, 117, 118]. In cardiac 

myocytes this axis contributes to proinflammatory signalling by stimulating β1AR 

[119]. In fact, S1PR1 behaved similarly to β1AR and could be regulated by G 

protein coupled receptor kinase 2 (GRK2)[105]. Their reduction by GRK2 

activation led to progression toward remodelling and hypertrophy, implicating 

S1PR1s protective role in post ischemic conditions. When SK1 is overexpressed, 

Rho GTPase, and SMAD are activated, with increased ROS production resulting 

in cardiac fibrosis through S1PR3 (84). Additionally, the enzyme SK1 is also a 

target for TGFβ, which enhances Sph metabolism with the resultant increase of 

S1P in the cells  [120-122]. Increased SK1 by TGF  also leads to upregulation of 

TIMP1 in cardiac fibroblasts [120]. Increased S1P as observed in overexpressed 

SK1 results in detrimental effects on cardiac myocytes [123].. The inhibition of 

SK1 by PF-543 prevented cardiac dysfunction and reduced the expression of 

remodelling markers such as ANP, BNP, and β-MHC [119], and also 

downregulated S1PR1, STAT3, ERK 1/ 2, protein kinase C (PKC), and Rho 

associated protein kinase (ROCK) and increased Sph in ang II induced cardiac 

hypertrophy [124]. Figure 1.4 is a summative illustration of S1Ps activation of 

pathways in cardiac remodelling.  
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Figure 1.4 Simplified schematic of S1P in cardiac remodelling.  Cardiac 

injury or insult increases expression and synthesis of cytokines and growth factors 

such as TGF. TGF mediates SK1 expression and activity leading to increase in 

increased S1P in in cardiac cells. S1P through its inside out signalling mechanism 

activates intracellular signalling pathways involving ERK, P38 MAPK, STAT3 and 

Akt through its receptors. These then increase factors that contribute to cardiac 

remodelling. This diagram has been summarized from the text in section 1.5.4.1 

and illustrated with Microsoft Power point, 2016. 

 

1.5.4.2 Cer in cardiac remodelling 
 
Recent animal and human studies have shown that different Cer chain lengths 

have potential as biomarkers for heart diseases [125, 126]. Due to Cer being 
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synthesised through multiple pathways, and the different chain lengths having 

different effects, the evidence for Cer in cardiac remodelling is still being 

assembled. However, its main mechanism of effect is linked to its apoptotic effects 

as observed in cancer therapy. In this regard, Cer generated through the SM 

pathway has been linked to exacerbated IR injury (i.e., apoptosis) due to increased 

TNFα activation and ROS generation  [127]. Cer is able to have this effect by 

increasing the formation of ‘lipid rafts’ that recruit and amplify signal transduction 

cascades and apoptosis signalling pathways [128]. Targeting certain enzymes in the 

de novo pathway has been shown to reduce Cer accumulation, accompanied by 

improved cardiac function. For example, inhibition of the upstream enzyme in the 

de novo pathway, SPT, has been shown to reduce the accumulation of certain Cer 

(C16, C24:1 and C24) species and reduced ventricular remodelling, and 

macrophage content [129, 130]. A recent gain of function study targeting acid 

ceramidase saw improved cardiac function after MI with low cell death rate, and 

low abundance of detrimental proinflammatory neutrophils [131]. Cer 

accumulation has also been shown to affect sarcomeric maintenance, contractile 

dysfunction, reduce Ca2+ influx, and caspase activation [132-134].  However, these 

latter findings are related to lipotoxic cardiomyopathy, thus, they are yet to be 

translated in terms of cardiac remodelling. Figure 1.5 gives a summative 

illustration of Cer’s role in cardiac remodelling. 
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Figure 1.5 Cer in cardiac remodelling.  Cardiac injury or insult increases 

activation of cytokines and growth factor (GF) receptors such as TNF receptor 

(TNFR) which increases TNF. TNF increases formation of Cer through the 

SM pathway which inhibits Akt activation. Cer also increases caspase signalling 

which increases apoptosis. Reduced Akt activation reduces cardiac cell apoptosis 

through Akt activation. Cer inhibition by inhibiting SPT and increasing CDase 

lowers cell death, improves cardiac function and reduces ventricular remodelling. 

Blue arrows represent pathway activation, perpendicular bars represent inhibition 

and purple arrow represents increase. This diagram has been derived from the text 

in section 1.5.4.2 and illustrated with Microsoft Power point, 2016. 
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1.5.4.3 Dihydrosphingolipids in cardiac remodelling 

  
Collectively, the evidence for dihydrosphingolipids (dhSph, dhCer and dhS1P) in 

disease is spatial (summarized in the published work in appendix 1.1), especially 

the mechanistic pathways through which they could contribute to disease.  

The role of dhS1P in both physiology and pathophysiology is assumed to be 

similar to S1P. However, studies in neuronal cells, nerve cells, scleroderma 

fibroblasts and dermal fibroblasts, have shown that they can have differing effects 

on cell proliferation and differentiation [135-137]. DhS1P has been shown to be 

anti-fibrotic in dermal fibroblasts by acting as an antagonist of TGF-β/SMAD-

ERK signalling through S1PR1 [135, 137]. DhS1P promoted the expression of 

MMP1 in these cells, by upregulating phosphatase and tensin homolog (PTEN). 

PTEN is a negative regulator of Akt and suppresses cardiac hypertrophy, while 

MMPs such as MMP1 are key regulators of the cardiac remodelling process [138-

140]. Furthermore, there is evidence for its involvement in promoting plaque 

stability and increasing endothelial barrier function [141-143], which could reduce 

risk of coronary heart disease. DhS1P levels have also been shown to be altered 

in tissue and plasma of animal models and patients with MI [144-146]. However, 

its exact role and molecular mechanisms in the pathophysiology of 

cardiomyopathies remains obscure.  The level of dhS1P in cell systems can be 

reduced by inhibiting the first rate limiting enzyme SPT and increased by 

inhibition of CerS, and DES1.   

Inhibition of CerS leads to reduced N-acylation to dhCer and increases the level 

of dhSph which consequently increases dhS1P [147]. The accumulation of dhSph 

has been associated with fumonisin tocixity in animals and humans [148-150]. 

Fumonisin competitively inhibits CerS, because fumonisin and dhSph are 

structurally similar and differ only in the free amino group at C1 [151]. Several 
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studies have reported elevated dhSph levels in the plasma of MI patients [146, 

152] and urine of HF patients sun [153], whether this has any effect on cardiac 

remodelling has not been evaluated. 

Targeting DES1, the enzyme at the centre of the conversion of dhCer to Cer, also 

leads to increased dhS1P and dhSph levels in neuronal cells, which was attributed 

to the inhibitor also targeting S1PL [154]. Studies specifically targeting DES1 in 

cardiomyopathies have been lacking. Most studies that have targeted DES1 gene 

ablation or inhibition in other cell types were focussed on reporting increases in 

dhCer. DhCer has been shown to have cellular effects that are opposite to Cer 

[155]. Including autophagy, inhibition of cell proliferation, oxidative stress, anti-

apoptotic and anti-hypoxic effects [156-160]. In terms of overall disease processes 

there are a number of evidence available showing;  1) dhCers  can be used as a 

tool in predicting type 2 diabetes, 2) dhCer could also play a role in reducing 

adipogenesis and increasing autophagy in adipocytes, 3)  dhCer may be associated 

with hypoxia, 4) dhS1P and dhSph could be involved in plague stability, 5) dhS1P 

could have anti-tumour effects through suppression of T cell proliferation, 6) 

dhS1P binds to albumin, and 8) dhS1P regulation by SK1 could be stimulus, cell 

type and complex dependent, as I have summarized in my literature review [161].  

The sparsity of studies related to dihydrosphingolipids in CVDs and cardiac 

remodelling shows that there is lack of basic data in terms of the molecular 

mechanisms and effects of these dihydrosphingolipids on cardiac 

pathophysiology. In this thesis I examine the effects of dhS1P, and dhSph on 

certain aspects of cardiac remodelling and explore the potential for targeting 

DES1 as a therapy for remodelling in ischemia induced MI.  
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1.7 Thesis aims and objectives 

1.7.1  Aims 

The two main questions my thesis is trying to answer are;  

1. Do these dihydrosphingolipids such as dihydrosphingosine 1 phosphate and 

dihydrosphingosine, in the de novo synthesis pathway play a role in the cardiac 

fibrosis and hypertrophy? 

2. Is there a therapeutic potential for targeting the gate keeper enzyme, DES1, in 

the de novo sphingolipid pathway for cardiac remodelling therapy? 

 

1.7.2  Objectives  

In chapter 1 I give an overview of the normal myocardium and how each of the 

components in the myocardium are involved in cardiac remodelling. I also provide 

an overview of sphingolipid synthesis, transport and function, and summarise 

what is known about their effects in terms of cardiac remodelling. 

In chapter 2 I investigate the effect of exogenous dhS1P on cardiac cells in 

comparison to S1P and elucidate its effects on the JAK/STAT signalling pathway.  

In chapter 3 I investigate the effect of exogenous dhS1P on cardiac cells in 

comparison to S1P and elucidate its effects on the PI3K/Akt signalling pathway. 

In chapter 4 I investigate the effect of exogenous dhSph and Sph on various 

pathways in cardiac fibroblasts  

In chapter 5 I examine the potential for DES1 inhibition in an animal model 

ischemia induced MI using the novel DES1 inhibitor compound, CIN038 also 

known as MIPS247. 
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Preface 
 

The work incorporated in chapter two describes the effects of dhS1P on primary 

cardiac cells and its ability to activate the JAK/STAT signalling pathway to induce 

collagen synthesis and myocyte hypertrophy. This work has been published as 

follows;  

 

Magaye R, Savira F, Hua Y, Xiong X, Huang L, Reid C, Flynn B, Liew D, Wang 

BW. Exogenous dihydrosphingosine 1 phosphatemediates collagen synthesis in 

cardiac fibroblasts through JAK/STAT signalling and TIMP1. Cellular Signalling. 

2020;72:109620. 

 

Published work is attached in Appendix 1.2.  
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fibroblasts through JAK/STAT 
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2.1 Abstract 

Cardiac fibrosis and myocyte hypertrophy are hallmarks of the cardiac remodelling 

process in cardiomyopathies such as HF. Dyslipidemia or dysregulation of lipids 

contributes to HF. The dysregulation of HDL could lead to altered levels of other 

lipid metabolites that are bound to it such as S1P. Recently, it has been shown that 

S1P and its analogue dhS1P are bound to HDL in plasma. The effects of dhS1P 

on cardiac cells have been obscure. The findings in this study show that 

extracellular dhS1P increases collagen synthesis in NCFs and causes hypertrophy 

of NCMs. The JAK/STAT signalling pathway was involved in the increased 

collagen synthesis by dhS1P, through sustained increase of TIMP1. Extracellular 

dhS1P increased phosphorylation levels of STAT1 and STAT3 proteins. It also 

caused an early increase in TGFβ1 gene expression, and sustained increase in 

TIMP1 gene. Inhibition of JAKs led to inhibition of TIMP1 and TGFβ gene and 

protein expression. Additionally, this study shows that dhS1P causes NCM 

hypertrophy through S1PR1 signalling which is opposite to that of its analogue, 

S1P. Taken together, the results show that dhS1P increases collagen synthesis in 

cardiac fibroblasts causing fibrosis through dhS1P-JAK/ STAT-TIMP1 signalling.  
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2.2  Introduction 
 
DhS1P and S1P are both metabolic products of the de novo sphingolipid synthesis 

pathway present in all cells. dhS1P differs from S1P by its backbone structure 

which is composed of dhSph, in contrast to sphingosine for S1P. S1P’s role as a 

lipid mediator is widely known.  It modulates multiple signalling pathways 

involved in cellular events such as white cell migration, inflammation, 

proliferation, apoptosis and fibrosis by binding to S1P specific membrane bound 

G protein coupled receptors (GPCRs).  Recently, several reviews have highlighted 

the effects of S1P and its receptors, S1PR1-3, in cardiac pathophysiology such as 

cardiac remodelling [115, 116, 162]. Unlike S1P, due to its low levels within the 

biological system, the role of dhS1P in disease processes such as cardiac 

remodelling is ill-defined.  But it has been speculated to be similar to that of S1P, 

since it also activates the S1PRs. This is despite evidence in skin fibroblasts 

showing dhS1P to have opposite effects to that of S1P by downregulating fibrotic 

markers such as matrix metalloproteinase 1 (MMP1) and phosphorylated SMAD 

3  [163]. Recently, others have shown that dhS1P is able to bind to HDL in plasma 

in a non-specific manner compared to S1P which requires apo lipoprotein M [79]. 

S1P activates several downstream signalling pathways in cardiac fibroblasts and 

myocytes including the TGFβ/ SMAD, and JAK/STAT pathways leading to 

cardiac remodelling [120] or cardio-myocyte protection [104, 119].  S1P activation 

of the JAK/STAT pathway is known to be receptor dependent as indicated by 

S1P/S1PR2/3 signalling in cardiac myocytes in I/R injury [104, 164]. The 

JAK/STAT signalling pathway confers short-term cardiac protection, however its 

prolonged activation is thought to worsen the disease state thus requiring a balance 

in the activation of this pathway. Cardiac remodelling is marked by increased 

deposition of the ECM such as collagen causing fibrosis and loss of myocyte 
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function due to myocyte hypertrophy. The phosphorylation of STAT1 and 

STAT3 have also been shown to mediate proliferation of cardiac fibroblasts and 

collagen synthesis induced by high glucose in the heart [165]. Therefore, the aim 

of this study is to determine whether exogenous dhS1P leads to cardiac cellular 

remodelling through activation of the JAK/STAT signalling pathway and explore 

differences in downstream signalling mechanisms between dhS1P and S1P.  

 

2.3 Materials and methods 

2.3.1  Primary neonatal rat cardiac cell isolation and culture 

Primary NCMs and NCFs were extracted from 1-2 days old Sprague-Dawley rat 

pups using enzymatic collagenase digestion routinely used in the laboratory for in 

vitro assays [19].  Pups were purchased from the Monash Animal Research 

Platform (Clayton, Vic), and complied with the guidance from the National Health 

and Medical Research Council of Australia. The animals used for this study were 

approved by the Alfred Medical Research and Education Precinct Animal Ethics 

Committee (E/1653/2016/M).  Briefly, the hearts were excised and washed in 

cold PBS to remove blood cells. 3-5 mm thick pieces of the ventricles were 

digested in a magnetic cell stir glass with 1:25 ratio of collagenase I (Sigma Aldrich, 

St. Louis, Missouri, USA) in 1 X Ads buffer solution for enzyme digestion.  The 

tissue was digested at 10-minute intervals with a constant slow agitation. 2 ml of 

the cell digestion mixture was gently pipetted onto 15 mL falcon tubes containing 

the percoll gradient and centrifuged at 3300 rpm for 30 minutes, after washing 

with 1X Ads Buffer. The different cell layers (top layer; fibroblasts, bottom layer; 

myocytes) were then collected in separate tubes and washed with 1X Ads Buffer 

before resuspending in DMEM + 10% new born calf serum (NBCS) medium at 
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a pH of 7.2 for plating. While, NCMs suspended in 10% NBCS + DMEM were 

seeded straight into experimental plates coated with 0.2% gelatin. The NCFs were 

maintained in 10 % fetal bovine serum (FBS) + DMEM in T75 flasks until passage 

2. 

On the day of seeding, the NCFs were washed twice with 1 X PBS at a pH of 7.2. 

2 mL of Trypsin EDTA, at a ratio of 1:4 diluted in 1X PBS, was added to T75 

flasks containing NCFs after 2 minutes incubation or until all cells were floating 

(as observed under a microscope). 5mL DMEM + 10% FBS was added to the 

flask to stop trypsin activity.  The mixture was then transferred into 50 mL Falcon 

tubes for washing, after the flasks were gently pipetted to dislodge the cells and 

aggregate them. The cells were then seeded as desired and maintained in DMEM 

+ 10% FBS for the first 24 h. This method is routinely used in the laboratory for 

in vitro assays [166].  

 

2.3.2 Measurement of collagen synthesis in NCFs 

Induction of collagen synthesis by S1P, dhS1P and the S1PR1 agonist, SEW2871, 

in NCFs was determined using the 3H-proline incorporation assay [167]. Briefly, 

after determining optimum dose of dhS1P and S1P for collagen synthesis, NCFs 

at 50 000 cells/ well were pre-treated with the JAKs inhibitor, also known as 

Pyridone 6 (P6, 0.01-1.0 µM- Calbiochem, Darmstadt, Germany), and a specific 

S1PR1 antagonist (W146, 0.1- 5.0 µM- Tocris Bioscience, Bristol, UK) for 2 h. 

This was performed 48 h after serum starvation in DMEM with 0.5 % BSA. The 

cells were then stimulated with 3 µM dhS1P, 1 µM S1P, and 10 µM SEW2871 

(Monash Institute of Pharmaceutical Sciences, Melbourne, Australia) for 48 h in 

DMEM F12 medium supplemented with 1% vitamin C and 0.5% bovine serum 
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albumin (BSA). 1 µCi 3H proline was added to the cell culture media and included 

ad hoc with S1P, dhS1P and SEW2871 (the doses used were pre-determined as 

shown in Figure 2.1A). After precipitation with 10% trichloroacetic acid (TCA) 

for 30 minutes, the cell pellets were detached in 1 M sodium hydroxide (NaOH), 

and solubilized in 1:10 ratio of 1 M hydrochloric acid (HCl) with scintillation fluid. 

The levels of 3H-proline incorporation were determined on a 300SL beta counter 

at counts per minute (cpm). The tool compounds, sphingolipids and inhibitors, 

were reconstituted in dimethyl sulfoxide (DMSO), while Ang II was reconstituted 

with treatment media. 

 

2.3.3 Measurement of NCM hypertrophy   

To determine whether exogenous dhS1P and S1P induced NCM hypertrophy,   

3H-leucine incorporation which measures the increase in protein synthesis in 

myocytes (approximate measure of hypertrophy) was used as described previously 

[166]. Briefly, NCM media was changed 24 h after isolation to special media 

containing DMEM supplemented with essential and non-essential amino acids, 

insulin, apolipoprotein with potassium chloride to prevent contact-induced 

spontaneous contraction of the plated NCMs. After 48 h the media was changed 

and the NCMs were pre-treated for 2 h, at similar doses of P6 and W146 as used 

in NCF and treated with S1P (1 µM) and dhS1P (3 µM) at predetermined time 

points of 60 h and 48 h, respectively. The optimum dose and times point for 

stimulation were validated prior to the experiments as shown in Figure 2.10A. 
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2.3.4 Measurement of cell viability in NCFs and NCMs 

Cell viability was measured using the Alamar blue assay (Invitrogen- Thermo 

Fischer Scientific, Carlsbad, CA, United States). Cells were seeded in 96-well plates 

at a density of 1.5 x 104 and 1 x 105 cells per well for NCFs and NCM, respectively. 

After 48 h or 60 h treatment as described for collagen synthesis and myocyte 

hypertrophy assays, respectively. The reduction of resazurin by viable cells to 

resorufin was measured after further incubation with 1:10 ratio of Alamar reagent 

to media for 4-6 h, and the absorbance was read at 570 and 600 nm wavelength 

on a NanoStar spectrometer (BMG Labtech, Ortenberg, BW, Germany). 

 

2.3.5 Western blot analysis of protein expression 

The expression of specific proteins related to the JAK/STAT signalling pathway 

and cardiac remodelling were analysed using Western Blot assay. Both NCFs (3 x 

105 cells/ Flask) in T25 flasks and NCMs (1 x 106 cells/ Well) in 6 well plates were 

pre-treated for 2 h with P6 (0.3 & 1 µM), and W146 (3 & 5 µM) and treated with 

3 µM dhS1P, 1 µM S1P, and 10 µM SEW2871 (NCF only), for 15 to 30 minutes 

for phosphorylated proteins and 24 h for total proteins. These were performed 48 

h after serum starvation as described in section 3.3.2 for NCFs and section 3.3.3 

for NCMs. 10 µg/µL cell lysates were separated on 7.5, 10, or 12% gels by SDS-

polyacrylamide gel electrophoresis (SDS-PAGE), and transferred onto 

nitrocellulose blotting membranes (GE HealthCare, Chicago, IL, United States). 

The blots were probed for phosphorylated STAT1, STAT3, c-JUN, and SMAD2 

from Cell Signalling Technologies (CST: 8826S, 9145L, 2361S, and 3108L) after 

blocking with 5% bovine serum albumin (BSA).  They were also probed for TGFβ 

(CST: 3709S, 3711S), collagen I (coll1) (Abcam, Cambridge, UK: Ab209539), 



 
 

67 

TIMP1 (Novus Biologica, Centennial, CO, United States: NBP1- 96554), α- 

smooth muscle actin, α-SMA (Abcam: Ab124964) after blocking with 5% Milk in 

Tris-buffered saline with 0.1% Tween 20 (TBS-T). Bands were detected using 

Super Signal West Pico Chemiluminescence substrate (Thermo Fisher Scientific, 

Rockford, IL, United States) on BioRad Chemidoc instrument and analysed using 

Image lab software (BioRad Laboratories, Hercules, CA, United States). Proteins 

were normalized to Glyceraldehyde –phosphate dehydrogenase (GAPDH) (CST: 

2118L) or β-Actin (CST: 4970). 

 

2.3.6 PCR analysis of hypertrophic and fibrotic gene markers 

NCFs (5 x 105/ well) and NCMs (1 x 106 / well) seeded in 6 well plates were pre-

treated with the inhibitors as mentioned above for 2 h, after 48 h serum starvation.  

The NCFs were further incubated with SEW2871 (10 μM) for 18 h, and dhS1P 

(3µM) and S1P (1 μM) for 6 h (stimulation time points based on TGFβ gene 

expression as shown in Figure 2.4A).  NCMs were incubated for 18 h with each 

of the lipids. Total RNA was extracted and isolated using MagMAX-96 Total RNA 

Isolation for Microarray Kit according to the manufacturer’s instructions (Thermo 

Fisher Scientific, Rockford, IL, United States). 5 or 10 ng/µL of RNA was reverse 

transcribed into cDNA using Multi-Scribe (Applied Bio systems, Foster City, CA, 

USA). The expression levels of the fibrotic markers; TGFβ, CTGF, TIMP1, 

collagen 1a1 (Coll1a1), collagen 3a1 (Coll3aI), the S1P receptors (1-3), and the 

enzyme SK1 were quantified by real time polymerase chain reaction (PCR) on the 

Quan-Studio 12K Flex Real Time PCR System (Applied Bio systems) with SYBR 

Green as detector (Applied Bio systems). The gene expression levels of pro-

hypertrophic markers such as ANP, BNP, βMHC, and α-SKA were also 
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quantified. Refer to Appendix 2.1 for full sequence of primers. 18s mRNA was 

used as the endogenous controls.  

 

2.3.7 Immunohistochemistry  

Immunohistochemical analysis was carried out on passage 1 NCFs plated in glass 

bottom 6 well plates (1 x 105 cells/well) and treated with SEW2871 (10 µM), S1P 

(1 µM), & dhS1P (3 µM) and TGFβ (10 µM) for 48 h. Abcam’s online 

immunostaining protocol was followed with minor modifications. Briefly, the cells 

were washed three times with PBS, before fixing for 5 minutes with ice cold 

methanol. The fixed cells were then washed with cold PBS before blocking with 

1% BSA in TBST. After blocking the cells were incubated with α-SMA (Sigma) at 

1:500; and Vimentin (Abcam, Cambridge, MA, USA) at 1:1000. Actin filaments 

were labelled with Alexa Fluor tagged secondary anti-bodies at 1: 1000. The nuclei 

were labelled with Hoerscht at 1:1000 (Sigma).  Images were captured with the 

Nikon TI Eclipse Widefield microscope (Nikon, Minato, TKY, Japan), and 

analysed using NIS elements viewer software (Nikon). 

 

2.3.8 Statistical analysis 

All cell culture experiments were performed in triplicates, with at least three 

repeated experiments for the hypertrophy and collagen synthesis assays and two 

repeated experiments for western blots and PCR. The results are presented as the 

percentage of unstimulated controls (mean ± SEM). For western blot analyses, 

ratio of phosphorylated over GAPDH levels were analysed. For real-time PCR, 

gene expression levels in NCF and NCM were normalized with 18s (housekeeping 
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gene). One-way ANOVA with Bonferroni’s multiple comparison post hoc tests 

was used for statistical analyses for comparison between multiple groups and 

unpaired t-test was used for comparison between two groups. A statistically 

significant result was determined with a two-tailed p-value of less than 0.05. 

GraphPad Prism Version 8 (GraphPad Software Inc., San Diego, CA, United 

States) were used to perform all the statistical analyses. 

 

2.4 Results 

 2.4.1 DhS1P induced collagen synthesis in NCFs 

The sphingolipid, S1P, is now known to cause cardiac fibrosis and myocyte 

hypertrophy [104, 115, 116]. This study, investigated whether extracellular dhS1P, 

the analogue of S1P, was able to induce collagen synthesis at similar doses to that 

of S1P and the S1PR1 agonist- SEW2871 at 48 h of stimulation using tritiated (3H) 

proline incorporation assay. The results in Figure 2.1A show that dhS1P at 3 µM 

significantly (p < 0.01) induced collagen synthesis in NCFs. However, at the 

highest dose of 10 µM, dhS1P caused significant cell death as corroborated by the 

results from the Alamar cell viability assay (p < 0.01, Figure 2.1D). Reductions in 

cell viability could have non-specific inhibitory effects on collagen synthesis 

therefore, this dose was excluded in the study. It should be noted that the doses 

chosen for testing did not affect the cell viability. Figure 2.1A shows that 

SEW2871 caused a dose dependent increase in collagen synthesis, while S1P 

induced collagen synthesis was significant at 1 µM (p < 0.01) and 3 µM (p < 0.005), 

showing similar non-linear effects as dhS1P. These increases in collagen synthesis 

were comparable to that induced by 100 nM Ang II which was used as a positive 

control, p < 0.01-0.005 vs. control.  
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2.4.2 DhS1P, S1P & SEW2871 induce collagen synthesis by 

activating JAKs 

Since dhS1P, S1P and SEW2871 were able to induce collagen synthesis in NCFs, 

the relationship between their activation of the JAK/STAT signalling pathway and 

collagen synthesis was examined. The JAKs (JAK1, JAK2, JAK3, TYK1, and 

TYK2) are a group of cytoplasmic tyrosine kinases that transduce signals from 

membrane receptors to the STAT proteins which can translocate to the nucleus 

and act as transcription factors.  The introduction of the JAKs inhibitor, P6 [168], 

had similar potency at doses over 0.1 µM  on collagen synthesis by 3 µM dhS1P 

(p < 0.05, Figure 2.1B). Comparatively, P6 was also able to significantly inhibit 1 

µM S1P induced collagen synthesis in NCFs with no observable trend of dose-

dependency (Figure 2.1B).  These differences may be due to S1P and dhS1P 

activating different types of S1P receptors leading to activation of different 

pathways such as the mitogen activated protein kinase (MAPK/ ERK) pathway, 

which has been shown to have increased phosphorylation in mice overexpressing 

S1PR1 [114]. In cells treated with 10 µM of the S1PR1 agonist, SEW2871, there 

was a dose response effect when P6 was introduced, although not with a big 

gradient difference (Figure 2.1B).  
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Figure 2.1. DhS1P/ S1P/ SEW2871 induced collagen synthesis in NCFs.  

(A) Significant increase in collagen synthesis were observed for dhS1P at 3 µM, 

S1P at 1 µM & 3 µM, and SEW2871 at 3 µM & 10 µM vs. control. (B) Inhibition 

of  JAKs significantly reduced collagen synthesis in NCF induced by dhS1P, S1P, 

& SEW2871 vs. Ang II. (C) Inhibition of  S1PR1 significantly reduced collagen 

synthesis stimulated by dhS1P, but the effects on S1P stimulated collagen synthesis 

were not statistically significant. (D) DhS1P (10 µM) reduced the viability of  NCFs 

at 48 h of  treatment.  ###p< 0.005, ##p < 0.01, #p < 0.05 vs. dhS1P/S1P/SEW2871, 

and **p < 0.01, *p < 0.05 vs. Control. ***p < 0.00, **p < 0.01 vs. Control. Values 
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presented as mean ± standard error of  mean (SEM) of  at least three independent 

experiments with 3 replicates in each. 

 

2.4.3 DhS1P/S1PR1 signalling increased collagen synthesis  

Targeting S1P/S1PR1 signalling has shown potential in cancer therapy [169], but 

evidence for its role in cardiac fibrosis is limited. Therefore, the specific S1PR1 

antagonist, W146, was used to determine if S1PR1 was essential for collagen 

synthesis by dhS1P and S1P. The results in Figure 2.1C show that W146 had a 

dose dependent effect on the inhibition of collagen synthesis increased by dhS1P 

(p < 0.05). However, for S1P, W146 was not able to significantly inhibit collagen 

synthesis, despite showing reduction in collagen synthesis as determined by 3H- 

proline incorporation at all concentrations tested. This indicates that S1P may 

activate other targets, compensating for inhibition of S1PR1, possibly through 

S1PR2/3 activation, as shown by Quint et.al [170].  

 

2.4.4 DhS1P, S1P & SEW2871 activated fibroblast to 

myofibroblast differentiation 

The phenotypic differentiation of fibroblasts to myofibroblasts is associated with 

cardiac remodelling. Myofibroblasts have an increased expression of the α-SMA 

with reduced expression of vimentin [171], one of the intermediate filaments 

found in many non-muscle cells. Fibrotic factors such as TGFβ are known to 

activate the differentiation process leading to increased production of the ECM 

[57].  Immunofluorescence staining methods were used to determine if SEW2871, 

dhS1P and S1P and TGFβ (used as positive control) led to increased cytosolic 
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expression of α-SMA in NCFs. Figure 2.2A shows that dhS1P, S1P and SEW2871 

increased cytosolic α-SMA, but was less intense when compared to TGFβ. This 

effect is comparative to those shown by Western Blot protein quantification of α-

SMA (Figure 2.2B), showed that TGFβ (p < 0.05) and SEW2871 (p <0.01) caused 

significant increase in α-SMA protein levels vs. control. TGFβ also seemed to 

increase the intensity of vimentin in NCFs. 

  

 

Figure 2.2. SEW2871, S1P and dhS1P activated trans-differentiation of 

fibroblast to myofibroblast. (A) Immunofluorescent staining of α-SMA (green), 

vimentin (red) and Nuclei (Blue) by Hoerscht. 10 µM TGFβ, 1 µM S1P, 3 µM 

dhS1P & 10 µM SEW2871 have increased α-SMA expression. Original 

magnification X200. (B) Western blot α-SMA protein expression in NCFs 

compared to the different treatments at 48 h incubation, *p <0.05 & **p < 0.01 
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vs. control. Values presented as mean ± standard error of  mean (SEM) of  at least 

three independent experiments with 3 replicates in each. 

 

2.4.5 Increased dhS1P phosphorylation of STAT1 in NCF was 

reduced when JAKs were inhibited  

The ability of dhS1P and S1P to activate STAT1 and STAT3 proteins were also 

evaluated using Western Blot in NCFs. Of the seven known mammalian STAT 

proteins, the activation and translocation of STAT1 and 3 to the nucleus leads to 

the transcription of genes including those that regulate inflammation, cell 

proliferation and fibrosis [172, 173].  Both dhS1P and S1P were able to 

significantly increase pSTAT1 levels (p < 0.01 & p < 0.05 vs. control) at 15 minutes 

of stimulation, and there was a strong trend toward a reduction when inhibited by 

P6 (1 µM) (Figure 2.3A-B). Pre-treatment of NCFs with P6 completely abolished 

the expression of phosphorylated STAT3 in both dhS1P and S1P treated cells. 

DhS1P did not increase phosphorylation of STAT3 at the time point tested 

(Figure 2.3A). This may imply that STAT3 phosphorylation is delayed as seen in 

Figure 2.3C, which was stimulated for 20 mins. STAT3 phosphorylation at 

tyrosine 705 leads to its dimerization forming homodimers or heterodimers with 

other STATs such as STAT1.  Both phosphorylated STAT3α (86 kDa-upper 

band) and STAT3β (79 kDa-lower band) were expressed in primary rat NCFs (see 

representative blots in Figure 2.3). STAT3 has been shown to affect collagen 

synthesis in the heart more than STAT1 [174].  
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Figure 2.3. Effect of DhS1P and S1P on phosphorylation of STAT1/3. (A) 

P6 reduced dhS1P (3 µM) induced phosphorylation of STAT1, and completely 

abrogated STAT3.  (B) S1P (1 µM) induced phosphorylation of STAT1 and not 

STAT3. Treatment with P6 abrogated STAT3 phosphorylation.  ##p < 0.01, #p < 

0.05 vs. dhS1P/S1P, and **p < 0.01, *p <0.05 vs. Control. Values are presented as 

± SEM of at least 3 replicates with two independent repeats. 

 

2.4.6 Differential regulation of STAT1/3 by dhS1P/S1PR1 and 

S1P/S1PR1 axis in NCF 

Since the JAKs are associated with GPCRs such as the S1PRs, the activation of 

STAT1 and 3 through S1PR1 signalling by both dhS1P and S1P was investigated. 

Treatment of NCF with W146 led to reduced phosphorylation of STAT1 

stimulated by S1P at the highest dose of 5 µM (p < 0.01, Figure 2.4B). On the 

other hand, S1PR1 inhibition by W146 in dhS1P stimulated NCFs seemed to have 

synergistic increase in STAT1 phosphorylation level at 5µM (Figure 2.4A) but was 

statistically insignificant. 
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Figure 2.4. Effect of DhS1P/S1PR1 and S1P/S1PR1 axis on phosphorylation 

of STAT1/3. (A) Inhibition of S1PR1 had a synergistic effect on dhS1P induced 
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STAT1 phosphorylation. (B) Inhibition of S1PR1 reduced S1P induced STAT1 

phosphorylation.  ##p < 0.01 vs. dhS1P/S1P, and ****p < 0.0001, *p <0.05 vs. 

Control. Values are presented as ± SEM of at least 3 replicates with two 

independent repeats. 

 

2.4.7 S1P and dhS1P increased TGFβ, TIMP1 and SK1 gene 

expression 

We then investigated whether S1P and dhS1P caused an increase in mRNA 

expression of known fibrotic markers such as TGFβ. First, a time course analysis 

was performed. The treatment of NCFs with extracellular S1P (Figure 2.5G) or 

dhS1P (Figure 2.5A) led to a significant early increase (at 6 h of stimulation) in 

TGFβ1 gene expression (p = 0.0001 and p < 0.0001, respectively). 

Additionally, the mRNA expression of TIMP1 and SK1 at this time point were 

greatly enhanced by both S1P (p < 0.0001, Figure 2.5G-H) and dhS1P (p < 0.0001, 

Figure 2.5B-C).  SK1 has been shown to mediate TIMP1 increase [120]. There 

was sustained significant increase in TIMP1 mRNA at all the time points 

investigated in both dhS1P (Figure 2.5B) and S1P (Figure 2.5GH) stimulated cells, 

however there was no changes in SK1 or TGFβ1 mRNA expression at other time 

points tested. Both S1P and dhS1P had no effect on dihydroceramide desaturase 

1 gene (DEGS1) in the sphingolipid pathway (Figure 2.5F and L). Others have 

shown that 48 h of exposure of C57BL/6 mice cardiac fibroblasts to TGFβ led to 

increased SK1 and Coll1a1 mRNA by 0.1 µM S1P [107]. It should be noted that, 

at the time points of 6, 18 & 24 h, Coll1a1 (Figure 2.5D & J) and Coll3a1 (Figure 

2.5E & I) were not increased by extracellular S1P or dhS1P. Instead, at 24 h there 
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was significant reduction in Coll1a1 (p < 0.01) mRNA in S1P stimulated cells 

(Figure 2.5I) and Coll3a1 (p < 0.05) in dhS1P stimulated cells (Figure 2.5D), which 

may have been a result of feedback inhibition prompted by the enhanced effect 

on TIMP1 gene expression. In addition, collagen mRNA expression has a lag 

phase of 6 h with maximal increases seen at 3 days of exposure [175], which could 

explain the lack of response at the early time points.  These results may indicate 

that the pro-fibrotic effects of S1P and dhS1P are not directly due to activation of 

ECM synthesis pathways but rather due to activation of ECM degradation 

inhibition pathways such as TIMP1.  
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Figure 2.5. Time course analysis of extracellular S1P and dhS1P induced 

RNA expression in NCFs. (A) DhS1P (3µM) significantly increased the 
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expression of TGFβ at 6 h, (B) TIMP1 was increased throughout all time points, 

(C) had no effect on Coll1a1, (D) significantly reduced Coll3a1 at 24 h, (E) greatly 

increased SK1 at 6 h and (F) had no effect on DEGS1 mRNA levels. (G) S1P 

greatly increased TGFβ at 6 h, (H) increased TIMP1 at all-time points, (I) 

significantly reduced Coll1a1 at 24 h, (J) had no effect on Coll3a1, (K) significantly 

increased SK1 at 6 h, and (I) had no effect on DEGS1. ****p < 0.0001 and ##p < 

0.01, #p < 0.05 vs. control. Values are presented as ± SEM of at least 3 replicates 

with two independent repeats.  

