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Summary 

Cardiorenal syndrome (CRS) describes both heart and kidney failure initiated by 

dysfunction in either the heart or kidney. CRS is associated with significant worsened 

outcomes than disease of either organ alone. The pathophysiology of this condition is 

still not fully understood. Specifically, there is no preclinical study examining the 

heart-kidney interactions where chronic heart failure (CHF) is complicated by the 

addition of chronic kidney disease (CKD). Conversely, the findings remain 

controversial in a recently described animal model recapitulating features of CKD co-

morbid with CHF. Furthermore, one under-explored factor contributory to the 

development of CRS may be circulating toxins in patients with CKD. Indoxyl sulfate 

(IS), one such non-dialysable uremic toxin, has direct pro-hypertrophic and pro-fibrotic 

effects on cardiac myocytes and fibroblasts. Increased cardiac fibrosis in animals with 

CKD is correlated with IS serum levels. This thesis therefore aimed to further explore 

the pathophysiology of CRS and the potential role of IS in this condition.  

 

The first part of the thesis evaluated cardiac and renal changes (molecular, structural 

and functional) and examined potential mechanisms that may underlie the changes 

observed in a state of chronic abnormalities in cardiac function causing progressive 

CKD [myocardial infarction (MI) followed by 5/6 nephrectomy (STNx) model in 

Chapter 3 and 4]. This is the first preclinical model (MI+STNx) to demonstrate the 

left ventricular (LV) dysfunction complicated by the addition of CKD.  

 

This in vivo MI+STNx study demonstrated that subsequent STNx accelerated the 

reduction in left ventricular ejection fraction (LVEF) post-MI. Combined MI and STNx 

led to increases in heart and lung weights and elevation in myocyte cross-sectional area 



 
 

and cardiac interstitial fibrosis in the non-infarcted myocardium compared to MI alone. 

These changes were associated with significant increases in atrial natriuretic peptide 

(ANP), transforming growth factor β1 (TGF-β1) and collagen I gene expression. Co-

morbid disease also caused increases in renal tubulointerstitial fibrosis compared to 

STNx alone, with no further deterioration in renal function. 

 

The second part of this thesis assessed pathophysiological changes and potential 

mechanisms in a condition of CKD contributing to decreased cardiac function and 

cardiac hypertrophy [STNx followed by MI (STNx+MI) model in Chapter 5 and 6]. 

This in vivo study demonstrated that STNx+MI caused a non-significant decrease in 

changes of LVEF over time compared to MI alone. Compared to STNx alone, 

combined STNx and MI increased renal tubulointerstitial fibrosis and kidney injury 

molecule-1 (KIM-1) tissue levels in the kidney, and elevated myocyte cross-sectional 

area and cardiac interstitial fibrosis in the non-infarcted myocardium. These changes 

were associated with increases in collagen I gene expression, and activation of p38 

mitogen-activated protein kinase (MAPK) and p44/42 MAPK protein in the non-

infarcted myocardium. 

 

The third part of the thesis focused on potential approaches to block IS-induced cardiac 

remodelling (Chapter 7). Organic anion transporters 1 and 3 (OAT1/3) have been 

found to be involved in the trans-cellular transport of IS in renal cells. Furthermore, 

apoptosis signal-regulating kinase-1 (ASK1) is a potential therapeutic target for cardiac 

disease. The activation of ASK1 associated signalling pathways, namely p38, p44/42 

MAPK and nuclear factor-kappa B (NFκB), has been demonstrated to be involved in 

IS-induced cardiac remodelling. Hence, we investigated the role of OAT1/3 and/or 
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ASK1 in cardiac remodelling in vitro via the approaches to block pro-hypertrophic and 

pro-fibrotic actions of IS in cardiac myocytes and fibroblasts. Inhibition of OAT1/3 and 

ASK1 suppressed IS-activated cardiac myocyte hypertrophy and fibroblast collagen 

synthesis, in a dose-dependent manner. OAT1/3 and ASK1 antagonists appear to 

attenuate these effects by blocking the uptake of IS into cardiac cells and downstream 

actions post-uptake, respectively.  

 

Together, this thesis has demonstrated that accelerated cardiac remodelling and 

increased renal tubulointerstitial fibrosis appear to be the common pathophysiological 

changes in the setting of MI+STNx and STNx+MI. MI+STNx animals had decreased 

LVEF compared to the STNx+MI animals, suggesting animals with pre-morbid CHF 

had worsening cardiac outcomes. A non-significant reduction in glomerular filtration 

rate (GFR) was observed in STNx+MI vs MI+STNx animals, indicating that animals 

with pre-morbid CKD were likely to develop more severe renal outcomes. Thus, the 

severity of heart and kidney damage appears to be best related to the primary failing 

organ. 

 

OAT1/3 and ASK1 appear to play a role in IS-induced pathological cardiac 

remodelling, which are suppressed by their antagonists, in a dose-dependent manner. 

They may represent potential novel therapeutic approaches to ameliorate uremic toxin-

stimulated cardiac effects in the setting of co-morbid CHF and CKD. 
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1.1 Introduction   

Cardiorenal syndrome (CRS) is a condition in which a complex inter-relationship 

between cardiac dysfunction and renal impairment co-exists. A diseased heart has 

numerous negative effects on kidney function, whist renal insufficiency can 

significantly impair cardiac function leading to the progression of failure of both 

organs.1, 2 CRS has been generally classified into 5 subtypes to recognize the potential 

pathophysiological disorder of both the heart and kidney, whereby acute or chronic 

dysfunction of one organ may induce acute or chronic dysfunction of the other.3 The 

primary failing organ can be either heart or kidney. Systemic conditions leading to 

simultaneous injury and/or dysfunction of the heart and kidney are also proposed to be 

one of the subtypes of CRS.3 Our understanding of the complex hemodynamic, 

neurohormonal, immunological and biochemical derangements that encompass CRS is 

deficient, and may not be able to provide the rationale for specific management. Thus, 

further investigation in its pathophysiology and underlying mechanisms is needed to 

explore the complex nature of CRS. 

 

1.2 Definition  

According to Ronco et al,3 The CRS has been classified into 5 subtypes to highlight the 

time course of heart-kidney interaction and the primacy of the diseased organ leading to 

the syndrome (Table 1.1).  
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Table 1.1 Subtypes of the cardiorenal syndrome. 

 

Acute  
cardio-renal 
syndrome  
(type 1) 

Chronic cardio-
renal syndrome 

(type 2) 

Acute  
reno-cardiac 

syndrome 
(type 3) 

Chronic  
reno-cardiac 

syndrome  
(type 4) 

Secondary 
cardiorenal 
syndromes  

(type 5) 

Primary  
events 

Acute heart 
failure, acute 

coronary 
syndrome, 
cardiogenic 

shock 

Chronic heart 
disease 

Acute kidney 
injury 

Chronic kidney 
disease 

Systemic 
disease (sepsis, 

amyloidosis, 
etc.) 

Secondary  
events 

Acute kidney 
injury 

Chronic kidney 
disease 

Acute heart 
failure, acute 

coronary 
syndrome, 

arrhythmias, 
shock 

Chronic heart 
disease, acute 
heart failure, 

acute coronary 
syndrome 

Acute heart 
failure, acute 

coronary 
syndrome, 

chronic heart 
disease, acute 
kidney injury, 
chronic kidney 

disease 

Used with permissions from Ronco C, et al.4 

 

1.2.1 Acute cardio-renal syndrome (Type 1) 

The term of acute kidney injury (AKI) has been used to describe the conditions that 

cover the spectrum from mild prerenal azotemia with no renal pathologic changes and 

no functional failure to severe oliguric renal dysfunction associated with tubular 

necrosis with failure of function.5 Type 1 acute cardio-renal syndrome is defined as 

acute worsening of heart function leading to AKI.3 This is a syndrome of the initial 

acute heart failure and/or acute coronary syndrome complicated by kidney injury and/or 

dysfunction.4 Approximately 27-40% of patients administrated for acute 

decompensated heart failure (ADHF) develop AKI and fall into this clinical entity.4  
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1.2.2 Chronic cardio-renal syndrome (Type 2) 

Type 2 chronic cardio-renal syndrome is defined as chronic abnormalities in heart 

function leading to kidney injury or dysfunction.3 This subtype refers to chronic heart 

disease (CHF) complicated by chronic state of kidney disease.4 This syndrome is 

common and appears to happen in 63% of patients hospitalized with congestive heart 

failure.4, 6  

 

Due to the co-existence of heart and kidney dysfunction, there is yet a clear separation 

in time to distinguish the occurrence of kidney disease from heart disease.7 Therefore, a 

clear discrimination between type 2 and type 4 CRS (see below) is not available in 

current literature.7 

 

1.2.3 Acute reno-cardiac syndrome (Type 3)  

Type 3 acute reno-cardiac syndrome is defined as acute worsening kidney function 

leading to heart injury and/or dysfunction.3 This subtype refers to cardiac dysfunction 

secondary to AKI.3 AKI is a growing disorder in hospital and intensive care unit (ICU) 

patients, and has been identified in approximately 9% of hospital patients and more 

than 35% of ICU patients.8, 9 AKI can affect the heart through several pathways and the 

recent definition and classification of AKI may help to investigate this syndrome 

further.10-12 

 

1.2.4 Chronic reno-cardiac syndrome (Type 4) 

Type 4 chronic reno-cardiac syndrome is defined as a condition of primary chronic 

kidney disease (CKD) contributing to decreased cardiac function, ventricular 

hypertrophy and/or increased risk of cardiovascular disease (CVD).3 This subtype 
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refers to disease or dysfunction of the heart occurring secondary to CKD. It is widely 

prevalent since it involves the progression of CKD, often due to diabetes mellitus and 

hypertension, with accelerated calcific atherosclerosis, progressive left ventricular 

hypertrophy (LVH), and the development of left ventricular (LV) dysfunction.13 

 

1.2.5 Secondary cardio-renal syndromes (Type 5) 

Type 5 secondary cardio-renal syndromes are defined as systemic conditions leading to 

simultaneous injury and/or dysfunction of heart and kidney.3 Although this subtype 

does not have primary and/or secondary organ dysfunction, it refers to situations where 

both organs are simultaneously affected by systemic illnesses, either acute or chronic.4 

Severe sepsis represents the most commonly acute condition, which can affect both 

heart and kidney, while diabetes represents the most commonly chronic cause of 

combined cardiac and renal dysfunction.14 Other examples include systemic lupus 

erythematosus, amyloidosis, or other chronic inflammatory conditions that can lead to 

these syndromes.4  

 

1.3 Epidemiology  

1.3.1 The heart as primary failing organ 

Heart failure (HF) is a complex clinical condition that can result from any cardiac 

disorder of the pericardium, myocardium, endocardium and large blood vessels. The 

impairment of the ability of the ventricle to eject blood during systole is recognized as 

LV systolic dysfunction.15 A left ventricular ejection fraction (LVEF) of 40% or less 

usually indicates impaired LV systolic function. HF can also occur in patients with 

normal LVEF in whom higher filling pressures are needed to obtain a normal end-

diastolic volume of the ventricle. This is so called HF with preserved LVEF or diastolic 
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HF.16, 17 Approximately half of the patients diagnosed with symptomatic HF have 

systolic dysfunction while the other half have diastolic dysfunction.15 HF is generally in 

a chronic state in which worsening symptoms and signs may occur.16 Alternatively, HF 

may develop within 24-hour, presenting in forms of acute pulmonary oedema, 

cardiogenic shock or ADHF.16 HF affects 1-2% of the population in developed 

countries and appears to be increasing, and health cost of CHF accounts for 1-2% of the 

total health care budget.15, 18, 19  

 

HF, being a common disease in the elderly,15 does not present as sole disease in clinic. 