 

2.4.8 Inhibition of JAKs attenuated pro-fibrosis gene 

expression 

Next, the role of the JAK/STAT pathway in the early increase in regulation of 

pro-fibrotic gene expression by dhS1P and S1P was explored. As shown in Figure 

2.56A & C, P6 significantly inhibited the increase in TGFβ1, TIMP1, and SK1 

genes expression at 6 h stimulation by both dhS1P (p < 0.01, p < 0.005, and p < 

0.005) and S1P (p < 0.05, p < 0.01, and p < 0.05). These results show that the 

JAKs are involved in downstream transmission of cellular signals activated by 

extracellular dhS1P and S1P that leads to increase in TGFβ1, TIMP1, & SK1 

genes.  S1P signalling is known to increase TGFβ1 genes expression which 

subsequently increases SK1 gene expression  [107, 120]. The results show that 

dhS1P may also have similar effects. Additionally, in NCFs pre-treated with P6, 

DEGS1 gene expression was significantly increased at the lower dose (0.3 µM), 

and shifted toward a reduction at the higher dose in dhS1P treated NCFs. 
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Figure 2.6. Inhibition of JAKs leads to reduction in genes increased by S1P 

or dhS1P/S1PRs signalling. (A) TGFβ1, TIMP1 & SK1 genes were dose 
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dependently reduced when JAKs was inhibited in dhS1P treated NCFs. Inhibition 

of JAKs at the lower dose (0.3 µM) raised DEGS1 gene expression in the presence 

of dhS1P.  (B) Inhibiting S1PR1 in dhS1P treated NCFs had less effect on the 

raised TGFβ1, TIMP1, & SK1; DEGS1 was significantly increased at both doses. 

(C) In S1P treated NCFs TGFβ1, TIMP1 & SK1 genes were dose dependently 

reduced when JAKs was inhibited. (D) TGFβ1 & SK1 were significantly inhibited 

when S1PR1 was inhibited in S1P treated NCFs. (E) DhS1P significantly increased 

S1PR1-3 at 6 h, while S1P increased S1PR1. #p < 0.05, ## p < 0.01, ### p < 0.005 

& #### p < 0.001 and $p <0.05 vs. dhS1P/ S1P & 3, *p < 0.05, *** p < 0.005 & **** p 

< 0.001 vs. control. Values are presented as ± SEM of at least 3 replicates with 

two independent repeats. 

 

2.4.9 DhS1P and S1P increased TGFβ1, and SK1 mRNA 

through S1PR1 activation 

Since, the S1PR1 agonist led to increase in collagen synthesis phenotypically, the 

inhibition of S1PR1 by W146 could inhibit the increase in TGFβ, SK1 and TIMP1 

mRNA expression was investigated.  The results show that both dhS1P and S1P 

caused a significant increase in S1PR1 mRNA at 6 h (Figure 2.6E). Surprisingly, 

inhibition of S1PR1, did not inhibit TIMP1 mRNA expression in NCFs, for both 

dhS1P and S1P (Figure 2.6B & D), implying that the increase in TIMP1 by S1P 

and dhS1P is not dependent on S1PR1 activation alone at the time point tested. 

This may be due to S1P and dhS1P increasing TIMP1 expression through a 

signalling cascade that involves the other S1P receptors at this time point, even 

though S1P increased S1PR1 mRNA was greater than dhS1P, Figure 2.5E. 
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Inhibition of S1PR1 significantly increased DEGS1 expression at both doses (0.1 

and 1.0 µM). Additionally, Figure 2.6E also shows that S1P significantly increased 

S1PR3 (p < 0.05) expression while, dhS1P caused significant increase in mRNA 

expression of both S1PR2 (p < 0.01) and S1PR3 (p < 0.05) at 6 h.  Others have 

implicated S1PR2 as the target through which S1P increased collagen synthesis at 

48 h [107]. The inhibition of S1PR1 by W146 did reduce SK1 mRNA expression 

induced by dhS1P (Figure 2.6B) at the higher dose, and produced a significant 

dose dependent reduction for S1P induced SK1 (p < 0.005, Figure 2.6D) and 

TGFβ (p < 0.05) mRNA.  

 

2.4.10 JAKs are involved in specific S1PR1 agonist mediated 

increase in fibrotic gene markers  

Next, the ability of SEW2871, the S1PR1 specific agonist, to increase expression 

of the fibrotic markers in NCFs was investigated, due to the partial nature of 

S1PR1 involvement in NCFs when activated by dhS1P and S1P. The treatment of 

NCFs with SEW2871 for 18 h significantly increased the genetic expression of 

TGFβ, TIMP1 and Coll1a1 as shown in Figure 2.7 A-C.  These findings are like 

those reported by Shea et.al [176], in terms of lung fibrosis, where prolonged 

exposure to SEW2871 led to increased fibrosis and vascular leakage. The results 

also show that inhibiting JAKs did reduce the expression of levels of these fibrotic 

markers; TGFβ (p < 0.001, Figure 2.7A), TIMP1 (p < 0.01, Figure 2.7B) and 

Coll1a1 (p < 0.01, Figure 2.7C), significantly. This finding supports the 

proposition that a dhS1P and S1P induced TIMP1 is not dependent on S1PR1, 

since these ligands do bind to multiple receptors. 



 
 

85 

 

Figure 2.7. Inhibition of JAKs reduced mRNA levels of fibrotic markers 

increased by activation of S1PR1. (A) S1PR1 specific agonist, SEW2871, 

increased TGFβ, (B) TIMP1 and, (C) Coll1a1. These were significantly reduced 

when JAKs were inhibited by P6. #p < 0.05, ## p < 0.01, ### p < 0.005 & #### p < 

0.001 vs. SEW2871, and **p < 0.001, ****p < 0.0001 vs. control.  Data are presented 

as ± SEM of at least 3 replicates with two independent repeats. 

  

2.4.11 Inhibition of JAKs reduced intracellular TGFβ protein 

secretion and activation by dhS1P and S1P 

Since there were no changes in gene expression of TGFβ1 at the later time points 

of 18 h and 24 h, cellular protein expression levels of TGFβ at 24 h of treatment  

with dhS1P and S1P were conducted. Extracellular activity of TGFβ is regulated 

by conversion of latent TGFβ to active TGFβ through proteolytic degradation of 

the latency associated protein (LAP) which renders TGFβ inactive. TGFβ proteins 

are synthesized as latent precursor molecules (LTGF-β) in a complex with latent 

TGFβ binding protein (LTBP) [177] that forms the large latent complex (LLC), 

which is secreted and stored in the ECM [178].   DhS1P increased the levels of 

both the 65 (p < 0.01) and 45 kDa latent TGFβ protein, but P6 inhibited only the 

65 kDa (p < 0.005) TGFβ as shown in Figure 2.8A. P6 also significantly reduced 
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dhS1P increased protein expression of the 12 kDa TGFβ monomer (p < 0.05) and 

25 kDa mature (p < 0.05) TGFβ levels. Similar effects were also observed in S1P 

treated cells. S1P significantly increased the expression of latent TGFβ proteins 

(65 kDa; p < 0.0001, and 45 kDa; p < 0.001) and the 12 kDa TGFβ monomer (p 

< 0.05), which were significantly inhibited by P6 (p < 0.001, p < 0.05, & p < 0.05, 

respectively), Figure 2.8B.  These increases in latent TGFβ and mature TGFβ 

indicate that S1P and dhS1P did increase secretion of TGFβ in NCFs that could 

result in the fibrotic effect observed in the phenotypic collagen sensitive 3H 

proline incorporation assay. However, due to MMPs being completely reduced by 

dhS1P and S1P at 24 h (Figure 2.9A), the increase did not activate the canonical 

TGFβ/ SMAD signalling pathway that is known to increase the expression of 

fibrotic gene markers. Even at 6 h when TIMP1 and TGFβ1 were significantly 

inhibited by P6, MMP2 levels remained unchanged (Figure 2.9B). The proteolytic 

action of the MMPs and integrins (αVβ6 and αVβ8) cleave TGFβ from LAP 

releasing it from the ECM and allowing it to bind to the TGFβ receptor. P6 also 

reduced dhS1P stimulated increase in TIMP1 protein levels at 24 h (Figure 2.8C).  
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Figure 2.8. P6 reduced TGFβ protein expression and pSMAD2 activation 

by dhS1P and S1P. (A) dhS1P increased the protein expression of TGFβ 

isoforms of 65, 45, 25 & 12 kDa in NCFs at 24 h, while P6 inhibited all except the 

45 kDa. (B) S1P also increased the 65, 45, 25 & 12 kDa TGFβ isoforms and all 



 
 

88 

were inhibited by P6 at 24 h. (C) dhS1P activated pSMAD2 at 30 minutes of 

treatment was inhibited by P6 at the highest dose, and P6 also reduced TIMP1 

protein expression at 24 h. (D) S1P activated pSMAD2 was also inhibited by P6, 

but both were statistically insignificant. *p < 0.05, **p < 0.01, ****p < 0.001, vs. 

control & #p < 0.05, ##p < 0.01, ###p < 0.005 vs. treatment. Values are presented 

as ± SEM of at least 3 replicates with two independent repeats. 

 

 

Figure 2.9. Effect of dhS1P on MMP2 mRNA & protein. (A) DhS1P 

significantly reduced MMP2 mRNA expression at 18 and 24 h. (B) MMP2 mRNA 

expressions did not increase when cells were treated with P6 and W146 for 6 h. 

##p < 0.01, ####p < 0.001, vs. control. Values are presented as ± SEM of at least 3 

replicates with two independent repeats.  

  

2.4.12 DhS1P and S1P had a delayed effect on pSMAD2 

activation 

We then investigated SMAD2 phosphorylation, to determine if it is involved in 

dhS1P and S1P mediated intracellular signalling.  The activation of TGFβ causes 

phosphorylation of the TGFβ receptors 1 & 2 leading to activation of downstream 
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targets. The primary target of this activation is the SMAD family of proteins, 

including SMAD2, resulting in the activation of the canonical TGFβ/SMAD 

signalling pathway. NCFs treated with S1P and dhS1P showed that they did 

increase the phosphorylation level of SMAD2 at 30 minutes of treatment, Figure 

2.8C & D. Even though treatment with P6 did lead to reduced activation of 

phosphorylated SMAD2 levels in both dhS1P and S1P stimulations, these were 

not statistically significant. The slow activation of SMAD2 by S1P was also 

observed in mesangial cells [179], and may be the result of non-canonical pathways 

such as the ERK/MAPK being activated [180]. This supports the premise that 

the canonical TGFβ/SMAD signalling pathway may not be the primary cause of 

extracellular dhS1P and S1P induced increase in collagen synthesis.  

 

2.4.13 JAKs are involved in the phosphorylation of c-JUN by 

dhS1P and S1P 

Since TIMP1 has the AP-1 response element to which SK1 binds to [120], the 

ability of P6 to inhibit the phosphorylation of c-JUN, a component of the AP-1 

transcription factor was investigated. The results in Figure 2.10A show that both 

dhS1P and S1P slightly increased phosphorylation of c-JUN, and were 

significantly reduced when JAKs was inhibited by P6 (p < 0.05, and p < 0.01, 

respectively). Figure 2.10B also shows that W146, the S1PR1 antagonist caused a 

further non-significant increase in c-JUN at the higher doses.  This result supports 

the previous results (Figure 2.6B & C) for gene expression where W146 was 

unable to inhibit TIMP1 mRNA increase.  
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Figure 2.10. C-JUN phosphorylation by dhS1P and S1P was inhibited by P6 

and not W146. (A) P6 reduced dhS1P & S1P phosphorylated c-JUN at 15 minutes 

of treatment. (B) W146 did not reduce dhS1P and S1P phosphorylation of c-JUN. 

*p < 0.05, vs. control & #p < 0.05, ## p < 0.01 vs. dhS1P/S1P. Values are presented 

as mean ± SEM of at least 3 replicates with two independent repeats.   

 

2.4.14 DhS1P and S1P caused myocyte hypertrophy 

Next, the effects of extracellular dhS1P to S1P in causing hypertrophy, in cardiac 

myocytes isolated from 1-2 days old rat pups were compared. Previous 

experiments have shown both hypertrophic [106] and anti-hypertrophic [181, 182] 

effects of S1P, depending on the conditions under which it has been investigated.  

The results in Figure 2.11A show that 1 µM and 3 µM dhS1P was also able to 

induce statistically significant hypertrophic effects when treated within 48 h (p < 

0.05), 60 h (p < 0.05) and 72 h (p < 0.05), and within 48 h (p < 0.05) and 72 h (p 

< 0.01), respectively.  
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Figure 2.11. DhS1P & S1P induced myocyte hypertrophy. (A) 3H-Leucine 

incorporation assay showing cardiac myocyte hypertrophy induced by dhS1P and 

S1P in NCM at 48, 60 & 72 h, at dose ranges of 0.1, 1, 3 & 10 µM. Ang II was 

used as positive control (data not shown). (B) 0.1, 1, 3, & 10 µM dhS1P treatment 

alone at 48 h did not reduce the viability of NCMs, while S1P reduced NCM 

viability at 10 µM as measured by Alamar blue assay. Data is representative of at 

least 4 replicates at each time point and dose with 3 repeated experiments. *p < 

0.05, **p < 0.01, ***p < 0.005, ****p < 0.001 vs. Control, ###p < 0.005 vs. stimulant. 

Values are presented as ± SEM.  

 

This was comparatively lower than S1P at similar dose and time points, and 10 

nM Ang II at 60 h (Figure 2.12C). Compared to the control SEW2871 had 
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significant hypertrophic effects (Figure 2.12A) at 60 (p <0.01) and 72 h (p< 0.05), 

but was much lower than the effects of dhS1P and S1P. It should be noted that 1 

µM S1P induced hypertrophic effects were like that of Ang II at 60 h (Figure 

2.12C). In addition, 48 h stimulation of NCMs with different doses of dhS1P (0.1, 

1, 3 & 10 µM) did not reduce their viability as measured by the Alamar blue assay, 

while S1P significantly reduced NCM viability at 10 µM, Figure 2.11B.   

 

Figure 2.12. Comparative hypertrophic effect of Ang II/S1P/ dhS1P and 

SEW2871. (A) The hypertrophic effects induced by SEW2871 at 0.1, 0.3, 1.0 & 

3.0 µM was significant at 60 h and 72 h for 0.3 µM. (B) At 48 h of treatment 10 

nM Ang II & 1 µM dhs1P did not increase hypertrophy, while 1 µM S1P did. (C) 

At 60 h of treatment, 10 nM Ang II and 1 µM S1P increased hypertrophy while 1 
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µM dhS1P did not. ** p < 0.01, * p < 0.05 vs. Control. Values are presented as ± 

SEM of four independent experiments at each time point with three replicates in 

each.  

 

2.4.15 Inhibition of JAKs slightly reduced dhS1P and S1P 

induced NCM hypertrophy  

Next, whether inhibition of JAKs led to a reduction in the hypertrophic effects 

induced by dhS1P at 48 h, and S1P at 60 h in NCMs were explored. 

Phenotypically, the addition of P6 significantly reduced the dhS1P induced 

hypertrophic effects at the three higher doses; 0.1 µM (p < 0.01), 0.3 µM (p < 

0.05) and 1 µM (p < 0.05), Figure 2.13A. Comparatively, P6 did not reduce 

myocyte hypertrophy induced by extracellular S1P, indicating JAK/STAT 

pathway maybe involved in extracellular dhS1P but not S1P induced myocyte 

hypertrophy. JAK/STAT signalling in cardiac myocytes can either be cardio-

protective or cardio-offensive, depending on the disease state and type of injury 

or insult. In terms of S1P induced activation of the JAK/STAT pathway, 

increased JAK/STAT signalling in ischaemic reperfusion injury has been shown 

to be cardio-protective [164].  
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Figure 2.13. P6 inhibited dhS1P & S1P induced myocyte hypertrophy. (A) 

Inhibition of JAKs led to reductions in hypertrophy induced by dhS1P and S1P, 

however these reductions were insignificant for S1P. (B) Inhibition of S1PR1 had 

varying degrees of inhibition across the different doses in both dhS1P and S1P 

treated NCMs, which were not significant. Data is representative of at least 4 

replicates at each time point and dose with 3 repeated experiments. *p < 0.05, **p 

< 0.01, ***p < 0.005, ****p < 0.001 vs. Control, #p < 0.05, ##p < 0.01, ###p < 0.005 

vs. stimulant. 
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2.4.16 Inhibition of S1PR1 had little effect on dhS1P and S1P 

induced NCM hypertrophy 

The S1P/S1PR1 axis in NCMs is also known to be cardio-protective against the 

effects of β1-adrenergic receptor (β1AR) overstimulation in HF [105]. Therefore, 

the effects of S1PR1 inhibition on dhS1P and S1P treated NCMs were compared. 

Phenotypically, the treatment with W146 had no statistically significant effect on 

hypertrophy induced by extracellular dhS1P and S1P (Figure 2.13B). This is 

despite both showing trends toward a reduction in myocyte hypertrophy.  

 

2.4.17 Inhibiting JAKs reduced dhS1P stimulated pSTAT1 

and S1P stimulated pSTAT1/3 in NCM  

We then determined if there was any difference in the levels of phosphorylated 

STAT1 and STAT3 proteins in NCMs stimulated with dhS1P and S1P. Both 

dhS1P and S1P significantly increased phosphorylated STAT1 (p < 0.05, Figure 

2.14A & B) at 15 minutes of stimulation in NCMs. The addition of P6 significantly 

inhibited S1P stimulated STAT1 phosphorylation at the highest dose of 1 µM (p 

< 0.05, Figure 2.14B). P6 did not have inhibitory effects on dhS1P stimulated 

phosphorylation of STAT1.  At 15 minutes, the increase in phosphorylated 

STAT3 by S1P was not significant, but P6 abrogated its expression, Figure 2.14B. 

In contrast, dhS1P stimulation significantly reduced phosphorylated STAT3 (p < 

0.05, Figure 2.14A), and the addition of P6 rescinded it further. For S1P, these 

findings are expected since it has been shown to increase activation of pSTAT3 

following MI [119]. However, for dhS1P, the results show for the first time that it 

seems to affect phosphorylated STAT1 and STAT3 in NCMs differently.  
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Figure 2.14. Effect of dhS1P and S1P on pSTAT1/ 3. (A) P6 inhibited 3µM 

dhS1P stimulated STAT1 phosphorylation, and completely abrogated dhS1P 
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dephosphorylated STAT3, (B) P6 inhibited 1µM S1P stimulated STAT1, and 

STAT3 phosphorylation. **p <0.01 vs. control and, #p < 0.05 vs. stimulant.  Values 

are presented as mean ± SEM of at least 3 replicates with two independent repeats. 

 

2.4.18 The dhS1P/ S1PR1 axis is not required for 

JAKs/STAT1/3 activation in NCMs 

S1PR1 was inhibited to determine whether the dhS1P/ S1PR1 axis was involved 

in activating JAKs/STAT1 and 3 signalling. W146 was not able to reduce the 

phosphorylation levels of STAT1 stimulated by both dhS1P (Figure 2.15A) and 

S1P (Figure 2.15B), despite showing a reductive effect. This may indicate that the 

S1P & dhS1P/ S1PR1 axis is not involved in activation of JAKs/STAT1 signalling 

in myocyte hypertrophy. STAT3 plays differing roles in cardiac myocytes 

depending on the type of stimulant or insult in both physiological and 

pathophysiological states.  Inhibition of S1PR1 had no effect on pSTAT3 

increased by S1P (p < 0.05. Figure 2.15B), indicating that the phosphorylation of 

STAT3 is not dependent on the S1P/S1PR1 axis. In comparison, dhS1P tended 

to reduce pSTAT3 but was not significant (Figure 2.15A). Inhibition of S1PR1 by 

W146 had no effect on pSTAT3 in the presence of dhS1P. 
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Figure 2.15. Effect of dhS1P/S1PR1 and S1P/S1PR1 axis activation on 

pSTAT1/3. Inhibition of S1PR1 did not affect STAT1 and STAT3 
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phosphorylation in NCMs treated with (A) dhS1P and (B) S1P. *p <0.05 vs. 

control.  Values are presented as mean ± SEM of at least 3 replicates with two 

independent repeats. 

 

2.4.19 Inhibition of JAKs in NCMs led to synergistic increase 

in expression of myocyte hypertrophy gene markers  

Next, dhS1P and S1P’s capacity to induce expression of certain hypertrophic 

markers in the NCMs were examined. Both S1P (p < 0.001- 0.0001, Figure 2.16B 

and D) and dhS1P (p < 0.0001, Figure 2.16A and C) significantly increased the 

expression of the hypertrophic markers investigated. The addition of P6 caused 

significant synergistic increases in βMHC (p < 0.01), ANP (p < 0.005) and BNP 

(p < 0.005) by dhS1P, and αSKA (p < 0.01) by S1P (Figure 2.16A & B, 

respectively). ANP and BNP secretion is increased as a counter measure by 

myocytes in response to the increased hypertrophic stimuli [183], indicated by the 

increase in βMHC. Apart from the JAK/STAT pathway other pathways are also 

known to be involved in signalling ANP and BNP increase which may account 

for the synergistic increase. These results indicate that inhibition of JAKs in dhS1P 

induced NCM hypertrophy may not be sufficient to reduce the hypertrophic 

genes. However, P6 had no effect on S1P induced ANP, BNP and βMHC, and 

dhS1P induced αSKA mRNA. The differing effects on αSKA expression by JAKs 

inhibition in S1P and dhS1P treated NCMs Show that inhibition of JAKs in S1P 

treated cells may have a greater hypertrophic effect than dhS1P. αSKA expression 

is known to be increased in proportion to the progression of hypertrophy[184]. 

Considering that other hypertrophic signalling pathways could possibly be 
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simultaneously activated, it may account for the disparities between the 

phenotypic, protein and gene expression results in terms of JAKs inhibition.  

 

 

Figure 2.16. Inhibition of JAKs and S1PR1 have opposite effects on dhS1P 

and S1P induced expression of myocyte hypertrophy genes. Both 3 µM 

dhS1P and 1 µM S1P significantly increased mRNA expression of βMHC, ANP, 

αSKA and BNP at 18 h of treatment. (A) JAKs inhibition caused significant 
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synergistic effects on βMHC, & BNP mRNA increase by dhS1P, and had no effect 

on αSKA mRNA. (B) JAKs inhibition had significant synergistic effect on αSKA 

mRNA increased by S1P, with slight increases in βMHC, & ANP mRNA, and no 

effect on BNP mRNA. (C) All hypertrophy gene markers were significantly 

reduced when S1PR1 was inhibited in dhS1P stimulated cells. (D) Inhibition of 

S1PR1 led to significant reductions in ANP and BNP, synergistic increase in 

βMHC and no effect on αSKA mRNA in S1P treated cells. ##p < 0.01, ####p < 

0.001, $p < 0.05, $$$p < 0.005 & $$$$p < 0.001 vs. dhS1P/S1P, and ***p < 0.005 & 

****p < 0.001 vs. control. Values are presented as mean ± SEM of at least 3 

replicates with two independent repeats.  

 

2.4.20 DhS1P/S1PR1 axis signalling is involved in increased 

mRNA expression of myocyte hypertrophy markers 

The association between the increased mRNA expression of the hypertrophic 

markers and activation of S1PR1 by dhS1P and S1P was also examined. W146 

significantly inhibited all the hypertrophic markers increased by dhS1P (βMHC; p 

<0.0001, ANP; p <0.0001, αSKA; p <0.001 & BNP; p <0.0001), as shown in 

Figure 2.16C. Suggesting that dhS1P induced myocyte hypertrophy maybe S1PR1 

dependent, through other signalling pathways. The inhibition of S1PR1 caused a 

significant synergistic increase in βMHC expression (p < 0.0001), while 

significantly reducing ANP (p < 0.05) and BNP (p < 0.01) expression, and had no 

effect on αSKA gene expression increased by S1P (Figure 2.16D). These findings 

support those reported by others showing that the S1P/S1PR1 axis in NCMs is 

cardio-protective [105, 185]. 
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2.5 Discussion 
 
S1Ps role in cardiac remodelling through its receptors whether in cell or animal 

studies has been highlighted by many over the years, although not fully explored. 

Its role in inflammation and cancer biology is becoming an area for target therapy. 

On the other hand, S1P signalling through the JAK/STAT pathway is less 

understood especially in terms of cardiac fibroblasts. DhS1P’s overall effect on 

the cardiovascular system and especially cardiac remodelling to our knowledge has 

not been investigated. It’s level in plasma is known to be altered and has recently 

been linked to increased cardiac dysfunction in aging, where cardiac remodelling 

is known to occur [186]. One of the major goals of this study has been to 

determine the role of the JAK/STAT pathway in terms of dhS1P and S1P 

signalling and for the first time describe any differences in signalling by these 

sphingolipid analogues. Increased inflammatory cells in circulation [187] and 

activation of other fibrotic factors such as TGFb  in the infarcted wall [188] can 

increase dhS1P in circulation and tissue resulting in increased activation of 

intracellular pathways. 

The results show that extracellular dhS1P increases primary NCF collagen 

synthesis like that of S1P (Figure 2.1). Similarly, both sphingolipids activated 

STAT1 protein (Figure 2.3 and 2.4), but this activation was not entirely dependent 

on JAKs activation as indicated by the non-significant reductions by P6 (Figure 

2.3). Signalling through the S1PRs activates other GPRC dependent pathways 

such as ERK pathway which may have contributed to STAT1 phosphorylation 

[189].  The activation of STAT1 protein by S1P occurs through the S1P/S1PR1 

axis in NCFs while dhS1P may activate it through either S1PR2 or 3 (Figure 2.4). 

The non-significant and inconsistent increase in STAT3 phosphorylation by both 

dhS1P and S1P may indicate a delayed effect (Figure 2.3 and 2.4), and under our 
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experimental conditions, it’s activation may depend on JAKs activation as 

indicated by its complete abrogation by P6 (Figure 2.3).  This is of importance in 

relation to the reduced collagen synthesis since STAT3 is known as a key 

transcription factor involved fibrosis [190]. 

It is also interesting to note that both dhS1P and S1P caused an early increase in 

the expression of TGFβ1 gene and even at 24 h of treatment, TIMP1 mRNA 

rather than TGFβ1 mRNA was still increased (Figure 2.5). The results show that 

the early increase in TGFβ1 mRNA expression was accompanied by an early 

increase in SK1 mRNA, which was reduced together with TGFβ1 at 24 h (Figure 

2.5). In dermal fibroblasts TGFβ was shown to induce SK1 [120], and that SK1 

co-operated with TGFβ to mediate the increase in TIMP1. In addition, others 

have shown that SK1 upregulation alone increased TIMP1 but had no effect on 

TGFβ [121]. However, since TIMP1 mRNA remained significantly high even after 

24 h stimulation, with receding SK1 and TGFβ1 mRNA expression, it can be 

assumed that the extracellular dhS1P and S1P induced fibrosis in rat NCFs was 

primarily due to the sustained TIMP1 activation. See summative diagram in Figure 

2.17A & C.   

This led us to investigate c-JUN protein activation, since TIMP1 harbours an AP-

1 response element on its promoter site [120]. The reduced activation of c-JUN 

proteins by dhS1P and S1P when JAKs was inhibited and not when S1PR1 was 

inhibited showed that S1P and dhS1P potentially signal through JAK/STATs-AP-

1- TIMP1 pathway and is not S1PR1 dependent (Figure 2.10). Furthermore, 

STAT3 and not STAT1, interacts with c-JUN [191]. Apart from these interactions, 

TIMP1 also harbours a functional binding site for STAT3 [192]. TIMP1 is an 

effective inhibitor of the proteolytic degradation of ECM by factors such as the 

MMPs, which results in the accumulation of ECM products [193]. A recent study 
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indicated that TIMP1 increases de novo collagen synthesis by activating SMAD2/3 

and β-catenin in in-vivo models of cardiac fibrosis which were independent of 

MMPs [194]. Studies on neuronal progenitor cells using pharmacological 

inhibition of sphingolipid pathway have shown that dhS1P increases SMAD2 to 

a greater degree than S1P, which has an effect on proliferation and differentiation 

[135].  

Since TGFβ signalling is regulated by the balance between TIMPs and MMPs, the 

sustained activation of TIMP1 may have a feedback inhibition effect on the 

transcription of TGFβ, but not on its post transcriptional secretion and activation, 

as shown by the increased TGFβ protein levels at 24 h of treatment for S1P and 

dhS1P (Figure 2.8A and B). The increased TIMP1 led to a significant reduction in 

MMP2 mRNA, up to 20% at 24 h compared to control in dhS1P stimulated 

NCFs, and did not recover with the addition of P6 and W146 (Figure 2.9A). The 

lack of recovery through the S1PR1/JAKs/STAT signalling indicate that these 

effects on MMP2 maybe through other signalling cascades. While, the 

downstream signalling of JAK/STAT pathways in increasing TIMP1 mRNA may 

have contributed to the accumulation of TGFβ protein.  

The effects of dhS1P and S1P may not be receptor subtype specific, even though 

the effects of both were greatest on the early increase in S1PR1 mRNA expression. 

Clinically the plasma concentration of dhS1P and S1P have been found to be 

reduced within the first 6 h after an MI [145, 146]. Whether this is a cumulative 

effect or a result of the MI remains yet to be determined. While, in animal models 

of MI, the expression of S1PR1 has been found to be reduced [105], thus the 

authors suggested S1PR1 targeted gene therapy. In contrast, the results show that 

perhaps long-term activation of S1PR1 alone could aggravate fibrosis.  It is also 
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possible that the initial increase in TGFβ may contribute to reparative fibrosis 

rather than reactive fibrosis at the initial onset of injury such as an MI.   

The JAK/STAT signalling pathway in cardio-myocytes is known to be protective, 

especially STAT3 activation [195]. The increased expression of hypertrophic gene 

markers when JAKS were inhibited in dhS1P and S1P treated NCMs support this 

and show that it could further aggravate hypertrophy, Figure 2.16B & D. 

Clinically, hypertrophic markers such as BNP and ANP are considered as 

compensatory mechanisms in terms of HF [183]. Their increase in experimental 

conditions highlight the hypertrophic effects of the agents used. In this study, the 

synergistic increase in ANP and BNP mRNA levels despite inhibition of 

JAKs/STATs signalling also indicated the existence of other hypertrophic signals.  

This may be the reason for the minimal yet significant anti-hypertrophic effects 

exhibited phenotypically when JAKs were inhibited. Our findings also show that 

dhS1P and S1P have similar activating effects on the mRNA expression of MHC 

and SKA in NCMs (Figure 2.16A and B). However, the inhibition of JAKs and 

S1PR1 led to deferring effects. There is potential for further investigations in 

regards to these differences in relation to dhS1Ps effect on pacemaker cells or 

cardiac electrophysiology. This is in light of the growing number of evidence 

showing that S1P can have an effect on contractile activity of the heart through 

S1PR1 and S1PR3 signalling as summarized by Ningjun Li and Fan Zhang [196]. 

The differences in STAT1/3 protein phosphorylation (Figure 2.14) may perhaps 

be due to  the dichotomous role of the JAK/STAT pathway in myocytes as 

explained by van Empel et.al [197]. The complete abrogation of STAT3 and its 

lack of activation at similar time points to STAT1 indicate that it’s activation 

maybe delayed and dhS1P has opposite effects on STAT3 compared to S1P 

(Figure 2.14). Eventhough there are mechanisms known to negatively regulate 
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STAT3 [198], whether the reduced phosphorylation of STAT3 by dhS1P reflects 

this is beyond the scope of this thesis. The inhibition of S1PR1 in dhS1P treated 

cells did not show that myocyte hypertrophy could occur through the 

dhS1P/S1PR1 signalling axis (Figure 2.15A). Additionally, the activation of this 

axis could be ligand dependent, since the S1PR1 agonist, SEW2871, stimulated 

myocyte hypertrophy was lower than that of dhS1P or S1P (Figure 2.12A). This 

is also supported by the lack of inhibition shown in our phenotypic studies (Figure 

2.13B). Additionally, this shows that the effect of dhS1P/S1PR1 signalling is 

opposite to the effects of S1P/S1PR1 signalling which is reported to be anti-

hypertrophic [105, 185], and corroborated by the findings on the inhibitory effects 

of W146 on ANP and BNP gene expression (Figure 2.16D). 

In addition, targeting the intracellular signalling molecules such as JAKs or STATs 

is likely to have more selective effects than indirect effects through dhS1P 

signalling at receptor level. Therefore, it is of particular importance to further 

investigate the role of individual JAKs or STATs in the functioning of cardiac 

myocytes and fibroblasts that is likely to produce more effective therapies. 
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Figure 2.17. Summary of dhS1P/S1P/S1PR1-JAKs/STAT signalling in 

NCFs and NCMs. (A) Exogenous dhS1P activates the JAKs/STAT signalling 

pathway in NCFs through the S1PRs. The phosphorylation of STAT1/3 together 

with c-JUN leads to their nuclear translocation and increase in the transcription 

of fibrotic genes; TGFβ & TIMP1, SL synthesis related gene; SK1, and reduces 
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ECM degradation gene; MMP2. The increase in TGFβ mRNA encourages 

increase in TGFβ secretion, activation and transport to the ECM from the 

endoplasmic reticulum (ER). However, due to the abundance of TIMP1, ECM 

degradation and TGFβ release is inhibited, resulting in ECM accumulation.  The 

inhibition of JAKs by P6, was able to inhibit the dhS1P/S1PRs-JAKs/STAT-

TIMP1 signalling. (B) In NCMs exogenous addition of dhS1P activates 

JAKs/STAT signalling pathway through S1PR1. The effect of STAT1/3 

phosphorylation and translocation to the nucleus has no effect on the 

transcription of hypertrophy genes such as βMHC, αSKA, ANP & BNP (bold 

black arrow). However, the inhibition of JAKs synergistically increases these 

markers through other pathways (dashed black arrow). dhS1P/ S1PR1 axis 

signalling through other pathways can cause myocyte hypertrophy by increasing 

the hypertrophy markers (bold red arrow). (C) Exogenous S1P activates 

JAKs/STAT pathway similarly to dhS1P in NCFs. S1P is also able to increase 

collagen synthesis in NCFs through the S1P/S1PR1/JAKs/STAT1 signalling 

cascade. (D) In NCMs, S1P activation of JAKs/STAT signalling also has no effect 

on hypertrophy gene markers (bold black arrow). However, it may have synergistic 

effects on the expression of αSKA genes (dashed black arrow). The S1P/S1PR1 

may activate other pathways to that encourage increased expression of cardio-

protective hypertrophy markers such as ANP and BNP (bold red arrows). The 

inhibition of S1PR1 by W146, reduces the levels of these hypertrophy genes. 