Anemia, cachexia, diabetes mellitus, obstructive sleep apnoea, chronic pulmonary 

disease and renal impairment are conditions frequently observed in HF patients often 

with a poor prognosis.16 Specifically, renal function significantly deteriorates in 

patients with CVD.20 Approximately 27% of acute heart failure are complicated by 

AKI as defined by an increase in serum creatinine of 26.5 μmol/L or greater, resulting 

in increased complications, prolonged hospitalisations and increased risk of death.21 

The incidence estimates for worsening renal function associated with ADHF and acute 

coronary syndrome are 24-45% and 9-19%, respectively.7 

 

In the setting of CHF, the prevalence of renal dysfunction is close to 25%,22-24 and the 

development of renal dysfunction is associated with poor clinical outcomes.25, 26 For 

example, a recent study recruits patients with CVD with a mean baseline serum 

creatinine of 79.6 μmol/L and estimated glomerular filtration rate (eGFR) of 86.2 

ml/min/1.73 m2.27 After a follow-up of 9.3 years, 7.2% of CVD patients have increases 

in creatinine of 35.4 μmol/L or greater and 34% of patients have reductions in eGFR of 
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15 ml/min/1.73 m2 or more. During the observational period, 2.3% and 5.6% of 

patients develop kidney disease, respectively.27  

 

Renal impairment leads to a poor prognosis and confers further mortality among HF 

patients. The degree of renal dysfunction is a powerful independent risk factor for all-

cause mortality in HF patients. The prevalence and mortality of renal dysfunction in 

CHF patients has been summarized in Table 1.2, indicating that even slightly 

worsening renal function is associated with increased mortality and prolonged hospital 

stay for CHF patients.22, 24, 28-34 For every increase in creatinine by 44.25 μmol/L, the 1-

year death risk increases by approximately 10-15%.35 These findings clearly highlight 

the common co-existence of heart and kidney dysfunction and associated poor 

prognosis. However, the clinical circumstances often present a challenge to determine 

which disease process is the primary cause.7 
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Table 1.2 Summary of studies on the prevalence and mortality of renal dysfunction 

with an eGFR less than 60 ml/min/1.73 m2 in major heart failure clinical trials.  

Study Population
% eGFR 

<60 
% LVEF Outcomes (%) 

Hillege 22 
(PRIME-II) 

1906 50 <35 
Matched HR: 

(CKD versus non-CKD) 
all-cause death 2.1 

Hillege 24 
(CHARM) 

2680 36 All*  

All-cause death (HR): 
           eGFR ≥90, 1.0; 
           eGFR 75–89, 1.13; 
           eGFR 60–74, 1.14; 
           eGFR 45–59, 1.50; 
           eGFR <45, 1.91 

Al-Ahmad 30 
(SOLVD) 

6630 32 ≤35 
Matched HR: 

(CKD versus non-CKD) 
all-cause death 1.064 

Ahmed 32 
(DIG trial) 

7788 45 All* 
Matched HR: 

(CKD versus non-CKD) 
all-cause death, 1.71 

Campbell 33  
(DIG trial) 

7788 45 All* 
Matched HR: 

(CKD versus non-CKD) 
all-cause hospitalisation, 1.18 

* Symptomatic CHF patients (New York Heart Association class II–IV) with reduced 

and preserved LVEF. PRIME-II, Second Prospective Randomized Study of Ibopamine 

on Mortality and Efficacy; CHARM, Candesartan in Heart Failure: Assessment of 

Reduction in Mortality and Morbidity; SOLVD, Studies of Left Ventricular 

Dysfunction; DIG trial, Digitalis Investigation Group trial. eGFR, estimated glomerular 

filtration rate; LVEF, left ventricular ejection fraction; HR, hazard ratio; CKD, chronic 

kidney disease.  
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1.3.2 The kidney as primary failing organ 

Renal diseases are worldwide public health problems with a rising incidence and 

prevalence of kidney failure, and high healthcare cost. According to the US Renal Data 

System (http://www.usrds.org), the prevalence of CKD increased from 12.3 to 14.0% 

between 1988-1994 and 2005-2010, with 594,374 patients receiving treatment for end-

stage renal disease (ESRD) at the end of 2010.36 

 

The national kidney foundation’s Kidney Disease Outcomes Quality Initiative (KDOQI) 

classification divides CKD into 5 stages based on severity of kidney damage and 

glomerular filtration rate (GFR) (Table 1.3). A graded and independent association 

exists between the severity of CKD and adverse cardiac outcomes.4 There is higher 

prevalence of CVD in dialysis patients than in the general population (Table 1.4).37 

 

Table 1.3 Classification of the stages of renal disease. Used with permissions from 

Levey A, et al.38 

Stage GFR (ml/min/1.73m2) Description 

1 ≥90 
Kidney damage with normal 

or increased GFR 

2 60-89 
Kidney damage with mild 

reduction of GFR 

3A 
  3B* 

30-59 Moderate reduction of GFR 

4 15-29 Severe reduction of GFR 

5 
 5D 

  5T# 
<15 Kidney failure 
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People with urine albumin-to-creatinine ratio ≥ 30 mg/g (the threshold commonly 

accepted for ‘microalbuminuria’) or eGFR < 60 ml/min/1.73m2 are defined as having 

CKD, and staged according to the level of GFR. *Because of greater CVD risk and risk 

of disease progression at lower GFRs, CKD Stage 3 is subdivided into Stages 3A (45-

59 ml/min/1.73m2) and 3B (30-44 ml/min/1.73m2). #CKD Stage 5 includes patients that 

may require or are undergoing kidney replacement therapy. Designations 5D and 5T 

indicate ESRD patients who undergo chronic dialysis (5D) treatment or have 

undergone kidney transplantation (5T). 

 

Table 1.4 Prevalence of CVD in the general population and CKD patients. 

 
Ischemic 

Heart 
Disease 

Left Ventricular 
Hypertrophy 

Heart 
Failure 

 
General population 

 
8–13 20 3-6 

CKD stages 3–4 
(diabetic and non-diabetic kidney 

disease) 
NA 25–50* NA 

CKD stages 1–4 
(kidney transplant recipients) 

15 50-70 NA 

 
CKD stage 5 (hemodialysis/peritoneal 

dialysis) 
 

40 75 40 

Values are expressed in percentages. * Prevalence varies with levels of kidney function. 

Used with permissions from Sarnak MJ, et al.39 

 

Patients with renal diseases are at extremely high cardiovascular risk (Figure 1.1).39, 40 

Acceleration of arterial vascular disease and cardiomyopathy are major cardiac 
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problems observed in patients with renal failure and may be contributory to HF that is 

frequently an accompaniment in patients with impaired renal function.1, 41 Patients with 

CKD have 10 to 30 times greater risk of cardiac death compared with general 

population.42 In a prospective study where 433 ESRD patients with dialysis therapy are 

followed, 15% had systolic dysfunction, 44% had concentric LVH, and 32% had LV 

dilatation.43 

 

 

 

Figure 1.1 Causes of death in dialysis patients. Approximately 43% of deaths are due 

to cardiovascular events. Adopted from Ritz E, et al.44 

 

Patients on dialysis who have acute cardiac injury have poor long-term survival.45 The 

2-year mortality rate after myocardial infarction (MI) in patients with ESRD is 

approximately 50%.46 In comparison, the 10-year mortality rate post-infarct for the 

general population is estimated to be 25%.3 Individuals with CKD are more likely to 

die of CVD than to develop kidney failure.40 Mortality rate for ESRD patients is above 

20% annually, with more than half of the deaths related to cardiovascular events.47  
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1.3.3 Systemic conditions causing cardiac and renal dysfunction  

There is limited data on the epidemiology of type 5 CRS. Sepsis occurs at a rate of 3 

cases per 1000 population and is increasing by an estimated 8.7% per year.7 

Approximately 11-64% of the septic patients develop AKI, with 46-58% having sepsis 

as a major contributing factor to the development of AKI.7 Patients with concomitant 

sepsis and AKI have higher mortality compared to those with either sepsis or AKI 

alone.7 Similarly, abnormalities in cardiac function commonly exist in sepsis patients. 

Approximately 30-80% of sepsis patients have troponin elevation that often correlates 

with reduced cardiac function.7  

 

1.4 Pathophysiology of CRS 

The pathophysiological mechanisms of heart-kidney interactions have not been fully 

investigated. The proposed CRS subtypes (1 to 5) are likely to share some similarities 

in pathophysiology. The primary failing organ causes activation of a series of response 

mechanisms. Although in some cases these mechanisms are initially compensatory, 

many contribute to further functional worsening and even initiate the disorders of the 

secondary organ (Figure 1.2).  
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Figure 1.2 Major pathophysiological interactions between heart and kidney in 

cardiorenal syndrome. 

 

1.4.1 Pathophysiological contributors to CRS   

1.4.1.1 Hemodynamic derangements 

Volume overload appears to be a common problem in CRS irrespective of the organ of 

origin or the time frame defined.14 LV systolic dysfunction associated with CHF leads 

to diminished cardiac output and decreased renal perfusion, which causes 

neurohormonal activation and volume overload. On the other hand, volume overload is 

the result of failure in maintenance of fluid homeostasis in the setting of CKD, and 

intractable volume overload commonly develops congestive HF that carries a poor 

prognosis. In addition, diuretic resistance, a condition in which diuretics fail to 

effectively control sodium and water retention despite the use of appropriate doses of 

diuretics, occurs frequently in patients with congestive HF. 
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1.4.1.2 Neurohormonal activation  

As previously mentioned, renal hypo-perfusion leads to activation of neurohormonal 

systems, including renin-angiotensin-aldosterone system (RAAS), sympathetic nervous 

system (SNS), arginine vasopressin system, endothelin system and natriuretic peptide 

system. These occur mainly via sodium and water reabsorption, baroreceptor-mediated 

renal vasoconstriction, and release of catecholaminergic hormones.2 The excess of the 

RAAS further activates the SNS, and causes dysregulation of endothelial function, 

progression of atherosclerosis, and inhibition of the fibrinolytic system.48 The 

activation of the SNS contributes to peripheral and renal vasoconstriction, and to 

sodium retention.2   

 

Increased hemodynamic stress in the kidney is mediated by neurohormonal factors, 

such as angiotensin II (Ang II). Ang II constricts blood vessels, promotes renal tubule 

sodium reabsorption, and stimulates the secretion of aldosterone from the adrenal 

gland.49 Aldosterone further increases reabsorption of sodium in the collecting duct.49 

The increase in blood pressure and volume, resulting from the effects of Ang II and 

aldosterone contributes to the pathophysiology of diseases such as hypertension, and 

cardiac and renal injury.50, 51 Apart from the hypertensive effects, neurohormonal 

activation also has direct deleterious effects on the myocytes and interstitium, altering 

the performance and phenotype of these cells.52 Thus the hemodynamic consequences 

of systemic hypertension as well as the direct pro-fibrotic and pro-inflammatory actions 

of Ang II and aldosterone adversely affect (alone or in concert) the structure and 

function of the heart and kidney and promote end organ injury.53  
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Elevated central sympathetic tone caused by activation of renal somatic afferent nerve 

is closely associated with hypertension and systolic HF; and the consequences of 

excessive efferent sympathetic signals adversely affect the kidney (Figure 1.3).54 

Various stimuli such as renal ischemia, hypoxia, oxidative stress and intrinsic renal 

diseases are likely to activate renal sensory afferent signalling.55 Activation of these 

signalling pathways affects the hypothalamus, which provides the basis for targeting 

the renal somatic afferent nerves as modulators of central integration in the brain 

stem.54, 55 This integration subsequently causes increased sympathetic efferent 

signalling to kidney, and directly influences the entire sympathetic system.54, 56 

  

 

Figure 1.3 Contribution of the kidney’s afferent and efferent (pre- and post-glomerular) 

nerves to a variety of chronic conditions, linked through chronic elevated central 

sympathetic signalling. Adopted from Sobotka PA, et al.54 
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1.4.1.3 Oxidative stress 

Activation of the RAAS and the SNS and inflammation may increase oxidative stress, 

57, 58 defined as an imbalance between anti-oxidants (e.g. nitric oxide, NO) and reactive 

oxygen species (ROS) (Figure 1.4). NO enhances vasodilation, inhibits platelet 

aggregation, and prevents neutrophil adhesion, thereby controlling vascular tone and 

preventing atherogenesis.59 Increased oxidative stress in the vascular wall is associated 

with CKD, occuring through reduced bioavailability of NO.60 Increased oxidative stress 

may cause myocyte apoptosis and necrosis, and it is associated with arrhythmias and 

endothelial dysfunction.3, 61  

 

Figure 1.4 An imbalance between decreased nitric oxide (NO) and increased reactive 

oxygen species (ROS). 

 

Experimental evidence demonstrates Ang II activates ROS in cardiomyocytes, and pre-

treatment with anti-oxidants suppresses Ang II-induced cardiac hypertrophy.62 These 

findings suggest a critical role for ROS-dependent signal transduction in cardiac 

hypertrophy. Exposure to ROS also impairs myocardial contractility, alters the 

electrophysiological properties of cardiac cells through modification of ion channels, 

and stimulates inflammatory cytokines (e.g. tumour necrosis factor-α (TNF-α), 

interleukin (IL)-1β and IL-6).63-66  
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Increased oxidative stress plays an important role in multiple biochemical pathway 

activation. Apoptosis signal-regulating kinase-1 (ASK1) is a ROS-sensitive, mitogen-

activated protein kinase kinase kinase (MAPKKK).67 ASK1 is identified to activate two 

different subgroups of MAP kinase kinases (MAPKK), MKK3/6 and MKK4/7, these in 

turn activate p38 MAPK and c-Jun N-terminal kinase (JNK) subgroups (Figure 1.5).68  

 

 

Figure 1.5 Schematic representation of the MAPK signalling constituents constructed 

as a hierarchy beginning at the MAPKKK (ASK1), to the MAPKKs (MKK3/6 and 

MKK4/7), down through the MAPKs (p38 and JNK). Used with permissions from 

Baines CP, et al.69 

 

ASK1 has been demonstrated to be involved in the pathogenesis of HF progression.70 

The ROS/ASK1 pathway is associated with stress- and cytokine- induced apoptosis and 

non-apoptotic cardiomyocyte death.68, 71, 72 ASK1 and the downstream kinases of JNK 

and p38 MAPK are critical signalling pathways in Ang II-induced LV hypertrophy and 
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remodelling.73-76 ASK1 also plays a role in G-protein-coupled receptor agonist-induced 

transcription factor NFκB (nuclear factor-kappa B) activation and results in 

cardiomyocyte hypertrophy.77 Thus, ASK1 is proposed to be a potential therapeutic 

target for cardiac disease.  

 

1.4.1.4 Inflammation  

Systemic inflammatory activation and enhanced cytokine expression are associated 

with the progression of CRS. C-reactive protein, the prototype marker of inflammation, 

has an inverse relationship with renal function; it is also strongly associated with 

CVD.78, 79 Increases in C-reactive protein predict cardiovascular events in both general 

population and CKD patients.80-82 

 

Cardiac injury results in the migration of macrophages, monocytes and neutrophils into 

the myocardium. This initiates neurohormonal activation and intracellular signalling, 

which localizes the inflammatory response.83 Inflammatory mediators IL-1β, IL-6 and 

TNF-α are increased early post-infarct to acutely regulate myocyte survival or 

apoptosis and trigger additional cellular inflammatory response.84-86 Such pro-

inflammatory cytokines have been demonstrated to mediate the activation of p38 and 

p44/42 MAPKs and NFκB pathways in subsequent cardiac remodelling and 

progressive LV dysfunction.87-89  

 

Inflammation is also a common feature in ESRD patients,58 and it is even observed 

among patients with moderate renal impairment.90 Levels of the inflammatory markers 

IL-6 and fibrinogen are significantly higher in patients with renal insufficiency.91 These 

inflammatory products may be important mediators leading to the increased 
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cardiovascular risk in CKD patients.91 Furthermore, levels of immunoreactive TNF-α 

and interleukin-1 (IL-1) are increased in the heart after experimental renal ischemia,92 

and this is associated with cardiac dysfunction, myocyte apoptosis, and leukocyte 

infiltration of the heart.93, 94  

 

1.4.1.5 Hypertension 

Hypertension is an independent predictor of worsening renal function, and commonly 

develops in patients with underlying renal disease.14, 95 Co-existence of hypertension 

with renal disease greatly accelerates the progression of renal failure.95  

 

Hypertension is also the most common risk factor for HF, accounting for more than 

40% of the cases (Figure 1.6).96 Hypertension results in pressure overload, and it is the 

major precursor for the development of concentric LVH, and the alterations in the 

extracellular matrix with increases in fibrosis.37, 97, 98 This remodelling inevitably 

causes diastolic dysfunction. Hypertension also increases the risk of MI via 

acceleration of atherosclerosis, leading to systolic dysfunction.99, 100  

 

 

Figure 1.6 Progression from hypertension to heart failure (HF). Used with permissions 

from Klapholz M.101 
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1.4.1.6 Anemia 

Anemia, as a result of erythropoietin (EPO) insufficiency, is frequently associated with 

CHF and CKD.102-105 Anemia, CHF and CKD interact in a vicious circle to cause or 

worsen each other.104, 106 The prolonged renal hypoxia caused by both anemia and CHF 

can lead to chronic renal ischemia, and eventual nephron loss and renal fibrosis.107 

Anemia, as a contributory factor to volume overload, also leads to LV dilatation with 

LVH in patients with renal insufficiency.39, 108  

 

Erythrocytes contains many anti-oxidants, thus anemia may cause increases in 

oxidative stress.106, 109 The lack of oxygen supply to the heart associated with anemia, is 

compensated for by increasing heart rate and stroke volume, and this may activate the 

SNS and RAAS, causing renal vasoconstriction and fluid retention.106, 110  

 

Exogenous EPO treatment elevates haemoglobin and has anti-apoptotic, anti-oxidative 

and anti-inflammatory effects with improved cardiac and renal function in patients with 

CHF, CKD and anemia.14, 111 However, higher haemoglobin concentrations when 

treating CKD-induced anemia patients may be associated with increased risk of stroke, 

hypertension, vascular thrombosis, cardiovascular events, progression to ESRD and 

death.112 

 

1.4.1.7 Calcium and phosphate abnormalities  

The kidney, bone, and parathyroid gland act in concert in regulation of calcium and 

phosphorus homeostasis; however progression of CKD appears to be a far more 

common cause of abnormal calcium-phosphate metabolism.113 Elevated serum 
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phosphorus is a predictable accompaniment seen in ESRD patients. The consequence 

of hyperphosphatemia leads to the development of secondary hyperparathyroidism and 

a predisposition to metastatic calcification when the product of serum calcium and 

phosphorus (Ca x PO4) is elevated.114 Both of these conditions may contribute to the 

substantial morbidity and mortality seen in patients with ESRD.114  

 

High phosphate levels are also linked to coronary calcification in hemodialysis 

patients.115 The presence of coronary calcification is strongly predictive of ischemic 

heart disease despite absence of significant luminal obstruction.116, 117 The progressive 

loss of renal function leads to several changes that occur in bone and mineral 

metabolism, resulting in increased parathyroid hormone.118 Parathyroid hormone seems 

to damage cardiac myocytes and promote cardiac fibrosis.119, 120 High levels of calcium, 

phosphorus and parathyroid hormone have been suggested to be associated with overall 

mortality attributed to CVD in hemodialysis patients.114, 121, 122  

 

1.4.1.8 Uremic toxins 

In the setting of CKD, there is systemic accumulation of uremic toxins, many of which 

can be eliminated by conventional dialysis treatment.123 However, removal of some 

toxins, including indoxyl sulfate (IS), m/p-cresol, m/p-cresylsulfate and phenyl acetic 

acid, is limited due to their high protein-binding capacity.124, 125 Amongst these non-

dialysable uremic toxins, IS has strong dose-dependent pro-fibrotic and pro-

hypertrophic effects in cultured neonatal rat cardiac fibroblasts and myocytes, whereas 

other protein-bound uremic toxins have little or no effect (Table 1.5).124, 126 These 

findings suggest a new potential link between the kidney and the heart, that being non-

dialysable uremic toxins contributing to LV remodelling.126 
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Table 1.5 Direct cardiac effects of non-dialysable uremic toxins. 