However, the inhibition of JAKs by P6, may lead to increased activation of other 

signalling pathways resulting in synergistic increase in the myocyte hypertrophy 

genes. Illustration derived through ChemDraw Professional 17.0 (Perkin Elmer, 

Waltham, MA, USA). 
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2.6 Conclusion 
 
This chapter establishes the fibrotic and hypertrophic effects of extracellular 

dhS1P on primary rat cardiac cells. It shows that dhS1P-JAK/STAT-TIMP1 

signalling can increase collagen synthesis in NCFs. While, dhS1P/S1PRs signalling 

in myocytes leads to hypertrophy. Since dhS1P can have inside-out signalling 

effects, targeting de novo sphingolipid pathway enzymes such as SK1 could 

improve outcomes in cardiac remodelling.  These findings also increase the 

possibility of exploring effects of dhS1P on current trends in cardiac research such 

as stem cells and further exploration of dhS1Ps effect on cardiac 

electrophysiology. Considering current progress in therapies targeting the S1PRs 

and the de novo sphingolipid synthesis pathway, the impact of these therapies on 

their targets in other body systems should be considered. 
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Preface 
 

Chapter three describes the effect  of dhS1P on the PI3K/Akt signalling pathway 

in cardiac cells in terms of collagen synthesis and myocyte hypertrophy.  This work 

has been submitted for publication.  
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3.1 Abstract 
 
Cardiac fibrosis and myocyte hypertrophy play contributory roles in the 

progression of diseases such as HF through what is collectively termed cardiac 

remodelling. The phosphoinositide 3- kinase (PI3K), protein kinase B (Akt) and 

mammalian target for rapamycin (mTOR) signalling pathway (PI3K/Akt- mTOR) 

pathway is an important pathway in protein synthesis, cell growth, cell 

proliferation, and lipid metabolism. The sphingolipid, dhS1P has been shown to 

bind to high density lipids in plasma. Unlike its analogue, S1P, the role of dhS1P 

in cardiac fibrosis is still being deciphered. This study was conducted to investigate 

the effect of dhS1P on PI3K/Akt signalling in cardiac fibrosis and hypertrophy. 

The findings demonstrate that inhibiting PI3K reduced collagen synthesis in 

NCFs, and hypertrophy in NCMs induced by dhS1P, in vitro.  Reduced activation 

of the PI3K/Akt- mTOR signalling pathway led to impaired translation of fibrotic 

proteins such as Coll1 and TGFβ, and inhibited the transcription and translation 

of TIMP1. PI3K inhibition also affected the S1P receptors and enzymes such as 

DEGS1 and SK1 in the de novo sphingolipid pathway.  While in myocytes, PI3K 

inhibition reduced myocyte hypertrophy induced by dhS1P by reducing αSKA, 

and reduced protein translation due to increased glycogen synthase kinase 3β 

(GSK3β) mRNA expression. The findings show a relationship between the 

PI3K/Akt- mTOR signalling cascade and exogenous dhS1P induced collagen 

synthesis and hypertrophy in cardiac cells. 
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3.2 Introduction 
 
Remodelling in the injured myocardium, characterised by increased activation of 

hypertrophic and fibrotic factors, has detrimental effects in progressive HF [7]. 

Years of research have linked many peptide hormones, growth factors, cytokines, 

lipid mediators, and their downstream effectors to the process of cardiac 

remodelling [38, 199]. Research from chapter 2 and others have implicated 

sphingolipids, S1P and its analogue dhS1P, in cardiac fibrosis and hypertrophy  

[106, 114, 200, 201].  These lipids are ubiquitously present in biological systems 

and function as lipid mediators. In circulation they are bound to HDL and 

albumin, [79, 80].  In human platelet depleted plasma, their concentration ranges 

from 0.1 to 0.6 µM, with dhS1P at the lower end [202]. Their levels are altered in 

plasma, erythrocytes and platelets of patients with cardiomyopathies [81, 187, 

203].  They interact with the sphingosine 1 phosphate receptors (S1PRs) on cell 

membranes, which are G protein coupled receptors [106, 204], leading to 

activation of downstream signalling pathways such as the phosphatidylinositol 3- 

kinase/ Protein Kinase B (PI3K/ Akt) pathway..  

Lipid Kinases such as the PI3Ks are increasingly being targeted for cancer and 

immune disorder therapies [205]. PI3Ks are composed of three different classes 

of enzymes involved in cellular function. Class 1 PI3K activates Akt, which serves 

as the main downstream effector of PI3K. Among other substrates, Akt then 

phosphorylates mTOR, which acts on other proteins such as RPS6 to increase 

ribosomal RNA, nuclear protein synthesis, growth regulatory gene product, and 

cyclin D [206]. Together with the other broad range of cascading signals, activation 

of the PI3K/Akt pathway contributes to tissue and organ fibrosis, cell 

proliferation and survival [207-211]. PI3K/ Akt also plays an important role in 

cellular lipid metabolism [212, 213].   
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The JAK/STAT pathway investigated in chapter 2, and the PI3K/Akt pathway 

described here are important factors in remote ischemic preconditioning for 

cardio-protection, known as the SAFE and RISK pathways [214]. Considering the 

role of the S1P/S1PR1 axis activation in cardio-protection, the activation of 

PI3K/ Akt- mTOR signalling by S1P and its analogue, dhS1P in terms of cardiac 

remodelling is needed. This is because it could unveil potential differences in the 

molecular mechanisms of dhS1P and S1P’s effect on these pathways and 

contribute to understanding the systemic effects of targeting sphingolipids for 

therapy. Therefore, in this chapter the effects of PI3K/ Akt- mTOR signalling 

pathway activation by dhS1P and S1P in isolated primary cardiac fibroblasts and 

myocytes was explored.  

 

3.3 Methods 
 
The methods used in chapter 2 were applied in this chapter. Please refer to section 

2.3 for more details.  

 

3.3.1 Measurement of cardiac fibroblast collagen synthesis  

The 3H-proline incorporation assay, as described in section 2.3.1 and 2.3.2, was 

used to determine collagen synthesis in NCFs induced by 1µM S1P, 3µM dhS1P 

and 10 µM of the S1PR1 agonist, SEW2871 [167]. The NCFs were seeded at 50 

000 cells/ well and pre-treated for 2 h with the PI3K inhibitor, Wortmannin (W, 

0.01-10.0 µM- SelleckChem, Houston, TX, USA), and the specific S1PR1 

antagonist (W146, 0.1- 5.0µM- Torcris Bioscience, Bristol, UK). The levels of 3H-

proline incorporation were determined on a 300SL beta counter (cpm).  
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3.3.2  Measurement of neonatal cardiac myocyte   hypertrophy   

3H-leucine incorporation was used as described previously [166], as described in 

section 2.3.3 was used to determine whether exogenous dhS1P and S1P induced 

NCM hypertrophy. Briefly, NCMs were pre-treated for 2 h at similar doses of W 

and W146 as used in NCF and treated with S1P (1µM) and dhS1P (3.0µM) at 

predetermined time points of 60 h and 48 h, respectively.  

 

3.3.3 Measurement of cell viability in rat NCFs and NCMs 

Cell viability was measured as described in section 2.3.4 

 

3.3.4 Quantitative measurement of protein levels in NCFs and 

NCMs 

Western blotting was performed as described in section 2.3.5, to investigate the 

expression of specific proteins related to the PI3K/Akt signalling pathway and 

cardiac remodelling. The blots were probed for phosphorylated Akt, mTOR, rpS6, 

and SMAD2 from Cell Signalling Technologies (CST, Danvers, MA, USA:4060L, 

5536T, 5364T, and 3108L). They were also probed for TGFβ, and connective 

tissue growth factor (CTGF), Coll I, TIMP1, and α-SMA. Proteins were 

normalized to or β-Actin.  
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3.3.5 Quantitative measurement of genes expressed in cardiac 

remodelling  

RT PCR was performed as described in section 2.3.7, to ascertain the changes in 

gene expression induced by dhS1P, S1P and SEW2871. The gene expression levels 

of the fibrotic markers; TGFβ, CTGF, TIMP1, Coll1a1, the S1PR1-3, and the 

sphingolipid enzymes SK1 and DEGS1 were quantified. The gene expression 

levels of pro-hypertrophic markers such as ANP & BNP, βMHC, α-SKA, GATA 

binding protein 4 (GATA4) and glycogen synthase kinase 3 β (GSK3β) were also 

quantified. Refer to appendix 1.1 for full sequence of primers. 18s mRNA was 

used as the endogenous controls.  

 

3.3.6 Statistical Analysis 

Similar statistical methods as used in section 2.3.8 were applied. 

 

3.4 Results 

3.4.1 Inhibition of PI3K led to reduction of dhS1P & S1P 

induced collagen synthesis 

One of the hallmarks of fibrosis in tissues including the heart is exacerbated 

collagen synthesis by cells such as fibroblasts. In chapter 2, it was shown that 

dhS1P and S1P at doses of 3 µM and 1 µM induced collagen synthesis in primary 

NCFs  [200].  Whether this increased collagen synthesis could be reduced by 

inhibiting the PI3K/Akt pathway, using a potent PI3K inhibitor (W), was 

investigated here. The results in Figure 3.1 show that wortmannin was able to 

inhibit both dhS1P (p < 0.01- 0.001, Figure 3.1A) & S1P (p <0.01- 0.001, Figure 
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3.1B) induced collagen synthesis in a dose dependent manner. Whether Inhibition 

of PI3K in NCFs treated with the S1PR1 agonist, SEW2871, could reduce 

collagen synthesis, was also investigated. As shown in Figure 3.1C, wortmannin 

significantly reduced SEW2871 (p <0.0001) induced collagen synthesis at all doses 

tested. The viability of NCFs exposed to wortmannin alone, was reduced at the 

highest dose (10 µM, p <0.01, Figure 3.1D). Since reductions in cell viability could 

have non-specific inhibitory effects on collagen synthesis, the viability of cells in 

the presence of both wortmannin and dhS1P was tested.  The results showed that 

cell viability was not reduced in cells treated with wortmannin in the presence of 

either dhS1P or S1P as shown in Figure 3.1E and F, respectively. Thus, the 

reduced collagen synthesis can be attributed to PI3K inhibition.  

 

Figure 3.1. Inhibition of PI3K by wortmannin reduces dhS1P, S1P & 

SEW2871 induced collagen synthesis. Collagen synthesis by (A) 3 µM dhS1P 

and (B) 1 µM S1P was dose dependently reduced in NCFs treated with 

wortmannin for 48 h. (C) W also inhibited 10 µM SEW2871 induced collagen 

synthesis. (D) The viability NCFs was reduced by wortmannin at the highest dose 

(10 µM), but there was no effect on the viability of NCFs in the presence of (E) 
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dhS1P and (F) S1P for 48 h.  #p <0.05, ##p <0.01, ###p <0.005, ####p <0.001 vs. 

dhS1P/S1P/SEW2871, **p <0.01, ***p <0.005, ***p <0.001 vs. Control. Data are 

presented as ± SEM of 3 replicates. 

 

3.4.2 DhS1P and S1P activate PI3K/Akt signalling 

The PI3K/Akt- mTOR pathway is a critical pathway involved in cell proliferation, 

differentiation, metabolism and survival [215]. Western blot assays were 

conducted to determine if known PI3K/Akt- mTOR related signalling pathway 

proteins were perturbed by the inhibition of PI3K in the presence dhS1P and S1P. 

Both dhS1P (Figure 3.2B, p <0.01) and S1P (Figure 3.2F, p <0.05) increased the 

phosphorylation of Akt at 12 minutes in NCFs. S1P also increased 

phosphorylation of mTOR (Figure 3.2E, p <0.05) and RPS6 (Figure 3.2G, p < 

0.05) at this time point, but dhS1P did not. In NCFs pre- treated for 2 h with the 

highest doses of wortmannin (3 & 10 µM), there was complete obliteration of 

phosphorylated Akt (Figure 3.2B and F, p <0.0001). wortmannin also reduced 

mTOR phosphorylation in NCFs in the presence of dhS1P (Figure 3.2A, p <0.01) 

and S1P (Figure 3.2E, 3 µM; p <0.01, 10 µM; p <0.05). Furthermore, wortmannin 

reduced phosphorylation of RPS6, which is downstream of mTOR in both dhS1P 

(Figure 3.2C, 3 µM; p <0.01, 10 µM; p <0.001) and S1P (Figure 3.2G, p <0.01) 

treated NCFs.  
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Figure 3.2. Activation of PI3K/Akt signalling by dS1P and S1P. In NCFs, 12 

minutes of treatment with 3 µM dhS1P (A) did not increase the level of p-mTOR, 

(B) significantly phosphorylated Akt, (C) and had no effect on pRPS6. These were 

reduced in NCFs pre- treated with wortmannin for 2 h (3 µM and 10 µM). S1P (1 

µM) increased phosphorylation of (E) mTOR, (F) Akt, and (G) RPS6 in NCFs at 

12 minutes. Pre- treatment with wortmannin significantly reduced them. (D and 

H) Representative blots.  *p <0.05, **p <0.01 vs. Control, #p <0.05, ##p <0.01, ###p 

<0.005, ####p <0.001 vs. dhS1P. Data are presented as ± SEM of 3 replicates. 
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3.4.3 DhS1P modulates protein expression of TGFβ and 

Collagen I through PI3K/Akt Signalling 

Since PI3K inhibition was able to reduce collagen synthesis stimulated by dhS1P, 

its effect on the expression of the fibrotic protein, TGFβ, in NCFs at 24 h was 

investigated. The results in Figure 3.3 shows that dhS1P increase all TGFβ 

isoforms. The expression level of latent 65 kDa (Figure 3.3A, p <0.005) and 45 

kDa (Figure 3.3B, p <0.05) isoforms, and the mature 25 kDa isoform were 

increased by dhS1P (Figure 3.3C, p < 0.05), but had no significant effect on the 

active 12 kDa isoform (Figure 3.3D). PI3K inhibition significantly reduced 65 kDa 

TGFβ dose dependently (p <0.01 & p <0.005) and 25 kDa TGFβ at the highest 

dose (10 µM, p <0.05). However, it had no effect on the 45 kDa isoform.  

The effect of S1P (1 µM) on TGFβ isoforms with kDa of 65, 45 and 25 (Figure 

3.3H- J) were not significant. PI3K inhibition did significantly reduce the 65 kDa 

and 25 kDa proteins significantly. Even though S1P significantly increased the 12 

kDa TGFβ isoform, it’s inhibition by wortmannin did not reach statistical 

significance. The increased Coll1 protein expression by dhS1P at 24 h was not 

significant (Figure 3.3E). This was significantly reduced by PI3K inhibition (3 µM; 

p <0.05, 10 µM; p <0.01).  PI3K inhibition also led significant reductions in Coll 

1 (3 and 10 µM; p <0.01) protein expression raised by S1P in NCFs (Figure 3.3L, 

p <0.05). 
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Figure 3.3. Modulation of TGFβ & Collagen I by dhS1P and S1P through 

PI3K/Akt signalling. 24 h treatment of NCFs with dhS1P (3 µM) increased 

protein level of (A) 65 kDa, (B) 45 kDa, (C) 25 kDa, and (D) 12 kDa TGFβ protein 

isoforms. It also increased (E) Coll 1 and, (F) TIMP1 protein expression. These 

were reduced dose dependently when PI3K was inhibited by wortmannin. S1P (1 

µM) (H) slightly increased 65 kDa, (I) had no effect on 45 kDa, (J) increased 25 

kDa, and (K) 12 kDa TGFβ isoforms. S1P also increased (L) coll 1, and (M) 

TIMP1 protein levels. These were reduced by wortmannin. (G and N) 
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Representative blots. ****p <0.001, *p <0.05 vs. Control, ###p <0.001, ##p <0.01, #p 

<0.05 vs. dhS1P. Data are presented as ± SEM of 3 replicates. 

 

3.4.4 Inhibition of PI3K/Akt signalling affects TIMP1 protein 

expression in NCFs 

In chapter 2 it was shown that dhS1P and S1P signalling has an effect on TIMP1 

protein expression in NCFs [200].  Here the effects of PI3K inhibition on TIMP1 

protein expression was investigated. The results in Figure 3.3F shows that PI3K 

inhibition (p <0.05) significantly reduced dhS1P induced (p <0.05) increase in 

TIMP1 protein expression in NCFs. Similarly, PI3K inhibition (Figure 3.3M, 3 

µM; p <0.05, 10 µM; p <0.01) significantly reduced S1P induced (p <0.05) TIMP1 

protein expression.  

 

3.4.5 S1PR1 inhibition does not reduce dhS1P/S1P - Akt 

Signalling  

Furthermore, the effects of S1PR1 inhibition on Akt signalling were investigated, 

since wortmannin reduced the S1PR1 agonist, SEW2871, induced collagen 

synthesis. Inhibition of S1PR1 synergistically increased mTOR phosphorylation 

by dhS1P (Figure 3.4A, p < 0.01) and S1P (Figure 3.4E, p <0.05) in NCFs.   S1PR1 

inhibition in NCFs did not cause significant changes in RPS6 phosphorylation in 

the presences of both dhS1P and S1P (Figure 3.4C and 3.4G). However, S1PR1 

inhibition synergistically increased Akt phosphorylation Figure 3.4F, p <0.05) in 

the presence of S1P. There was no difference in Akt phosphorylation (Figure 

3.4B) when S1PR1 was inhibited in the presence of dhS1P.  
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Figure 3.4. Effect of S1PR1 inhibition on Akt signalling. Inhibition of S1PR1 

by pre- treating with W146 (A) synergistically increased phosphorylation of 

mTOR, (B) and had no effect on Akt, and (C) RPS6 in NCFs treated with dhS1P 

(3 µM) for 12 minutes. In S1P (1 µM) treated NCFs, inhibition of S1PR1 

synergistically increased (E) p-mTOR, and (F) pAkt, (G) but had no effect on 

pRPS6. (D and H) representative blots.   $$p <0.01, $p<0.05 vs. treatment.  *p 

<0.05, #p <0.05 vs. Control. Data are presented as ± SEM of 3 replicates. 
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3.4.6 DhS1P increases mRNA expression of TIMP1 through 

PI3K/Akt Pathway 

The effect on PI3K inhibition on the expression of genes involved in fibrosis such 

as TGFβ1, Coll 1, CTGF, MMP2, TIMP1 and TIMP2 were investigated. The 

results in Figure 3.5A show that inhibition of the PI3K/Akt pathway had 

significant reductive effect on TIMP1 mRNA transcription but not on TGFβ1, 

CTGF, Coll1, and TIMP2 mRNA levels at 6 h treatment in NCFs. At this time 

point dhS1P increased TGFβ1 (p <0.0001, Figure 3.5A) and CTGF (p <0.05) 

mRNA levels significantly but had no effect on Coll1a1 and TIMP2.  MMP2 

mRNA levels also trended downward in the presence of dhS1P, which was 

significant when the ratio of MMP2 to TIMP1 was measured (p <0.005, Figure 

3.5A). In NCFs treated with wortmannin, the MMP2 to TIMP1 ratio improved 

significantly (3 µM, p <0.05).  
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Figure 3.5. Effect of PI3K inhibition on mRNA levels in NCF.  Inhibition of 

PI3K by wortmannin reduced TIMP1 mRNA levels raised by dhS1P at 6 h 

treatment, but had no effect on TGFβ1, CTGF, Coll1, MMP2, and TIMP2 

mRNA levels. While PI3K inhibition increased the MMP2/TIMP1 ratio reduced 

by dhS1P. ****p <0.001, *p < 0.05 vs. Control, ###p < 0.001, ##p < 0.01 vs. treatment, 

$p < 0.05 vs. treatment. Data presented as ± SEM of 3 replicates. 
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3.4.7 PI3K inhibition reduced TIMP1 mRNA expression in 

NCFs treated with S1P and SEW2871 

The effect of PI3K inhibition on S1P and SEW2871 induced mRNA levels were 

also investigated. TIMP1 and TGFβ1 mRNA transcription levels were 

significantly raised in cells treated with S1P (Figure 3.6A) and SEW2871 (Figure 

3.6B). PI3K inhibition had significant dose dependent inhibitory effects on S1P 

(p < 0.001, Figure 3.5B) and SEW2871 (p < 0.0005, Figure 3.6B) induced TIMP1 

mRNA transcription levels.  The results in Figure 3.6 also shows that PI3K 

inhibition did not reduce the expression of Coll1a1, TGFβ1 and TIMP2 raised by 

SEW2871, or TGFβ1 raised by S1P. These imply that dhS1P and S1P mediated 

PI3K/Akt signalling through S1PR1 affects TIMP1 mRNA levels but not TGFβ1.  
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Figure 3.6. Effect of PI3K inhibition on mRNA levels in S1P and SEW2871 

treated NCF. (A) PI3K inhibition also reduced S1P induced TIMP1 mRNA 

expression but had no effect on TGFβ1 at 6 h. (B) In NCFs treated for 18 h with 

SEW2871, PI3K inhibition had no effect on Coll1a1, TGFβ1 and TIMP2 mRNA 

expression, but reduced TIMP1 significantly. ****p <0.001, **p < 0.01, *p < 0.05 vs. 

Control, ###p < 0.001, ##p < 0.01, #p < 0.05 vs. treatment. Data presented as ± 

SEM of 3 replicates. 
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3.4.8 Inhibiting PI3K increases GSK3β and GATA4 mRNA in 

NCFs treated with dhS1P 

Increased activation of the PI3K/Akt pathway is known to inactivate GSK3β by 

phosphorylating it, allowing increased cell metabolism, protein synthesis and 

proliferation [216, 217]. The effects of PI3K inhibition on GSK3β gene 

expression in the presence of dhS1P was also explored. Inhibiting PI3K 

significantly increased the expression of GSK3β mRNA levels at the higher dose 

(10 µM; p < 0.05, Figure 3.7A). However, the S1PR1 antagonist, W146, had no 

effect on GSK3β mRNA and GATA4 mRNA levels (Figure 3.7B). GATA4 in 

cardiac cells is linked to the cross talk between cardiac fibroblasts and myocytes 

in relation to the level of natriuretic peptides and negatively regulates PI3K [218, 

219]. Treatment of NCFs with dhS1P significantly raised GATA4 mRNA levels 

(10 µM; p <0.0001) when PI3K was inhibited, Figure 3.7A.  
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Figure 3.7. Effect of PI3K and S1PR1 inhibition on GSK3β and GATA4 

mRNA levels in NCF. (A) PI3K inhibition significantly increased the level of 

GSK3β and GATA4 mRNA at 10 µM in the presence of dhS1P. (B) W146 had 

no effect on GSK3β and GATA4 mRNA levels. $$$p < 0.001, $$p < 0.01, $p < 0.05 

vs. treatment. Data presented as ± SEM of 3 replicates. 
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3.4.9 DhS1P activated sphingolipid related genes were altered 

by PI3K inhibition 

Others have shown that Akt interacts with the sphingolipid pathway [220, 221], 

therefore, here the effects of PI3K inhibition on other sphingolipid related genes 

was explored. Figure 3.8A shows that inhibition of PI3K in dhS1P treated NCFs 

led to significant reductions in the S1P receptors; S1PR1 (p < 0.05), S1PR2 (p < 

0.01) and S1PR3 (p < 0.0001), Figure 3.8A.  PI3K inhibition also reduced SK1 

mRNA expression significantly (p < 0.01). DEGS1 encodes the gene for DES1 

enzyme. This enzyme is responsible for converting dihydroceramide to ceramide  

in the de novo sphingolipid synthesis pathway [100].   There were significant 

elevations in DEGS1 mRNA (p < 0.05) expression When PI3K was inhibited. 

However, dhS1P did not influence DEGS1 mRNA expression. 
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Figure 3.8. Effect of PI3K and S1PR1 inhibition on sphingolipid related 

genes in NCF. (A) Inhibition of PI3Ks by wortmannin reduced S1PR1, S1PR2, 

S1PR3, and SK1 mRNA levels raised by dhS1P at 6 h treatment, and increased 
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DEGS1 mRNA levels. (B) S1PR1 inhibition did not affect SK1 and S1PR3 

mRNA levels. It did reduce S1PR1, and S1PR2 mRNA levels, and increased 

DEGS1 mRNA levels. ****p < 0.001, **p < 0.01, * p < 0.05 vs. Control, ###p < 0.001, 

##p < 0.01, #p < 0.05, $p < 0.05 vs. treatment. Data are presented as ± SEM of 3 

replicates.  

 

3.4.10 S1PR1 inhibition affects the expression of sphingolipid 

related genes in NCFs 

Although S1PR1 is less abundant in NCFs, the results showed that PI3K 

inhibition did affect genes increased by the S1PR1 agonist, SEW2871, in NCFs. 

Therefore, the effect of S1PR1 on other enzymes and receptors related to 

sphingolipids were investigated. Figure 3.8B shows that inhibition of S1PR1 by its 

receptor antagonist, W146, reduced S1PR1 mRNA expression significantly in a 

dose dependent manner (p < 0.001). Additionally, it was noted that W146 reduced 

the expression of S1PR2 mRNA levels significantly at the highest dose (1 µM, p 

<0.05), but not S1PR3. The mRNA expression of SK1 was also significantly 

reduced when S1PR1 was inhibited (p < 0.05). Additionally, there was a significant 

synergistic effect on DEGS1 mRNA levels (p < 0.05).  These results are 

comparable to that seen in PI3K inhibition implying the S1PR1/2-PI3K signalling 

pathway indirectly influences the transcription levels of SK1 and DEGS1.   
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3.4.11 Inhibition of PI3K/Akt signalling reduces dhS1P & S1P 

induced myocyte hypertrophy 

Furthermore, the effect of PI3K inhibition in primary cardiac myocytes treated 

with dhS1P and S1P were investigated. There was increased hypertrophy of 

myocytes in both dhS1P and S1P at 48 h (p < 0.01, Figure 3.7A) and 60 h (p 

<0.001, Figure 3.7B) of treatment, respectively. These were significantly reduced 

when PI3K was inhibited by wortmannin at the higher doses (1.0 µM, p < 0.01; 

3.0 µM, p < 0.05; & 10.0 µM, p < 0.01), in dhS1P treated cells. In S1P treated cells, 

PI3K inhibition also reduced myocyte hypertrophy significantly (3.0 µM, p < 0.05, 

& 10.0 µM p < 0.01).  There were no effects on the viability of NCMs treated 

exclusively with wortmannin at 0.1, 1.0, 3.0, & 10.0 µM (Figure 3.7E). 

Additionally, combined treatment of NCMs with wortmannin, and either dhS1P 

(Figure 3.7C) or S1P (Figure 3.7D) had no significant effect on cell viability.  
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Figure 3.9. Involvement of PI3K in dhS1P & S1P induced myocyte 

hypertrophy. PI3K inhibition reduced (A) dhS1P (3 µM) induced myocyte 

hypertrophy at 48 h and (B) S1P (1 µM) at 60 h.  The viability of NCMs treated 

with wortmannin in the presence of (C) dhS1P and (D) S1P did not change at 48 

h and 60 h of treatment. (E) NCM viability in the presence of wortmannin at 60 

h was not affected. ****p < 0.001, ***p < 0.005, **p < 0.01 vs. Control, ###p < 0.001, 

##p < 0.01, #p < 0.05 vs. dhS1P & S1P. Data are presented as ±SEM of 4 replicates. 
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3.4.12 Wortmannin reduces PI3K/Akt- mTOR 

phosphorylation in the presence of dhS1P and S1P in 

NCMs 

Next, the effect of PI3K inhibition on PI3K/Akt- mTOR pathway proteins in the 

presence of dhS1P in NCMs was investigated.  PI3K inhibition led to significant 

reductions in the downstream phosphorylation of mTOR (p < 0.0001), RPS6 (p 

< 0.001), and completely abrogated Akt (p < 0.0001), Figure 3.9A. These results 

were comparable to those observed in S1P treated NCMs as shown in Figure 3.8B. 

However, 15 minutes treatment of NCMs with dhS1P did not show exacerbated 

effects on the phosphorylation of these protein in the PI3K/Akt- mTOR 

pathway, but S1P significantly phosphorylated Akt (p < 0.05) and RPS6 (p < 0.05). 

Indicating S1P as the more active analogue. 
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Figure 3.10. Effects of PI3K inhibition on PI3K/Akt- mTOR pathway 

proteins in NCMs.  (A)  Inhibition of PI3K in NCMs significantly reduced p- 

mTOR, pAkt, and pRPS6 in NCMs, but 15 minutes stimulation with dhS1P (3 

µM) had no effect on them. (B) The significant increase in phosphorylation of Akt 

and RPS6 by S1P (1 µM) was notably reduced by wortmannin.  **p < 0.01, *p < 

0.05 vs. Control, ### p < 0.001, #p < 0.05 vs. dhS1P & S1P. Data are presented as 

±SEM of 3 replicates. 
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3.4.13 S1PR1 inhibition reduced RPS6 phosphorylation in 

both dhS1P and S1P treated NCMs 

Furthermore, the effects of S1PR1 inhibition on the PI3K/Akt- mTOR signalling 

pathway in NCMs was explored.  Figure 3.11 shows that S1PR1 inhibition by 

W146 significantly reduced phosphorylation of RPS6 in the presence of dhS1P 

(0.1 µM; p <0.05, 1.0 µM; p <0.01, Figure 3.11A,) and S1P (1.0 µM; p < 0.05, 

Figure 3.11B). Inhibiting S1PR1 had no effect on mTOR and Akt phosphorylation 

in both treatments at 15 minutes.  
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Figure 3.11. Effects of S1PR1 inhibition on PI3K/Akt- mTOR pathway 

proteins in NCMs.  (A) Inhibition of S1PR1 by W146 reduced pRPS6 (0.1 µM 

and 1.0 µM), but not p-mTOR and pAkt in dhS1P stimulated cells.  (B) S1P 

increased phosphorylation of RPS6, and mTOR. Inhibition of S1PR1 reduced 

RPS6 but not mTOR and Akt. **p < 0.01, *p < 0.05 vs. Control, ### p < 0.001, #p 

< 0.05 vs. dhS1P & S1P. Data are presented as ±SEM of 3 replicates. 
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3.4.14 Both S1P & dhS1P had synergistic effects on 

hypertrophic genes 

The genetic effects of PI3K inhibition in dhS1P and S1P treated NCMs were 

explored. DhS1P (Figure 3.12A, p < 0.0001) and S1P (Figure 3.12B, p < 0.0001) 

significantly increased all the genes associated with myocyte hypertrophy (βMHC, 

ANP, BNP, and αSKA) at 18 h of treatment. Myocytes undergoing hypertrophy 

revert to expressing fetal genes such as βMHC, with proportional increase in 

antagonist genes such ANP and BNP [222, 223]. In cells treated with dhS1P, 

inhibiting PI3K had significant synergistic effect on βMHC (3 µM; p < 0.05), BNP 

(3 µM; p < 0.05), and ANP (3 & 10 µM; p < 0.001), while significantly reducing 

αSKA mRNA expression levels (3 µM; p <0.0005, 10 µM; p < 0.0001). Similarly, 

in S1P treated cells, PI3K inhibition had synergistic effects on all the hypertrophic 

genes tested, including, βMHC (3 & 10 µM; p < 0.0001), BNP (3 µM; p < 0.05, 10 

µM; p < 0.0001), ANP (3 µM; p < 0.0005, 10 µM; p < 0.0001), and αSKA (3 µM; 

10 µM; p < 0.0001).  
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Figure 3.12. Effect of PI3K and S1PR1 inhibition on mRNA levels in NCM. 

(A) Inhibition of PI3K synergistically increased βMHC, BNP, ANP and reduced 

αSKA mRNA levels raised by dhS1P (3 µM) at 18 h of treatment. (B) PI3K 

inhibition synergistically increased all the hypertrophic genes in NCMs treated 

with S1P (1 µM) for 18 h. (C) DhS1P reduced GSK3β gene expression, this was 

recovered when PI3K was inhibited, but dhS1P had no effect on GATA4 mRNA 

levels. (D) PI3K inhibition augmented GATA4 mRNA and raised 1 µM S1P 
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reduced GSK3β. (E) S1PR1 inhibition by W146 had no effect on GSK3β and 

GATA4 mRNA levels in NCMs treated with dhS1P, and (F) S1P. ****p < 0.001, **p 

< 0.01, *p < 0.05 vs. Control, ###p < 0.001, ##p < 0.01, #p < 0.05, $$$$p < 0.0001, 

$$$p < 0.005, $$p < 0.01, $p < 0.05 vs. treatment. Data are presented as ± SEM of 3 

replicates. 

 

3.4.15 DhS1P altered GSK3β and GATA4 mRNA expression 

in NCMs 

The transcription levels of GSK3β and GATA4 in NCMs were also analysed. 

GSK3β is a critical regulator of the cardiac myocyte cell cycle in embryogenesis, 

and its deletion results in hypertrophic cardiomyopathy [224]. DhS1P (3 µM) and 

S1P (1 µM) significantly reduced GSK3β mRNA transcription (p < 0.0001, and p 

< 0.05), these was rescued by PI3K inhibition (Figure 3.12B, 3 µM; p < 0.001, 10 

µM; p < 0.05, and Figure 3.12C, 10 µM; p < 0.0001). The transcription factor, 

GATA4, is required for full activation of mechanical stress genes such as ANP 

and BNP [225]. Surprisingly, PI3K inhibition increased GATA4 expression in S1P 

treated (3 µM; p < 0.001, and 10µM; p < 0.001), but not dhS1P treated NCMs 

(Figure 3.12D). This is despite both dhS1P and S1P having no effect on GATA4 

mRNA expression. S1PR1 inhibition had no effect on either GSK3β or GATAT4 

mRNA levels in both dhS1P (Figure 3.12E) and S1P (Figure 3.12F) treated NCMs.  
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3.4.16 Sphingolipid related genes were reduced in PI3K and 

S1PR1 inhibited NCMs  

The effects of PI3K and S1PR1 inhibition on the expression of DEGS1, SK1, 

and S1PR1 gene expression in NCMs at 18 h of treatment with dhS1P (3 µM) 

were compared. DEGS1 (p < 0.05), SK1 (p < 0.01), and S1PR1 (p < 0.005) mRNA 

levels were increased significantly by dhS1P in NCMs, Figure 3.13A-B. Inhibition 

of PI3K and S1PR1 had significant effect on these genes. DEGS1 (10 µM; p < 

0.05), SK1 (p < 0.05) and S1PR1 (p <0.05) were markedly reduced when PI3K 

was inhibited by wortmannin (Figure 3.13A). Similarly, marked reductions in 

DEGS1 (1 µM; p < 0.05), SK1 (0.1 µM; p < 0.05, 1 µM; p < 0.01) and S1PR1 (0.1 

µM; p < 0.05, 1 µM; p < 0.01) transcription levels were observed when S1PR1 was 

inhibited in NCMs (Figure 3.13B).   
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Figure 3.13. Effect of PI3K and S1PR1 inhibition on Sphingolipid related 

genes in NCM. (A) Inhibition of PI3K by wortmannin reduced DEGS1, SK1 

and S1PR1 mRNA levels raised by dhS1P at 18 h treatment. (B) Inhibition of 

S1PR1 by W146 also reduced DEGS1, SK1 and S1PR1 mRNA levels raised by 

dhS1P. ***p < 0.005, **p < 0.01, *p < 0.05 vs. Control, ##p < 0.01, #p < 0.05 vs. 

treatment. Data are presented as ± SEM of 3 replicates. 

 

3.5 Discussion 
 
In this study, the role of the PI3K/Akt- mTOR pathway in terms of collagen 

synthesis and myocyte hypertrophy mediated by the sphingolipids, dhS1P and 

S1P, in primary cardiac fibroblasts and myocytes was investigated. The results in 

chapter 2 and others have shown that exogenous application of the sphingolipids, 
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S1P and dhS1P, can contribute to collagen synthesis in fibroblasts and cause 

myocyte hypertrophy which contribute to cardiac remodelling [84, 200, 226].  

 

3.5.1 Multiple effects of PI3K/Akt- mTOR cascade inhibition 

on dhS1P induced fibrosis  

The PI3K/Akt signalling pathway is well described as a critical pathway in cell 

metabolism, proliferation, differentiation, and survival, and in lipid metabolism 

[211]. Activation of PI3K through GPCRs such as the S1PRs, subsequently leads 

to phosphorylation of Akt, thereby activating it. Akt indirectly activates mTOR 

(mTORC1 and mTORC2) further downstream. mTORC1 is one of the major 

effectors of PI3K/Akt signalling, and a regulator of fibrosis [215]. One of the key 

indicators of fibrosis is excessive synthesis and accumulation of the ECM such as 

collagen. In this study, inhibiting PI3K reduced the excessive collagen synthesis 

induced by extracellular dhS1P and S1P in primary rat NCFs, Figure 3.1. Pathway 

analysis through protein immunoblotting showed reduced activation of Akt, 

mTOR and RPS6, Figure 3.2. The downstream targets of mTORC1 include; p70 

S6 kinase (S6K1), phosphorylates RPS6, and the eukaryotic initiation factor 4E 

(EI4E) binding protein 1 (4EBP1), and they promote mRNA translation [227, 

228]. Therefore, the reduced translation and synthesis of Coll1 and TGFβ proteins 

in both dhS1P and S1P treated NCFs correspond to the reduced mTOR and RPS6 

activity due to PI3K inhibition (Figure 3.3). Interestingly, these reductions were 

not reflected in the gene expression levels for TGFβ1 and Coll1a1, Figure 3.5. The 

mRNA levels of TIMP2 and CTGF, also remained unchanged. This is not 

surprising, since dhS1P and S1P can activate other GPCR related signalling 

pathways, which can influence the expression of these fibrotic genes. However, 
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PI3K inhibition did reduce both TIMP1 mRNA and protein expression levels, 

and increased MMP2/TIMP1 ratio (Figure 3.5A). Indicating a delayed mechanism 

of transcription control for TIMP1, which may be related to TGFβ and Coll1 

protein translation. Combined with the increased MMP2/TIMP1 mRNA ratio, 

the increased GSK3β and GATA4 mRNA levels may have also contributed to 

ECM degradation (Figure 3.5D). This is because increased GSK3β results in 

reduced glycolysis, leading to degradation of ECMs such as collagen [229]. 

Inversely, accelerated collagen synthesis and fibrogenesis were reported in cells 

and mouse models with deletion of global and cardiac specific GSK3 [230] [231].   

GSK3 is abundant in normal cells, but in conditions where growth pathways 

such as the PI3K/Akt/mTOR are activated its levels are reduced[217]. Therefore, 

it is thought to act as a negative regulator of growth pathways. GSK3β partners 

with the transcription factor GATA4 in regulating cardiac development [217]. The 

increase in GATA4 mRNA levels also allude to the activation of other pathways.  

Inhibiting the PI3K/Akt- mTOR signalling pathway also reduced sphingolipid 

pathway related genes such as SK1. The reduced mTOR activation and TGFβ 

protein translation and could have led to reduced SK1 transcription. SK1 activity 

is increased by TGFβ and is linked to increased fibrosis and disease progression 

[115, 226, 232, 233]. Additionally, mTORC1 signalling promotes transcription of 

SREBPs; a family of transcription factors that encode genes for lipogenic enzymes 

such as SK1 [234, 235]. This effect on SK1 mRNA level was not observed in 

S1PR1 inhibited NCFs where there was a synergistic increase in mTOR activity. 

Interestingly, PI3K and S1PR1 inhibition had an inverse effect on DEGS1 mRNA 

levels. DEGS1 encodes the gene for the DES1 enzyme, known as the gatekeeper, 

in the de novo sphingolipid biosynthesis pathway [100]. The increase in DEGS1 

mRNA level may be related to a positive feedback mechanism involving S1PR1 
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on the de novo sphingolipid pathway since S1PR1 mRNA levels were reduced. This 

feedback mechanism has been described elsewhere [236]. Furthermore, S1PR2 

could also be involved in this feedback mechanism since its mRNA levels were 

also reduced in both PI3K and S1PR1 inhibition. Even though S1PR3 mRNA 

was reduced by PI3K inhibition, it was not reduced by S1PR1 inhibition, Figure 

3.8. This activation may have contributed to the increased Akt and mTOR activity 

observed in S1PR1 inhibited cells, Figure 3.4. Activation of S1PR3 has been 

shown to increase proliferation through PI3K/Akt pathway [112]. These results 

reveal a link between the PI3K/Akt pathway and dhS1Ps activation of the S1PRs.  

Taken together, these findings indicate that inhibition of PI3K/Akt – mTOR 

signalling cascade in NCFs treated with dhS1P has anti-fibrotic effects by reducing 

translation of growth factors and increased degradation of ECM. It also affects 

basal transcription levels of sphingolipid enzymes and receptors.  

 

3.5.2 PI3K/Akt- mTOR cascade is associated with dhS1P 

induced cardiac myocyte contractility and stretch  

Cardiac hypertrophy involves increased myocyte size and protein content, with 

complex alterations in translation and transcription processes.  The PI3K/Akt- 

mTOR pathway is known to play a key role in myocyte hypertrophy [237]. The 

findings in this chapter show that inhibiting PI3K in dhS1P and S1P treated 

NCMs reduced phenotypic hypertrophic effects, with reductions in Akt, mTOR 

and RPS6 activity, Figure 3.9- 3.10. Interestingly, the inhibition led to a synergistic 

increase in the hypertrophic marker, βMHC, with relative increase in ANP and 

BNP (Figure 3.9A- B). Clinically, ANP and BNP are considered to be 

compensatory markers for HF [183]. Their increase also highlights the 
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hypertrophic effect of the agents used. In contrast, inhibiting PI3K reduced αSKA 

transcripts in dhS1P treated NCMs, but not in those treated with S1P. 

Highlighting a significant difference between S1P and dhS1P induced myocyte 

hypertrophy. αSKA mRNA increase has been linked to increased myocyte stretch 

and contractility [238, 239]. The reduced levels of βMHC, ANP, BNP and αSKA 

mRNA when S1PR1 was inhibited in dhS1P treated NCMs is shown in chapter 2 

[200]. Increased GSK3β activity impedes protein initiation and translation by 

EIF2Bε, thus negatively regulating myocyte hypertrophy [240-242]. Interestingly, 

inhibition of PI3K and not S1PR1 rescued GSK3β mRNA levels in both 

treatments (Figure 3.9). Additionally, inhibiting S1PR1 led to reduction in RPS6 

phosphorylation triggered by both dhS1P and S1P in NCMs (Figure 3.8C- D). 

Apart from activation by ribosomal p70 S6 kinase in the Akt- mTOR pathway, 

RPS6 phosphorylation is also triggered by other kinases [243-245]. Even though 

GSK3β is known to negatively regulate GATA4 in myocytes resulting in reduced 

hypertrophic makers [246], the inhibition of PI3K increased GATA4 in S1P 

treated NCMs. These results suggest that inhibiting the PI3K/Akt pathway alone 

is insufficient to reduce hypertrophic gene transcription but may influence 

myocyte protein expression.   

In terms of the expression levels of sphingolipid related genes in NCMs, inhibition 

of both PI3K and S1PR1 led to reductions in DEGS1, SK1 and S1PR1 mRNA 

(Figure 3.10). The effect of PI3K inhibition on DEGS1 mRNA is notably 

different from those observed in NCFs for dhS1P.  Differences in cell type, 

cellular metabolism, and nutrient supplements in the NCM media, maybe have 

influenced these results. Further research may help unveil the mechanisms behind 

these differences. The similar inhibitory effects on the sphingolipid related genes 

by PI3K and S1PR1 inhibition suggests that the dhS1P- S1PR1 axis can interaction 
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with the PI3K/Akt- mTOR cascade in NCMs. However, it is noted that targeted 

inhibition of individual downstream proteins such as Akt and mTOR maybe 

necessary to fully decipher the effects of dhS1P on fibrogenesis and hypertrophy 

through the Pi3K/Akt -mTOR pathway. This is in view of PI3K’s ability to 

regulate other signalling pathways.  
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Figure 3.11. DhS1P and S1P signalling through S1PR- PI3K/Akt- mTOR in 

NCFs and NCMs. Inhibiting the activation of the dhS1P/S1PRs- PI3K/Akt- 

mTOR signalling cascade with wortmannin in the event of cardiac insults such an 
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MI or increased dhS1P in circulation could lead to, (A) to reduced deposition and 

increased degradation of the ECM, as a result of reduced translation and synthesis 

of fibrotic proteins such as TGFβ, Coll1, and TIMP1. These reductions are due 

to reduction in RPS6 phosphorylation downstream of PI3K/Akt-mTOR 

signalling. Reduced mTOR phosphorylation reduced TIMP1 mRNA and 

increased MMP2 mRNA in NCFs, but had no effect on dhS1P increased TGFβ1, 

CTGF and TIMP2 mRNA levels. The reduced mTOR activity could lead to 

reduced SREBP1c activity resulting in the observed reduction in sphingolipid 

related mRNAs such as the S1PRs and SK1. GSK3β, DEGS1 and GATA4 

mRNA levels were increased only when PI3K activity was inhibited in the 

presence of dhS1P. (B) PI3K inhibition in NCM reduced dhS1P/S1PR signalling 

induced hypertrophy by reducing αSKA, increasing GSK3β mRNA level, and 

reduce protein expression by reducing RPS6 activity. It also decreases the 

sphingolipid related genes, probably through reduced mTOR-SREBP1c activity. 

Despite the PI3K inhibition, there was a synergistic increase βMHC, ANP and 

BNP mRNA levels, possibly due to signalling through other dominant pathways 

such as MAPK/ERK via the dhS1P/S1PR1 axis. Inhibition of S1PR1 by W146, 

results in reduced expression of these makers. C) Reduced deposition and 

increased degradation of the ECM, as a result of reduced translation and synthesis 

of fibrotic proteins such as TGFβ, Coll1, and TIMP1 were also observed when 

PI3K was inhibited in S1P/S1PRs-PI3K/Akt signalling. These were due to 

reductions in RPS6 phosphorylation downstream of PI3K/Akt-mTOR signalling. 

Reduced mTOR phosphorylation reduced TIMP1 mRNA levels but had no effect 

on dhS1P increased TGFβ1 mRNA levels. D) PI3K inhibition in NCM reduced 

S1P/S1PR signalling induced hypertrophy by increasing GSK3β mRNA levels 

and reducing protein expression as a result of reduced RPS6 activity. Despite the 
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PI3K inhibition, there was a synergistic increase in βMHC, αSKA, ANP and BNP 

mRNA, possibly due to signalling through other dominant pathways such as 

MAPK/ERK via the S1P/S1PR1 axis. Inhibition of S1PR1 by W146, results in 

reduced expression of these makers. Illustration derived through ChemDraw 

Professional 17.0 (Perkin Elmer, Waltham, MA, USA). 

 

It is well understood that PI3K/Akt signalling is a critical pathway in many cellular 

events in both diseased and physiological states. It is also riddled with feedback 

activation loops depending on exposure levels, cell types, ligands and experimental 

models. Its role in cellular metabolism and cell survival is also another aspect that 

could have an impact on these findings.  Besides these, other limitations such as 

the phosphorylation levels of GSK3 and expression of proteins related to 

sphingolipid pathway are some of the limitations of this study.  Therefore, the 

findings here are considered as preliminary. 

 

3.6 Conclusion 
  
The PI3K/Akt- mTOR signalling pathway plays a complex role in dhS1P and S1P 

induced cardiac fibrosis and myocyte hypertrophy. Although, these findings are 

preliminary, they show links between the PI3K/ Akt- mTOR cascade and the 

receptors targeted by dhS1P and S1P, and the enzymes involved in sphingolipid 

synthesis. PI3K inhibition affects collagen synthesis in NCFs post 

transcriptionally, leading to delayed effects on others like TIMP1 at the 

transcription level. Additionally, there is implications of it playing balancing roles 

in lipogenesis of sphingolipids and GSK3β in promoting its anti-fibrotic effects. 

Although PI3K inhibition in NCMs had little effect on the major hypertrophic 
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gene markers, what was evident is its augmentative effect on GSK3β, which may 

have influenced the reduction in both dhS1P and S1P induced myocyte 

hypertrophy by increasing protein degradation.  Additionally, in dhS1P treated 

NCMs, PI3K inhibition did result in reduction of the gene related to contractility 

and stretch, αSKA. The results demonstrated in this chapter indicate the PI3K 

pathway can be further explored in terms of dhS1P and S1P mediated cardiac 

remodelling and expanded upon with targeted inhibition of downstream proteins 

in the pathway.    
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Preface 
 

Chapter four describes the effects of dhSph and Sph on collagen synthesis in 

cardiac fibroblasts and highlights a sphingolipid pathway driven inhibition of 

collagen synthesis.  This work has been submitted for publication.  
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4.1 Abstract 
 
The sphingolipid de novo synthesis pathway, encompassing the sphingolipids, the 

enzymes and the cell membrane receptors, are being investigated for their role in 

diseases and as potential therapeutic targets. The intermediate sphingolipids such 

as dhSph and Sph have not been investigated due to them being thought of as 

precursors to other more active lipids such as Cer and S1P. Their effects in terms 

of collagen synthesis in NCFs are investigated in this chapter. Our results in rat 

NCFs showed that both dhSph and Sph did not induce collagen synthesis, whilst 

dhSph reduced collagen synthesis induced by TGFβ. The mechanisms of these 

inhibitory effects were related to the increased activation of the de novo synthesis 

pathway that led to increased dhS1P. Subsequently, through a negative feedback 

mechanism that may involve substrate-enzyme receptor interactions, S1P receptor 

1 expression was reduced. 

 

 

 

 

 

 

 

 

 

 

 

 



 
 

157 

4.2 Introduction 
 
The sphingolipids such as Cer and S1P have been targeted in recent years for 

therapeutic interventions in cancer therapy due to their apoptotic and proliferative 

effects on cancer cells. Apart from these, several of the so called “intermediate” 

lipids in the de novo sphingolipid synthesis pathway may have a role in several 

pathologies including cardiovascular diseases [161]. In the setting of a number of 

cardiomyopathies, other researchers have shown these intermediate sphingolipids 

(dhSph and Sph) are also altered in both plasma and tissue of animal models [144, 

247] and in the blood of patients [145, 203, 248]. However, due to the lack of basic 

mechanistic pathway research regarding their effects or interactions with well-

known cardiac remodelling markers such as the TGFβ, no conclusions could be 

drawn in regards to what these alterations may imply.  

Within the cellular system, Sph is produced either because of the metabolic effects 

of ceramidase on Cer or salvaged in the lysosome from the breakdown products 

of sphingolipids. While dhSph is derived from the de novo synthesis pathway and 

is a product of the reducing effects of 3-ketoreductase on 3-ketosphingosine.  The 

phosphorylation of both Sph and dhSph by SK1 & 2 results in the production 

S1P and dhS1P, respectively. Furthermore, the acylation of dhSph results in the 

production of dhCer which is then converted to Cer in a non-reversible reaction 

catalysed by DES1 and 2.  Several feedback mechanisms are at play in the de novo 

pathway [249], involving both the sphingolipids and the enzymes to regulate these 

sphingolipids in the disease states, therefore, the possibility of them interacting 

with factors such as TGFβ, are irrefutable. However, they have hardly been 

investigated in cardiac cells.  Inhibition of DES1; which results in cellular 

accumulation of sphingolipid species such as dhCer and dhSph, in liver cells, and 

cancer cells have shown reduced cell/cycle progression and proliferation  [250-
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252]. The growth and proliferative effects of TGFβ on cells, including cardiac cells 

leading to increased proliferation and collagen synthesis, is well understood. There 

is evidence of TGFβ increasing SK1 activity in muscle cells giving rise to fibrosis 

[253]. This study was conducted to determine whether extracellular dhSph and 

Sph influence TGFβ induced collagen synthesis in cardiac fibroblasts in a primary 

cell culture system. 

 

4.3 Methods 
 
The methods used in chapter 2 were applied in this chapter. Please refer to section 

2.3 for more details. 

 

4.3.1 Measurement of cardiac fibroblast collagen synthesis  

The 3H-proline incorporation assay[167] as described in section 2.3.1 and 2.3.2, 

was used to determine collagen synthesis in NCFs induced by TGFβ (100-21C, 

PeproTech, Rocky Hill, NJ, USA) 3 µM dhS1P and 10 µM of the S1PR1 agonist, 

SEW2871. The NCFs were seeded at 50 000 cells/ well and pre-treated for 2 h 

with pre-treated for 2 h with the Sph and dhSph (0.01-10.0 µM- Toronto Chemical 

Research Incorporated, North York, ON, Canada). The levels of 3H-proline 

incorporation were determined on a 300SL beta counter (cpm).  

 

4.3.2 Measurement of cell viability in rat NCFs  

Alamar Assay (Invitrogen- Thermo Fischer Scientific, Carlsbad, CA, USA) was 

used to determine the cell viability of NCFs in the presence of the sphingolipids 

and TGFβ according to manufacturer’s guidelines as reported previously [254].  
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4.3.3 Quantitative measurement of protein levels in NCFs  

Western blotting was performed as described in section 2.3.5, to investigate the 

expression of specific proteins related to the PI3K/Akt signalling pathway and 

cardiac remodelling. The blots were probed for phosphorylated, protein kinase B 

(Akt), inhibitor of nuclear kappa B (NFKβ) kinase alpha and beta (IKKα/β), 

NFKβ, P38- MAPK, extracellular-signal-regulated kinase (ERK), RPS6, STAT1, 

and SMAD2 from Cell Signalling Technologies (CST, Danvers, MA, USA: 4060L, 

2694, 4631, 3033, 9101, and 3108L). They were also probed for TGFβ. Proteins 

were normalised to GAPDH or β-actin.  

 

4.3.4 Quantitative measurement of genes expressed in cardiac 

remodelling  

RT PCR was performed as described in section 2.3.7, to ascertain the changes in 

gene expression induced by dhS1P, S1P and SEW2871. The gene expression levels 

of the fibrotic markers; TGFβ, CTGF, TIMP1, TIMP2, MMP2, Coll1a1, the 

S1PR1-3, and the sphingolipid enzymes SK1 and DEGS1 were quantified. Refer 

to Appendix 2.1 for full sequence of primers. 18s mRNA was used as the 

endogenous controls.  

 

4.3.5 Tracing relative d7-dhSph in NCFs 

Cardiac fibroblasts extracted from neonatal rats were cultured in 6 well plates at 

200 000 cells/ well at passage 2. After 48 h serum starvation, the cells were treated 

with 1 µM d7-dhSph (Cayman Chemicals, Ann Arbor, MI, USA) in DMEM F12 
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with 0.5% BSA at different time points. The cells were then washed 3 times with 

PBS, scrapped in 1 mL PBS, transferred into Eppendorf tubes and placed on ice. 

NCFs were then sonicated (Misonix S4000- Ultrasonic Liquid Processor, Qsonica, 

Newton, CT, United States) at 25 amplitudes for 10 seconds each. Samples were 

then snap frozen on dry ice until processed for liquid chromatography- mass 

spectrophotometry (LC- MS) according to previously published methods with 

modification for cultured cells [255, 256].  The Agilent 6490 QQQ mass 

spectrometer with an Agilent 1290 series HPLC system and a ZORBAX eclipse 

plus C18 column (2.1x100mm 1.8μm, Agilent) with the thermostat set at 45°C 

was used to analyse the cell extracts. Mass spectrometry analysis was performed 

with dynamic scheduled multiple reaction monitoring (MRM) in positive ion 

mode. Scanning was conducted for both the endogenous sphingolipids and 

sphingolipids with tracer incorporation were scanned for, where tracer 

incorporation utilised a 7 Da offset for the precursor and/or product ion 

depending on the sphingolipid species. Relative enrichment was calculated as area 

of the labelled species / (area of labelled species + area of non-labelled species).  

 

4.3.6 Statistical analysis 

Similar statistical methods as used in section 2.3.8 were applied. 

 

4.4 Results 

4.4.1 Extracellular Sph and dhSph alone did not induce 

collagen synthesis in NCFs 

To ascertain whether exogenous dhSph and Sph have effects on collagen 

synthesis, their effect on cultured NCFs were determined using the 3H-proline 

https://www.sciencedirect.com/topics/chemistry/positive-ion
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incorporation Assay. As shown in Figure 4.1A at the doses of 0.1, 0.3, 1 and 3 µM 

both dhSph and Sph did not induce collagen synthesis. However, dhSph at the 

highest dose of 3 µM (p < 0.01) significantly reduced 3H-proline incorporation 

levels compared to the control. This was corroborated by the cell viability results 

which showed that 3 µM dhSph treatment significantly reduced NCF viability (p 

< 0.001), while Sph had no effect (Figure 4.1B). 
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Figure 4.1. Effect of dhSph and Sph on collagen synthesis and viability in 

NCFs. (A) Treatment of NCFs with dhSph and Sph at 0.1, 0.3, 1 and 3 µM for 
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48 h did not induce collagen synthesis. (B) dhSph significantly reduced the viability 

of NCFs at 3 µM (p < 0.005), but Sph had no significant effect on NCFs at all 

doses tested. (C) DhSph (0.1, 0.3, 1.0, and 3.0 µM) significantly reduced collagen 

synthesis in NCFs induced by TGFβ at 48 h, while the effects of Sph were not 

statistically significant. (D) The viability of NCFs were not affected by dhSph and 

Sph treatment in the presence of TGFβ. ####p < 0.001, ##p < 0.01, p < 0.05 vs. 

treatment, ###p < 0.005, ##p < 0. 01 ****p < 0.0001 vs. control.  Data are presented 

as ± SEM of 3 replicates. 

 

4.4.2 DhSph reduced collagen synthesis induced by TGFβ  

The potential for dhSph and Sph to reduce collagen synthesis induced by a known 

collagen inducing agent, TGFβ was investigated. dhSph (0.1, 0.3, and 1 µM; p < 

0.05, 3 µM; p < 0.0001) significantly reduced collagen synthesis induced by TGFβ 

(p < 0.0001) as shown in Figure 4.1C, Sph did not have significant effect on TGFβ 

induced collagen synthesis at the doses investigated. The viability of NCFs treated 

with dhSph and Sph were not affected in the presence of TGFβ (Figure 4.1D.  

TGFβ’s ability to modulate cell growth may have counteracted the effects of 

dhSph alone as observed in Figure 4.1A & B. 

 

4.4.3 DhSph reduces SMAD2 phosphorylation stimulated by 

TGFβ  

TGFβ utilises the canonical TGFβ/SMAD signalling pathway to induce collagen 

synthesis, therefore since dhSph reduced collagen synthesis in NCFs, its ability to 

attenuate SMAD2 phosphorylation was explored. DhSph significantly diminished 
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SMAD2 phosphorylation stimulated by TGFβ in NCFs at 1 µM (p < 0.05), Figure 

4.2A. Sph had no effect on TGFβ induced SMAD2 phosphorylation. 

 

Figure 4.2. Effect of dhSph on the canonical TGFβ pathway. (A) Pre-

treatment of NCFs with 1 µM dhSph significantly reduced SMAD2 

phosphorylation stimulated by 10 ng/ml TGFβ at 18 minutes (p < 0.05). (B) Sph 

(0.1 and 1 µM) had no effect on TGFβ induced phosphorylation of SMAD2. 

dhSph significantly reduced (C) the 65 kDa latent TGFβ, but (D) had no effect on 
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45 kDa latent TGFβ, and the (F) 25 kDa mature TGFβ in NCFs treated with the 

human recombinant TGFβ. (E) and (G) show representative blots. Refer to 

supplementary Figure 2 for original blots. #p < 0.05 vs. TGFβ, **p < 0.01, *p < 0.05 

vs. control. Data are presented as ± SEM of 3 replicates. 

 

4.4.4 DhSph reduces TGFβ protein expression 

The human recombinant TGFβ activates TGFβ receptor 1 and 2 resulting in 

increased TGFβ protein expression in the cell. DhSph (0.1 and 1 µM) treatment 

significantly inhibited the increased expression of 65 kDa latent TGFβ protein in 

NCFs (Figure 4.2C) but had no significant effect on the 45 kDa isoform (Figure 

4.2D). There was a trend toward a reduction on the mature 25 kDa TGFβ protein 

isoform by dhSph (Figure 4.2F), however it did not reach significance.  

 

4.4.5 DhSph affects Akt- RPS6 signalling in TGFβ treated cells 

The effects of dhSph and Sph on Akt-RPS6 signalling was compared. Both dhSph 

(p < 0.05) and Sph (p < 0.05) reduced Akt phosphorylation by TGFβ in NCFs 

(Figure 4.3C). Additionally, dhSph and Sph had significant effect on the 

phosphorylation of the downstream protein RPS6 in the Akt pathway (p < 0.05 

and p <0.005, Figure 4.3D). 
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4.4.6 DhSph and Sph have no effect on other pathways and 

transcription factors 

Furthermore, the effects of Sph and dhSph on the ERK, P38- MAPK and IKK 

pathway and transcription factors such as STAT1 and NFĸB were compared. Both 

dhSph and Sph did not have any effect on the phosphorylation levels of P38- 

MAPK (Figure 4.3A) and ERK (Figure 4.3B), which were elevated by TGFβ (p < 

0.05 and p < 0.01, respectively).  TGFβ increased phosphorylation of IKKα/β 

(p<0.01, Figure 4.3F), while dhSph and Sph had no effect on IKKα/β and its 

downstream target, the transcription factor, NFĸB (Figure 4.3G). Even though 

dhSph raised the phosphorylation level of the transcription factor STAT1 (Figure 

4.3E) in the presence of TGFβ, the difference was not statistically significant.  

 

 

Figure 4.3. Effect of dhSph and Sph on non-canonical TGFβ pathways.  Pre-

treatment of NCFs with 1 µM dhSph and Sph had no significant effect on (A) 

P38-MAPK, and (B) ERK phosphorylation induced by 10 ng/ml TGFβ at 18 
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minutes. (C) DhSph and Sph (1 µM) reduced TGFβ induced phosphorylation of 

Akt and (D) RPS6. DhSph and Sph had no effect on the phosphorylation levels 

of (E) STAT1, (F) IKKα/β and (G) NFĸB in NCFs. (H) Representative blots in 

the presence and absence of TGFβ, Sph, and dhSph.  ###p < 0.005, ##p < 0.01 vs. 

treatment, **p < 0.01, *p < 0.05 vs. control. Data are presented as ± SEM of 3 

replicates. 

 

4.4.7 DhSph-d7 enriches sphingolipids in a predictive manner 

in NCFs  

DhSph is an intermediate lipid in the sphingolipid pathway, therefore its 

incorporation enriches other lipids in the de novo sphingolipid pathway. Isotopically 

(deuterium) labelled dhSph (dhSph-d7) were used to determine the time at which 

dhSph is incorporated into NCFs and assessed the type of lipids that were 

enriched. Looking at Figure 4.4A1, it appears that dhSph-d7 is converted into 

dhCer quite rapidly, but it’s not until 60 minutes where more complex 

sphingolipids like sphingomyelins (SM) begin to form (Figure 4.4B3). Albeit at 

very minor quantities relative to endogenous, likely due to the stability of SM in 

membranes. Others such as Cer was enriched at approximately 30 minutes (Figure 

4.4A2). 
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Figure 4.4. Enrichment of sphingolipids by d7dhSph. In NCFs treated with 

deuterium isotopically labelled dhSph (d7dhSph), (A1) dhCer was enriched at 

around 10 minutes, (A2) Cer at 30 minutes (A3) and sphingomyelin at 120 to 240 

minutes. D7dhSph also enriched the phosphorylated lipids (B1) d18:0 dhS1P, and 

(B2) d18:1 S1P within 10 minutes, and (B3) d18:1/ 16:0 Cer1P at 30 minutes. (B4) 

A comparative graph showing the enrichment of the three lipids across different 

time points. Data are presented as relative enrichment of 3 independent replicates. 

(C1) Sph d16:1 was not enriched by D7dhSph, but (C2) d18:1 and (C3) d17:1 were 

enriched. (C4) d18:1 Sph was increased at all times compared to d16:1 and d17:1. 
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4.4.8 DhSph-d7 enriched dhS1P more than S1P and Ceramide 1 

phosphate (Cer1P) 

The phosphorylated sphingolipids target the G protein coupled S1PRs to activate 

intracellular signalling pathways. DhSph-d7 is almost immediately converted into 

dhS1P and hits saturation point, likely for removal in response to such high 

concentrations of exogenous sphingosines. The incorporation of dhSph-d7 

enriched d18:0 dhS1P at 10 minutes to about 80 %, which remained at this level 

throughout the time points tested (Figure 4.4B1). S1P and Cer1P were enriched 

at 10 to 30 minutes after dhSph-d7 treatment in NCFs (Figure 4.4B2-3). The 

increase in S1P enrichment at 10 minutes maybe due to the dhSph-d7 being 

contaminated with d8-Sph. DhS1P was enriched more than S1P and Cer1P by 

dhSph-d7 (Figure 4.4B4). Even though Sph d18:1 and d17:1 levels were enriched 

(Figure 4.4C2 and 3) their level of increase were also lower than dhS1P levels at 

similar time points. This increase was predictably higher than S1P, since S1P is 

phosphorylated from Sph. 

 

4.4.9 Exogenous dhS1P had synergistic effect on TGFβ 

induced collagen  

Since dhS1P enrichment was increased early and remained for the duration of the 

experiment, the effects of dhS1P on TGFβ induced collagen synthesis in NCFs 

was explored. Exogenous dhS1P had a synergistic effect on TGFβ induced 

collagen synthesis at 3 µM (p <0.05).  Additionally, the highest dose of dhS1P (10 

µM) reduced collagen synthesis by TGFβ (Figure 4.5A, p < 0.05). However, this 

effect was likely due to reduced viability of NCFs as shown in Figure 4.5B.  
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Figure 4.5. Effect of dhS1P on TGFβ induced collagen synthesis. (A)  In 

NCFs treated with dhS1P in the presence of TGFβ for 48 h, dhS1P (10 µM) 

reduced collagen synthesis. (B) The viability of NCFs was reduced by dhS1P (10 

µM) in the presence of TGFβ for 48 h. (C) Treatment of NCFs with the S1PR1 

agonist, SEW2871, increased collagen synthesis after 48 h, which was reduced by 

dhSph (3 µM). (D) Sph had no effect on SEW2871 induced collagen synthesis. #p 

< 0.05 vs. treatment, ****p < 0.0001, ***p < 0.001, **p < 0.01, vs. control. Data are 

presented as ± SEM of 3 replicates. 

 

4.4.10 DhSph reduces S1PR1 agonist, SEW2871, induced 

collagen synthesis 

Next, the effects of dhSph on collagen synthesis induced by the S1PR1 agonist, 

SEW2871, was examined. DhSph significantly reduced SEW2871 induced 
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collagen synthesis at the highest dose of 3 µM (Figure 4.5C, p < 0.05). Sph had no 

effect on collagen synthesis induced by SEW2871 (Figure 4.5D). 

 

4.4.11 DhSph and Sph had differing effects on TGFβ induced 

fibrotic genes 

The, the effects of dhSph and Sph on TGFβ induced fibrotic genes were 

investigated. In primary rat NCFs, stimulation with TGFβ for 18 h significantly 

increased TGFβ1 (p < 0.01), TIMP1 (p < 0.005) and CTGF mRNA levels (p < 

0.001, Figure 4.6A). DhSph significantly reduced TGFβ1 and TIMP1 at the higher 

dose of 1 µM (p < 0.05), but had no effect on CTGF mRNA. Sph had no effect 

on TGFβ1 and TIMP1 mRNA, but increased CTGF mRNA at the lower dose of 

0.1 µM (p < 0.05, Figure 4.7B). After 18 h of treatment with TGFβ, there was no 

change in Coll1a1 mRNA level in NCFs. Additionally, at this time point MMP2 

(p < 0.005) mRNA level was significantly reduced. Both dhSph and Sph had no 

effect on Coll1a1 and MMP2 mRNA levels in the presence of TGFβ. 
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Figure 4.6. Effect of dhSph and Sph on TGFβ induced fibrotic genes. In 

NCFs treated with 10 µM TGFβ for 18 h (A) dhSph reduced TGFβ and TIMP1 

mRNA levels but had no effect on Coll1a1, CTGF and MMP2. While (B) Sph a 

synergistic effect on CTGF mRNA levels, but had no effect on TGFβ1, Coll1a1, 

TIMP1 and MMP2. #p < 0.05, *p < 0.05, and $p < 0.05 vs. treatment, ####p < 0. 

0001, and ****p < 0.0001 vs. control.  Data are presented as ± SEM of 3 replicates. 
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4.4.12 DhSph reduced S1PR1 mRNA levels in NCFs 

TGFβ is known to increase SK1 activity, therefore the effect of dhSph and Sph 

on sphingolipid related genes were examined. TGFβ significantly increased the 

mRNA levels of the de novo sphingolipid pathway enzymes, SK1 (p < 0.01) and 

DEGS1 (p < 0.01) at 18 h, Figure 4.7. Both dhSph and Sph had no effect on the 

expression levels of these genes. While, TGFβ had no effect on S1PR1-3 mRNA 

levels, dhSph significantly reduced S1PR1 mRNA levels (p < 0.05, Figure 4.7A).  

DhSph also had no effect on S1PR2 and S1PR3 mRNA levels. Curiously, Sph 

increased S1PR2 and 3 mRNA levels significantly (p < 0.05, Figure 4.7B). 
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Figure 4.7. Effect of dhSph and Sph on TGFβ induced sphingolipid related 

genes. (A) In NCFs treated with TGFβ 10 (ng/ml) for 18 h dhSph reduced 

S1PR1 mRNA levels but had no effect on SK1, DEGS1, S1PR2 and S1PR3. While 

(B) Sph increased S1PR2 & 3 in the presence of TGFβ (10 ng/ml) and had no 

effect on S1PR1, SK1 and DEGS1 mRNA levels. #p < 0.01, $p < 0.05 vs. 
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treatment, and **p < 0.0001 vs. control.  Data are presented as ± SEM of 3 

replicates. 

 

4.4.13 DhSph reduced fibrotic genes induced by the S1PR1 

agonist  

The effect of dhSph on collagen synthesis stimulated by SEW2871 and S1PR1 

mRNA level in the presence of TGFβ led us to investigate its effect on SEW2871 

induced changes in NCF genes expression.  SEW2871 significantly raised Coll1a1 

(p < 0.01, TGFβ1 (p < 0.0001), CTGF (p < 0.05), TIMP1 (p < 0.0001) and TIMP2 

(p < 0.0001) mRNA levels, Figure 4.8A-D. DhSph significantly reduced Coll a1, 

TGFβ1 (p < 0.05), CTGF, TIMP1 and TIMP2 (p < 0.0001) at the doses tested. 

Figure 4.8. Effects of dhSph on SEW2871 induced fibrotic and sphingolipid 

related genes. (A-E) DhSph reduced the fibrotic genes; Coll1a1, TGFβ1, CTGF, 

TIMP1, and TIMP2 mRNA levels elevated by SEW2871, in NCFs treated with 

SEW2871 (10 µM) for 18 h (A-E). (F-G) DhSph also reduced S1PR1 and SK1 

mRNA levels. Both SEW2871 and dhSph had no effect on DEGS1gene 

expression. ####p < 0.0001, ###p < 0.005, ##p < 0.01, #p < 0.05 vs. treatment, and 
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****p < 0.0001, **p < 0.01, *p < 0.05 vs. control.  Data are presented as ± SEM of 3 

replicates. 

 

4.4.14 DhSph reduced S1PR1 and SK1 genes elevated by 

SEW2871 

Furthermore, the effects of SEW2871 on sphingolipid related genes such as 

S1PR1, SK1 and DEGS1 were explored. SEW2871 (10 µM) increased S1PR1 and 

SK1 gene expression levels in NCFs (Figure 4.8F-G). The expression levels of 

these genes were significantly reduced by dhSph (1 and 3 µM). SEW2871 did not 

have significant effect on the DEGS1 gene (Figure 4.8H). However, dhSph 

showed a non-significant trend toward an increase in DEGS1 gene expression in 

the presence of SEW2871.  
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Figure 4.9. Effect on NCF genes when treated exclusively with dhSph. (A) 

Changes in gene expression in NCFs treated with exogenous dhSph alone. At 18 
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h of treatment with dhSph there were no significant changes in the expression of 

fibrotic genes. (B) SK1 and Degsl gene expression were increased significantly by 

dhSph, while there were no changes in S1PR1 and 2 gene expression. *p < 0.05 

vs. control.  Data are presented as ± SEM of 3 replicates. 