Non-dialysable 
uremic toxins 

Cardiac effects 

 

Indoxyl sulfate

Increase cardiac fibroblast collagen synthesis and cardiac myocyte 
hypertrophy in vitro126 
Correlate with cardiac fibrosis in vivo127 
Increase cardiac oxidative stress in vivo 128 

 

p-cresyl sulfate
Increase cardiac fibroblast collagen synthesis and cardiac myocyte 
hypertrophy in vitro126 

 

p-cresol * 
Induce disassembly of gap junctions of cardiomyocytes in vitro129

Increase cardiac myocyte hypertrophy in vitro124 

 

Phenylacetic 
acid 

Increase cardiac myocyte hypertrophy in vitro126 

 

Phenol Suppress contractility of cardiac muscle in vitro130 

 

* Mainly present as p-cresyl sulfate. Used with permissions from Lekawanvijit S, et al.124

 

IS is synthesized in the liver from dietary tryptophan, and is excreted into urine through 

renal tubules (Figure 1.7).131 Serum IS transports across the basolateral membrane of 

renal proximal and distal tubular cells via organic anion transporters 1 and 3 

(OAT1/3).132 Administration of IS to uremic rats results in IS being detected in the 

proximal and distal tubules where OAT1/3 have been localized.133  
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Figure 1.7 Nephrotoxicity induced by indoxyl sulfate is mediated by organic anion 

transporters 1 and 3. Tryptophan from diet is converted into indole by tryptophanase 

from the gut micro flora, and the indole is absorbed across the gastrointestinal tract 

before being metabolized to indoxyl sulfate by hepatic sulfation.124 Adopted from 

Enomoto A, et al.131 

 

Accumulation of IS in serum is due to the reduced renal clearance.132 In the progression 

of CKD, a loss of functioning intact nephrons results in an increase in serum IS levels 

and an overload of IS in the remnant nephrons, especially in tubular epithelial cells.131, 

134-136 The total IS concentration is as high as 500 μM in CKD patients compared to less 

than 2.4 μM in healthy corhorts.134, 137-139 The free IS is estimated to be 10% of the total 

IS in CKD patients; however, it is not detectable in normal population.140 

 

Accumulated IS in the renal tubular cells induces nephrotoxicity and accelerates 

progressive CKD mainly due to its pro-fibrotic and oxidative effects. Oral 

administration of IS in rats with CKD induces further renal tubular injury, renal 
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interstitial fibrosis, glomerular sclerosis, and impaired renal superoxide scavenging 

activity, leading to enhanced renal dysfunction.134, 141-143 These adverse effects are 

partially mediated via activation of NFκB (p53) pathway through ROS.132 

 

IS exerts its direct cardiac effects via p38, p44/42 MAPK and NFκB pathways,126 yet 

there is a lack of mechanistic studies that have examined the activation of other 

signalling cascades that are involved in IS-induced cardiac effects. Furthermore, it is 

unknown whether the OAT1/3 contribute to the uptake of IS in the cardiac cells.  

 

In animals with CKD, IS serum level is associated of and positively correlates with 

cardiac fibrosis,127 suggesting IS is at least partly responsible for the development of 

cardiac fibrosis in the CKD setting.124  

 

IS also demonstrates pro-inflammatory effects as determined by significant increases in 

IL-1β, IL-6, and TNF-α mRNA in cultured human leukaemia monocytic cells (THP-

1).126  

 

1.4.2 Consequences when heart/kidney is the primary insult 

1.4.2.1 Cardiac changes  

Individuals with prevalent CVD but without overt symptomatic HF include those 

whose hearts are undergoing progressive maladaptive LV remodelling, which 

ultimately leads to HF.144 LV remodelling refers to changes in the geometry and 

structure of the LV in response to the injury to the myocardium.145 Although such 

changes in chamber size and structure offset increased load, attenuate progressive 

dilation and stabilize the contractile function, remodelling leads to a worse prognostic 
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outcome via either sudden death or progressive cardiac dysfunction over the long 

term.146  

 

Adverse changes in cellular pathophysiology occur early post-infarction. Infarct 

expansion occurs within hours of myocyte injury, and results in myocyte hypertrophy, 

wall thinning and ventricular dilatation, accompanied by accelerated apoptosis or 

necrosis.83, 145, 147 Myocyte hypertrophy leads to LVH, which is an adaptive response 

during LV remodelling.83 Cardiac fibroblasts undergo phenotypic transformation to 

myofibroblasts, which have increased capacity for collagen synthesis.148, 149 Collagen 

deposition in the heart increases both at the site of infarct to prevent further ventricular 

deformation, and in remote regions including the peri-infarct region and the inter-

ventricular septum.150, 151 Fibroblast activation and collagen synthesis are regulated by 

signals of local and systemic origin, including Ang II, endothelin-1 and transforming 

growth factor-β1 (TGF-β1).
152 Increased cardiac fibrosis results in exaggerated 

mechanical stiffness and contributes to diastolic dysfunction.145 Progressive increases 

in fibrosis may also cause systolic dysfunction and LVH as well as electrical instability 

leading to fatal arrhythmias.119, 145, 153, 154 

 

Cardiac abnormalities in dialysis patients are mainly due to ischemic heart disease 

and/or uremic cardiomyopathy.155 Ischemia causes myocyte death, leading to LV 

remodelling and the loss of contractility.155 Cardiomyopathy results from pressure and 

volume overload, and causes eccentric hypertrophy and LV dilatation.156 These events 

are well-established antecedents of clinical HF.144 Furthermore, uremic 

cardiomyopathy can exacerbate the perfusion abnormalities. Cardiomyopathy almost 

invariably involves not only myocyte hypertrophy, cardiac fibrosis but also a decrease 
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in myocardial capillary density,37, 119, 157 such microvascular changes increase the risk 

of ischemic heart disease. 

 

1.4.2.2 Renal changes  

In the cases of HF, the excessive Ang II has hemodynamic/cellular effects that 

influence renal handling of sodium and water.158 These include systemic 

vasoconstriction with efferent arteriolar vasoconstriction and mesangial cell contraction, 

contributory to a gradual loss of nephron function.49 Compensatory response to the loss 

of sufficient nephrons leads to glomerular injury and secondary glomerulosclerosis.159 

 

Renal injury or stimuli also leads to an increase in Ang II, and subsequently causes an 

elevation in TGF-β1 gene expression in tubular cells.160 TGF-β plays a key role in the 

pathogenesis of fibrosis, not only by stimulating cells already committed to the task of 

matrix production but also by activating epithelial and endothelial cells to behave 

similarly. Thus over-expression of TGF-β1 eventually leads to the progression of renal 

failure associated with connective tissue formation.161-164  

 

During the development of CKD, accumulated type IV collagen in the 

tubulointerstitium is cross-linked and resistant to degradation, which invariably results 

in fibrogenesis and loss of function when normal tissues are replaced with scar 

tissue.165, 166 Interestingly, despite the glomerulus as often being the primary site of 

injury in renal disease, it is the extent of tubulointerstitial rather than glomerular injury 

which correlates most closely with, and predicts the ultimate loss of renal function in 

patients with primary glomerular disease.167
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1.5 Diagnosis of CRS 

Imaging of the heart and the kidney can provide valuable information in the diagnosis 

of CRS. Detection of laboratory biomarkers has an additional role as it may enhance 

and extend our ability to quantify the damage and function of both organs. Early 

diagnosis and a clear definition of the progression of organ damage using well-

established imaging techniques and/or novel biomarkers may be critical for timely 

therapeutic intervention.  

 

1.5.1 Imaging 

Echocardiography (Echo) is the main clinical tool used to non-invasively assess cardiac 

function of patients. The Echo-Doppler imaging as well as the performance of all the 

standard measurements (e.g. chamber volumes, LV mass) obtained with the various 

ultrasound modalities [M-mode, two-dimensional (2D), and Doppler] are of 

considerable diagnostic value in patients suspicious of having cardiac dysfunction.168, 

169 LV diameters (at end-diastole and end-systole) and wall thickness (at end-diastole) 

can be obtained from correctly aligned M-mode or direct 2D echo.170, 171 The 

calculation of LV volumes is used for the determination of LV chamber size.169 

Echocardiograms are also valuable in assessing regional wall motion abnormalities 

(tissue Doppler), condition and function of heart valves (Doppler), and 

hemodynamics.168 The presence of coronary artery disease can be excluded by stress 

echocardiogram or stress myocardial perfusion [single-photon emission computed 

tomography (SPECT)/ positron emission tomography (PET)] in types 3, 4, and 5 CRS 

and in types 1 and 2 CRS when the primary cardiac disease is valvular, congenital, or 

myopathic.4 Protocols have been developed using magnetic resonance imaging (MRI) 

28 
 



 
 

to assess ischemia and myocardial viability, and to diagnose infiltrative disorders.172 

However, MRI is not widely available. 

 

Renal ultrasonography is used in the workup of kidney disease, and in differentiating 

between AKI and CKD and ruling out obstruction as a cause of worsening renal 

function.168 Such data can be correlated with renal biomarkers and complemented with 

techniques designed to quantify and control renal blood flow, ultimately preserving 

kidney function.4 This is because increased central venous pressure seems to be 

associated with impaired renal function and all-cause mortality in a broad spectrum of 

CVD patients.173 

 

Future studies will be able to utilize molecular imaging techniques [MRI, magnetic 

resonance spectroscopy (MRS), PET, etc.] for in vivo specific markers for diagnosis 

and severity evaluation of the different types of CRS.4  

 

1.5.2 Biomarkers 

Although biomarkers are usually considered individually, combination of multiple 

biomarkers may improve prediction of death from cardiovascular causes.174 In type 1 

and 3 CRS, the early diagnosis of AKI remains a challenge.3, 5 In both cases, creatinine 

increases when AKI has already been established and very little can be done to prevent 

it or to protect the kidney.3 On this background, a recent evolution is the discovery of 

AKI biomarkers. With the quantification of gene expression and proteomics as 

screening techniques, ventricular and renal injury can be discovered within the first few 

hours.61, 175, 176 Several biomarkers have been recently highlighted as potential 

diagnostic tools in patients affected by suspected CRS.  
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1.5.2.1 Natriuretic peptides 

Natriuretic peptides, particularly B-type natriuretic peptide (BNP) and its amino-

terminal co-metabolite, N-terminal pro-BNP (NT-proBNP), are diagnostic tools in 

ADHF and represent independent predictors of cardiovascular events.4, 177 Patients with 

a BNP level less than 130 pg/ml had a 1% risk of sudden cardiac death versus 19% risk 

at higher BNP concentration.178 BNP secreted from the ventricles, causes natriuresis 

and vasodilation after cardiac injury. A cutoff level of 100 pg/ml yields 90% sensitivity 

and 76% specificity for separating cardiac from non-cardiac aetiologies of dyspnea.178 

Natriuretic peptides have also shown prognostic utility in patients with various stages 

of renal insufficiency.4 Patients with CKD have higher levels of BNP and NT-proBNP, 

even in the absence of clinical CHF.4 However, the BNP and NT-proBNP levels vary 

substantially over the day and are not related to the progression of underlying 

disease.179  

 

1.5.2.2 Cardiotrophin-1 

Cardiotrophin-1 is a member of the IL-6 family of cytokines, and it activates various 

signalling pathways leading to cardiomyocyte hypertrophy and myocardial fibrosis.180, 

181 Addition to its potential mechanistic contribution to the development of 

hypertensive heart disease, its plasma level is elevated in relation to the severity of 

LVH and LV systolic dysfunction in patients with hypertrophic cardiomyopathy.180, 182-

184 Cardiotrophin-1 can be considered as a potential therapeutic target to prevent and 

treat hypertensive heart disease beyond blood pressure control.181 Furthermore, 

combined use of cardiotrophin-1 and BNP may be more accurate at predicting 

mortality in patients with CHF than either alone.185  
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1.5.2.3 Suppression of tumorigenicity 2 

Serum suppression of tumorigenicity 2 (ST2), an IL-1 receptor family member, 

increases early in patients with acute MI and reaches maximum at 12-hour.186, 187 This 

finding suggests that ST2 participates in the cardiovascular response to injury, and thus 

serum ST2 may be a useful cardiac biomarker.187 In addition, an increase in ST2 in 

patients with HF is strong predictive of a poor prognosis.188 ST2 levels at 12-hour post-

infarct are independently associated with death at 30-day.186 

 

No study has published on the potential role of ST2 in guiding therapy or as a direct 

target for therapy so far.188 

 

1.5.2.4 Galectin-3 

Galectin-3, a member of the galectin family, is a useful marker to evaluate patients with 

suspected or proven CHF and acute HF.189, 190 Galectin-3 plays an important role in the 

ventricular remodelling process.179 It has stimulatory effects on macrophage migration, 

fibroblast proliferation and fibrosis synthesis.179 Galectin-3 expression reaches 

maximum at peak fibrosis and is absent after recovery, thus it can be considered as a 

novel biomarker to predict the development and progression of HF.179 The use of 

galectin-3 complementary to NT-proBNP has been suggested to the best predictor for 

prognosis in patients with acute HF.191-193 

 

Serum galectin-3 level is also associated with renal dysfunction and is an independent 

predictor of poor outcome in patients with ESRD.194 
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1.5.2.5 Creatinine and cystatin C 

Traditionally, GFR has been estimated by measurement of serum creatinine and 24-

hour urine collection for creatinine clearance. In clinical practice, it generally relies on 

serum creatinine alone due to the difficulty in urine collection.195 Some factors limit the 

accuracy of serum creatinine including influence of muscle mass, dietary intake and 

age.196 Despite limitations, serum creatinine remains the most commonly used standard 

for assessment of renal function.197-199  

   

Recently serum cystatin C, an endogenous biochemical marker of glomerular 

filtration,200 has been suggested as a better predictor of glomerular function than serum 

creatinine because it is not affected by age, gender, race, or muscle mass.196 Moreover, 

urinary cystatin C predicts the requirement for renal replacement therapy earlier than 

serum creatinine in the case of AKI.4 

 

1.5.2.6 Neutrophil gelatinase-associated lipocalin 

Neutrophil gelatinase-associated lipocalin (NGAL) in plasma and urine appears to be 

early biomarker detected in patients with AKI.201, 202 Urinary NGAL is able to 

distinguish those with AKI from normal function, prerenal azotemia and CKD, with 

90% sensitivity and 99% specificity.203 The increase in serum NGAL occurs 24-48 

hours earlier than the rise of serum creatinine.204 Acute HF leading to worsening renal 

function has been classified as type 1 CRS. NGAL could be used as an earlier marker 

of impending renal dysfunction during the acute episode of HF.204 Thus the early 

identification of patients with type 1 CRS may represent an opportunity to preserve 

kidney function.204 
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1.5.2.7 Kidney injury molecule-1 

Kidney injury molecule-1 (KIM-1) is a novel urinary biomarker, and it is initially 

identified and evaluated in patients with AKI. It is detectable in the urine after ischemic 

or nephrotoxic insults to proximal tubular cells, and is earlier and more sensitive 

indicator of AKI than serum creatinine.205-208 Both clinical and laboratory evidences 

show the elevation of KIM-1 and NGAL in urinary concentrations and tissue levels in 

the setting of CHF.209, 210 These findings suggest an important role for tubular injury 

and tubular biomarkers in cardiorenal interaction in the setting of CHF.207  

 

1.5.2.8 Interleukin-18 

Interleukin-18 (IL-18) is a pro-inflammatory cytokine that is detected in the urine after 

acute ischemic proximal tubular damage.4, 211 It increases 48-hour prior to the increase 

in serum creatinine for ischemic AKI.4 Such biomarker is useful to describe kidney 

injury before increases in serum creatinine become manifest in patients who 

subsequently develop AKI. However in a prospective observational cohort study, the 

findings show negative in identification of AKI using early measurement of urinary IL-

18 following cardiac surgery.212 

 

1.5.2.9 N-acetyl-β-(D)-glucosaminidase 

N-acetyl-β-(D)-glucosaminidase is a lysosomal brush border enzyme of proximal 

tubular cells, and it acts as a kidney injury biomarker, reflecting particularly the degree 

of tubular damage.4, 213 The urinary N-acetyl-β-(D)-glucosaminidase increases not only 

in acute renal failure,214 but also in patients with HF.215 
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1.6 Preclinical models  

A variety of experimental models with cardiac and/or renal impairment has been 

developed, with rat models predominating.216 MI, a severe manifestation of coronary 

artery disease, is the most potent risk factor for HF.217 Left anterior descending 

coronary artery ligation is commonly used to induce myocardial injury.216 To induce 

renal injury, 5/6 subtotal nephrectomy (STNx) alters intraglomerular hemodynamics 

and ultimately causes progressive renal failure.167, 218 

 

These well-established models may not necessarily mirror the clinical settings. 

However, they recapitulate features of the phenotype of cardiac and/or renal 

impairment which occur clinically. Several examples have illustrated that these models 

are critical to the development of new therapies in the management of heart failure and 

renal failure. 

 

1.6.1 MI model 

1.6.1.1 Cardiac effects   

In animals with infarction, maximum cardiac output and pressure generating capacity 

are impaired in proportion to infarct size.219 Post-infarction, animals develop cardiac 

dysfunction indicated by reduced LVEF.210 Animals also have increased LV and lung 

weights, myocardial hypertrophy and infarcted wall thinning with interstitial tissue 

scarring.220-222 Immunohistochemical analysis demonstrates increased immunostaining 

for collagen I and III, TGF-β, phospho-Smad2, α-smooth muscle actin and 

macrophages in the LV region remote to the infarct, known as the non-infarct zone.220 

Tissue expression of angiotensin converting enzyme (ACE) co-localizes with that of 

ACE2 in the heart of MI animals.223 The ACE2 has been suggested to play a 
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cardioprotective role.224  Increased ACE2 mRNA expression is observed in the injured 

myocardial tissue (infarct and border zone) early after MI, with further increases 

occurring in the viable myocardium by 28 days.223  

 

This MI model has been used to assess whether the adverse process following HF could 

be altered favourably by administration of the potential pharmacological therapies. For 

example, ACE inhibitors (ACEi) and/or Ang II receptor blockers (ARB) have been 

proved to reduce LV chamber dilation, improve LV function and structure, and 

increase survival in animals with moderate or large MI.225-227 These findings lead to 

clinical trials to explore their utility in post-MI patients with reduced LV function.228-230  

 

1.6.1.2 Renal effects  

Renal changes have been recently investigated in the MI model.210 GFR reduces in MI 

animals at 1 and 4 weeks post-MI, and returns back to sham levels at 8 and 12 weeks, 

before returning to borderline reduction at 16 weeks.210 These changes are 

accompanied by progressive increases in renal cortical interstitial fibrosis and 

immunoreactive KIM-1 expression.210  

 

1.6.2 STNx model 

1.6.2.1 Cardiac effects  

STNx animals develop LV diastolic dysfunction indicated by increases in peak velocity 

of atrial filling (A and A' waves) and decreases in E/A and E'/A' ratios obtained by 

echocardiography early after injury.127 Diastolic dysfunction is also shown by 

significant increase in the time constant for isovolumic relaxation (tau logistic).127, 231 
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STNx causes significant increases in heart weight, myocyte cross-sectional area and 

LV interstitial fibrosis.127, 232 STNx animals also have increased gene expression of pro-

fibrotic [TGF-β and connective tissue growth factor (CTGF)] and hypertrophic [atrial 

natriuretic peptide (ANP), β-myosin heavy chain (β-MHC) and α-skeletal muscle actin] 

markers, and elevated protein levels of TGF-β and phosphorylated NFκB.127  

 

Increased cardiac ACE2 activity and its mRNA expression have been observed in 

STNx animals, and the ACE2 activity is normalized by ACEi.233 This cardioprotective 

effect of ACE2 may be mediated by promoting the production of the anti-remodelling 

peptide Ang-(1-7) from Ang II.234, 235 

 

1.6.2.2 Renal effects  

STNx leads to a compensatory hyperfiltration of the remaining nephrons initially to 

maintain overall GFR;236 however, STNx animals invariably develop hypertension, 

proteinuria, reduced creatinine clearance and a loss of GFR over time.127, 237-239 

Following STNx, animals have increased water intake and urine excretion.231  

 

Kidney injury also leads to activation of Smad2 pathway and increased TGF-β protein 

levels in addition to deposition of excessive quantities of extracellular matrix in both 

the glomerulus and tubulointerstitium.237, 238, 240 These pathological changes, recognised 

as glomerulosclerosis and tubulointerstitial fibrosis, encroach on surrounding structures 

ultimately causing capillary rarefaction with consequent hypoxia, tubular atrophy and 

inflammatory cell infiltration.241 Consistent with increased TGF-β protein levels, TGF-

β1 gene expression increases throughout the sclerotic glomeruli and areas of 

tubulointerstitial injury.242  
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The amelioration of glomerular and tubulointerstitial injury with treatment by ACEi 

and ARB supports the notion of a pathogenetic link between the renin-angiotensin 

system (RAS) and progressive renal injury.242 In the form of primary glomerular injury, 

there is also activation of RAS within the tubular epithelium.167 This finding reveals 

that local and intrarenal RAS system is activated within renal tubules in the setting of 

STNx and suggests that this tubular RAS may be involved in the progression of 

tubulointerstitial injury that accompanies the glomerular injury.167  

 

Secreted protein acidic and rich in cysteine (SPARC) is an extracellular matrix that 

modulates cell adhesion, proliferation, matrix deposition, and tissue remodelling.243, 

244 After STNx, SPARC protein levels are increased along with concordant changes in 

SPARC mRNA expression in glomerular and interstitial cells, and de novo expression 

by tubular epithelial cells at sites of renal injury.245 The SPARC over-expression is 

suppressed by ACEi and/or ARB.245  

 

The above studies clearly indicate that impairment of one organ has detrimental effects 

on the other, with changes at functional, structural and molecular levels. To accelerate 

the progression of dysfunction in both organs, several attempts have been made at 

combining the two models as described below. 

 

1.6.3 Combination of MI and STNx models 

There is a lack of investigation on the pathophysiological mechanisms for concomitant 

cardiac failure and renal failure. So far no study has specifically examined the heart-

kidney interactions where MI-induced CHF is complicated by the addition of CKD. A 
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new animal model recapitulating the features of this condition will be established and 

investigated in Chapter 3 and 4 of this thesis. 

 

Animal model of mild CKD [induced by unilateral nephrectomy (UNX)] followed by 

MI does not induce further cardiac dysfunction compared with the model of MI 

alone.246 The UNX co-morbid with MI induces progressive renal injury in comparison 

with UNX alone.246, 247 The deterioration is independent of blood pressure and probably 

through the activation of renal angiotensin type 1 receptor.246 However, this model does 

not fully recapitulate the phenomenon of primary renal failure as renal function is 

preserved in animals receiving UNX.246-249 It suggests that it takes longer for renal 

impairment to evolve post-UNX. 

 

In a recently described model of combined STNx and MI (STNx+MI), animals with 

STNx+MI develop more severe cardiac dilatation compared with animals with MI 

alone.250 Animals with STNx+MI also demonstrate reduced LVEF, increased LV end 

diastolic pressure and prolonged tau logistic compared with animals with STNx or MI 

alone.250 However, there is no difference in cardiac fibrosis comparing animals with MI 

only and STNx+MI to sham-operated animals. In fact there is also a decrease in cardiac 

fibrosis in animals receiving STNx only compared to sham-operated animals. These 

findings are not consistent with previous studies examining cardiac fibrosis in MI or 

STNx only models.127, 251, 252  

 

The subsequent MI does not cause further reduction in GFR in STNx animals.250, 253 

There are differences in results examining the further structural damage in STNx 

animals.250, 253 A study demonstrates more severe focal glomerulosclerosis in 
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STNx+MI compared to STNx only.250 In contrast, another study indicates no 

significant changes in glomerulosclerosis between the two groups.253 Moreover, the 

underlying mechanisms including activation and signalling of the potential pathways 

have not been understood. 