 

4.5 Discussion 
 
The sphingolipids, dhSph and Sph, are intermediate lipids in the de novo 

sphingolipid pathway. They are rapidly metabolised in the pathway to give rise to 

other patho-physiologically relevant lipids such as Cer and S1P. Their rapid 

metabolism also results in low detection levels in plasma and tissue. Due to these 

reasons, their molecular effects on the pathway, and in disease models such as 

cardiac remodelling are rarely explored. Recent studies on cell proliferation, 

apoptosis, autophagy and migration have alluded to the possibilities of targeting 

the sphingolipid pathway for therapeutics [257, 258]. The growth factor, TGFβ, is 

known to increase activation of SK1 in the sphingolipid synthesis pathway [253]. 

Considering the pivotal role TGFβ plays in collagen synthesis and its role in 

cardiac remodelling, here the effects of exogenous dhSph and Sph on primary 

NCFs in the presence TGFβ was investigated. 

 

In cardiac fibroblasts, TGFβ is known to increase collagen synthesis and drive the 

trans- differentiation of fibroblasts into myofibroblasts. TGFβ binds to either 

TGFβ receptor 1 and 2, which then activates the canonical pathway, involving the 

receptor activated SMADS (R-SMADs); SMAD2 and 3. Exogenous dhSph 

significantly reduced collagen synthesis stimulated by TGFβ in NCFs (fig. 1C). 

The effect of dhSph on phosphorylation of SMAD2 (Figure 4.2A), and Akt  

(Figure 4.3A & B) implied that it was able to reduce collagen synthesis by targeting 
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both canonical and non- canonical TGFβ signalling pathways [259]. However, the 

inhibitory effect on the non-canonical signalling pathway did not include NFĸB 

phosphorylation (Figure 4.3D). TGFβ signalling can be both rapid and delayed 

depending on experimental conditions. Direct activation of P38-MAPK by TGFβ 

occurs through MKK3 and MKK6, as a result of TGFβ activating kinase 1 

(TAK1) activation which is a part of the MAP kinase kinase kinase (MAPK3K) 

[260].  TGFβ activation of Akt can occur through TRAF6 ubiquitination which 

also activates TAK1 [261]. Considering our experimental conditions, these 

pathways maybe directly activated by TGFβ at 18 minutes in NCFs, while NFĸB 

activation was likely delayed.  

Due to dhSph being rapidly metabolized, to further understand how dhSph was 

affecting TGFβ induced collagen synthesis, the relative enrichment of other lipids 

in NCFs using deuterium labelled dhSph was investigated. As expected, addition 

of d7-dhSph to cultured NCFs led to enrichment of dhCer, Cer, SM and dhS1P 

(Figure 4.4). The enrichment of dhS1P and dhCer occurred at around 10 minutes 

and stayed elevated for the duration of the study. The effects of dhSph on Akt 

could be a result of the increase in Cer [262]. This is highly likely in view of the 

similarity between Sph and dhSph effect on Akt and RPS6 phosphorylation as 

shown in Figure 4.3C and D. When Sph is incorporated into cells, enrichment of 

Cer predominates [263]. The downstream Akt target, RPS6, mediates transcription 

of genes including proliferation, and cell survival [227, 228]. TGFβ can activate 

the PI3K/ Akt signalling and can be dependent or independent of SMADs [264, 

265]. The addition of Sph and dhSph was able to inhibit this signalling interactions. 

Our findings indicate that the inhibition of collagen synthesis and the 

TGFβ/SMAD2 signalling by dhSph seems to be independent of the effects on 

Akt due to an increase in Cer. This is because addition of Sph also inhibited Akt 



 
 

180 

but had no effect on fibrotic markers, and the addition of Sph to some cell types 

preferentially increases S1P rather than Cer [266]. It is noteworthy that small 

amounts of both dhSph and Sph can be converted to Cer leading to the observed 

inhibitory effects on Akt. Additionally, these inhibitory effects did not involve 

other downstream non-canonical signalling pathways and molecules such as ERK, 

P38-MAPK, NFкB and STAT1 (Figure 4.3A-B, E-G).  

 

Despite dhS1P being consistently enriched at different time points in this study 

(Figure 4.4B1), and  a previous report suggesting  anti-fibrotic effects in dermal 

fibroblasts [163],  exogenous dhS1P had a synergistic influence on TGFβ induced 

collagen synthesis in NCFs (Figure 4.5A). Our previous findings have shown that 

exogenous dhS1P alone can induce collagen synthesis [254]. Additionally, SK1 

preferentially increases dhS1P and not S1P when dhSph is added exogenously 

[249]. Studies from our group and others have shown that dhS1P and S1P activate 

signalling pathways through their G protein coupled receptors, S1PRs, and are 

capable of “inside-out” signalling [84, 254]. Therefore, there is a possibility that 

the increased intracellular dhS1P, via inside out signalling, may have inhibited the 

TGFβ/SMAD signalling through its effects on phosphatase and tensin homolog 

(PTEN) as described by Bu and colleagues [137]. Additionally, the 

immunomodulator, fingolimod (FTY-720), has been shown to increase 

intracellular dhS1P [267], and was recently demonstrated to reduce existing cardiac 

hypertrophy and fibrosis in a pressure overload model [268]. 
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Figure 4.10. DhSph driven increase in de novo sphingolipid synthesis 

inhibits collagen synthesis in NCFs by TGFβ. Exogenous dhSph drives the 

de novo sphingolipid synthesis pathway as indicated with the red arrows. DhCer 

and dhS1P (bold red arrows) were increased the most. Increased intracellular S1P 

and dhS1P, due to increased pathway activation, are capable of activating S1PRs 

through “inside out” signalling (dashed black arrows). The increased activation of 

the de novo pathway was able to 1) inhibit pSMAD2 and non-canonical pathways 

activated by TGFβ (pink arrows and lines), which also led to reduced expression 

of fibrotic markers such as TGFβ1 and TIMP1. These effects were likely via 

“inside-out” signalling by dhS1P through an unknown mechanism that may 
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involve PTEN (dashed purple lines). 2) DhSph inhibited the S1PR1 agonist, 

SEW2871, induced collagen synthesis by reducing TGFβ1, TIMP1, CTGF, and 

TIMP2 mRNA expression (yellowish-brown arrows), perhaps through a 

substrate- enzyme-receptor interaction. Illustrated using ChemDraw Professional 

7.0 (Perkin Elmer, MA, USA). 

 

Apart from the increased enrichment of dhS1P, exogenous dhSph inhibited 

collagen synthesis induced by the S1PR1 agonist, SEW2871 (Figure 4.5C). This 

inhibition also led to profound reductions in the transcription levels of known 

fibrotic markers, such as TGFβ1, Coll1a1, CTGF, TIMP1 and TIMP2 (Figure 

4.8A-E). Similar effects were observed in TGFβ induced increase in mRNA levels 

of TGFβ1 and TIMP1 (Figure 4.6A), which were reduced by dhSph. There were 

no changes in these genes in Sph treated cells (Figure 4.6B and 4.7B).  Moreover, 

dhSph inhibition of S1PR1 transcription levels were observed in both TGFβ 

(Figure 4.7A) and SEW2871 (Figure 4.8F) treated cells, implying a connection 

between the receptor and dhSph activated sphingolipid pathway. Unlike S1PR2 

and 3, S1PR1 exclusively couples to the G i protein to transduce its signals [269]. 

One of the main downstream pathways that Gi proteins activate is the PI3K/Akt 

pathway, however similar inhibitory effects were not observed in cells that had 

Sph added exogenously.  Further examination of dhSph effects on the 

transcription level of sphingolipid pathway enzymes showed some differences 

between TGFβ and SEW2871 treated NCFs. TGFβ increased both SK1 and 

DEGS1 mRNA expression (Figure 4.7A). The effects of TGFβ on SK1 are 

known [253], while its effect on DEGS1 transcription is a new finding. Exogenous 

dhSph did not have any effect on SK1 and DEGS1 mRNA levels in the presence 
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of TGFβ and SEW2871, perhaps due to the independent effect of dhSph in the 

absence of other stimulants (Figure 4.9). Contrarily, exogenous dhSph reduced 

SK1 mRNA levels in the presence of SEW2871 (Figure 4.8G), indicating that the 

transcription of SK1 in SEW2871 treated NCFs may depend on S1PR1 activation. 

TGFβ’s direct effect on SK1 may have counteracted the effects of S1PR1 

inhibition by dhSph [253]. There was no effect on DEGS1 transcription after 

dhSph co-treatment in the presence SEW2871 in NCFs (Figure 4.8H). The 

inhibition of collagen synthesis through S1PR1 inhibition by dhSph implies the 

existence of a negative feedback mechanism employed by the increased dhSph 

substrate availability on S1PR1. Berdysev and colleagues have alluded to the 

existence of such a mechanism which they termed the substrate-enzyme-receptor 

complex [249]. The DES1 enzyme could be the mediator between dhSph and 

S1PR1 in this case, as there was no effect on its transcription levels in the presence 

of either TGFβ or SEW2871, furthermore it is classically known as the “gate 

keeper” enzyme in the sphingolipid pathway. It should be noted that inhibiting 

SK1 and SK2 may not necessarily yield similar results in NCFs to those observed 

in this study. Therefore the findings of this study be regarded as preliminary. 

 

In conclusion, the collagen reducing effects of dhSph in the presence of TGFβ, 

can be attributed to increased sphingolipids, such dhS1P, in the de novo synthetic 

pathway. Further studies are needed to determine which sphingolipid had the 

inhibitory effect. This study further highlighted the involvement of sphingolipid 

metabolic pathway’s substrate-enzyme-receptor interactions in pathological 

events such as fibrosis, and thus, the need for investigating the effects of 

intracellularly generated dhS1P.  
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Preface 
 

Chapter five describes the therapeutic potential of inhibiting the DES1 enzyme in 

the sphingolipid pathway for cardiac remodelling in a mouse I/R model using a 

tool compound, CIN038. Due to the length of the ipidomics results, they have 

been attached as appendix 3, to allow for a coherent flow to the chapter.  This 

work has been submitted for publication. 
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5.1 Abstract 
 
Rationale: In patients with MI, the level of sphingolipids such as Cer are increased 

and are associated with increased risk of progression towards HF. The DES1 

enzyme is responsible for the conversion of dhCer into Cer in the de novo 

sphingolipids pathway.  

Objective: Investigate the effects of DES1 inhibition on cardiac remodelling in a 

mouse model of ischemia-reperfusion (I/R) using a novel selective DES1 

inhibitor, CIN038. 

Methods and Results: Adult male C57Bl/6 mice underwent I/R surgery or sham and 

were randomly allocated to sham (n= 8), I/R+Vehicle (n=11) and I/R+CIN038 

(n=11) groups. The I/R+Vehicle and I/R+CIN038 groups were given the vehicle 

(Trappsol) or 50 mg/kg CIN038 daily (i.p), beginning at day four post-surgery. 

Echocardiography was performed on day 27. On day 28, cardiac pressure-volume 

(PV) catherisation was conducted prior to being euthanised, and tissue and plasma 

were collected for downstream histochemistry and molecular analysis. DES1 

inhibition by CIN038 reduced infarct size and cardiac stiffness. Furthermore, the 

DES1 inhibitor CIN038 attenuated myocyte hypertrophy and fibrotic marker 

gene expression, including coll1a1 and TGFβ1, as well as protein and tissue levels 

of α-SMA. The expression of IL-1β and IL-6 were also reduced by CIN038 

treatment, leading to downregulation of STAT1/3 and ERK signalling pathways.  

Conclusion: DES1 inhibitor CIN038 reduced cardiac remodelling markers in a I/R 

mice model by attenuating certain fibrotic, hypertrophic responses and 

inflammatory pathways. 
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5.2 Introduction 

Recently, interest in sphingolipids, in the pathophysiology of CVD has gained 

momentum, due to their altered levels in clinical and animal studies [270-272], and 

could have therapeutic implications for cardiac remodelling. The enzyme DES1 

acts as a gatekeeper in the de novo sphingolipid biosynthesis pathway, catalysing the 

insertion of a 4,5-trans-double bond into dhCer to form Cer [78, 86, 100]. Cer can 

be regarded as a metabolic hub, acting as a substrate for complex sphingolipids, 

Cer 1 phosphate (Cer1P), and eventually S1P from Sph.  Cer levels have been 

found to be elevated in the plasma of patients with coronary artery disease (CAD), 

and cardiac tissues of small animal models  [125, 273]. It also increases the risk for 

HF in patients, which may be attributed to Cers ability to induce apoptosis [129, 

274, 275]. In contrast, S1P is a bioactive molecule capable of activating cellular 

signalling pathways through its cell surface receptors (S1PR1-5) conferring both 

cardioprotective and injurious effects depending on the aetiology and the subtype 

of receptor being activated  [196, 276]. It also induces cell proliferation and is 

known to increase fibrosis in vitro, mimicking TGFβ mediated signalling through 

the SK1/S1P axis [122, 254, 277, 278].  

The benefits of DES1 inhibition have been targeted for cancer therapy utilizing 

phenolic compounds, and both sphingolipid and non-sphingolipid analogues. For 

example, inhibition of DES1 by the synthetic retinoic acid, fenretinide, reduces 

Cer and raises dhCer levels resulting in increased apoptosis, reduced proliferation 

and angiogenesis in various cancers[100, 279, 280]. In terms of metabolic disorders 

such as diabetes mellitus, DES1 inhibition increases insulin sensitivity, reduces 

adipocyte differentiation and senescence [100, 158]. Despite these demonstrations 

of the therapeutic potential of DES1 inhibition, the use of non-specific inhibitors 

has led to some contradictory findings.  Furthermore, the effects of DES1 
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inhibition in the context of CVDs including cardiac remodelling in MI has not 

been explored. We investigated the therapeutic potential of a novel DES1 

inhibitor, CIN038, in a mouse model of I/R. CIN038 is a synthetic sphingolipid 

derived specific inhibitor of the DES1 enzyme with an IC50 of 0.55 µM as 

published by Aurelio et.al [281]. It is compound number 38 in the article, with the 

chemical name 4-((5-(4-trifluoromethyl) phenyl)-1,3,4-oxadiazol-2-yl) amino)-

phenol.  

  

5.3 Methods 
 
This study was approved by the Alfred Research Alliance Animal Ethics 

Committee (AEC no. E/1949/2019/B). All animal experiments were conducted 

in accordance with the Australian Code of Practice for “the Care and Use of 

Animals for Scientific Purposes” of the National Health and Medical Research 

Council of Australia.  Male C57Bl/6 mice (n=30, age= 3 months) were obtained 

and housed at the Alfred Research Alliance Precinct Animal Care Facility. Mice 

were randomized to receive either myocardial I/R surgery (n= 22) or sham (n= 

8). 

 

5.3.1 I/R surgery 

Adult C57Bl/6 mice were randomly assigned to undergo either the I/R or sham 

procedures.  Briefly, mice were anaesthetised using a mixture of Ketamine (100 

mg/ kg), xylazine (20 mg/kg) and atropine (1.2 mg/kg) (KXA). Prior to incision, 

mice received subcutaneous injection of meloxicam and localised injection of 

bupivacaine around the surgical site (0.5 mg/kg). A left thoracotomy was 

performed via the fourth intercostal space to expose the left anterior descending 
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(LAD) coronary artery with the aid of a surgical microscope as described 

previously [282, 283]. The LAD coronary artery was ligated using a 7- 0 silk suture 

with slip-knot enclosing a releasing ring. Regional ischemia was induced for 40 

minutes, and blood flow through the LAD was re- established by releasing the 

slip- knots. Sham animals underwent the same procedures but were not ligated. 

Mice were randomly assigned to receive vehicle (Trappsol, 50 mg/kg/day, n= 11) 

or CIN038 (50 mg/ kg/ day CIN038, n= 11) commencing at four days after I/R 

surgery and were followed for a period of one-month post-surgery. The 

investigator was blinded. The 50 mg/kg daily i.p. dose was based on the enzyme 

activity of the drug in vitro cellular activity assays and initial PK studies. The i.p. 

route was chosen to determine if there were any toxicological or global effects, 

apart from the anti- fibrotic effects, as part of this compounds preliminary study. 

 

5.3.2 Echocardiography 

Left ventricular size and function were assessed on day 27 post-surgery through 

echocardiography. Mice were anaesthetized with isoflurane at approximately 4.5 

% induction and maintained at approximately 1.7% during image capture, with 

body temperature ~37◦. Transthoracic echocardiography was performed using a 

Vevo2100 ultrasound system equipped with a 40 MHz linear-array transducer. B-

mode loops of the long-axis parasternal view were captured and analysed offline 

in a blinded fashion, using Vevo LAB software (version 3.2.5).  
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5.3.3 Cardiac hemodynamic assessment 

Mice were anesthetized with isofluorine and placed in a supine position. A 1.4 Fr 

Millar Pressure-Volume catheter was inserted into the artery and LV with 10kHz 

and connected to a Powerlab System (AD instruments) were used. Hemodynamic 

assessment  was conducted for established parameters through a catheter placed 

into the LV through the right carotid artery, as described previously [284].  Cardiac 

performance was measured as stroke work (SW) and end diastolic and systolic 

volume (Ved and Ves). LV systolic preload dependent function was measured as 

maximal rate of LV pressure change (dP/dtmax) and end systolic pressure (Pes). 

End systolic and end-diastolic pressure volume relationships (ESPVR and 

EDPVR) were analysed as measures of preload and load independent LV systolic 

and diastolic function.  Diastolic load dependent LV function was quantified by 

end diastolic pressure (Ped), the isovolumetric relaxation constant (tau, τ), and the 

minimal rate of LV pressure change (dP/dtmin).  The LV developing pressure 

(Pdev), maximum and minimum LV pressure (Pmax and Pmin) and arterial 

elastance (Ea) were also assessed. Two mice (one in each group) were excluded 

due to incomplete measurement of parameters. 

 

5.3.4 Plasma and tissue collection 

After cardiac catherization, while anaesthetised, mice were euthanized after 

cardiac catheterisation through cardiac puncture using a 26-gauge needle and 

syringe. Cardiac blood was used to calibrate the hemodynamic data collected. This 

was then transferred into 1.5 mL Eppendorf tubes and centrifuged at 1800 rpm 

for 5 minutes to separate the plasma. 100 µL aliquots of plasma were snap frozen 

on dry ice and stored for subsequent analysis. Tissue weights were determined 
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after necropsy. The LV was dissected into three portions; the base, mid-section, 

and apex. The first portion of the re-sectioned mid-section was separated into the 

infarct zone, boarder zone and remote zone and snap frozen in separate 

Eppendorf tubes. The second portion of the LV mid-section, and other tissues 

were processed for histochemistry. 2 -3 mm pieces of other tissues were also snap 

frozen in liquid nitrogen for western blot, lipidomics and PCR, accordingly.  

 

5.3.5  Plasma and liver lipidomic 

Plasma and liver samples from mice were processed for lipidomics analysis. The 

liver was chosen to determine whether CIN038 affected global lipid synthesis and 

due to less cardiac tissue available to process for lipidomics after utilising it for 

other assays.  Liver tissue weight of about 16.19 ± 1.82 mg were homogenized 

using the Bullet Blender Gold (BB24-AU-CE, Next Advance, Troy, NJ, USA) at 

4◦C for 15 seconds. Samples were then sonicated on a Misonix ultrasonic liquid 

processor (S-4000, Misonix, Inc., Farmingdale, NY, USA) at 25 amplitudes for 10 

seconds on ice. 5 µL aliquots of samples were separated for protein quantification 

before snap-frozen on dry ice.  

Lipids were extracted from 10 µL of approximately 9.3 ± 2.7 µg/mL protein from 

homogenized liver tissues and 10 µL of plasma samples and processed  for liquid 

chromatography-mass spectrophotometry (LC-MS) according to previously 

published methods [255]. The Agilent 6490 QQQ mass spectrometer with an 

Agilent 1290 series HPLC system and a ZORBAX eclipse plus C18 column (2.1 

x 100 mm, 1.8 μm, Agilent) with the thermostat set at 60°C was used to analyse 

the cell extracts. Mass spectrometry analysis was performed with dynamic 

scheduled multiple reaction monitoring (MRM) in positive ion mode.  After 

https://www.sciencedirect.com/topics/chemistry/positive-ion
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characterizing the lipids, the Mass Hunter (B.07.00, Agilent Technologies) 

software was used to integrate chromatographic peaks. Lipids were assigned to a 

specific lipid species based on MRM (precursor/product) ion pairs and retention 

time. The ratio of each analyte peak with the corresponding internal standard, was 

used to quantify the lipids.  

 

5.3.6 Histochemical analysis of cardiac tissue sections 

Mid LV tissue sections were fixed in 10% neutral buffered formalin for 24 h and 

embedded in paraffin blocks. 4 µm thin sections were prepared on salinized glass 

and stained with Picosirius red (PSR) to determine the extent of fibrosis [16]. 

Infarct size was measured as an averaged percentage of the endocardial and 

epicardial scarred circumferences of the whole LV within each group (Figure 5.1). 

Slides were scanned using Aperio Scanscope CS digital scanner (Aperio ScanScope 

Console v.8.0.0.1058, Aperio Technologies, Inc.) at x20 magnification and 

analysed using ImageScope (v11.1.2.760, Aperio Technologies).  

Figure 5.1. Infarct size measurement illustration. Infarct size was measured 

https://www.sciencedirect.com/topics/chemistry/ion-pair
https://www-sciencedirect-com.ezproxy.lib.monash.edu.au/science/article/pii/S0022282816300438#bb0080
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using the following formula: Infarct size (%) = [(x1/y1) + (x2/y2)] / 2 *100, 

where x1: infarct length on the endocardium (μM), y1: total length of endocardium 

(μM), x2: infarct length on the epicardium (μM), y2: total length of epicardium 

(μM).  

 

The hematoxylin and eosin (H&E) stain was used to assess cell morphology and 

myocyte hypertrophy, from approximately 50 myocyte per LV in the 

subendocardial region of the LV with similar-sized nuclei and intact cellular 

membranes. Individual cell membranes were traced to determine the cross-

sectional area, and these were averaged as a measure of hypertrophy. Sections were 

also processed for immunohistochemistry to assess cardiac expression of tissue 

specific Coll 1 and 3, SMADs, TGFβ, and α-SMA. CD45 and CD68 positive 

staining were used as inflammatory cell markers for lymphocytes and 

macrophages. All sections were counterstained with hematoxylin. Antibody 

staining was detected by diaminobenzidine as previously reported [285], and 

quantitated for percentage area using ImageScope. The total number of CD45 and 

CD68 immunoreactive cell infiltration and SMAD2 phosphorylation (pSMAD2)-

stained nuclei in non-infarct zone of the LV were individually counted from an 

average of 25 fields of view using ImageScope at x40 magnification. All data were 

acquired and analysed by a single blinded observer. Further information on 

antibodies for immunohistochemical staining are provided in Appendix 2.3.  
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5.3.7 Cardiac tissue protein expression analysis through 

Western Blot 

Tissues from the infarct and remote zone of the LV were homogenised in 300 µL 

lysis buffer with inhibitor cocktails, for 10-15 seconds on ice. Aliquots of the lysate 

were snap frozen on dry ice after centrifuging at 12 000 g for 10 minutes. Proteins 

were quantified using the Bradford assay. Protein were denatured at 98 ◦C in 

sample buffer and equal amount of protein (10 µg) from each sample were 

separated on 7.5% and 10% gels by SDS-PAGE, and transferred onto 

nitrocellulose membranes (GE HealthCare, Chicago, IL, USA). Western blotting 

was performed as described in section 2.3.5. The membranes were probed for 

phosphorylated, Akt, STAT1 and 3, ERK, mTOR, RPS6, nuclear factor kappa B 

(NFĸB: CST, Danvers, MA, USA: 3192), and p38 mitogen activated protein kinase 

(p38-MAPK: CST, Danvers, MA, USA: 5536). They were also probed for TGFβ, 

TIMP1, and α-SMA. Bands were detected using Super Signal West Pico 

Chemiluminescence Substrate (Thermo Fisher Scientific, Rockford, IL, United 

States) on the BioRad Chemidoc instrument and analysed using Image lab 

software (BioRad Laboratories, Hercules, CA, USA). Proteins were normalized to 

GAPDH or β-Actin.  

 

5.3.8 PCR analysis of gene expression  

RT PCR was used to ascertain changes in gene expression. Infarct and remote 

zone heart tissue sections were homogenized in 300 µL trizol for 10-15 seconds 

on ice. RT PCR was performed as described in section 2.3.7. The expression levels 

of the fibrotic markers; TGFβ1, CTGF, TIMP1 and 2, Coll1a1, Coll3aI, and 

MMP2 and 9, the S1P receptors; S1PR1-3, the enzymes; SK1, and DES1 
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(DEGS1), hypertrophy markers; alpha myosin heavy chain (αMHC), ANP and 

BNP, and inflammatory markers; tumour necrosis factor alpha (TNFα), 

interleukin 1 beta and 6 (IL-1β and IL-6) were quantified. Refer to Appendix 2.2 

for full sequence of primers. 18s rRNA was used as the endogenous control.  

 

5.3.9 Cardiac fibroblasts lipidomics analysis 

Primary NCFs were isolated and cultured as described in section 2.3. Briefly, 

NCFs cultured were cultured at a density of 2.5 X105 cells/ well. These were 

treated with 3.0 and 10 µM CIN038 for 5 and 24 h. The cells were harvested and 

processed for lipidomics as described in section 4.3.5. The fibrotic agent Ang II 

was used at both time points as a comparison. 

 

5.3.10 Data Analysis 

One-way ANOVA followed by Bonferroni’s post hoc test was used to determine 

statistical significance in more than two groups. Student t-test was used to assess 

difference between two groups. Lipidomics data analysis was performed using 

either student t-test or One-way ANOVA, both were tested for false discovery 

rate (FDR) by multiple comparisons (Benjamini Hochberg method).  The results 

are presented as mean ± SEM. A statistically significant result was determined 

with a two-tailed p-value of less than 0.05. GraphPad Prism Version 9 (GraphPad 

Software Inc., San Diego, CA, United States) was used to perform all the statistical 

analyses. 
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5.4 Results 
 
A total of 28 mice were included in the study. A mouse in the I/R+Vehicle group 

was excluded due to a non- drug related adverse event at day 14 of the study 

(Figure 5.2).  Another mouse in the CIN038 treatment group was excluded in the 

analysis process due to small infarct size (8%) as indicated by histochemistry, and 

by echocardiography. 

 

Figure 5.2. Schematic representation of the CIN038 study. 

 

In the I/R+Vehicle group there was a strong trend toward an increase in heart 

weight to body weight ratio (hw/bw) (p= 0.058) compared to the sham group. 

There were no significant changes in lung weight to body weight ratio (lw/bw). 

The effects of CIN038 on hw/bw and lw/bw compared to the I/R+Vehicle 

group were not significant (Table 5.1). There were no differences in the body 

weight between the groups.  
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Table 5.1. Differences in body weight and heart weight of mice. * sham vs. 

I/R+Vehicle. BW; body weight; HW; heart weight; LW, lung weight. Data are 

presented as mean ± SEM. 

Group 

BW (g) HW/BW Ratio 

(mg/g) 

LW/ BW Ratio 

(mg/g) 

Mean p Value Mean p Value 

 

Mean p Value 

 

Sham (8) 
30.68 ± 
2.34 
 

 4.65 ± 0.13  5.28 ± 0.26 
 

 

I/R+Vehicle 

(10) 

28.31± 
2.32 
 

0.071 5.59 ± 0.49 0.058 5.56 ± 0.56 0.71 

I/R+CIN038 

(10) 

28.31± 
1.61 
 

0.77 4.90 ± 0.28 0.13 5.28 ± 0.22 0.64 

 

5.4.1 Echocardiography 

Echocardiography showed that CIN038 treatment had no significant effect on 

cardiac function (Table 5.2). The LV volume at diastole and systole (p= 0.01, and 

p= 0.003, respectively) and LV area at systole (p= 0.005) were significantly 

increased in the I/R+Vehicle group. The ejection fraction (EF), and stoke volume 

(SV) were reduced by 44%, and 19% in the I/R+Vehicle group compared to sham 

(p=<0.0001, and p=0.0629, respectively). The 16% reduction in cardiac output 

(CO) in the I/R+Vehicle group compared to sham was not significant (p= 0.11). 

The changes in these parameters in the I/R+CIN038 compared to the 

I/R+Vehicle group were not significant.  There were no significant differences in 

the heart rate (HR) between the groups. Representative echocardiography image 

provided in Figure 5.3A. 
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Table 5.2 Echocardiography assessment at day 27. DES1 inhibition had no 

significant on cardiac function parameters altered by IR induced MI. Values are 

presented as mean ± SEM. *significant p value vs. Sham. Sham=8, 

I/R+Vehicle= 10, I/R+CIN038=10. 

Parameters  Sham I/R+Vehicle I/R+CIN038 

(Units) 
Mean ± 

SEM 
Mean ± 

SEM 

p value 
vs. 

Sham 

Mean ± 
SEM 

p value 
vs. 

I/R+ 
Vehicle 

HR (bpm)  466.8±16.1 482.2±11.4 0.434 503±11.9 0.21 

Area_s (mm) 14.4±0.4 21.2±1.9 0.005* 19.9±1.5 0.57 

Area_d 
(mm) 22.3±0.7 26.7±1.8 0.052 25.8±1.2 0.65 

Vol_s (uL) 26.4±1.4 64.2±9.4 0.003* 56.7±7.0 0.51 

Vol_d (uL) 56.2±3 88.4±9.8 0.0136* 82.4±6.1 0.59 

SV (uL) 29.8±1.7 24.2±1.9 0.048* 25.8±1.3 0.50 

EF (%) 52.9±0.8 29.5±3.3 <0.0001* 32.8±3.3 0.46 

CO 
(ml/min) 13.9±0.9 11.7±0.9 0.103 12.9±0.6 0.26 

 

5.4.2 Cardiac hemodynamic parameters 

CIN038 treatment did not improve cardiac hemodynamic parameters in mice with 

I/R (Table 5.3). The Ves and Ved showed a strong trend toward an increase in 

the I/R+Vehicle group (p= 0.07, and p= 0.08, respectively), implying increased 

workload. The LV dP/dtmax, Pdev, and Pes were significantly reduced in the 

I/R+Vehicle group compared to sham (p= 0.001, p= 0.0007 and p= 0.002, 

respectively). Tau (τ) was significantly prolonged by 30% and dP/dtmin was 

increased in the I/R+Vehicle group compared to sham (p= <0.0001 and p= 

0.0002, respectively). Contractile function as measured by the ESPVR had a strong 

trend toward a reduction in the I/R+Vehicle group compared to sham group (p= 

0.08). The changes in these parameters in the I/R+CIN038 group compared to 

the I/R+Vehicle group were not significant. There were no significant differences 
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between groups in the other parameters such as EDPVR, Ea, SW, Ped and Pmin. 

Representative echocardiography image provided in Figure 5.3B. 

 

Table 5.3 Hemodynamic parameters measured by PV analysis at day 28. 

Values are presented as ± SEM. * significant p value vs. Sham. Sham= 8, 

I/R+Vehicle= 9, I/R+CIN038= 9. Two mice were excluded, due to incomplete 

measurements. 

PV Loop 
Parameters 

Sham I/R+Vehicle I/R+CIN038 

Mean 
±SEM 

Mean 
±SEM 

p value 
vs. 

Sham  
Mean 
±SEM 

p value 
vs. 

I/R+Veh  

SW 
(mmHg*µL) 

1893.7±190.9 
1604.3± 

146.9 
0.2 

1604.9± 
101.6 

0.99 

ESPVR 
(mmHg/ml) 

2.8±0.6 1.7±0.3 0.08 1.4±0.2 0.43 

EDPVR 
((mmHg/ml) 

0.4±0.06 0.5±0.08 0.4 0.4±0.09 0.41 

Ves (µL) 23.1±4.3 53.1±13.8 0.07 43.1±7.2 0.53 

Ved (µL) 42.6±6.6 73.5±14.1 0.08 63.1±6.3 0.51 

Pmax 
(mmHg) 

98.2±2.4 85.3±1.9 0.0007* 84.2±1.7 0.68 

Pmin 
(mmHg) 

-0.0001± 
0.00008 

0.03±0.03 0.3 
0.00001± 
0.00009 

0.28 

Pdev 
(mmHg) 

98.2±2.4 85.3±1.9 0.0007* 84.2±1.7 0.69 

Pes 
(mmHg) 

93.5±2.1 81.9±2.3 0.002* 81.5±1.7 0.89 

Ped 
(mmHg) 

5.2±0.4 6.01±0.8 0.4 6.6±0.8 0.60 

Ea 
(mmHg/µL) 

4.4±0.7 3.6±0.4 0.3 3.4±0.3 0.70 

dP/dt max 
(mmHg/s) 

10771.8± 
766.6 

7515.7± 
352.34 

0.001* 
7824.2± 

473.6 
0.61 

dP/dt min 
(mmHg/s) 

-9523.00± 
690.5 

-5881.9± 
328.1 

0.0002* 
-6172.1± 

353.3 
0.55 

 τ (ms) 5.5±0.1 7.2±0.3 0.0001* 6.7±0.2 0.25 
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Figure 5.3. Representative images of echocardiography and PV loops. (A) 

Representative long axis echocardiography images at diastole and systole. LV, left 

ventricle; LA, left atrium; Ao, Aorta. (B) Representative PV loops from sham, 

I/R+Vehicle, and I/R+CIN038 group.  

 

5.4.3 Infarct size and tissue fibrosis 

The I/R surgery caused MI as indicated by the substantially large infarct size in 

the I/R+Vehicle animals (p= <0.0001, Figure 5.4B). Mice treated with CIN038, 

had a strong trend toward a reduction in infarct size by 22% compared to the 

I/R+Vehicle group (p= 0.0518). In the I/R+Vehicle group tissue interstitial 

fibrosis was significantly increased (p= <0.0001), together with significant increase 

in tissue expression of Coll 1, Coll 3 and α-SMA (p= <0.0001, p= 0.0002 and p= 

0.0314, respectively). CIN038 treatment in the I/R+CIN038 group had a strong 

trend toward reduction in Coll 3 tissue expression, with no significant (NS) effect 

on interstitial fibrosis, Coll 1 and α-SMA expression compared to I/R+Vehicle 
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group.  Immunohistochemical staining of cardiac tissue demonstrated a significant 

increase in TGFβ1 (p= 0.0008) protein expression in the I/R+Vehicle group.  

Tissue nuclear protein expression of phosphorylated SMAD2 (pSMAD2) also 

tended to increase (p= 0.0971). CIN038 treatment significantly reduced TGFβ1 in 

the I/R+CIN038 animals compared to I/R+Vehicle (p= 0.0155), and despite a 

reduction in pSMAD2 which was not significant (p= 0.0809).  

 

Figure 5.4. Effect of DES1 inhibition on infarct size and tissue expression 

of fibrotic markers.  (A) Representative picture of the heart from each group. 

(B) Infarct size was increased in the I/R+Vehicle group, which was reduced in the 

I/R+CIN038 group. (C) Representative immunohistochemistry 

photomicrographs of PSR, Coll1, Coll3, α-SMA, TGFβ1 and pSMAD2 staining. 

Scale bar: 100µm. (D) Quantification of PSR staining for interstitial fibrosis, and 
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Coll1, Coll3 and α-SMA immunohistochemical staining.  Values are presented as 

mean ± SEM.  

 

5.4.4  Cardiac myocyte hypertrophy  

DES1 inhibition significantly reduced myocyte hypertrophy in mice with I/R. The 

myocyte cross-sectional area in the I/R+Vehicle group was significantly increased 

compared to sham (p= 0.0003, Figure 5.5B).  This was significantly reduced in the 

I/R+CIN038 group compared to the I/R+Vehicle group.  

Figure 5.5. Effect of DES1 inhibition on cardiac myocyte hypertrophy. (A) 

Representative histochemistry photomicrographs of H&E staining. Scale bar: 100 

µm. (B) I/R significantly increased myocyte area in the I/R+Vehicle group, this 

was reduced in the I/R+CIN038 group. Data are presented as ± SEM. 
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5.4.5 Cardiac CD68 and CD45 positive cell infiltration 

Compared to sham animals, analysis of inflammatory cell infiltration in the 

myocardium as demonstrated by immunohistochemistry showed significant 

increase in CD45 (p= 0.0068) and CD68 (p= 0.0006) positive immune cell staining 

in the I/R+Vehicle group compared to the Sham group (Figure 5.6A and B). 