 

Despite the above investigation in the model of STNx+MI, many aspects in this field 

remain controversial. Further exploration on the pathophysiological processes may lead 

to discovery of potential therapies in attenuating both cardiac and renal injury in CRS. 

More detailed pathophysiological mechanisms will be examined in Chapter 5 and 6 of 

this thesis. 

 

1.7 Management of CRS 

Although there are clinical guidelines for managing HF and renal failure, there are no 

agreed guidelines for managing patients with CRS (Table 1.6).4 In the management of 

CRS, it is important to control volume status and blood pressure, restrict sodium intake 

(and water if patient is hyponatremic), check for intrinsic renal pathology and avoid 

nephrotoxic agents.  

 

In the setting of HF, successful therapies have focused on diuretics and key 

neurohormonal systems activated as part of the pathophysiology of this disease 

process.254 However, many of the interventions used to control HF can worsen renal 

function, and vice versa. For example, ACEi and ARB may cause increases in serum 

creatinine when treatment is initiated. Most patients with HF can tolerate mild to 

moderate degrees of renal insufficiency.52 In these patients, changes in serum urea and 

serum creatinine can usually be managed without the withdrawal of drugs for the 
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management of HF.52 However, if the serum creatinine increases up to 265 μmol/L, the 

presence of renal impairment can severely limit the efficacy and enhance the toxicity of 

established treatments.52, 255-257 If the serum creatinine increases up to 442.5 μmol/L, 

hemofiltration or dialysis are recommended to relieve symptoms of renal failure and 

allow the patient to respond to and tolerate the drugs routinely used to treat HF.52, 258, 259 

In patients unable to tolerate these agents, combination of hydralazine and nitrates may 

be an option.260  
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Table 1.6 Management strategies for each subtype of cardiorenal syndrome. 

Acute  

cardio-renal 

syndrome 

(type 1) 

Specific - depends on precipitating factors. 

General supportive - oxygenate, relieve pain & pulmonary congestion, 

treat arrhythmias appropriately, differentiate left from right heart 

failure, treat low cardiac output or congestion according to ESC 

guidelines.  

Avoid nephrotoxins, closely monitor kidney function. 

Chronic 

cardio-renal 

syndrome 

(type 2) 

Treat CHF according to ESC guidelines, excluding precipitating pre-

renal AKI factors (hypovolaemia and/or hypotension). 

Avoid nephrotoxins, while monitoring renal function and electrolytes. 

Extracorporeal ultrafiltration 

Acute  

reno-cardiac 

syndrome 

(type 3) 

Follow ESC guidelines depending on underlying aetiology, may need 

to exclude renovascular disease and consider early renal support, if 

diuretic resistant. 

Chronic  

reno-cardiac 

syndrome  

(type 4) 

Follow KDOQI guidelines for CKD management, excluding 

precipitating causes (cardiac tamponade).  

Treat HF according to ESC guidelines, consider early renal 

replacement support. 

Secondary 

cardiorenal 

syndromes 

(type 5) 

Specific - according to etiology.  

General - as advised by ESC guidelines. 

 

ESC guidelines, European Society of Cardiology guildlines 2008;260 KDOQI, Kidney 

Disease Outcomes Quality Initiative. Used with permissions from Ronco C, et al.4 
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1.7.1 Diuretics and ultrafiltration 

Diuretics remove fluid in volume-overloaded patients and maintain normal body fluid 

volume afterwards.261 Thus diuretic therapy provides symptom relief, and has been a 

mainstay of ADHF management. Diuretics are always combined with an ACEi to 

maintain euvolaemia in patients with systolic LV dysfunction.172 However, diuretics 

improve symptoms in CHF but have no effect on mortality.172 Furthermore diuretic 

therapy in CHF may cause electrolyte abnormalities and develop pre-renal azotemia 

and worsening renal function.  

 

Thiazide diuretics inhibit sodium reabsorption in the distal tubules and cause increased 

sodium excretion. These tend to be less effective in patients with advanced renal failure. 

Thus loop diuretics are preferred over thiazide diuretics in patients with creatinine 

clearance less than 30 ml/min/1.73m2 (Figure 1.8).262, 263 However, loop diuretics 

predispose to electrolyte imbalances and hypovolaemia leading to neurohormonal 

activation, reduction of renal glomerular flow, and further rises in serum urea and 

creatinine. Thus an optimal dose is needed to be titrated for the highest efficacy with 

the least neurohormonal activation.264-266   
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Figure 1.8 Thiazide and loop diuretics acting at distal tubule and loop of Henle 

respectively. The loop diuretics excrete 20% of the filtered load of sodium, thus 

enhancing water clearance. In contrast, the thiazide diuretics excrete only 4% of the 

filtered load, and tend to lose their effectiveness in patients with impaired renal 

function. Used with permissions from Krum H.267 

 

Many patients with CRS become resistant to conventional diuretic treatment, indicated 

by persistent pulmonary congestion and the need for higher doses. In this ‘diuretic 

resistant’ setting, higher doses of diuretics are needed to achieve effective 

concentration in renal tubules.268 However renal blood flow may be more potently 

reduced than congestive HF symptoms improved. A recent clinical study reports that 

there is no difference in 60-day clinical outcomes when diuretic therapy has been 

administered among patients with ADHF at a high dose as compared with a low 

dose.269 Higher loop diuretic dosages for patients with advanced HF have been 

suggested to be associated with high risk of mortality.270  
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Extracorporeal ultrafiltration can be used in ADHF patients if diuretic resistance does 

develop.266 Early ultrafiltration safely results in greater weight and fluid loss than loop 

diuretics in ADHF patients, and it significantly reduces the re-hospitalisations for 

HF.271 Furthermore the large molecules retained in uremia may be further cleared by 

adding ultrafiltration to dialysis process.123 However, ultrafiltration is suggested to be 

inferior to a strategy of stepped pharmacologic therapy for the preservation of renal 

function at 96 hours, with a similar amount of weight loss with the two approaches in 

patients with HF and worsening renal function.272 Ultrafiltration is associated with a 

higher rate of adverse events compared with pharmacologic therapy.272 

 

1.7.2 Angiotensin converting enzyme inhibitors 

ACEi are first-line treatment for patients with LV dysfunction, and those without 

known ventricular dysfunction.228, 273 ACEi reduce blood pressure and cardiac after-

load, and exert direct beneficial effects on cardiovascular function and homeostasis.274 

ACEi may be used in combination with ARB.  

 

ACEi also prevent progressive renal dysfunction in diabetic nephropathy and other 

forms of CKD.275 Unfortunately, in the presence of underlying renal disease, use of 

ACEi may be associated with elevation in serum creatinine, thereby creating a 

therapeutic dilemma.275  Patients with renal artery stenosis and CKD are at a high risk 

of developing renal dysfunction in response to introducing ACEi therapies. Treatments 

with ACEi also cause potassium retention; thus CKD patients are advised to restrict 

dietary sodium and potassium.276 
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1.7.3 Angiotensin II receptor blockers 

ARB are considered as an alternative for patients who are not tolerant to ACEi due to 

kinin-mediated adverse effects, such as a cough and angioedema,277, 278 and they are 

also recommended for systolic CHF patients who remain symptomatic despite 

receiving ACEi.279 ARB act differently to ACEi, and their effects include inhibiting the 

Ang II induced vasoconstriction, sodium reabsorption, activation of SNS and 

stimulation of cardiac fibrosis.280 These inhibitory effects are mediated by preventing 

Ang II from binding to its type 1 receptor.281 Candesartan, an Ang II type 1 receptor 

antagonist, improves outcomes in patients with preserved LVEF who are intolerant of 

ACEi in CHARM Preserved trial.282 However, ARB are likely to cause hypotension, 

worsening renal function, and hyperkalemia as ACEi.52 

 

1.7.4 β-adrenergic receptor blockers  

β-adrenergic receptor blockers (β-blockers) are commonly prescribed to patients with 

HF and low LVEF.52 β-blockers appear to be effective in reducing the risk of death or 

hospitalisation in CHF patients,283 and they are used for the treatment of patients who 

remain mildly to moderately symptomatic despite appropriate doses of an ACEi.279  

 

In addition to the blockade of RAAS,50 β-blockers principally inhibit the adverse 

effects of activation of the SNS.284 The adverse effects of sympathetic activation on the 

myocardium are mediated via β-adrenergic receptors and/or α1-adrenergic receptors.172, 

285 β-blockers act by suppressing the action of endogenous catecholamines, released 

from nerve ending of the SNS, on β-adrenergic receptors.286, 287 The magnitude of the 

prognostic benefits conferred by β-blockers is similar to or even exceeds that of ACEi 

in patients with systolic CHF.288 In the Cardiac Insufficiency Bisoprolol Study II, a 

45 
 



 
 

highly selective β1 adrenergic receptor antagonist bisoprolol, is found to be effective in 

patients with HF and concomitant renal dysfunction.283, 289  

 

1.7.5 Mineralocorticoid receptor antagonists 

Mineralocorticoid receptor (also known as the aldosterone receptor) antagonists play an 

important role in the management of CHF.290 Aldosterone receptor blockade with 

spironolactone, in addition to receiving standard therapies (e.g. ACEi), substantially 

reduces the risk of morbidity and mortality among patients with severe HF.290 

Aldosterone blockade with eplerenone improves mortality in patients with mild LV 

systolic dysfunction and post-acute MI HF.291, 292 These benefits appear to be additive 

to those of ACEi and β-blockers. However, hyperkalaemia is a major concern in 

patients with a reduced eGFR receiving mineralocorticoid antagonists for HF.265 

Dietary restriction may be required in these patients.4 

 

1.7.6 Treatments for uremic toxins  

Cardiovascular mortality is significantly higher in dialysis patients compared to age-

matched patients receiving kidney transplantation, suggesting a possible role for non-

dialysable uremic toxins in the pathogenesis and progression of CVD.124 Thus 

reduction of non-dialysable uremic toxins appears to be a further potentially beneficial 

therapeutic strategy. Prolonged dialysis time, increasing the treatment frequency and/or 

using higher permeability membranes may reduce the concentrations of protein-bound 

uremic toxins.293-296  

 

In addition to enhancing uremic toxin removal, another option is to alleviate the 

accumulation of uremic toxins using non-pharmacological strategies. AST-120 
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(Kremezin), an oral charcoal adsorbant, shows a strong adsorptive ability for uremic 

toxins.297 In uremic patients, AST-120 delays dialysis initiation and the progression to 

ESRD.135, 298  

 

Concentration of serum IS and intensity of IS staining in the proximal tubules are 

reduced after the administration of the AST-120 in preclinical CKD models; this is 

accompanied with amelioration in renal dysfunction and structural damge.124, 127, 131, 299 

Furthermore, AST-120 reduces LV fibrosis (68%) and decreases protein levels of TGF-

β and activation of NFκB pathway in the heart of CKD animals.127  

 

In addition, many uremic toxins that are OAT substrates interact with other substrates 

such as drugs due to the competition for OAT transport, thus increasing the half-life 

and extra-renal toxicity of the drugs. Therefore, the effective elimination of circulating 

uremic toxins via AST-120 may decrease the competition for OAT transport, and this 

may potentially contribute to the attenuation of the progression of renal failure.131 

 

Apart from the management addressed above, there have been several novel therapeutic 

strategies that target CRS, such as selective adenosine A1 receptor blockers, natriuretic 

peptides, vasopressin antagonists, soluble guanylate cyclase activators, and many 

others.265 Ongoing clinical trials of these potential pharmacologic agents will examine 

their safety and efficacy in the prevention and management of the CRS. 
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1.8 Conclusion 

The combined impairment in both heart and the kidney with primary dysfunction in 

either heart or kidney is increasingly encountered in a large proportion of patients 

admitted to hospital. To assist further understanding the interrelationship of these 

disorders and the bidirectional nature of heart-kidney interactions, the CRS has been 

generally classified into 5 subtypes that reflect the pathophysiology, the time-frame, 

and the cardiac and renal co-dysfunction. 