Changes in both CD45 and CD68 positive immune cell staining in the 

I/R+CIN038 group compared to the I/R+Vehicle group were not significant (p= 

0.2015 and p= 0.5646, respectively). 

Figure 5.6. Effect of DES1 inhibition on lymphocyte and macrophage 

infiltration. (A) Representative immunohistochemistry photomicrographs of 

CD45+ and CD68+ staining. Scale bar: 100 µm. (B) Percentage of CD45+ and 

CD68+ cell infiltrates in the cardiac tissue were increased in the I/R+Vehicle 

group. Data are presented as mean ± SEM.  
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5.4.6 Cardiac fibrotic markers gene expression 

Examination of fibrotic gene markers revealed that CIN038 treatment 

significantly reduced Coll1a1 (p= 0.0383) and TGFβ1 (p= 0.0459) mRNA levels 

in the I/R+CIN038 group compared to the I/R+Vehicle group in the infarct 

zone (Figure 5.7A & C). CIN038 had no significant effects on Coll 3a1, CTGF, 

TIMP1, TIMP2, MMP2 and MMP9. These markers were all significantly increased 

in the I/R+Vehicle mice compared to sham mice, except for MMP9. In the 

remote zone Coll1a1 mRNA expression was significantly reduced (p= 0.0381), 

while Coll3a1 (p=0.0552), TIMP1 (p= 0.0925), and MMP9 (p= 0.0591) mRNA 

expression showed trends of reduction in the I/R+CIN038 group, compared to 

the I/R+Vehicle group (Figure 5.7I-L).  
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Figure 5.7. Effect of DES1 inhibition on the gene expression of fibrotic 

markers. (A-H) DES1 inhibition significantly ameliorated the mRNA expression 

levels of Coll1a1, and TGFβ1 in the infarct zone. No significant effects on 

Coll3a1, CTGF, TIMP1, TIMP2, MMP2 and MMP9 mRNA expression were 

observed. (I-L) In the remote zone, Coll1a1, Coll3a1, TIMP1 and MMP2 were 

reduced in the I/R+CIN038 group compared to sham. 

 

5.4.7 Cardiac hypertrophic and inflammatory gene expression 

In the I/R+Vehicle mice, hypertrophic gene markers such as αMHC was 

significantly reduced, while ANP and BNP were significantly increased in the 

infarct and remote zones (Figure 5.8A and B). CIN038 treatment increased αMHC 
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mRNA expression in I/R+CIN038 group (p= 0.0353) but had no effect on ANP 

and BNP mRNA expression compared to the I/R+Vehicle group in the infarct 

zone. In the remote zone, the changes in αMHC, ANP and BNP mRNA 

expression were not altered significantly by CIN038.  

IL-1β (p= 0.0013) and IL-6 (p= <0.0001) gene expression levels in the infarct zone 

were significantly increased in the I/R+Vehicle mice compared to sham mice 

(Figure 5.8C). In the I/R+CIN038 mice IL-6 expression showed a trend of 

reduction compared to the I/R+Vehicle mice (p= 0.0635), but had no effect on 

IL-1. There was no difference in TNFα mRNA expression between the groups 

in the infarct zone. 
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Figure 5.8. Effect of DES1 inhibition on hypertrophic and inflammatory 

gene expression. (A) Expression of hypertrophic markers αMHC, ANP and 

BNP were altered in the infarct zone, (B) and in the remote zone of I/R hearts.  

(C) Changes in IL-1β, and IL-6 gene expression in the infarct zone of I/R hearts. 

Data are presented as mean ± SEM. 
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5.4.6 Expression of sphingolipid related genes in the heart 

Analysis of sphingolipid related gene expression in the infarct zone demonstrated 

that SK1 (p= <0.0001), and S1PR2 (p= <0.0001) mRNA were significantly 

elevated in the I/R+Vehicle group compared to sham (Figure 5.9A and D).  The 

mRNA level of S1PR1 was reduced significantly (p=0.011), but the reduction in 

S1PR3 mRNA was not significant (p=0.077), Figure 5.9C and E, respectively. 

CIN038 treatment in the I/R+CIN038 group had no significant effect on these 

genes compared to the I/R+Vehicle group. The mRNA level of the DEGS1 gene 

was not altered in all treatment arms in the infarct and remote zones (Figure 5.9B 

and F). 

Figure 5.9. Effect of DES1 inhibition on the expression of sphingolipid 

related genes.  (A-E) DES1 inhibition had no significant effect on SK1, DEGS1, 

S1PR1-3 gene expression in the infarct zone of I/R+CIN038 mice compared to 

I/R+Vehicle mice. (F) DES1 inhibition had no significant effect on DEGS1 gene 
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expression in the remote zone of I/R+CIN038 mice compared to I/R+Vehicle 

mice. 

 

5.4.9 Fibrotic protein expression in cardiac tissue 

α-SMA and TGFβ were remarkably increased in the I/R+Vehicle mice compare 

to sham (p= 0.0009 and p=0.0162, respectively), while the shift toward an increase 

in TIMP1 protein expression was not significant (p= 0.1573). CIN038 treatment 

significantly reduced α-SMA (p= 0.034) and TGFβ (p= 0.042) protein expression, 

while there was a strong trend toward reduction in TIMP1 (p= 0.066) expression 

in the infarct zone of I/R+CIN038 mice compared to the I/R+Vehicle mice.  

 

Figure 5.10. Effect of DES1 inhibition on fibrotic proteins in the heart. 

Protein expression of (A) α-SMA, (B) TGFβ and (C) TIMP1 were reduced by 

DES1 inhibition in I/R+CIN038 mice compared to I/R+Vehicle mice. Data are 

presented as mean ± SEM. (D) Representative images of western blots.  
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5.4.10 Des1 inhibition modulates phosphorylation of ERK  

The effects of DES1 inhibition on P38-MAPK and ERK signalling pathways in 

the heart were examined. P38-MAPK phosphorylation (pP38) was significantly 

reduced (p= 0.0207) in the infarct zone but not in the remote zone of the 

I/R+Vehicle group compared to sham (Figure 5.11A and B). Reduced P38-

MAPK phosphorylation in the infarct zone has been reported previously [286]. 

The increase in pP38 by DES1 inhibition in the I/R+CIN038 group compared to 

the I/R+Vehicle group was not significant. ERK phosphorylation (pERK) was 

significantly increased in the infarct (p= <0.0001) and remote zone (p= 0.029) of 

I/R+Vehicle group compared to sham. DES1 inhibition in the I/R+CIN038 

group reduced pERK in the infarct zone (p=0.017) and not the remote zone, 

compared to the I/R+Vehicle group.  

 

 

Figure 5.11. Effect of DES1 inhibition on MAPK and ERK signalling. (A) 

DES1 inhibition reduced pERK and had little effect on pP38 in the infarct zone 

of the I/R+CIN038 group. (B) The effect of DES1 inhibition on pP38 and pERK 

in the remote zone were not significant in the I/R+CIN038 group. Graphed data 

are presented as mean ± SEM.  
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5.4.11 Effect of CIN038 treatment on STAT and Akt 

Signalling 

STAT1 and 3 phosphorylation were significantly increased in the I/R+Vehicle 

mice compared to sham mice in the infarct zone (p= 0.0026, and p= 0.0046, 

respectively), Figure 5.12A-B.  CIN038 treatment in the I/R+CIN038 group 

demonstrated significant reduction in pSTAT1 (p= 0.0494) but not pSTAT3 

compared to the I/R+Vehicle mice. There was a trend toward an increase in 

NFĸB phosphorylation (pNFĸB) in the Vehicle-treated MI animals, however it 

was not significant (p= 0.2399).  In the remote zone, pSTAT3 was significantly 

increased (p= 0.0127) and pNFĸB (p= 0.0558) phosphorylation trended strongly 

toward an increase in the I/R+Vehicle mice, compared to sham (Figure 5.12E-F). 

CIN038 treatment in the I/R+CIN038 mice reduced pNFĸB significantly 

compared to I/R+Vehicle mice (p= 0.0464). However, the reduction in pSTAT3 

in the I/R+CIN038 mice was not significant (p= 0.0775). 

In view of the evidence for reduced Akt phosphorylation due to DES1 ablation 

[287, 288], we also investigated the expression of Akt signalling pathway proteins. 

Western blot analysis demonstrated that in the infarct zone, the differences in 

pAkt, p-mTOR, and pRPS6 were not significant between the groups (Figure 

5.12C-D).  
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Figure 5.12. Effect of DES1 inhibition on STAT and Akt signalling proteins 

in the heart. (A) DES1 inhibition in the I/R+CIN038 group showed a strong 

trend toward a reduction in pSTAT1 but had no effect on pSTAT3 and pNFĸB 

compared to the I/R+Vehicle group in the infarct zone. (C) No significant effects 
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were observed for pAkt pathway related protein such pAkt, p-mTOR and pRPS6 

in the infarct zone. (E) DES1 inhibition reduced pSTAT3 and pNFĸB in the 

remote zone of I/R+CIN038 group. (B, D & F) Representative images of western 

blots. Graphed data are presented as mean ± SEM.  

 

5.4.12 Changes in total plasma lipid profile after DES1 

inhibition 

Analysis of the lipid profile in plasma through lipidomics demonstrated that total 

dehydrocholesterol ester-DE (30.54%, p= 0.0068), lisophosphatidylcholine-LPC 

(12.31%, p= 0.0279), lysophosphatidylethanolamine-LPE (11.37%, p= 0.0271), 

lysophosphatidylinositol-LPI (23.18%, p= 0.0210), phosphatidylinositol-PI 

(14.61%, p= 0.0402), and S1P (24.31 %, p= 0.0189) were significantly reduced in 

the I/R+Vehicle group compared to sham (Table 5.4). However, these were all 

not significant after multiple comparisons using the Benjamini and Hochberg 

method. CIN038 treatment in I/R+CIN038 group also had no effect on these 

total lipids compared to the I/R+Vehicle group. There was no significant 

difference between groups for total sphingolipids such as dhCer, Cer and SM. 

Other sphingolipid metabolites are found at extremely low levels in both 

physiological and pathological states, therefore the mass spectrophotometry 

method employed was unable to detect quantifiable amounts of these metabolites. 
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Table 5.4. Total lipids in the plasma of I/R+Vehicle vs. sham and I/R+CIN038 vs.  I/R+Vehicle. Significant values 

in red font. Data are presented as mean ±SEM. NS= Not significant. 
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5.4.13  Effect of CIN038 treatment on individual lipid species 

in plasma  

A total of 27 individual lipid species levels in plasma were significantly altered in 

the I/R+Vehicle group compared to sham, Appendix 3.1. These included two 

species each of CE, plasmalogen (PC(P)) and TG, and one specie of  

lysoalkylphosphatidylcholine (LPC(O)) were significantly increased.  While, seven 

SM species, five LPC species, three species of DE, two species each of alkenyl 

phosphatidylethanolamine (PE(P)) and PI, and one specie each of S1P and 

phosphatidylcholine (PC) were significantly reduced. None of these were 

significantly changed in the I/R+CIN038 group compared to the I/R+Vehicle 

group. However, CIN038 treatment did affect other species that were not changed 

in the I/R+Vehicle group. Lipid species such as fatty acids-FA (18:2; p= 0.0367), 

PC (P-16:0/16:0; p= 0.007), and SM (44:3; p=0.031, and d18:1/17:0; p= 0.011) 

were significantly increased in the I/R+CIN038 group compared to the 

I/R+Vehicle group. While the PC species 33:2 (p= 0.034) 16:1_18:2 (p= 0.043) 

and 17:1_18:2 (p= 0.0003) were reduced significantly. After multiple comparisons 

for false discoveries, only the lysoalkylphosphatidylcholine (LPC(O-24:0), p= 

0.022) species was significantly increased in the I/R+Vehicle group compared to 

sham. This was not change in the I/R+CIN038 group compared to the 

I/R+Vehicle group.  Analysis of dhCer/Cer ratio for matching individual species 

in plasma showed no significant changes. 
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5.4.14 Changes in total liver lipid profile after CIN038 

treatment 

Analysis of liver lipid profile demonstrated that total free cholesterol (COH, 

9.73%), alkyl phosphatidylcholine (PC(O), 26.77%) and plasmalogen (PC(P), 

47.63%) were increased significantly, while diacylglycerol (DG, -37.43%), LPE (-

14.22%), PI (-11.28%), TG(SIM) (-54.11%) and ubiquinone (-26.83%) were 

significantly reduced in the I/R+Vehicle group compared to sham (Table 5.5). 

Only the total (PC(O), p= 0.0276) and PC(P) (p= 0.0276) remained significant 

after multiple comparisons for false discoveries. These were not changed 

significantly with CIN038 in the I/R+CIN038 group compared to the 

I/R+Vehicle group. Additionally, there were no changes in total sphingolipids 

such as dhCer, Cer and SM   in the liver between the groups. 
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Table 5.5. Total lipids altered in the liver of I/R+Vehicle vs. sham and I/R+ CIN038 vs. I/R+Vehicle. Significant 

values in red font. Data are presented as mean ±SEM. NS =Not significant. 
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5.4.15 Effect of DES1 inhibition on individual lipid species in 

liver 

A total of 171 individual lipid species were significantly altered in the liver in the 

I/R+Vehicle group compared to sham (Appendix 3.2). 90 TG species, 11 DG 

species, two FA, LPE, and PI species, and one each of CE, and Cer species were 

significantly reduced in the I/R+Vehicle group compared to sham. CIN038 

treatment in the I/R+CIN038 group had significantly reduced PC (O- 34:1; p= 

0.031, and O-36:0, p= 0.027), and SM (d18:0/16:0, p=0.048) species in the liver, 

but had no effect on the others. Additionally, 21 PC(O) species, 20 PC(P) species, 

eight SM species, four PE species, three CE species, and one each of COH and 

phosphatidylserine (PS) species were significantly increased in the I/R+Vehicle 

group compared to sham, while ubiquinone was reduced significantly. CIN038 

treatment reduced PC (O-34:1; p= 0.031, and O-36:0; p= 0.027) and 

SM(d18:0/16:0) in the I/R+CIN038 group compared to the I/R+Vehicle group, 

however CIN038 had no effect on the other lipids. After multiple comparisons 

for false discovery, only the PC(O) (O-32:1, O-34:1, O-36:0, O-18:0/18:1, and O-

45:0; p= 0.041), PC(P-18:0/18:2, p= 0.041), PE (P-18:1/22:4, p= 0.041) and 

DG(18:0/24:0, p= 0.041) species remained significant in the I/R+ vehicle group 

compared to the sham.  

Interestingly, other lipid species in the I/R+CIN038 group were significantly 

altered, that were not changed in the I/R+Vehicle group. These included 

significant reductions in PC (16:0_16:0; p= 0.02), PE (P-16:0/18:1; p= 0.028, and 

P-16:0/20:3; p= 0.006) and SM ((38:3) (b); p= 0.037) species in the I/R+CIN038 

group compared to the I/R+Vehicle group. In addition, the following TG species 

were significantly increased in the I/R+CIN038 group compared to the 
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I/R+Vehicle group; O-50:1[NL-15:0] (p= 0.042), O-52:1 [NL-16:0] (p= 0.031), 

O-50:2 SIM (p= 0.024), O-52:2 [NL-16:0] (p= 0.011), O-52:2 [NL-17:1] (p= 

0.022), O-52:2 [NL-18:1] (p= 0.026), O-54:2 [NL-17:1] (p= 0.039), O-54:3 [NL-

17:1] (p= 0.011), O-54:3 [NL-18:1] (p= 0.008), and O-54:4 SIM (p= 0.027), and 

LPC (26:0 [sn1] (p= 0.031).  However, these were not significant after FDR 

testing.  Analysis of dhCer/Cer ratio for matching individual species also showed 

no apparent changes.  

 

5.4.16 Effect of DES1 inhibition on dhCer and Cer in cardiac  

 fibroblasts 

Lipidomics analysis on neonatal cardiac fibroblasts showed that at 5 h of treatment 

with Ang II+CIN038 there was a 55-fold (10 µM) and 20-fold (3.0 µM) increase 

in dhCer (d38:0) (Figure 5.13). There was no change in dhCer levels in cells treated 

with the fibrotic agent, Ang II. There was a 14-fold increase in dhCer levels at 24 

h of treatment with Ang II+CIN038 (10 µM, and a 0.5-fold reduction was 

observed in Ang II treated cells. Cer (d38:1) levels remained unchanged at 5 h and 

24 h.  
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Figure 5.13 Effect of DES1 inhibition on dhCer and Cer in cardiac 

fibroblasts. In CIN038 (10 µM) treated NCFs, there was > 15-fold increase in 

dhCer levels at 5 and 24 h. Data presented as average fold change over control. *p 

<0.05 vs. control. 

 

5.5 Discussion 

Recently, sphingolipids such as S1P and Cer have been implicated in CVDs [271, 

273, 274, 276]. Targeting the nodal enzyme, DES1, in the de novo sphingolipid 

biosynthesis pathway alters their levels [100]. Despite, evidence for the beneficial 

effects of DES1 inhibition in cancer and insulin resistance, research in CVDs 

targeting DES1 have been slow and lacking [155, 258, 288-290]. This chapter 

demonstrates the cardioprotective effects of Des1 inhibition for the first time in 

a mouse model of I/R utilizing a novel selective DES1 inhibitor (CIN038) [281]. 

No compound related adverse events were recorded during the study period. 
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Remodelling alters ventricular architecture and induces phenotypic changes in 

myocytes and the ECM [6, 9]. The infarct size is strongly correlated to remodelling 

and impacts cardiac function after an MI [291]. DES1 inhibition showed some 

effect on infarct size (Figure 5.4B). These were accompanied by significant 

changes in some gene, protein, and tissue expression of markers related to fibrosis 

and hypertrophy. Fibrosis in the myocardium is characterised by increased 

expression and deposition of ECM components such as Coll1 and 3, α-SMA, and 

TGFβ [32, 57, 292].  DES1 inhibitor CIN038 reduced Coll1a1 and TGFβ1 gene 

expression significantly in the infarct zone (Figure 5.7). Similar effects were 

observed for genes examined in the remote zone.  These changes corresponded 

with reductions in α-SMA, and TGFβ (mature form) protein expression (Figure 

5.10). The increased secretion of the ECM components play an integral part in the 

scar formation and contributes to LV stiffness [292, 293]. Des1 inhibition reduced 

tissue deposition of Coll3 (Figure 5.4D), together with reductions in tissue 

expression of TGFβ1 (Figure 5.7A), implying that DES1 inhibition can reduce 

activation of the TGFβ signalling which contributes immensely to fibrosis [37].   

DES1 inhibitor CIN038 recovered the expression of the hypertrophic gene 

marker, αMHC (Figure 5.8A), with significant apparent reductions in the diameter 

of myocytes in tissue (Figure 5.5) and reduced activation of hypertrophic signalling 

pathways such as the ERK pathway (Figure 5.11) [286, 294]. The natriuretic 

peptides, ANP and BNP, are antagonists of hypertrophy, and are secreted as 

compensatory mechanisms in HF in response to myocyte injury and necrosis 

[183]. The lack of effect by CIN038 on these peptides implies that cardiac 

dysfunction persists. This is concurred by the lack of improvement in cardiac 

function as measured through echocardiographic (section 5.4.1) and 

hemodynamic analysis (section 5.4.2). 
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Inflammation exacerbates post MI LV remodelling, as evidenced by the increase 

in monocyte/macrophage infiltrates, which secrete proinflammatory cytokines, in 

the infarction site and plasma [295, 296].  CIN038 treatment showed reductive 

effects on the gene expression of the proinflammatory cytokine, IL-6, in the 

infarct zone (Figure 5.8C). CIN038 treatment also reduced phosphorylation of 

STAT1 in the infarct zone, and STAT3 and NFĸ in the remote zone, (Figure 

5.12A, and E), which can lead to reductions in activation of inflammatory 

pathways such as the IL-6/JAK/STAT pathway which is strongly linked to 

hypertrophy [195, 297]. Taken together, DES1 inhibition demonstrates anti-

inflammatory effects by ameliorating major transcription factors such as NFĸB, 

and STAT1/3. These factors are downstream targets of IL-6 and can amplify 

inflammatory processes [298, 299].  

In terms of changes in lipid profiles, the changes in the plasma and liver lipids 

were not significant in both the I/R+vehicle and I/R+CIN038 groups after 

multiple comparisons. Changes in sphingolipid profile have been reported in both 

patients and animals with HF, obesity, and MI  [119, 129, 152, 300].  Most of these 

studies have associated elevated Cer, SM and S1P levels in plasma with disease 

progression. In this study, the mouse I/R model showed that there was a lack of 

change in liver and plasma sphingolipids such as dhCer and Cer. It also indicated 

that a more effective dose of CIN038 may be required to observe changes in 

dhCer and Cer level in animals. This is supported by the increased dhCer levels in 

NCFs (Figure 15.3). Other factors including, 1) pharmacokinetic parameters such 

as ineffective drug PK metabolic profiles, 2) compensatory feedback and salvage 

mechanisms, 3) short half-life in circulation evidenced by the lack of change in 

lipidomics, may have also reduced its effects on the sphingolipid pathway. 

Therefore, the effects observed on remodelling factors may show reduced effect 
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rather than off-target effects. Additionally, the mice in this study received their 

final treatment 24 h prior to hemodynamic analysis and sacrifice. Studies have 

shown sphingolipid levels returning to control levels from 24 h to 30 days after a 

major cardiac event in plasma, myocardium and erythrocytes [145, 146, 187, 188].   

Since CIN038 is an inhibitor targeting DES1 enzyme activity and not the DEGS1 

gene, it is not likely to have effects on the DEGS1 gene in cardiac tissue as we 

observed (Figure 5.9B and F). Additionally, I/R significantly affected other 

sphingolipid related genes that were tested, but they were not changed by CIN038 

treatment. 

 

5.6 Conclusion 

In conclusion, DES1 inhibitor CIN038 can reduce some fibrosis, hypertrophy, 

and inflammatory pathway genes and proteins. However, with improvements in 

the compound pharmacokinetics these findings could be improved upon. This 

study also highlights DES1 inhibition may be an effective target for cardiac 

remodelling therapy, with a compound that has better PK properties than 

CIN038.   

 

5.7 Limitations 

The study was conducted as a preliminary proof of concept study towards 

understanding the effects of DES1 inhibition with a pharmacological tool 

compound, CIN038.  The findings could be considerably different with 

improvements in compound pharmacokinetics. Analysing lipid profiles at 

different time points, for example a few hours after surgery, and before 

commencing treatment at day four, in addition to the endpoint could have 
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supplied more details in delineating any effects DES1 inhibition may have had on 

lipid dysregulation.  Comparing CIN038 with other DES1 inhibitors on the 

market could have also contributed to better understanding its mode and 

mechanism of action.  

 

5.8 Key Findings 

DES1 inhibitor CIN038 altered certain markers of cardiac remodelling such as;  

1. reducing TGFβ, Coll1, and α-SMA in fibrosis,  

2. recovering αMHC gene expression in hypertrophy and  

3. attenuating STAT and NFĸB related pathway activation in inflammation. 

 

Manuscript submitted for publication. 
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Chapter 6: General discussion, 
conclusion and future direction 

 

6.1 General discussion and conclusion 

Cardiac remodelling is a detrimental factor propelling the progression towards HF 

in patients with cardiomyopathies. Lipids, such as sphingolipids can contribute to 

the pathophysiology of CVDs. Therefore, this thesis, set out to decipher the role 

of sphingolipids such as dhS1P and dhSph in cardiac remodelling and demonstrate 

the therapeutic potential of inhibiting the “gatekeeper” enzyme, DES1, in the de 

novo sphingolipid pathway in the setting of I/R.  

The three main findings demonstrated for the first time in this thesis include; 

1) dhS1P’s ability to induce collagen synthesis and hypertrophy in primary cardiac 

cells, through the JAK/STAT pathway and collagen synthesis through the PI3K 

pathway. 2) Exogenous application of dhSph, reduced TGFβ induced collagen 

synthesis in cardiac fibroblasts.  3) Provides evidence that DES1 inhibition may 

be able to reduce cardiac remodelling after an I/R. The mechanisms of maybe 

involve reducing the expression of fibrosis, hypertrophy markers and 

inflammatory signalling pathways through inhibition of transcription factors such 

as STAT1 and STAT3. 

The results for dhS1P contradict the claims of Bu et.al [98], that it has anti-fibrotic 

effects. Differences in cell types maybe have played a role in the different effects 

observed. However, considering the inhibitory effect of dhSph on collagen 

synthesis, and the results from DES1 inhibition in the I/R animal model, the 

dihydrosphingolipids may have anti- fibrotic effects.  The activation of 

JAK/STAT signalling pathway by exogenous dhS1P and its attenuation by DES1 
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inhibition also implies an import link between the dihydrosphingolipids and 

inflammatory pathways that play a major role in disease processes such as cardiac 

remodelling. This is interesting since, the sphingolipid S1P in association with its 

receptors, is known to influence immune cell trafficking from the bone marrow 

[274]. Whether or not dhS1P has opposing effects to S1P in inflammation is 

beyond the scope of this thesis. Additionally, due to the lack of data on 

intracellular generated dihydrosphingolipids, lack of enzyme essays related to the 

sphingolipid pathway and inferior tool compound for DES1 inhibition, the 

interpretations of these findings are limited.  

These findings imply that dhS1P and dhSph do play a role in cardiac fibrosis and 

hypertrophy and that the DES1 enzyme could be targeted for cardiac remodelling 

therapy. It also provides a basis to explore their roles in other CVD related 

disciplines such as CAD, and metabolic disorders that contribute to CVD such as 

diabetes. 

 

6.2 Future directions 

Further investigations into the effects of other dihydrosphingolipids is critical in 

understanding their role in cardiac remodelling, enabling and enhancing the 

development of more effective therapies targeting the sphingolipid synthesis 

pathway including DES1. This can be achieved by; 

 1) Encouraging mechanistic research that build on the findings outlined in this 

thesis, using specific molecular and genetic methods and animal models that target 

the de novo pathway in cardiac related fields. Especially in terms of exploring the 

effects of intracellular and extracellular dihydropshingolipids in diseases. This is 
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because the inhibition of DES1 increases the saturated sphingolipids [221], 

resulting in increased autophagy and reduced cell proliferation.  

 2) Improving and incorporating the use of advanced analytical tools such as LC-

MS for the measurement of small molecules, such as sphingolipids, in the clinical 

setting should be encouraged. This would allow for collection of more accurate 

clinical and epidemiological data, broadening our understanding of the role these 

lipids have in disease processes.  
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Appendix 1 

   
The following pages contain publications directly arising from the studies 

described in this thesis. They include: 

1. Magaye RR, Savira F, Hua Y, Kelly DJ, Reid C, Flynn B, Liew D, Wang 

BW. The role of dihydrosphingolipids in disease. Journal of Cellular 

Molecular Life Science. 2019;76(6):1107-34. 

 
2. Magaye RR, Savira F, Hua Y, Xiong X, Huang L, Reid C, Flynn B, Liew 

D, Wang BW. Exogenous dihydrosphingosine 1 phosphatemediates 

collagen synthesis in cardiac fibroblasts through JAK/STAT signalling and 

TIMP1. Journal of Cellular Signalling. 2020;72:109620. 
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Appendix 1.1 

   
Magaye RR, Savira F, Hua Y, Kelly DJ, Reid C, Flynn B, Liew D, Wang BW. 

The role of dihydrosphingolipids in disease. Journal of Cellular Molecular Life 

Science. 2019;76(6):1107-34. 
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Appendix 1.2 

   
Magaye RR, Savira F, Hua Y, Xiong X, Huang L, Reid C, Flynn B, Liew D, Wang 

BW. Exogenous dihydrosphingosine 1 phosphatemediates collagen synthesis in 

cardiac fibroblasts through JAK/STAT signalling and TIMP1. Journal of Cellular 

Signalling. 2020;72:109620. 
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Appendix 2 

   
The following pages contain list of primers and antibodies used in this thesis. They 

include: 

1. List of rat gene primers, sequences and their manufacturer 

2. List of mouse gene primers, sequences and their manufacturer 

3. List of antibodies for immunohistochemistry analysis and their 

manufacturer 
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Appendix 2.1   

List of rat gene primers, sequences and their manufacturer. 

 

PRIMER SEQUENCE MANUFACTURER 

TGFΒ1 Forward: 5’-CCA GCC GCG GGA CTC 
  -3’ 
Reverse: 5’ -TTC CGT TTC ACC AGC 
  TCC AT-3’ 

+Geneworks 

TIMP1 Forward: 5’-GTA AAG ACC TAT AGT 
  GCT GGC TG-3’ 
Reverse: 5’-GAG CAT CTG ATC TGT 
  CCA CAA-3’ 

*Sigma 

SK1 Forward: 5’-CTT TAA ACT GAT GCT 
  CAC CG-3’ 
Reverse: 5’-TAC ATA GGG GTT TCT 
  GGA TG-3’ 

Sigma 

DEGS1 Forward:5’-ATC TTA GCG AAG TAT 
  CCA GAG-3’ 
Reverse:5’-CAG AGT CAT GGA ATG 
  GTT AAG-3’ 

Sigma 

S1PR1 Forward: 5’-AAA ACC AAG AAG TTC 
  CAC C-3’ 
Reverse: 5’-CCA CAA ACA TAC TTC 
  CTT CC-3’ 

Sigma 

S1PR2 Forward: 5’-CTC TTA TGG CAT CTT 
  AGA AGA CAC C-3’ 
Reverse: 5’-CAC AGA CAC ACA TAA 
  ATA CCG-3’ 

Sigma 

S1PR3 Forward: 5’-AAA ACG CTT AGA AGA 
  CACC-3’ 
Reverse: 5’-GTG TGT CTC TGA TGC 
  TAA TC-3’ 

Sigma 

COL 3A1 Forward: 5’-TTT CAA GAT CAA CAC 
  TGA GG-3’ 
Reverse: 5’-TAT TTC TCC GCT CTT 
  GAG TTC-3’ 

Sigma 

COL 1AI Forward: 5’-TGG ATT CCA GTT CGA 
  GAG TAT G-3’ 
Reverse: 5’-AGT GAT AGG TGA TGT 
  TCT GG-3’  

Sigma 

ΒMHC Forward: 5’-TTG GCA CGG ACT GCG 
  TCA TC-3’ 
Reverse: 5’-GAG CCT CAA GAG TTT 
  GCT GAA-3’ 

Sigma 

ANP Forward: 5’-ATC TGA TGG ATT TCA 
  AGA ACC-3’ 
Reverse: 5’-CTC TGA GAC GGG TTG 
  ACT TC-3’ 

Sigma 
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BNP Forward: 5’-ACA ATC CAC GAT GCA 
  GAA GCT-3’ 
Reverse: 5’-GGG CCT TGG TCC TTT 
  GAG A-3’  

Sigma 

ASKA Forward: 5’-TCG CGA CCT TAC TGA 
  CTA CCT G 
Reverse: 5’-GCT TCT CTT TGA TGT 
  CGC GC 

Geneworks 

MMP2 Forward: 5’-GGG TCC ATT CTG CCA 
  GCA CTC-3’ 
Reverse: 5’-CTC CAG AAC TTG TCT 
  CCT GCA A-3’ 

Geneworks 

GSK3Β Reverse:5’-TCC AGC ATT AGT ATC 
  TGA GG-3’ 
Forward:5’-CAC TCA AGA ACTGTC 
  AAG TAA C-3’ 

Sigma 

GATA4 Reverse:5’-CGG TTG ATA CCA TTC 
  ATC TTG-3’ 
Forward:5’-CCC CAA TCT CGA TAT 
  GTT TG-3’ 

Sigma 

18S Forward: 5’-TCG AGG CCC TGT AAT 
  TGG AA-3’ 
Reverse:5’-CCC TCC AAT TGG ACC 
  TCG TT-3’ 

Sigma 

 

* Sigma, St. Louis, MO, USA; + Geneworks, Thebarton, SA, Australia 
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Appendix 2.2 
 

List of mouse gene primers, sequences and their manufacturer. 

Primer Sequence Manufacturer 

TGFβ1 Forward: 5’-CCA GCC GCG GGA CTC-3’ 
Reverse: 5’-TTC CGT TTC ACC AGC TCC AT-3’ 

*Sigma 

CTGF Forward: 5’-GCG GCG AGT CCT TCC AA-3’ 
Reverse: 5’-CCA CGG CCC CAT CCA-3’ 

Sigma 

TIMP1 Forward: 5’- GTA AAG ACC TAT AGT GCT GGC 
  TG- 3’ 
Reverse: 5’-GAG CAT CTG ATC TGT CCA CAA-3’ 

Sigma 

TIMP2 Forward: 5’-GGT CAC AGA GAA GAG CAT CAA 
  TG-3’ 
Reverse: 5’- GTC CTC GAT GTC AAG AAA CTT 
  C-3’ 

Sigma 

Col 1a1 Forward: 5’-TGG ATT CCA GTT CGA GAG TAT 
  G-3’ 
Reverse: 5’-AGT GAT AGG TGA TGT TCT GG- 3’ 

Sigma 

Coll 3a1 Forward: 5’-ACT CAA GAG TGG AGAATA CTG-3’ 
Reverse: 5’-AAC ATG TTT CTT CTC TGC AC-3’ 

Sigma 

MMP2 Forward: 5’-GGG TCC ATT CTG CCA GCA CTC- 3’ 
Reverse: 5’-CTC CAG AAC TTG TCT CCT GCA A- 3’ 

Sigma 

βMHC Forward: 5’-TTG GCA CGG ACT GCG TCA TC- 3’ 
Reverse: 5’- GAG CCT CAA GAG TTT GCT GAA- 3’ 

Sigma 

ANP Forward: 5’-ATC TGA TGG ATT TCA AGA ACC- 3’ 
Reverse: 5’-CTC TGA GAC GGG TTG ACT TC- 3’ 

Sigma 

BNP Forward: 5’-ACA ATC CAC GAT GCA GAA GCT-3’ 
Reverse: 5’-GGG CCT TGG TCC TTT GAG A- 3’ 

Sigma 

S1PR1 Forward: 5’-CAT GAG GTG AAA TGT GAG AG-3’ 
Reverse: 5’-AGT TGG TTG AAA TGG ATC AC-3’ 

Sigma 

S1PR2 Forward: 5’-ATC CTG TCA TCT ATA CTG G G-3’ 
Reverse: 5’-CAG AAA TGT CGG TGATGT AG-3’ 

Sigma 

S1PR3 Forward: 5’-GAA CGA GAG CCT ATT TTC AAC- 3’ 
Reverse: 5’-TCC TAG AGA CAG ATG GTT AC- 3’ 

Sigma 

DEGS1 Forward:5’-ATC TTA GCG AAG TAT CCA GAG- 3’ 
Reverse:5’-CAG AGT CAT GGA ATG GTT AAG- 3’ 

Sigma 

SK1 Forward: 5’-CTT TAA ACT GAT GCT CAC CG- 3’ 
Reverse: 5’-TAC ATA GGG GTT TCT GGA TG- 3’ 

Sigma 

18s Forward: 5’-TCG AGG CCC TGT AAT TGG AA- 3’ 
Reverse:5’ -CCC TCC AAT TGG ACC TCG TT- 3’ 

Sigma 

GAPDH Reverse: 5’-AGC CCA GGA TGC CCT TTA GT- 3’ 
Forward: 5’-GAC ATG CCG CCT GGA GAA AC- 3’ 

Sigma 

* Sigma, St. Louis, MO, USA; + Geneworks, Thebarton, SA, Australia 
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Appendix 2.3 
 

List of antibodies for immunohistochemistry analysis and their 

manufacturer. 