 

Despite the growing recognition of the definition, epidemiology and management for 

each subtype of CRS, it is still associated with high mortality. Lack of significant 

progress in the prevention and management of CRS may be attributed, in part, to failure 

to clearly identify the pathophysiology in this condition. Therefore, further 

understanding of the pathophysiological mechanisms during co-dysfunction of heart 

and kidney has important clinical implications. Mechanism-targeted therapies may 

provide benefits in attenuating both cardiac and renal injury in well-defined patient 

populations. However, there is no preclinical study examining the heart-kidney 

interactions where CHF is complicated by the addition of CKD. Conversely, there are 

conflicting results in a recently described animal model recapitulating features of CKD 

co-morbid with CHF. There are significant knowledge gaps in the literature in need for 

further investigation, and this provides direction for future basic research. 

 

Furthermore, circulating uremic toxins in patients with CKD may have detrimental 

effects on cardiac function. Thus, reducing uremic toxin levels and/or amelioration of 
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adverse cardiac effects induced by uremic toxins may provide therapeutic benefits for 

patients with CRS.  

 

1.9 Hypotheses and Aims        

1.9.1 CRS when cardiac dysfunction is the primary insult 

Hypothesis: CHF followed by CKD may cause more severe functional, structural and 

molecular impairment compared with CHF or CKD only. 

 

The aim of this in vivo study was to test the hypothesis using a rat model of MI 

followed by a kidney injury (induced by STNx), recapitulating CHF with co-morbid 

CKD. Functional, histological/immunohistological, biochemical and molecular assays 

will be conducted to assess the pathophysiological changes and potential mechanisms 

that may underlie the changes.  

 

1.9.2 CRS when renal dysfunction is the primary insult 

Hypothesis: CKD followed by CHF may cause further pathophysiological changes 

compared with CKD or CHF only. 

 

The aim of this in vivo study was to test the hypothesis using a rat model of STNx 

followed by MI, implicating CKD co-morbid with CHF. Similarly to the above in vivo 

study, pathophysiological changes and underlying mechanisms will be investigated to 

understand the effects of the subsequent MI on the initial renal injury on heart and 

kidney. 
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1.9.3 Potential novel treatments for CRS 

Hypothesis: Antagonists of uremic toxin uptake via OAT1/3 or inbibition of 

downstream signalling pathway via ASK1 may ameliorate adverse cardiac remodelling 

induced by uremic toxin IS. 

 

The objective of this in vitro study was to determine potential approaches to block IS-

induced cardiac myocyte hypertrophy and cardiac fibroblast collagen synthesis, which 

contribute to pathological cardiac remodelling. This study will specifically investigate 

the potential therapeutic effects of OAT1/3 antagonists and ASK1 inhibitors on the 

suppression of the pro-hypertrophic and pro-fibrotic actions of IS. 



 

 

 

 

Chapter 2 Materials and Methods 



 
 

 

2.1 In vivo studies 

2.1.1 Animals and ethics approval 

Outbred male Sprague Dawley (SD) rats weighing 200-250g were obtained from the 

Animal Resource Centre (Murdoch, WA, Australia). They were given free access to 

commercial standard rat chow (Norco Co-Operative Ltd., NSW, Australia) and tap 

water and housed in stable conditions at 22ºC with a 12 h light/dark cycle during the 

entire study unless mentioned somewhere else.  

 

All experiments adhered to the guidelines of the Animal Welfare and Ethics Committee 

of the St. Vincent’s Hospital and the National Health and Medical Research Council 

(NHMRC) of Australia. The animal Ethics Committee Approval Number was 027/10. 

 

2.1.2 Myocardial infarction 

MI was induced in SD rats by ligation of left anterior descending (LAD) coronary 

artery.300 Animals were anaesthetized with Alfaxan via tail vein injection (1.5 ml/kg, 

i.v.), intubated and placed on a respirator and maintained anesthetized with isoflurane 

(2%).301 A left thoractomy was performed; the LAD coronary artery was identified and 

permanently ligated 3 mm below its origin with a 6-0 prolene suture. The chest was 

then closed, and the muscle and skin were closed in layers. Immediately post-surgery, 

animals were administrated buprenorphine (0.03 mg/kg, s.c.) for post-operative pain. 

Sham animals were treated identically except that the prolene suture was not tied.  
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2.1.3 Subtotal nephrectomy 

Animals were anesthetized with isoflurane (3%) in a perspex chamber, and maintained 

of 2% isoflurane administrated via a nose cone.239 Under aseptic conditions, rats 

underwent STNx performed by right subcapsular nephrectomy and infarction of 

approximately 2/3 of the left kidney by selectively ligating two of 3-4 extra-renal 

branches of the left renal artery.238, 242, 245 Immediately post-surgery, animals were 

administrated buprenorphine (0.03 mg/kg, s.c.) for post-operative pain. Sham animals 

were treated with laparotomy and manipulation of both kidneys before wound closure.  

 

2.1.4 Blood pressure 

Systolic blood pressure (BP) was measured in conscious rats using an occlusive tail-

cuff plethysmography attached to a pneumatic pulse transducer (PowerLab, 

ADInstruments, Australia).302, 303 The reading was recorded using the software Chart 5 

(PowerLab, ADInstruments, Australia). For each animal blood pressure was taken until 

5 readings were obtained within a range of 5 mmHg and averaged. 

 

2.1.5 Echocardiography 

Echocardiography was performed in lightly anaesthetized animals (ketamine 

3.75 mg/100g and xylazine 0.5 mg/100g, i.p.) using a Vivid 7 (GE Vingmed, Horten, 

Norway) echocardiography machine with a 10 MHz phased array probe.304 Parasternal 

short-axis views of the heart at the mid-papillary level were used to obtain measures of 

LV anterior wall thickness in diastole, LV posterior wall thickness in diastole 

(LVPWd), and left ventricular internal dimension in diastole (LVIDd) and systole 

(LVIDs). Fractional shortening (FS) and relative wall thickness (RWT) were calculated 

according to standard formula:  
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FS(%)=[(LVIDd-LVIDs)/LVIDd]x100; RWT=(2xLVPWd)/LVIDd. 

 

Doppler images were obtained from the apical 4-chamber views of the heart. Early and 

late transmitral peak diastolic flow velocity (E and A waves) and mitral valve inflow E 

wave deceleration time (DT), isovolumic relaxation time (IVRT) were measured. 

Diastolic filling was evaluated by determining the E/A ratio from the peak velocity of E 

and A mitral flow and DT. Tissue Doppler imaging was also performed to assess peak 

early and late (E′ and A′) diastolic tissue velocity at the septal side of the mitral annulus. 

All parameters were assessed using an average of three consecutive cardiac cycles and 

calculations were made in accordance with the American Society of Echocardiography 

guidelines.305 All data were acquired and analysed by a single blinded observer with 

Echo PAC (GE Vingmed, Horten, Norway) using offline processing. 

 

2.1.6 Cardiac catheterization  

Cardiac catheterization was performed at the end of the study as previously 

published.306 Briefly, animals under anaesthesia with pentobarbitone (Nembutal) 

(6 mg/100g, i.p.) were placed on a warming pad (37 °C) and ventilated. A 2-Fr 

miniaturized combined catheter-micromanometer (Model SPR-838 Millar instruments, 

TX, USA) was inserted into the right common carotid artery to obtain aortic blood 

pressure and then advanced into the LV to obtain LV pressure-volume loops when 

stable.307 The loops were recorded at steady state and during transient preload reduction, 

achieved by occlusion of the inferior vena cava and portal vein with the ventilator 

turned off and the animal apnoeic. Parallel conductance values of the heart muscle were 

obtained by the injection of approximately 100 µL of 10% NaCl into the right 

atrium.308, 309 Calibration from Relative Volume Units (RVU) conductance signal to 
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absolute volumes (in µL) was undertaken using a previously validated method of 

comparison to known volumes in Perspex wells.306, 310 The following validated 

parameters were assessed using Millar conductance data acquisition and analysis 

software PVAN 3.2: LV end diastolic pressure (LVEDP), the slope of the end systolic 

pressure-volume relationship (ESPVR), the slope of the end diastolic pressure-volume 

relationship (EDPVR), the maximal rate of pressure rise (dP/dtmax) and fall (dP/dtmin), 

tau logistic, and the slope of the preload recruitable stroke work (PRSW) relationship. 

 

2.1.7 Glomerular filtration rate  

GFR was measured by the clearance of a single shot 99Technetium-diethylene triamine 

penta-acetic acid (99Tc-DTPA) (i.v.).210, 311 Blood (1 ml) was drawn 43 min after 

injection,242 and was centrifuged in lithium heparin tubes at 3000 revolutions per 

minute (rpm) for 15 min to obtain plasma. The supernatant was then collected for GFR 

and plasma creatinine measures, and 200 μl was aliquot for each analysis.  

 

Plasma radioactivity was measured and compared with a reference prepared at time of 

injection.312 GFR was calculated using the following formula: Clearance (ml/min) = 

V×In(P0/Pt)/t, where V is the estimated volume of distribution, P0 is the theoretical 

plasma space concentration at injection, and Pt is the observed plasma concentration at t 

minutes after injection.312 The GFR was corrected for body weight (BW) recorded 

before the procedure and reported as GFR/kg. 