Antibody Host Dilution 
Catalogue 

No. 
Manufacturer 

α-SMA Rabbit 

monoclonal 

1:2500 Ab124964 *Abcam 

Coll 1 Rabbit 

Polyclonal 

1:500 PAI-27396 ! Invitrogen 

Coll 3 Rabbit 

Polyclonal 

1:200 PA5- 95595 Invitrogen 

CD45 Rabbit 

Monoclonal 

1:100 70257 #CST 

CD68 Rabbit 

Polyclonal 

1:1000 Ab125212 Abcam 

pSMAD2 Rabbit 

Polyclonal 

1:175 PA5-105000 Invitrogen 

TGFβ1 Rabbit 

Polyclonal 

1:200 Ab25121 Abcam 

*Abcam, Cambridge, UK., ! Invitrogen, St.Louise, MO, USA. #Cell Signalling 
Technologies (CST), Danvers, MA, USA. 
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Appendix 3 

   
The following pages contain individual lipidomics analysis data for chapter 5 in 

this thesis. They include: 

1. List of individual lipids significantly altered in the plasma of I/R+Vehicle 

vs. sham and I/R+CIN038 vs. I/R+Vehicle  

2. Individual lipids significantly altered in the liver of I/R+Vehicle vs. sham 

and I/R+CIN038 vs. I/R+vehicle. 

3. Conditions for Tandem Mass Spectroscopy analysis
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Appendix 3.1 
 

List of individual lipids significantly altered in the plasma of I/R+Vehicle vs. sham and I/R+CIN038 vs. 

I/R+Vehicle. Significant alterations in individual lipids are highlighted in red font. 
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Appendix 3.2 
 

Individual lipids significantly altered in the liver of I/R+Vehicle vs. sham and I/R+CIN038 vs. I/R+vehicle. 
Significant alterations in individual lipids are highlighted in red font. 
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Appendix 3.3 
 
Conditions for tandem mass spectrometry analysis of lipid species. 1Mass spectrophometer1 resolution, 2Mass 

spectrophometer2 resolution, 3Retention time. 

 

Compound 
Group Compound Name 

Precursor 
Ion 

1MS1 
Res 

Product 
Ion 

2MS2 
Res 

3Ret Time 
(min) 

Collision 
Energy 

AcylCarn AcylCarnitine 10:0 316.3 Unit 85.1 Unit 0.829 30 

AcylCarn AcylCarnitine 12:0 344.3 Unit 85.1 Unit 1.183 30 

AcylCarn AcylCarnitine 12:1 342.3 Unit 85.1 Unit 0.979 30 

AcylCarn AcylCarnitine 13:0 358.3 Unit 85.1 Unit 1.355 30 

AcylCarn AcylCarnitine 14:0 372.3 Unit 85.1 Unit 1.752 30 

AcylCarn AcylCarnitine 14:0_OH 388.3 Unit 85.1 Unit 1.331 30 

AcylCarn AcylCarnitine 14:1 370.3 Unit 85.1 Unit 1.429 30 

AcylCarn AcylCarnitine 14:1_OH 386.3 Unit 85.1 Unit 1.093 30 

AcylCarn AcylCarnitine 14:2 368.3 Unit 85.1 Unit 1.128 30 

AcylCarn AcylCarnitine 15:0 386.3 Unit 85.1 Unit 2.027 30 

AcylCarn AcylCarnitine 16:0 400.4 Unit 85.1 Unit 2.42 30 

AcylCarn AcylCarnitine 16:0_OH 416.4 Unit 85.1 Unit 1.93 30 

AcylCarn AcylCarnitine 16:0d3 403.4 Unit 85.1 Unit 2.409 30 

AcylCarn AcylCarnitine 16:1 398.3 Unit 85.1 Unit 1.952 30 

AcylCarn AcylCarnitine 16:1_OH 414.3 Unit 85.1 Unit 1.566 30 

AcylCarn AcylCarnitine 17:0 414.4 Unit 85.1 Unit 2.706 30 

AcylCarn AcylCarnitine 18:0 428.4 Unit 85.1 Unit 3.078 30 

AcylCarn AcylCarnitine 18:0_OH 444.4 Unit 85.1 Unit 2.61 30 

AcylCarn AcylCarnitine 18:1 426.4 Unit 85.1 Unit 2.579 30 

AcylCarn AcylCarnitine 18:1_OH 442.4 Unit 85.1 Unit 2.132 30 

AcylCarn AcylCarnitine 18:2 424.3 Unit 85.1 Unit 2.133 30 



 
 

314 

-Table continued- 

AcylCarn AcylCarnitine 18:3 422.3 Unit 85.1 Unit 1.76 30 

AcylCarn AcylCarnitine 20:3 450.3 Unit 85.1 Unit 2.514 30 

AcylCarn AcylCarnitine 20:3_OH 466.3 Unit 85.1 Unit 1.983 30 

AcylCarn AcylCarnitine 20:4 448.3 Unit 85.1 Unit 2.132 30 

AcylCarn AcylCarnitine 20:5 446.3 Unit 85.1 Unit 1.748 30 

AcylCarn AcylCarnitine 22:5 474.3 Unit 85.1 Unit 2.227 30 

AcylCarn AcylCarnitine 22:5_OH 490.3 Unit 85.1 Unit 1.885 30 

AcylCarn AcylCarnitine 22:6 472.3 Unit 85.1 Unit 2.046 30 

AcylCarn AcylCarnitine 24:0 512.3 Unit 85.1 Unit 4.859 30 

AcylCarn AcylCarnitine 24:0_OH 528.3 Unit 85.1 Unit 3.717 30 

AcylCarn AcylCarnitine 24:1 510.3 Unit 85.1 Unit 4.276 30 

AcylCarn AcylCarnitine 24:1_OH 526.3 Unit 85.1 Unit 3.096 30 

AcylCarn AcylCarnitine 26:0 540.3 Unit 85.1 Unit 5.708 30 

AcylCarn AcylCarnitine 26:1 538.3 Unit 85.1 Unit 4.858 30 

CE CE 14:0 614.6 Unit 369.3 Unit 11.372 10 

CE CE 15:0 628.6 Unit 369.3 Unit 11.528 10 

CE CE 16:0 642.6 Unit 369.3 Unit 11.643 10 

CE CE 16:1 640.6 Unit 369.3 Unit 11.382 10 

CE CE 16:2 638.6 Unit 369.3 Unit 11.227 10 

CE CE 17:0 656.6 Unit 369.3 Unit 11.759 10 

CE CE 17:1 654.6 Unit 369.3 Unit 11.527 10 

CE CE 18:0 670.7 Unit 369.3 Unit 11.907 10 

CE CE 18:0-d6 (IS) 676.7 Unit 375.3 Unit 11.897 10 

CE CE 18:1 668.6 Unit 369.3 Unit 11.653 10 

CE CE 18:2 666.6 Unit 369.3 Unit 11.433 10 

oxLipid CE 18:2_OH 682.6 Unit 369.3 Unit 10.73 10 

CE CE 18:3 664.6 Unit 369.3 Unit 11.237 10 

CE CE 20:0 698.7 Unit 369.3 Unit 12.111 10 



 
 

315 

- Table continued- 

CE CE 20:1 696.7 Unit 369.3 Unit 11.906 10 

CE CE 20:2 694.7 Unit 369.3 Unit 11.683 10 

CE CE 20:3 692.6 Unit 369.3 Unit 11.484 10 

CE CE 20:4 690.6 Unit 369.3 Unit 11.329 10 

oxLipid CE 20:4_OH 706.6 Unit 369.3 Unit 10.708 10 

CE CE 20:5 688.6 Unit 369.3 Unit 11.135 10 

CE CE 22:0 726.7 Unit 369.3 Unit 12.302 10 

CE CE 22:1 724.7 Unit 369.3 Unit 12.099 10 

CE CE 22:4 718.7 Unit 369.3 Unit 11.515 10 

CE CE 22:5 716.6 Unit 369.3 Unit 11.37 10 

CE CE 22:6 714.6 Unit 369.3 Unit 11.216 10 

oxLipid CE 22:6_OH 730.6 Unit 369.3 Unit 10.536 10 

CE CE 24:0 754.7 Unit 369.3 Unit 12.49 10 

CE CE 24:1 752.7 Unit 369.3 Unit 12.289 10 

CE CE 24:4 746.7 Unit 369.3 Unit 11.746 10 

CE CE 24:5 744.7 Unit 369.3 Unit 11.536 10 

CE CE 24:6 742.7 Unit 369.3 Unit 11.37 10 

Cer1P Cer1P(d18:1/16:0) 618.424 Unit 264.3 Unit 5.295 29 

Cer Cer(d16:1/16:0) 510.6 Unit 236.3 Unit 6.501 25 

Cer Cer(d16:1/18:0) 538.6 Unit 236.3 Unit 7.652 25 

Cer Cer(d16:1/20:0) 566.6 Unit 236.3 Unit 8.922 25 

Cer Cer(d16:1/22:0) 594.6 Unit 236.3 Unit 9.994 25 

Cer Cer(d16:1/23:0) 608.6 Unit 236.3 Unit 10.109 25 

Cer Cer(d16:1/24:0) 622.6 Unit 236.3 Unit 10.202 25 

Cer Cer(d16:1/24:1) 620.6 Unit 236.3 Unit 10.003 25 

Cer Cer(d17:1/16:0) 524.6 Unit 250.3 Unit 7.043 25 

Cer Cer(d17:1/18:0) 552.6 Unit 250.3 Unit 8.243 25 
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-table continued- 

Cer Cer(d17:1/20:0) 580.6 Unit 250.3 Unit 9.528 25 

Cer Cer(d17:1/22:0) 608.6 Unit 250.3 Unit 10.099 25 

Cer Cer(d17:1/23:0) 622.6 Unit 250.3 Unit 10.202 25 

Cer Cer(d17:1/24:0) 636.6 Unit 250.3 Unit 10.274 25 

Cer Cer(d17:1/24:1) 634.6 Unit 250.3 Unit 10.096 25 

Cer Cer(d18:1/14:0) 510.5 Unit 264.3 Unit 6.49 25 

Cer Cer(d18:1/16:0) 538.5 Unit 264.3 Unit 7.599 25 

Cer Cer(d18:1/18:0) 566.6 Unit 264.3 Unit 8.847 25 

Cer Cer(d18:1/19:0) 580.6 Unit 264.3 Unit 9.528 25 

Cer Cer(d18:1/20:0) 594.6 Unit 264.3 Unit 9.973 25 

Cer Cer(d18:1/21:0) 608.6 Unit 264.3 Unit 10.088 25 

Cer Cer(d18:1/22:0) 622.6 Unit 264.3 Unit 10.181 25 

Cer Cer(d18:1/23:0) 636.6 Unit 264.3 Unit 10.264 25 

Cer Cer(d18:1/24:0) 650.6 Unit 264.3 Unit 10.347 25 

Cer Cer(d18:1/24:1) 648.6 Unit 264.3 Unit 10.19 25 

Cer Cer(d18:1/26:0) 678.6 Unit 264.3 Unit 10.516 25 

Cer Cer(d18:1-d7/18:0) (IS) 573.6 Unit 271.4 Unit 8.805 25 

Cer Cer(d18:2/14:0) 508.5 Unit 262.3 Unit 5.718 25 

Cer Cer(d18:2/16:0) 536.5 Unit 262.3 Unit 6.709 25 

Cer Cer(d18:2/17:0) 550.5 Unit 262.3 Unit 7.138 25 

Cer Cer(d18:2/18:0) 564.6 Unit 262.3 Unit 7.872 25 

Cer Cer(d18:2/20:0) 592.6 Unit 262.3 Unit 9.154 25 

Cer Cer(d18:2/21:0) 606.6 Unit 262.3 Unit 9.825 25 

Cer Cer(d18:2/22:0) 620.6 Unit 262.3 Unit 10.035 25 

Cer Cer(d18:2/23:0) 634.6 Unit 262.3 Unit 10.138 25 

Cer Cer(d18:2/24:0) 648.6 Unit 262.3 Unit 10.221 25 

Cer Cer(d18:2/24:1) 646.6 Unit 262.3 Unit 10.043 25 

Cer Cer(d18:2/26:0) 676.6 Unit 262.3 Unit 10.388 25 
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-table continued- 

Cer Cer(d19:1/16:0) 552.6 Unit 278.3 Unit 8 25 

Cer Cer(d19:1/18:0) 580.6 Unit 278.3 Unit 9.315 25 

Cer Cer(d19:1/20:0) 608.6 Unit 278.3 Unit 10.046 25 

Cer Cer(d19:1/22:0) 636.6 Unit 278.3 Unit 10.243 25 

Cer Cer(d19:1/23:0) 650.6 Unit 278.3 Unit 10.315 25 

Cer Cer(d19:1/24:0) 664.6 Unit 278.3 Unit 10.399 25 

Cer Cer(d19:1/24:1) 662.6 Unit 278.3 Unit 10.241 25 

Cer Cer(d19:1/26:0) 692.6 Unit 278.3 Unit 10.579 25 

Cer Cer(d20:1/22:0) 650.6 Unit 292.3 Unit 10.336 25 

Cer Cer(d20:1/23:0) 664.6 Unit 292.3 Unit 10.42 25 

Cer Cer(d20:1/24:0) 678.6 Unit 292.3 Unit 10.495 25 

Cer Cer(d20:1/24:1) 676.6 Unit 292.3 Unit 10.345 25 

Cer Cer(d20:1/26:0) 706.6 Unit 292.3 Unit 10.698 25 

m18:0 Cer(m18:0/20:0) 580.6 Unit 268.4 Unit 10.216 35 

m18:0 Cer(m18:0/22:0) 608.6 Unit 268.4 Unit 10.362 35 

m18:0 Cer(m18:0/23:0) 622.6 Unit 268.4 Unit 10.445 35 

m18:0 Cer(m18:0/24:0) 636.6 Unit 268.4 Unit 10.53 35 

m18:0 Cer(m18:0/24:1) 634.6 Unit 268.4 Unit 10.359 35 

m18:1 Cer(m18:1/18:0) 550.6 Unit 266.4 Unit 9.124 35 

m18:1 Cer(m18:1/20:0) 578.6 Unit 266.4 Unit 10.027 35 

m18:1 Cer(m18:1/22:0) 606.6 Unit 266.4 Unit 10.225 35 

m18:1 Cer(m18:1/23:0) 620.6 Unit 266.4 Unit 10.308 35 

m18:1 Cer(m18:1/24:0) 634.6 Unit 266.4 Unit 10.391 35 

m18:1 Cer(m18:1/24:1) 632.6 Unit 266.4 Unit 10.233 35 

Bile Acids Cholic Acid 426.3 Unit 355.3 Unit 0.953 19 

Bile Acids Cholic Acid d4 430.3 Unit 359.3 Unit 0.941 19 

COH COH (161) 369.4 Unit 161.2 Unit 6.334 19 

COH COH-d7 (IS) (161) 376.4 Unit 161.2 Unit 6.209 19 
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DE DE(16:0) 640.6 Unit 367.4 Unit 11.475 10 

DE DE(18:1) 666.6 Unit 367.4 Unit 11.423 10 

DE DE(18:1) ester d6 (IS) 672.6 Unit 373.4 Unit 11.423 10 

DE DE(18:2) 664.6 Unit 367.4 Unit 11.227 10 

DE DE(20:4) 688.6 Unit 367.4 Unit 11.114 10 

DE DE(20:5) 686.6 Unit 367.4 Unit 10.96 10 

DE DE(22:6) 712.6 Unit 367.4 Unit 11.052 10 

Sterol - Other dehydrodesmosterol 18:1 664.8 Unit 365.4 Unit 11.042 10 

Sterol - Other dehydrodesmosterol 18:2 662.8 Unit 365.4 Unit 11.104 10 

Sterol - Other dehydrodesmosterol 20:4 686.8 Unit 365.4 Unit 10.97 10 

Bile Acids Deoxycholic Acid 410.3 Unit 357.3 Unit 1.492 15 

DG DG 15:0 18:1 d7 605.5 Unit 299.5 Unit 9.485 25 

DG DG 30:0 -(14:0) 558.5 Unit 313.3 Unit 8.668 25 

DG DG 32:0 -(16:0) 586.5 Unit 313.2 Unit 9.974 25 

DG DG 32:1 -(16:1) 584.5 Unit 313.2 Unit 8.879 25 

DG DG 32:2 -(18:2) 582.5 Unit 285.2 Unit 8.02 25 

DG DG 34:1 -(18:1) 612.6 Unit 313.3 Unit 9.972 25 

DG DG 34:2 -(16:1) 610.5 Unit 339.2 Unit 9.101 25 

DG DG 34:2 -(18:2) 610.5 Unit 313.2 Unit 9.239 25 

DG DG 36:1 -(18:1) 640.6 Unit 341.3 Unit 10.117 25 

DG DG 36:2 -(18:1) 638.6 Unit 339.3 Unit 10.001 25 

DG DG 36:2 -(18:2) 638.6 Unit 341.3 Unit 10.033 25 

DG DG 36:3 -(18:2) 636.6 Unit 339.3 Unit 9.451 25 

DG DG 36:4 -(18:2) 634.5 Unit 337.2 Unit 8.528 25 

DG DG 36:4 -(18:3) 634.5 Unit 339.2 Unit 8.666 25 

DG DG 36:4 -(20:4) 634.5 Unit 313.2 Unit 9.026 25 

DG DG 38:4 -(20:3) 662.6 Unit 339.3 Unit 9.884 25 

DG DG 38:4 -(20:4) 662.6 Unit 341.3 Unit 10.01 25 
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DG DG 38:5 -(20:4) 660.6 Unit 339.3 Unit 9.258 25 

DG DG 38:5 -(22:5) 660.6 Unit 313.3 Unit 9.205 25 

DG DG 38:6 -(20:4) 658.5 Unit 337.2 Unit 8.337 25 

DG DG 38:6 -(22:6) 658.5 Unit 313.2 Unit 8.824 25 

DG DG 38:6_NL 20:5 658.6 Unit 339.3 Unit 8.432 25 

DG DG 40:6_NL 22:5 686.6 Unit 339.3 Unit 9.609 25 

DG DG 40:6_NL 22:6 686.6 Unit 341.3 Unit 9.364 25 

DG DG 40:7_NL 22:6 684.6 Unit 339.3 Unit 8.961 25 

DG DG 40:8_NL 22:6 682.6 Unit 337.3 Unit 8.062 25 

DG DG(17:0_18:1) [NL-18:1] 626.5 Unit 327.5 Unit 10.066 25 

DG DG(17:1_18:1) [NL-18:1] 624.5 Unit 325.5 Unit 9.749 25 

DG DG(O-16:0_20:0) [NL-O16:0] 628.5 Unit 369.2 Unit 9.377 25 

DG DG(O-18:0/20:0) [NL-O18:0] 656.5 Unit 369.2 Unit 10.549 25 

DG DG(O-18:1/16:0) [NL-O18:1] 598.5 Unit 325.5 Unit 10.036 25 

DG DG(O-18:1/18:1) [NL-O18:1] 624.5 Unit 339.2 Unit 10.223 25 

DG DG(O-18:1/18:2) [NL-O18:1] 622.5 Unit 337.2 Unit 10.098 25 

DG DG(O-18:1/20:0) [NL-O18:1] 654.5 Unit 369.2 Unit 10.442 25 

dhCer dhCer 16:0 540.5 Unit 284.3 Unit 8.233 27 

dhCer dhCer 18:0 568.6 Unit 284.3 Unit 9.624 27 

dhCer dhCer 20:0 596.6 Unit 284.3 Unit 10.1 27 

dhCer dhCer 22:0 624.6 Unit 284.3 Unit 10.244 27 

dhCer dhCer 24:0 652.7 Unit 284.3 Unit 10.41 27 

dhCer dhCer 24:1 650.6 Unit 284.3 Unit 10.252 27 

dhCer dhCer(d18:0/13:0) d7 505.5 Unit 291.3 Unit 6.355 27 

Sterol - Other dimethyl-CE 18:1 696.6 Unit 397.3 Unit 11.832 10 

Sterol - Other dimethyl-CE 18:2 694.6 Unit 397.3 Unit 11.599 10 

Sterol - Other dimethyl-CE 20:4 718.6 Unit 397.3 Unit 11.505 10 

Sterol - Other dimethyl-CE 22:6 742.6 Unit 397.3 Unit 11.38 10 
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FFA FA(14:0)-H 227.2 Unit 227.2 Unit 2.997 0 

FFA FA(15:0)-H 241.2 Unit 241.2 Unit 3.413 0 

FFA FA(16:0)-H 255.2 Unit 255.2 Unit 3.669 0 

FFA FA(16:1)-H 253.2 Unit 253.2 Unit 3.167 0 

FFA FA(16:2)-H 251.2 Unit 251.2 Unit 3.125 0 

FFA FA(17:0)-H 269.3 Unit 269.2 Unit 3.968 0 

FFA FA(17:1)-H 267.2 Unit 267.2 Unit 3.508 0 

FFA FA(18:0)-H 283.3 Unit 283.3 Unit 4.269 0 

FFA FA(18:1)-H 281.3 Unit 281.2 Unit 3.796 0 

FFA FA(18:1)-H d9 290.3 Unit 290.2 Unit 3.774 0 

FFA FA(18:2)-H 279.2 Unit 279.2 Unit 3.38 0 

FFA FA(18:3)-H 277.2 Unit 277.2 Unit 2.943 0 

FFA FA(20:2)-H 307.3 Unit 307.3 Unit 3.945 0 

FFA FA(20:3)-H 305.3 Unit 305.2 Unit 3.592 0 

FFA FA(20:4)-H 303.2 Unit 303.2 Unit 3.304 0 

FFA FA(20:4)-H d11 314.2 Unit 314.2 Unit 3.272 0 

FFA FA(20:5)-H 301.2 Unit 301.2 Unit 2.879 0 

FFA FA(22:4)-H 331.3 Unit 331.3 Unit 3.784 0 

FFA FA(22:5)-H 329.3 Unit 329.2 Unit 3.453 0 

FFA FA(22:6) d5 332.2 Unit 332.2 Unit 3.112 0 

FFA FA(22:6)-H 327.2 Unit 327.2 Unit 3.144 0 

GD1 GD1(d18:1/24:0) 961.4897 Unit 264.3 Unit 10.794 63 

GD1 GD1(d18:1/24:1) 960.4897 Unit 264.3 Unit 9.731 63 

GM1 GM1(d18:1/16:0) 760.1 Unit 366.2 Unit 4.564 9 

GM3 GM3(d18:1/16:0) 1153.7 Unit 264.3 Unit 4.701 61 

GM3 GM3(d18:1/18:0) 1181.8 Unit 264.3 Unit 5.382 61 

GM3 GM3(d18:1/20:0) 1209.8 Unit 264.3 Unit 6.189 61 

GM3 GM3(d18:1/22:0) 1237.8 Unit 264.3 Unit 7.128 61 
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GM3 GM3(d18:1/24:0) 1265.8 Unit 264.3 Unit 8.212 61 

GM3 GM3(d18:1/24:1) 1263.8 Unit 264.3 Unit 7.148 61 

GM3 GM3(d18:2/24:1) 1261.8 Unit 262.3 Unit 6.439 61 

MHC Hex1Cer(d16:1/18:0) 700.6 Unit 236.3 Unit 6.427 35 

MHC Hex1Cer(d16:1/20:0) 728.6 Unit 236.3 Unit 7.492 35 

MHC Hex1Cer(d16:1/22:0) 756.7 Unit 236.3 Unit 8.716 35 

MHC Hex1Cer(d16:1/24:0) 784.7 Unit 236.3 Unit 9.915 35 

MHC Hex1Cer(d18:1/16:0) 700.6 Unit 264.3 Unit 6.354 35 

MHC Hex1Cer(d18:1/18:0) 728.6 Unit 264.3 Unit 7.418 35 

MHC Hex1Cer(d18:1/20:0) 756.6 Unit 264.3 Unit 8.632 35 

MHC Hex1Cer(d18:1/22:0) 784.7 Unit 264.3 Unit 9.873 35 

MHC Hex1Cer(d18:1/24:0) 812.7 Unit 264.3 Unit 10.124 35 

MHC Hex1Cer(d18:1/24:1) 810.7 Unit 264.3 Unit 9.883 35 

MHC Hex1Cer(d18:2/18:0) 726.6 Unit 262.3 Unit 6.654 35 

MHC Hex1Cer(d18:2/20:0) 754.6 Unit 262.3 Unit 7.689 35 

MHC Hex1Cer(d18:2/22:0) 782.7 Unit 262.3 Unit 8.937 35 

MHC Hex1Cer(d18:2/24:0) 810.7 Unit 262.3 Unit 9.978 35 

DHC Hex2Cer(d16:1/16:0) 834.6 Unit 236.3 Unit 5.056 49 

DHC Hex2Cer(d16:1/24:1) 944.7 Unit 236.3 Unit 8.022 49 

DHC Hex2Cer(d18:1/15:0) d7 855.6 Unit 271.3 Unit 5.406 49 

DHC Hex2Cer(d18:1/16:0) 862.6 Unit 264.3 Unit 5.846 49 

DHC Hex2Cer(d18:1/18:0) 890.7 Unit 264.3 Unit 7.516 49 

DHC Hex2Cer(d18:1/20:0) 918.7 Unit 264.3 Unit 7.895 49 

DHC Hex2Cer(d18:1/22:0) 946.7 Unit 264.3 Unit 9.136 49 

DHC Hex2Cer(d18:1/24:0) 974.8 Unit 264.3 Unit 10.006 49 

DHC Hex2Cer(d18:1/24:1) 972.7 Unit 264.3 Unit 9.124 49 

DHC Hex2Cer(d18:2/16:0) 860.6 Unit 262.3 Unit 5.204 49 

DHC Hex2Cer(d18:2/18:0) 888.7 Unit 262.3 Unit 6.054 49 
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DHC Hex2Cer(d18:2/24:1) 970.7 Unit 262.3 Unit 8.212 49 

THC Hex3Cer(d18:1/16:0) 1024.7 Unit 264.3 Unit 5.519 61 

THC Hex3Cer(d18:1/17:0) (IS) 1038.7 Unit 264.3 Unit 5.949 61 

THC Hex3Cer(d18:1/18:0) 1052.7 Unit 264.3 Unit 6.408 61 

THC Hex3Cer(d18:1/20:0) 1080.7 Unit 264.3 Unit 7.421 61 

THC Hex3Cer(d18:1/22:0) 1108.8 Unit 264.3 Unit 8.626 61 

THC Hex3Cer(d18:1/24:0) 1136.8 Unit 264.3 Unit 9.816 61 

THC Hex3Cer(d18:1/24:1) 1134.8 Unit 264.3 Unit 8.604 61 

MHC HexCer(d18:1/15:0) d7 693.6 Unit 271.3 Unit 5.874 35 

LPC LPC 14:0 468.3 Unit 184.1 Unit 1.833 21 

LPC LPC 15:0 482.3 Unit 184.1 Unit 2.174 21 

LPC LPC 16:0 496.3 Unit 184.1 Unit 2.502 21 

LPC LPC 16:1 494.3 Unit 184.1 Unit 2.002 21 

LPC LPC 17:0 510.4 Unit 184.1 Unit 2.809 21 

LPC LPC 17:1 508.4 Unit 184.1 Unit 2.385 21 

LPC LPC 18:0 524.4 Unit 184.1 Unit 3.16 21 

LPC LPC 18:1 522.4 Unit 184.1 Unit 2.65 21 

LPC LPC 18:1 d7 529.4 Unit 184.1 Unit 2.639 21 

LPC LPC 18:2 520.3 Unit 184.1 Unit 2.204 21 

oxLipid LPC 18:2_OH 536.3 Unit 184.1 Unit 0.93 21 

LPC LPC 18:3 518.3 Unit 184.1 Unit 1.873 21 

LPC(104) LPC 18:3(104) 518.3 Unit 104.1 Unit 1.873 21 

LPC LPC 19:0 538.4 Unit 184.1 Unit 3.394 21 

LPC LPC 19:1 536.4 Unit 184.1 Unit 3.01 21 

LPC LPC 20:0 552.4 Unit 184.1 Unit 3.683 21 

LPC LPC 20:1 550.4 Unit 184.1 Unit 3.244 21 

LPC LPC 20:2 548.4 Unit 184.1 Unit 2.808 21 

LPC LPC 20:3 546.4 Unit 184.1 Unit 2.436 21 
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LPC(104) LPC 20:3(104) 546.4 Unit 104.1 Unit 2.489 21 

LPC LPC 20:4 544.3 Unit 184.1 Unit 2.171 21 

oxLipid LPC 20:4_OH 560.3 Unit 184.1 Unit 1.466 21 

LPC LPC 20:5 542.3 Unit 184.1 Unit 1.798 21 

LPC LPC 22:0 580.4 Unit 184.1 Unit 4.22 21 

LPC LPC 22:1 578.4 Unit 184.1 Unit 3.725 21 

LPC LPC 22:4 572.4 Unit 184.1 Unit 2.669 21 

LPC(104) LPC 22:5(104) 570.4 Unit 104.1 Unit 2.351 21 

LPC LPC 22:5(a\b\c) 570.4 Unit 184.1 Unit 2.351 21 

LPC LPC 22:6 568.3 Unit 184.1 Unit 2.106 21 

oxLipid LPC 22:6_OH 584.3 Unit 184.1 Unit 1.615 21 

LPC LPC 24:0 608.5 Unit 184.1 Unit 4.911 21 

LPC LPC 26:0 636.5 Unit 184.1 Unit 5.749 21 

LPCO LPC(O-16:0) 482.4 Unit 104.1 Unit 2.853 23 

LPCO LPC(O-18:0) 510.4 Unit 104.1 Unit 3.481 23 

LPCO LPC(O-18:1) 508.4 Unit 104.1 Unit 2.98 23 

LPCO LPC(O-20:0) 538.4 Unit 104.1 Unit 3.984 23 

LPCO LPC(O-20:1) 536.4 Unit 104.1 Unit 3.533 23 

LPCO LPC(O-22:0) 566.5 Unit 104.1 Unit 4.62 23 

LPCO LPC(O-22:1) 564.4 Unit 104.1 Unit 4.026 23 

LPCO LPC(O-24:0) 594.5 Unit 104.1 Unit 5.423 23 

LPCO LPC(O-24:1) 592.5 Unit 104.1 Unit 4.63 23 

LPCO LPC(O-24:2) 590.5 Unit 104.1 Unit 4.155 23 

LPCP LPC(P-16:0) 480.3 Unit 104.1 Unit 2.832 25 

LPCP LPC(P-17:0) (a\b) 494.3 Unit 104.1 Unit 3.129 25 

LPCP LPC(P-18:0) 508.3 Unit 104.1 Unit 3.46 25 

LPCP LPC(P-18:1) 506.3 Unit 104.1 Unit 2.959 25 

LPCP LPC(P-20:0) 536.3 Unit 104.1 Unit 3.952 25 



 
 

324 

-Table continued- 

LPE LPE 16:0 454.3 Unit 313.3 Unit 2.621 17 

LPE LPE 17:0 468.3 Unit 327.3 Unit 2.971 17 

LPE LPE 18:0 482.3 Unit 341.3 Unit 3.279 17 

LPE LPE 18:1 480.3 Unit 339.3 Unit 2.768 17 

LPE LPE 18:1 d7 487.3 Unit 346.3 Unit 2.747 17 

LPE LPE 18:2 478.3 Unit 337.3 Unit 2.322 17 

LPE LPE 20:4 502.3 Unit 361.3 Unit 2.279 17 

LPE LPE 22:6 526.3 Unit 385.3 Unit 2.214 17 

LPEP LPE(P-16:0) 438.3 Unit 266.4 Unit 2.971 19 

LPEP LPE(P-18:0) 466.3 Unit 294.4 Unit 3.568 19 

LPEP LPE(P-18:1) 464.3 Unit 292.4 Unit 3.088 19 

LPEP LPE(P-20:0) 494.3 Unit 322.4 Unit 4.093 19 

LPI LPI 13:0 (IS) 548.3 Unit 271.3 Unit 1.198 21 

LPI LPI 18:0 618.3 Unit 341.3 Unit 2.722 21 

LPI LPI 18:1 616.3 Unit 339.3 Unit 2.223 21 

LPI LPI 18:2 614.3 Unit 337.3 Unit 1.818 21 

LPI LPI 20:4 638.3 Unit 361.3 Unit 1.775 21 

Sterol - Other methyl-CE 18:0 684.6 Unit 383.3 Unit 11.982 10 

Sterol - Other methyl-CE 18:1 682.6 Unit 383.3 Unit 11.758 10 

Sterol - Other methyl-CE 18:2 680.6 Unit 383.3 Unit 11.526 10 

Sterol - Other methyl-CE 20:4 704.6 Unit 383.3 Unit 11.412 10 

Sterol - Other methyl-CE 22:6 728.6 Unit 383.3 Unit 11.308 10 

mDE methyldesmosterol (18:1) 680.6 Unit 381.4 Unit 11.526 10 

mDE methyldesmosterol (18:2) 678.6 Unit 381.4 Unit 11.36 10 

MG MG 18:1 d7 364.2 Unit 272.2 Unit 3.59 11 

PA PA(15:0_18:1) d7 685.6 Unit 570.6 Unit 6.073 13 

PA PA(34:1) 692.6 Unit 577.6 Unit 6.614 13 
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PA PA(36:1) 720.6 Unit 605.6 Unit 7.629 13 

PA PA(36:2) 718.6 Unit 603.6 Unit 6.76 13 

PA PA(36:3) 716.6 Unit 601.6 Unit 6.04 13 

PA PA(36:4) 714.6 Unit 599.6 Unit 5.706 13 

PA PA(40:6) 766.6 Unit 651.6 Unit 6.235 13 

PC PC 28:0 678.5 Unit 184.1 Unit 5.071 25 

PC PC 30:0 706.5 Unit 184.1 Unit 5.863 25 

PC PC 31:0 (a\b) 720.6 Unit 184.1 Unit 6.269 25 

PC PC 31:1 718.5 Unit 184.1 Unit 5.621 25 

PC PC 32:0 734.6 Unit 184.1 Unit 6.832 25 

PC PC 32:1 732.6 Unit 184.1 Unit 6.05 25 

PC PC 32:2 730.5 Unit 184.1 Unit 5.431 25 

PC PC 33:0(a\b) 748.6 Unit 184.1 Unit 7.291 25 

PC PC 33:1 746.6 Unit 184.1 Unit 6.518 25 

PC PC 33:2 744.6 Unit 184.1 Unit 5.84 25 

PC PC 34:0 762.6 Unit 184.1 Unit 7.932 25 

PC PC 34:1 760.6 Unit 184.1 Unit 7.028 25 

PC PC 34:2 758.6 Unit 184.1 Unit 6.319 25 

oxLipid PC 34:2_OH 774.6 Unit 184.1 Unit 4.672 25 

PC PC 34:3(a\b\c) 756.6 Unit 184.1 Unit 5.725 25 

PC PC 34:4 754.5 Unit 184.1 Unit 5.378 25 

PC PC 34:5 752.5 Unit 184.1 Unit 4.909 25 

PC PC 35:1(a\b) 774.6 Unit 184.1 Unit 7.488 25 

PC PC 35:2(a\b) 772.6 Unit 184.1 Unit 6.745 25 

PC PC 35:3(a\b) 770.6 Unit 184.1 Unit 6.079 25 

PC PC 35:4 768.6 Unit 184.1 Unit 5.797 25 

PC PC 35:5 766.5 Unit 184.1 Unit 5.282 25 
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PC PC 36:1 788.6 Unit 184.1 Unit 8.152 25 

PC PC 36:2(a\b) 786.6 Unit 184.1 Unit 7.246 25 

PC PC 36:3(a\b\c) 784.6 Unit 184.1 Unit 6.619 25 

PC PC 36:4(a\b) 782.6 Unit 184.1 Unit 6.006 25 

oxLipid PC 36:4(a\b)_OH 798.6 Unit 184.1 Unit 5.27 25 

PC PC 36:5(a\b) 780.6 Unit 184.1 Unit 5.598 25 

PC PC 36:6 778.5 Unit 184.1 Unit 5.122 25 

PC PC 37:4(a\b) 796.6 Unit 184.1 Unit 6.681 25 

PC PC 37:6 792.6 Unit 184.1 Unit 5.629 25 

PC PC 38:2 814.6 Unit 184.1 Unit 8.362 25 

PC PC 38:3 812.6 Unit 184.1 Unit 7.696 25 

PC PC 38:4(a\b\c) 810.6 Unit 184.1 Unit 6.973 25 

PC PC 38:5(a\b) 808.6 Unit 184.1 Unit 6.556 25 

PC PC 38:6(a\b) 806.6 Unit 184.1 Unit 5.953 25 

oxLipid PC 38:6(a\b)_OH 822.6 Unit 184.1 Unit 5.131 25 

PC PC 38:7(a\b\c) 804.6 Unit 184.1 Unit 5.386 25 

PC PC 39:5(a\b) 822.6 Unit 184.1 Unit 6.545 25 

PC PC 39:6(a\b) 820.6 Unit 184.1 Unit 6.482 25 

PC PC 40:4(a\b) 838.6 Unit 184.1 Unit 8.33 25 

PC PC 40:5(a\b) 836.6 Unit 184.1 Unit 7.622 25 

PC PC 40:6 834.6 Unit 184.1 Unit 7.077 25 

PC PC 40:7(a\b\c) 832.6 Unit 184.1 Unit 6.202 25 

PC PC 40:8 830.6 Unit 184.1 Unit 5.575 25 

PC PC 40:10 826.6 Unit 184.1 Unit 4.702 25 

PC PC 42:2 870.5 Unit 184.1 Unit 10.133 25 

PC PC 42:3 868.5 Unit 184.1 Unit 9.891 25 

PC PC 42:4 866.5 Unit 184.1 Unit 9.19 25 

PC PC 42:5 (a/b) 864.5 Unit 184.1 Unit 8.414 25 
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PC PC 42:6 (a/b) 862.5 Unit 184.1 Unit 7.475 25 

PC PC 42:7 860.5 Unit 184.1 Unit 7.171 25 

PC PC 42:8 858.5 Unit 184.1 Unit 6.346 25 

PC PC 42:9 856.5 Unit 184.1 Unit 5.94 25 

PC PC 42:10 854.5 Unit 184.1 Unit 5.459 25 

PC PC 44:4 894.5 Unit 184.1 Unit 10.059 25 

PC PC 44:5 892.5 Unit 184.1 Unit 9.668 25 

PC PC 44:12 878.6 Unit 184.1 Unit 5.235 25 

PC PC(15:0_18:1) d7 753.6 Unit 184.1 Unit 6.486 25 

PCO PC(O-32:0) 720.6 Unit 184.1 Unit 7.556 25 

PCO PC(O-32:1) 718.5 Unit 184.1 Unit 7.011 25 

PCO PC(O-32:2) 716.6 Unit 184.1 Unit 6.207 25 

PCO PC(O-34:1) 746.6 Unit 184.1 Unit 7.733 25 

PCO PC(O-34:2) 744.6 Unit 184.1 Unit 6.967 25 

PCO PC(O-34:4) 740.6 Unit 184.1 Unit 5.903 25 

PCO PC(O-35:4) 754.5 Unit 184.1 Unit 6.486 25 

PCO PC(O-36:0) 776.6 Unit 184.1 Unit 9.915 25 

PCO PC(O-36:1) 774.6 Unit 184.1 Unit 8.959 25 

PCO PC(O-36:2)(a\b) 772.6 Unit 184.1 Unit 8.016 25 

PCO PC(O-36:3)(a\b) 770.6 Unit 184.1 Unit 7.237 25 

PCO PC(O-36:4) 768.6 Unit 184.1 Unit 6.892 25 

PCO PC(O-36:5) 766.5 Unit 184.1 Unit 6.277 25 

PCO PC(O-38:4) 796.6 Unit 184.1 Unit 8.024 25 

PCO PC(O-38:5) 794.6 Unit 184.1 Unit 7.025 25 

PCO PC(O-38:6) 792.6 Unit 184.1 Unit 6.681 25 

PCO PC(O-40:5) 822.6 Unit 184.1 Unit 8.108 25 

PCO PC(O-40:6) 820.6 Unit 184.1 Unit 7.78 25 

PCO PC(O-40:7) 818.6 Unit 184.1 Unit 6.941 25 
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PC PC(O-42:4) (a/b) 852.5 Unit 184.1 Unit 9.976 25 

PC PC(O-42:5) (a/b/c) 850.5 Unit 184.1 Unit 9.564 25 

PC PC(O-42:6) 848.5 Unit 184.1 Unit 8.34 25 

PC PC(O-42:7) 846.5 Unit 184.1 Unit 8.012 25 

PC PC(O-42:8) 844.5 Unit 184.1 Unit 7.37 25 

PC PC(O-44:6) 876.5 Unit 184.1 Unit 9.669 25 

PC PC(O-44:7) 874.5 Unit 184.1 Unit 9.03 25 

PC PC(O-46:7) (a/b) 902.5 Unit 184.1 Unit 9.858 25 

PC PC(O-46:8) 900.5 Unit 184.1 Unit 9.274 25 

PC(P) PC(P-18:0/18:1) d9 781.6 Unit 184.1 Unit 8.746 25 

PCP PC(P-30:0) 690.4 Unit 184.1 Unit 6.386 25 

PCP PC(P-32:0) 718.5 Unit 184.1 Unit 7.388 25 

PCP PC(P-32:1) 716.6 Unit 184.1 Unit 6.572 25 

PCP PC(P-34:0) 746.6 Unit 184.1 Unit 8.611 25 

PCP PC(P-34:1) 744.6 Unit 184.1 Unit 7.617 25 

PCP PC(P-34:2) 742.5 Unit 184.1 Unit 6.831 25 

PCP PC(P-34:3) 740.6 Unit 184.1 Unit 6.195 25 

PCP PC(P-35:2)(a\b) 756.6 Unit 184.1 Unit 7.311 25 

PCP PC(P-35:4)(a\b) 752.6 Unit 184.1 Unit 6.341 25 

PCP PC(P-36:2)(a\b) 770.6 Unit 184.1 Unit 7.857 25 

PCP PC(P-36:3) 768.5 Unit 184.1 Unit 7.143 25 

PCP PC(P-36:4) 766.5 Unit 184.1 Unit 6.745 25 

PCP PC(P-36:5) 764.6 Unit 184.1 Unit 6.111 25 

PCP PC(P-37:4)(a\b) 780.5 Unit 184.1 Unit 7.215 25 

PCP PC(P-38:4) 794.6 Unit 184.1 Unit 7.845 25 

PCP PC(P-38:5)(a\b) 792.6 Unit 184.1 Unit 7.047 25 

PCP PC(P-38:6) 790.6 Unit 184.1 Unit 6.536 25 

PCP PC(P-40:4) 822.6 Unit 184.1 Unit 9.074 25 
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PCP PC(P-40:5)(a\b) 820.6 Unit 184.1 Unit 7.938 25 

PCP PC(P-40:6) 818.6 Unit 184.1 Unit 7.602 25 

PCP PC(P-40:7) 816.6 Unit 184.1 Unit 6.67 25 

PC PC(P-42:5) 848.5 Unit 184.1 Unit 9.116 25 

PC PC(P-44:5) 876.5 Unit 184.1 Unit 10.007 25 

PC PC(P-46:7) 900.5 Unit 184.1 Unit 9.933 25 

PC PC(P-46:8) 898.5 Unit 184.1 Unit 9.125 25 

PE PE 32:0 692.5 Unit 551.5 Unit 7.179 19 

PE PE 32:1 690.5 Unit 549.5 Unit 6.365 19 

PE PE 34:1 718.5 Unit 577.5 Unit 7.388 19 

PE PE 34:2 716.5 Unit 575.5 Unit 6.635 19 

PE PE 34:3(a\b\c) 714.5 Unit 573.5 Unit 6.009 19 

PE PE 35:1(a\b) 732.6 Unit 591.5 Unit 7.849 19 

PE PE 35:2(a\b) 730.5 Unit 589.5 Unit 7.083 19 

PE PE 36:0 748.6 Unit 607.6 Unit 9.513 19 

PE PE 36:1 746.6 Unit 605.6 Unit 8.547 19 

PE PE 36:2(a\b) 744.6 Unit 603.5 Unit 7.628 19 

PE PE 36:3(a\b) 742.5 Unit 601.5 Unit 6.884 19 

PE PE 36:4 740.5 Unit 599.5 Unit 6.57 19 

PE PE 36:5(a\b) 738.5 Unit 597.5 Unit 5.872 19 

PE PE 37:4 (a\b) 754.6 Unit 613.5 Unit 7.008 19 

PE PE 38:3(a\b) 770.6 Unit 629.6 Unit 8.334 19 

PE PE 38:4 768.6 Unit 627.5 Unit 7.657 19 

PE PE 38:5(a\b) 766.5 Unit 625.5 Unit 6.882 19 

PE PE 38:6 764.5 Unit 623.5 Unit 6.361 19 

PE PE 39:6(a\b) 778.5 Unit 637.5 Unit 6.786 19 

PE PE 40:4 796.6 Unit 655.6 Unit 8.693 19 

PE PE 40:5(a\b) 794.6 Unit 653.6 Unit 7.972 19 
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PE PE 40:6 792.6 Unit 651.5 Unit 7.424 19 

PE PE 40:7 790.5 Unit 649.5 Unit 6.64 19 

PE PE(15:0_18:1) d7 711.6 Unit 570.5 Unit 6.812 19 

PE(O) PE(O-34:1) 704.6 Unit 563.5 Unit 8.157 19 

PE(O) PE(O-34:2) 702.5 Unit 561.5 Unit 7.367 19 

PE(O) PE(O-36:3)(a\b) 728.6 Unit 587.5 Unit 7.66 19 

PE(O) PE(O-36:4) 726.5 Unit 585.5 Unit 7.293 19 

PE(O) PE(O-36:5) 724.5 Unit 583.5 Unit 6.623 19 

PE(O) PE(O-38:4)(a\b) 754.6 Unit 613.6 Unit 8.282 19 

PE(O) PE(O-38:5)(a\b) 752.6 Unit 611.5 Unit 7.553 19 

PE(O) PE(O-38:6) 750.6 Unit 609.5 Unit 7.061 19 

PE(O) PE(O-40:5) 780.6 Unit 639.6 Unit 8.556 19 

PE(O) PE(O-40:6) 778.5 Unit 637.5 Unit 8.217 19 

PE(O) PE(O-40:7) 776.6 Unit 635.5 Unit 7.194 19 

PE(P) PE(P-15:0/20:4)(a\b) 710.5 Unit 361.3 Unit 6.541 19 

PE(P) PE(P-15:0/22:6)(a\b) 734.5 Unit 385.3 Unit 6.31 19 

PE(P) PE(P-16:0/18:1) 702.5 Unit 339.3 Unit 8.051 19 

PE(P) PE(P-16:0/18:2) 700.5 Unit 337.3 Unit 7.242 19 

PE(P) PE(P-16:0/18:3) 698.5 Unit 335.3 Unit 6.531 19 

PE(P) PE(P-16:0/20:3) 726.5 Unit 363.3 Unit 7.661 19 

PE(P) PE(P-16:0/20:4) 724.5 Unit 361.3 Unit 7.126 19 

PE(P) PE(P-16:0/20:5) 722.5 Unit 359.3 Unit 6.467 19 

PE(P) PE(P-16:0/22:4) 752.6 Unit 389.3 Unit 7.943 19 

PE(P) PE(P-16:0/22:5)(a\b) 750.5 Unit 387.3 Unit 7.448 19 

PE(P) PE(P-16:0/22:6) 748.5 Unit 385.3 Unit 6.904 19 

PE(P) PE(P-17:0/20:4)(a\b) 738.6 Unit 361.3 Unit 7.607 19 

PE(P) PE(P-17:0/22:6)(a\b) 762.6 Unit 385.3 Unit 7.363 19 

PE(P) PE(P-18:0/18:1) 730.6 Unit 339.3 Unit 9.258 19 
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PE(P) PE(P-18:0/18:1) d9 739.5 Unit 348.3 Unit 9.204 19 

PE(P) PE(P-18:0/18:2) 728.6 Unit 337.3 Unit 8.388 19 

PE(P) PE(P-18:0/18:3) 726.5 Unit 335.3 Unit 7.671 19 

PE(P) PE(P-18:0/20:3) 754.5 Unit 363.3 Unit 8.854 19 

PE(P) PE(P-18:0/20:4) 752.6 Unit 361.3 Unit 8.293 19 

PE(P) PE(P-18:0/20:5) 750.5 Unit 359.3 Unit 7.553 19 

PE(P) PE(P-18:0/22:4) 780.6 Unit 389.3 Unit 9.161 19 

PE(P) PE(P-18:0/22:5)(a\b) 778.5 Unit 387.3 Unit 8.63 19 

PE(P) PE(P-18:0/22:6) 776.6 Unit 385.3 Unit 8.036 19 

PE(P) PE(P-18:1/18:1) 728.6 Unit 339.3 Unit 8.346 19 

PE(P) PE(P-18:1/18:2) 726.5 Unit 337.3 Unit 7.503 19 

PE(P) PE(P-18:1/18:3) 724.5 Unit 335.3 Unit 6.728 19 

PE(P) PE(P-18:1/20:3) 752.5 Unit 363.3 Unit 7.975 19 

PE(P) PE(P-18:1/20:4) 750.5 Unit 361.3 Unit 7.417 19 

PE(P) PE(P-18:1/20:5) 748.5 Unit 359.3 Unit 6.747 19 

PE(P) PE(P-18:1/22:4) 778.5 Unit 389.3 Unit 8.153 19 

PE(P) PE(P-18:1/22:5)(a\b) 776.6 Unit 387.3 Unit 7.656 19 

PE(P) PE(P-18:1/22:6)(a\b) 774.5 Unit 385.3 Unit 7.184 19 

PE(P) PE(P-19:0/20:4)(a\b) 766.6 Unit 361.3 Unit 8.79 19 

PE(P) PE(P-20:0/18:1) 758.6 Unit 339.3 Unit 10.041 19 

PE(P) PE(P-20:0/18:2) 756.6 Unit 337.3 Unit 9.64 19 

PE(P) PE(P-20:0/20:4) 780.6 Unit 361.3 Unit 9.534 19 

PE(P) PE(P-20:0/22:6) 804.6 Unit 385.3 Unit 9.266 19 

PE(P) PE(P-20:1/20:4) 778.5 Unit 361.3 Unit 8.397 19 

PE(P) PE(P-20:1/22:6) 802.6 Unit 385.3 Unit 8.141 19 

PG PG 34:1 766.6 Unit 577.5 Unit 6.048 17 

PG PG 34:2 764.6 Unit 575.5 Unit 5.493 17 

PG PG 36:1 794.6 Unit 605.6 Unit 6.984 17 
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PG PG 36:2 792.6 Unit 603.5 Unit 6.327 17 

PG PG(15:0_18:1) d7 759.6 Unit 570.6 Unit 5.63 17 

PI PI(15:0_18:1) d7 847.6 Unit 570.6 Unit 5.375 17 

PI PI 32:0 828.6 Unit 551.6 Unit 5.628 17 

PI PI 32:1 826.5 Unit 549.5 Unit 5.057 17 

PI PI 34:0 856.6 Unit 579.6 Unit 6.523 17 

PI PI 34:1 854.6 Unit 577.6 Unit 5.794 17 

PI PI 35:1 868.6 Unit 591.6 Unit 6.2 17 

PI PI 35:2 866.6 Unit 589.6 Unit 5.626 17 

PI PI 36:1 882.6 Unit 605.6 Unit 6.7 17 

PI PI 36:2 880.6 Unit 603.6 Unit 6.054 17 

PI PI 36:3(a\b\c) 878.6 Unit 601.6 Unit 5.468 17 

PI PI 36:4 876.6 Unit 599.6 Unit 5.204 17 

PI PI 37:4 (a\b) 890.6 Unit 613.6 Unit 5.583 17 

PI PI 37:6 886.6 Unit 609.6 Unit 5.478 17 

PI PI 38:2 908.6 Unit 631.6 Unit 6.919 17 

PI PI 38:3(a\b) 906.6 Unit 629.6 Unit 6.523 17 

PI PI 38:4 904.6 Unit 627.6 Unit 6.023 17 

PI PI 38:5(a\b) 902.6 Unit 625.6 Unit 5.383 17 

PI PI 38:6 900.6 Unit 623.6 Unit 5.076 17 

PI PI 39:6 914.6 Unit 637.6 Unit 5.393 17 

PI PI 40:4 932.6 Unit 655.6 Unit 6.887 17 

PI PI 40:5(a\b) 930.6 Unit 653.6 Unit 6.273 17 

PI PI 40:6 928.6 Unit 651.6 Unit 5.845 17 

PIP PIP1(38:4) 984.7 Unit 627.7 Unit 5.171 20 

PS PS 36:1 790.6 Unit 605.6 Unit 6.796 23 

PS PS 36:2 788.5 Unit 603.5 Unit 6.13 23 

PS PS 38:3 814.6 Unit 629.6 Unit 6.441 23 
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PS PS 38:4 812.5 Unit 627.5 Unit 6.088 23 

PS PS 38:5 810.5 Unit 625.5 Unit 5.45 23 

PS PS 40:5 838.6 Unit 653.6 Unit 6.191 23 

PS PS 40:6 836.5 Unit 651.5 Unit 5.931 23 

PS PS(15:0_18:1) d7 755.5 Unit 570.5 Unit 5.441 23 

S1P S1P(d16:1) 352.2 Unit 236.3 Unit 1.409 12 

S1P S1P(d17:1) 366.2 Unit 250.3 Unit 1.699 12 

S1P S1P(d18:0) 382.2 Unit 284.3 Unit 2.219 12 

S1P S1P(d18:1) 380.2 Unit 264.3 Unit 2.038 12 

S1P S1P(d18:1) d7 387.2 Unit 271.3 Unit 2.027 12 

S1P S1P(d18:2) 378.2 Unit 262.3 Unit 1.558 12 

SM SM 31:1 661.5 Unit 184.1 Unit 4.673 29 

SM SM 32:0 677.6 Unit 184.1 Unit 5.316 29 

SM SM 32:1 675.5 Unit 184.1 Unit 5.028 29 

SM SM 32:2 673.5 Unit 184.1 Unit 4.489 29 

SM SM 33:1 689.6 Unit 184.1 Unit 5.401 29 

SM SM 34:0 705.6 Unit 184.1 Unit 6.187 29 

SM SM 34:1 703.6 Unit 184.1 Unit 5.822 29 

SM SM 34:2 701.6 Unit 184.1 Unit 5.177 29 

SM SM 34:3 699.5 Unit 184.1 Unit 4.705 29 

SM SM 35:1 (a\b) 717.6 Unit 184.1 Unit 6.217 29 

SM SM 35:2 (a\b) 715.6 Unit 184.1 Unit 5.737 29 

SM SM 36:1 731.6 Unit 184.1 Unit 6.811 29 

SM SM 36:2 729.6 Unit 184.1 Unit 6.039 29 

SM SM 36:3 727.6 Unit 184.1 Unit 5.452 29 

SM SM 37:1 745.6 Unit 184.1 Unit 7.386 29 

SM SM 37:2 743.5 Unit 184.1 Unit 6.528 29 

SM SM 38:1 759.6 Unit 184.1 Unit 7.995 29 
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SM SM 38:2 757.6 Unit 184.1 Unit 7.06 29 

SM SM 38:3 (a\b) 755.6 Unit 184.1 Unit 6.288 29 

SM SM 39:1 773.7 Unit 184.1 Unit 8.61 29 

SM SM 40:0 789.7 Unit 184.1 Unit 9.639 29 

SM SM 40:1 787.7 Unit 184.1 Unit 9.15 29 

SM SM 40:2 (a\b) 785.7 Unit 184.1 Unit 8.121 29 

SM SM 40:3 (a\b\c) 783.6 Unit 184.1 Unit 7.236 29 

SM SM 40:4 781.5 Unit 184.1 Unit 6.276 29 

SM SM 41:0 803.7 Unit 184.1 Unit 9.988 29 

SM SM 41:1 801.7 Unit 184.1 Unit 9.671 29 

SM SM 41:2(a\b) 799.7 Unit 184.1 Unit 8.724 29 

SM SM 42:1 815.7 Unit 184.1 Unit 10.019 29 

SM SM 42:2 (a\b) 813.7 Unit 184.1 Unit 9.362 29 

SM SM 42:3 811.5 Unit 184.1 Unit 8.235 29 

SM SM 42:4 809.5 Unit 184.1 Unit 7.434 29 

SM SM 43:1 829.7 Unit 184.1 Unit 10.103 29 

SM SM 43:2 (a\b\c) 827.7 Unit 184.1 Unit 9.776 29 

SM SM 44:1 843.6 Unit 184.1 Unit 10.217 29 

SM SM 44:2 841.6 Unit 184.1 Unit 10.019 29 

SM SM 44:3 (a\b) 839.6 Unit 184.1 Unit 9.447 29 

SM SM(d18:1/15:0) d9 698.6 Unit 193.1 Unit 5.401 29 

SPN Sph(d16:1) 272.3 Unit 254.3 Unit 1.679 10 

SPN Sph(d17:1) 286.3 Unit 268.3 Unit 1.975 10 

SPN Sph(d18:1) 300.3 Unit 282.3 Unit 2.219 10 

SPN Sph(d18:2) 298.3 Unit 280.3 Unit 1.827 10 

Sulfatides Sulfatide (d18:1:/12:0) (ISTD) 724.8 Unit 264.3 Unit 3.907 56 

Sulfatides 
Sulfatide (d18:1:/16:0(OH)) 

[264] 796.8 Unit 264.3 Unit 4.789 56 
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Sulfatides Sulfatide (d18:1:/16:0) [264] 780.8 Unit 264.3 Unit 4.94 56 

Sulfatides 
Sulfatide (d18:1:/24:0(OH)) 

[264] 908.8 Unit 264.3 Unit 8.361 56 

Sulfatides Sulfatide (d18:1:/24:0) [264] 892.8 Unit 264.3 Unit 8.627 56 

Sulfatides 
Sulfatide (d18:1:/24:1(OH)) 

[264] 906.8 Unit 264.3 Unit 7.254 56 

Sulfatides Sulfatide (d18:1:/24:1) [264] 890.8 Unit 264.3 Unit 7.516 56 

TG TG(48:0) [NL-16:0] 824.8 Unit 551.5 Unit 11.266 25 

TG TG(48:0) [NL-18:0] 824.8 Unit 523.5 Unit 11.266 25 

TG SIM TG(48:0) [SIM] 824.8 Unit 824.8 Unit 11.266 0 

TG TG(48:1) [NL-16:1] 822.8 Unit 551.5 Unit 11.102 25 

TG TG(48:1) [NL-18:1] 822.8 Unit 523.5 Unit 11.102 25 

TG TG(48:1) [NL-18:1] d7 ISTD 829.8 Unit 523.5 Unit 11.092 25 

TG SIM TG(48:1) [SIM] 822.8 Unit 822.8 Unit 11.102 0 

TG TG(48:2) [NL-14:0] 820.8 Unit 575.5 Unit 10.948 25 

TG TG(48:2) [NL-14:1] 820.8 Unit 577.5 Unit 10.938 25 

TG TG(48:2) [NL-16:1] 820.8 Unit 549.5 Unit 10.948 25 

TG TG(48:2) [NL-18:2] 820.8 Unit 523.5 Unit 10.958 25 

TG SIM TG(48:2) [SIM] 820.8 Unit 820.8 Unit 10.948 0 

TG TG(48:3) [NL-14:0] 818.8 Unit 573.5 Unit 10.813 25 

TG TG(48:3) [NL-16:1] 818.8 Unit 547.5 Unit 10.802 25 

TG TG(48:3) [NL-18:3] 818.8 Unit 523.5 Unit 10.844 25 

TG SIM TG(48:3) [SIM] 818.8 Unit 818.8 Unit 10.813 0 

TG TG(49:1) [NL-16:1] 836.8 Unit 565.5 Unit 11.194 25 

TG TG(49:1) [NL-17:1] 836.8 Unit 551.5 Unit 11.224 25 

TG SIM TG(49:1) [SIM] 836.8 Unit 836.8 Unit 11.204 0 

TG TG(50:0) [NL-18:0] 852.8 Unit 551.5 Unit 11.481 25 

TG SIM TG(50:0) [SIM] 852.8 Unit 852.8 Unit 11.481 0 
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TG TG(50:1) [NL-14:0] 850.8 Unit 605.5 Unit 11.284 25 

TG TG(50:1) [NL-16:0] 850.8 Unit 577.5 Unit 11.293 25 

TG TG(50:1) [NL-18:1] 850.8 Unit 551.5 Unit 11.274 25 

TG SIM TG(50:1) [SIM] 850.8 Unit 850.8 Unit 11.284 0 

TG TG(50:2) [NL-14:0] 848.8 Unit 603.5 Unit 11.121 25 

TG TG(50:2) [NL-16:1] 848.8 Unit 577.5 Unit 11.121 25 

TG TG(50:2) [NL-18:1] 848.8 Unit 549.5 Unit 11.11 25 

TG TG(50:2) [NL-18:2] 848.8 Unit 551.5 Unit 11.131 25 

TG SIM TG(50:2) [SIM] 848.8 Unit 848.8 Unit 11.121 0 

TG TG(50:3) [NL-14:0] 846.8 Unit 601.5 Unit 10.967 25 

TG TG(50:3) [NL-14:1] 846.8 Unit 603.5 Unit 10.967 25 

TG TG(50:3) [NL-16:1] 846.8 Unit 575.5 Unit 10.967 25 

TG TG(50:3) [NL-18:2] 846.8 Unit 549.5 Unit 10.977 25 

TG TG(50:3) [NL-18:3] 846.8 Unit 551.5 Unit 11.018 25 

TG SIM TG(50:3) [SIM] 846.8 Unit 846.8 Unit 10.977 0 

TG TG(50:4) [NL-14:0] 844.8 Unit 599.5 Unit 10.843 25 

TG TG(50:4) [NL-18:3] 844.8 Unit 549.5 Unit 10.853 25 

TG TG(50:4) [NL-20:4] 844.8 Unit 523.5 Unit 10.915 25 

TG SIM TG(50:4) [SIM] 844.8 Unit 844.8 Unit 10.843 0 

TG TG(51:0) [NL-16:0] 866.7 Unit 593.4 Unit 11.563 25 

TG SIM TG(51:0) [SIM] 866.7 Unit 866.7 Unit 11.563 0 

TG TG(51:1) [NL-17:0] 864.8 Unit 577.5 Unit 11.376 25 

TG SIM TG(51:1) [SIM] 864.8 Unit 864.8 Unit 11.376 0 

TG TG(51:2) [NL-15:0] 862.8 Unit 603.5 Unit 11.212 25 

TG TG(51:2) [NL-17:0] 862.8 Unit 575.5 Unit 11.212 25 

TG TG(51:2) [NL-17:1] 862.8 Unit 577.5 Unit 11.222 25 

TG SIM TG(51:2) [SIM] 862.8 Unit 862.8 Unit 11.212 0 

TG TG(52:1) [NL-18:0] 878.8 Unit 577.5 Unit 11.499 25 
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TG TG(52:1) [NL-18:1] 878.8 Unit 579.5 Unit 11.489 25 

TG SIM TG(52:1) [SIM] 878.8 Unit 878.8 Unit 11.489 0 

TG TG(52:2) [NL-16:0] 876.8 Unit 603.5 Unit 11.303 25 

TG TG(52:2) [NL-18:2] 876.8 Unit 579.5 Unit 11.324 25 

TG SIM TG(52:2) [SIM] 876.8 Unit 876.8 Unit 11.303 0 

TG TG(52:3) [NL-16:1] 874.8 Unit 603.5 Unit 11.14 25 

TG TG(52:3) [NL-18:2] 874.8 Unit 577.5 Unit 11.14 25 

TG SIM TG(52:3) [SIM] 874.8 Unit 874.8 Unit 11.154 0 

TG TG(52:4) [NL-16:1] 872.8 Unit 601.5 Unit 10.985 25 

TG TG(52:4) [NL-18:2] 872.8 Unit 575.5 Unit 11.006 25 

TG TG(52:4) [NL-18:3] 872.8 Unit 577.5 Unit 11.027 25 

TG SIM TG(52:4) [SIM] 872.8 Unit 872.8 Unit 11.01 0 

TG TG(52:5) [NL-18:3] 870.8 Unit 575.5 Unit 10.882 25 

TG TG(52:5) [NL-20:4] 870.8 Unit 549.5 Unit 10.924 25 

TG TG(52:5) [NL-20:5] 870.8 Unit 551.5 Unit 10.965 25 

TG SIM TG(52:5) [SIM] 870.8 Unit 870.8 Unit 10.872 0 

TG TG(53:2) [NL-17:1] 890.8 Unit 605.5 Unit 11.405 25 

TG TG(53:2) [NL-18:1] 890.8 Unit 591.5 Unit 11.384 25 

TG SIM TG(53:2) [SIM] 890.8 Unit 890.8 Unit 11.374 0 

TG TG(54:0) [NL-18:0] 908.8 Unit 607.5 Unit 11.908 25 

TG SIM TG(54:0) [SIM] 908.8 Unit 908.8 Unit 11.897 0 

TG TG(54:1) [NL-18:1] 906.8 Unit 607.5 Unit 11.707 25 

TG SIM TG(54:1) [SIM] 906.8 Unit 906.8 Unit 11.707 0 

TG TG(54:2) [NL-18:0] 904.8 Unit 603.5 Unit 11.507 25 

TG TG(54:2) [NL-20:1] 904.8 Unit 577.5 Unit 11.497 25 

TG SIM TG(54:2) [SIM] 904.8 Unit 904.8 Unit 11.507 0 

TG TG(54:3) [NL-18:1] 902.8 Unit 603.5 Unit 11.332 25 

TG TG(54:3) [NL-18:2] 902.8 Unit 605.5 Unit 11.342 25 
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TG SIM TG(54:3) [SIM] 902.8 Unit 902.8 Unit 11.332 0 

TG TG(54:4) [NL-18:2] 900.8 Unit 603.5 Unit 11.168 25 

TG TG(54:4) [NL-20:3] 900.8 Unit 577.5 Unit 11.23 25 

TG SIM TG(54:4) [SIM] 900.8 Unit 900.8 Unit 11.175 0 

TG TG(54:5) [NL-18:3] 898.8 Unit 603.5 Unit 11.035 25 

TG TG(54:5) [NL-20:4] 898.8 Unit 577.5 Unit 11.097 25 

TG SIM TG(54:5) [SIM] 898.8 Unit 898.8 Unit 11.025 0 

TG TG(54:6) [NL-18:3] 896.8 Unit 601.5 Unit 10.901 25 

TG TG(54:6) [NL-20:4] 896.8 Unit 575.5 Unit 10.953 25 

TG TG(54:6) [NL-20:5] 896.8 Unit 577.5 Unit 10.974 25 

TG TG(54:6) [NL-22:6] 896.8 Unit 551.5 Unit 11.025 25 

TG SIM TG(54:6) [SIM] 896.8 Unit 896.8 Unit 10.901 0 

TG TG(54:7) [NL-20:5] 894.8 Unit 575.5 Unit 10.839 25 

TG TG(54:7) [NL-22:6] 894.8 Unit 549.5 Unit 10.871 25 

TG SIM TG(54:7) [SIM] 894.8 Unit 894.8 Unit 10.839 0 

TG TG(56:6) [NL-20:4] 924.8 Unit 603.5 Unit 11.115 25 

TG TG(56:6) [NL-22:5] 924.8 Unit 577.5 Unit 11.095 25 

TG SIM TG(56:6) [SIM] 924.8 Unit 924.8 Unit 11.105 0 

TG TG(56:7) [NL-20:4] 922.8 Unit 601.5 Unit 10.972 25 

TG TG(56:7) [NL-20:5] 922.8 Unit 603.5 Unit 10.982 25 

TG TG(56:7) [NL-22:5] 922.8 Unit 575.5 Unit 10.961 25 

TG TG(56:7) [NL-22:6] 922.8 Unit 577.5 Unit 11.044 25 

TG SIM TG(56:7) [SIM] 922.8 Unit 922.8 Unit 11.034 0 

TG TG(56:8) [NL-20:4] 920.8 Unit 599.5 Unit 10.848 25 

TG TG(56:8) [NL-20:5] 920.8 Unit 601.5 Unit 10.848 25 

TG TG(56:8) [NL-22:6] 920.8 Unit 575.5 Unit 10.9 25 

TG SIM TG(56:8) [SIM] 920.8 Unit 920.8 Unit 10.89 0 

TG TG(56:9) [NL-22:6] 918.8 Unit 573.5 Unit 10.765 25 
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TG SIM TG(56:9) [SIM] 918.8 Unit 918.8 Unit 10.765 0 

TG TG(58:10) [NL-22:6] 944.9 Unit 599.5 Unit 10.784 25 

TG SIM TG(58:10) [SIM] 944.9 Unit 944.9 Unit 10.795 0 

TG TG(58:8) [NL-22:6] 948.8 Unit 603.5 Unit 11.053 25 

TG SIM TG(58:8) [SIM] 948.8 Unit 948.8 Unit 11.053 0 

TG TG(58:9) [NL-22:6] 946.9 Unit 601.5 Unit 10.909 25 

TG SIM TG(58:9) [SIM] 946.9 Unit 946.9 Unit 10.919 0 

TG(O) TG(O-50:1) [NL-15:0] 836.8 Unit 577.5 Unit 11.629 25 

TG(O) TG(O-50:1) [NL-16:0] 836.8 Unit 563.5 Unit 11.618 25 

TG(O) TG(O-50:1) [NL-17:1] 836.8 Unit 551.5 Unit 11.607 25 

TG(O) TG(O-50:1) [NL-18:1] 836.8 Unit 537.5 Unit 11.629 25 

TG SIM TG(O-50:1) [SIM] 836.8 Unit 836.8 Unit 11.618 0 

TG(O) TG(O-50:2) [NL-16:1] 834.8 Unit 563.5 Unit 11.41 25 

TG(O) TG(O-50:2) [NL-18:1] 834.8 Unit 535.5 Unit 11.43 25 

TG(O) TG(O-50:2) [NL-18:2] 834.8 Unit 537.5 Unit 11.472 25 

TG SIM TG(O-50:2) [SIM] 834.8 Unit 834.8 Unit 11.441 0 

TG(O) TG(O-50:3) [NL-18:2] 832.8 Unit 535.5 Unit 11.256 25 

TG SIM TG(O-50:3) [SIM] 832.8 Unit 832.8 Unit 11.245 0 

TG(O) TG(O-52:0) [NL-16:0] 866.8 Unit 593.5 Unit 12.029 25 

TG SIM TG(O-52:0) [SIM] 866.8 Unit 866.8 Unit 12.029 0 

TG(O) TG(O-52:1) [NL-16:0] 864.8 Unit 591.5 Unit 11.849 25 

TG(O) TG(O-52:1) [NL-18:1] 864.8 Unit 565.5 Unit 11.86 25 

TG SIM TG(O-52:1) [SIM] 864.8 Unit 864.8 Unit 11.86 0 

TG(O) TG(O-52:2) [NL-16:0] 862.8 Unit 589.5 Unit 11.638 25 

TG(O) TG(O-52:2) [NL-17:1] 862.8 Unit 577.5 Unit 11.638 25 

TG(O) TG(O-52:2) [NL-18:1] 862.8 Unit 563.5 Unit 11.628 25 

TG SIM TG(O-52:2) [SIM] 862.8 Unit 862.8 Unit 11.628 0 

TG(O) TG(O-54:2) [NL-17:1] 890.8 Unit 605.5 Unit 11.857 25 
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-Table continued- 

TG(O) TG(O-54:2) [NL-18:1] 890.8 Unit 591.5 Unit 11.857 25 

TG SIM TG(O-54:2) [SIM] 890.8 Unit 890.8 Unit 11.867 0 

TG(O) TG(O-54:3) [NL-17:1] 888.8 Unit 603.5 Unit 11.646 25 

TG(O) TG(O-54:3) [NL-18:1] 888.8 Unit 589.5 Unit 11.646 25 

TG SIM TG(O-54:3) [SIM] 888.8 Unit 888.8 Unit 11.656 0 

TG(O) TG(O-54:4) [NL-17:1] 886.8 Unit 601.5 Unit 11.478 25 

TG(O) TG(O-54:4) [NL-18:2] 886.8 Unit 589.5 Unit 11.478 25 

TG SIM TG(O-54:4) [SIM] 886.8 Unit 886.8 Unit 11.489 0 

Ubiquinone Ubiquinone 880.7 Unit 197 Unit 10.819 17 
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