 

2.1.8 Metabolic caging 

Rats were individually housed in metabolic cages for 24 hr, where they were given free 

access to tap water and standard laboratory chow.313 Food and water intake, and urine 
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volume was recorded. An aliquot of urine (1 ml) was collected from the 24-hour urine 

sample and stored at -20°C for subsequent analysis of urine creatinine and urinary 

protein.237 Urine creatinine, plasma creatinine and urinary protein were measured by 

autoanalyzer (Roche Instruments Inc., CA, USA). Creatinine clearance and 24h 

proteinuria were calculated using the following formula.127  

24h Proteinuria (mg/day) = Urinary protein (g/L) x 24h urine volume (ml) 

Creatinine clearance (ml/min) =  

 

2.1.9 IS measurements 

IS levels were measured by a high performance liquid chromatography (HPLC) method 

(Shimadzu, Kyoto, Japan).142 Samples (10 µl) were analysed in the mobile phase, 5% 

tetrahydrofuran/0.1 M KH2PO4 (pH 6.5) at a flow rate of 1 ml/min with fluorescence 

detection (excitation 295 nm and emission 390 nm).142  

 

2.1.10 Tissue collection 

At the completion of obtaining pressure-volume loops, blood was withdrawn from the 

abdominal aorta for determination of conductance measures and analysis of IS. The 

hearts and lungs were then removed and weighed. The LV was dissected from the atria 

and right ventricle and weighed. The LV was cross sectioned into 3 portions. The base 

of the LV was embedded in Tissue-Tek® O.C.T compound. The middle portion was 

fixed in 10% neutral-buffered formalin (NBF). The apex was separated into infarcted 

and non-infarcted tissue in MI-induced animals and cut into smaller pieces before being 

snap-frozen in liquid nitrogen for gene and protein analyses. 
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The remnant kidney was excised, decapsulated, weighed, and then sliced sagitally with 

one-half immersion fixed in 10% NBF, and the other half was disserted into smaller 

pieces of tissue before being snap-frozen in liquid nitrogen for gene and protein 

analyses.239, 314   

 

2.1.11 Histopathology  

Formalin-fixed heart and kidney tissues were placed in histo-cassettes and processed 

overnight (Department of Pathology, St. Vincent’s Hospital, Melbourne, Australia). 

Tissues were then embedded in paraffin moulds and 4 μm sections were cut using a 

rotary microtome (Leica Biosystems). Tissue sections were floated in a 42°C water 

bath and collected on silanated glass microscope slides. Prior to staining, sections were 

dewaxed in 2 changes (2x) of histolene for 5 min each time and hydrated through 

graded ethanols: 100% ethanol 2x 3 min, 70% ethanol 1x 3 min.314 Sections were then 

rehydrated in distilled water (dH2O) for 3x 5 min washes.  

 

2.1.12 Infarct size 

LV tissue sections were incubated in picrosirius red (Merck, VIC, Australia) reagent 

for 1 hr. Slides were then washed briefly in 2 changes of acidified water (1% acetic 

acid). Sections were dehydrated through graded ethanol (2 x70%, 2x 100%) for 3 min 

each and histolene (2x 5 min) before being mounted with DPX (BDH laboratory 

supplies, Poole, UK).314 

 

Infarct size was assessed morphologically and slides were digitally scanned using 

Aperio ScanScope Console v.8.0.0.1058 (Aperio Technologies, Inc) for infarct size 

analysis. Infarct size was expressed as an averaged percentage of the endocardial and 
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epicardial scarred circumferences of the LV, ventricular septum was not included.301 

Animals with small infarcts (<20%) were omitted from the analysis. 

 

2.1.13 Interstitial fibrosis 

LV and kidney tissue sections stained with picrosirius red,314, 315 were analysed for 

interstitial fibrosis using Aperio ScanScope Console v.8.0.0.1058 (Aperio Technologies, 

Inc) at X200 magnification. Interstitial fibrosis in the non-infarcted zone of the LV and 

kidney, excluding perivascular fibrosis, was selected for its intensity of red staining, 

and the percentage area was calculated using a pre-set algorithm. The intensity and 

algorithm was maintained constant for the analysis of all sections. 

 

2.1.14 Haematoxylin and eosin staining 

LV tissue sections were stained with haematoxylin and eosin to assess the morphology 

of cardiomyocytes.74 After dewaxing and rehydration, sections were incubated in 

Mayer’s haematoxylin (Amber Scientific, WA, Australia) for 15 min and washed under 

running tap water for 5 min. Sections were dipped into Scott’s tap water and washed 

under running tap water for 3 min. Slides were then incubated in eosin (BASF Australia 

Ltd., Auckland, New Zealand) for 10 min to give the cytoplasm shades of pink colour. 

Sections were dehydrated in 3x100% ethanol briefly to minimize the loss of stain and 

cleared in histolene (2x 5 min) and coverslipped using DPX. 

 

Sections were scanned and analysed for each animal using Aperio ScanScope Console 

v.8.0.0.1058 (Aperio Technologies, Inc). Myocytes in the same plane, as assessed by 

selecting cells with similar sized nuclei and intact cellular membranes in the non-
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infarcted zone of the myocardium, were outlined and the average myocyte cross-

sectional area calculated from 50 myocytes per LV.  

 

2.1.15 Immunohistochemistry 

Sections were placed into histolene to remove the paraffin wax, hydrated in graded 

ethanol, and immersed in dH2O as described in 2.1.11. Antigen retrieval was performed 

to unmask cross linked antigens. Sections were placed in pre-heated 0.01 M citrate 

buffer, pH 6.0, and boiled in a microwave oven at medium power for 10 min before 

being washed with 0.1 M phosphate buffered saline (PBS) (3x 5 min). Sections were 

then incubated with 3% H2O2 (Sigma Aldrich, USA) for 15 min to quench endogenous 

peroxidase activity. Slides were washed with PBS before incubation with diluted 

normal goat serum or normal swine serum (1:5) for 30 min at room temperature.314 

Sections were then incubated with primary antibody (Table 2.1) overnight at 4°C. On 

the following day, slides were washed with PBS (3x 5 min) and incubated with 

secondary antibody for 30 min or 1 hr, followed by PBS wash. Localisation of the 

peroxidase conjugates was achieved using 3,3’-diaminobenzidine tetrahydrochloride 

(DAB; Dako, CA, USA) as a chromagen.313 DAB was applied to all sections until the 

target stained brown under microscope according to manufacturer’s instruction (10-15 

sec). Slides were washed thoroughly with running tap water for 10 min. Sections were 

then counter-stained with haematoxylin by submerging slides in Harris’ modified 

haemotoxylin for 10 sec and washed in running tap water until water clear. After that, 

slides were differentiated in Scott’s tap water for 15 sec and rinsed in tap water. 

Sections were then dehydrated, cleared and mounted as described in 2.1.12.  
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Table 2.1 Antibodies for immunohistochemistry. 

Serum 
Primary 
antibody 

Type Dilution
Secondary 
antibody 

Dilution Duration

Swine 
Collagen I 
(Southern 
Biotech) 

Goat IgG 1:200 
Rabbit-anti-
goat IgG * 
(DAKO) 

1:200 1 h 

Goat  
Collagen III 
(Biogenex) 

Mouse 
monoclonal 

IgG 
1:2 

Anti-mouse 
IgG # 

(DAKO) 
Nil 30 min 

Swine 
KIM-1 

(R&D systems) 
Goat IgG 1:200 

Rabbit-anti-
goat IgG * 
(DAKO) 

1:200 30 min 

Goat 
Macrophage 
infiltration 
(Serotec) 

Mouse 
monoclonal 

IgG 
1:300 

Anti-mouse 
IgG # 

(DAKO) 
Nil 1 h 

 

KIM-1, kidney injury molecule-1; IgG, Immunoglobulin G. 

* Immunoglobulins conjugated to a horseradish peroxidase (HRP) 

# Dakocytomation Envision, HRP linked 

 

2.1.15.1 Collagen type I and III 

LV tissue sections were stained with antibodies specific for collagen I and III.315 

Images were captured using AxioVision software (Carl Ziess Inc.) connected to Axio 

Imager A1 light microscope (Carl Ziess Inc.) at X200 magnification. The levels of 

DAB staining were quantified by a single blinded researcher using the Analytic 

Imaging Station software (AIS, Version 6, Imaging research Inc., ON, Canada). Results 

were expressed as average percentage area of 10 random fields for each section 

obtained in the sub-endocardial region of the LV non-infarcted zone. 

 

2.1.15.2 Kidney injury molecule-1 

Tissue expression of KIM-1 in the non-infarcted zone of the kidney cortex was 

assessed using goat anti-KIM-1 antibodies. Sections were scanned and images were 
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analysed using Aperio ScanScope Console v.8.0.0.1058 (Aperio Technologies, Inc). 

The positive brown staining in the non-infarcted zone of the kidney cortex was selected 

for its intensity, and results were expressed as percentage area calculated using a pre-

set algorithm. The intensity and the algorithm was maintained constant for the analysis 

of all sections. 

 

2.1.15.3 Macrophage infiltration 

Tissue expression of macrophage infiltration in the non-infarcted zone of the kidney 

cortex was assessed using mouse anti-CD 68 antibodies. Sections were scanned using 

Aperio ScanScope Console v.8.0.0.1058 (Aperio Technologies, Inc). The total number 

of macrophages (CD 68 immunoreactive cells) in the non-infarcted zone of the kidney 

cortex was individually counted for each animal.  

 

2.1.16 Quantitative mRNA expression  

Total RNA was extracted from frozen tissues using Ambion RNAqueous® kit (Ambion, 

TX, USA) according to manufacturer’s instruction. RNA (20 ng/μl for genes of interest 

and 2 ng/μl for the housekeeping gene) was reversed transcribed to complimentary 

deoxyribonucleic acid (cDNA) with MultiScribe (Table 2.2).315 Reverse transcription 

was performed in a thermocycler. Reaction mixture was heated to 25C for 10 min, 

42C for 12 min, 95C for 5 min, and cooled to 4C. The cDNA was stored at -20C. 
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Table 2.2 Composition of reverse transcription reaction mixture. 

Reagent volume (l)/reaction 

PCR Buffer II (10X) 4 

MgCl2 8 

dNTPs 16 

Random Hexamers 2 

Nuclease free water 2 

RNAse inhibitor 2 

MultiScribe 2 

RNA 4 

Total 40 

 

 

Triplicate cDNA aliquots were amplified using sequence-specific primers (Geneworks, 

SA, Australia) (Table 2.3) with SYBR Green detection (Applied Biosystems, NY, 

USA). Composition of the Real-Time Polymerase Chain Reaction (RT-PCR) reaction 

mixture is shown in Table 2.4. Following the addition of the reaction mixture into PCR 

plates, the plates were covered with optical adhesive film (Applied Biosystems, CA, 

USA) and spun in a centrifuge at 3,000 rpm for 10 min at 4C to remove air bubbles. 

RT-PCR was performed with ABI prism 7900HT sequence Detection System (Applied 

Biosystems, CA, USA) to quantify mRNA expression of TGFβ1, CTGF, collagen I, 

collagen IV, ANP, β-MHC and IL-6. Quantitation was standardized to the 

housekeeping genes glyceraldehydes 3-phosphate dehydrogenase (GAPDH; cardiac 

tissues) and 18S (renal tissues).315  
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Table 2.3 Primer sequences for RT-PCR. 

Gene Primer sequence 

Forward: 5′ CCA GCC GCG GGA CTC T 3′ 
TGFβ1 

Reverse: 5′ TTC CGT TTC ACC AGC TCC AT 3′ 

Forward: 5′ GCG GCG AGT CCT TCC AA 3′ 
CTGF 

Reverse: 5′ CCA CGG CCC CAT CCA 3′ 

Forward: 5′ TGC CGA TGT CGC TAT CCA 3′  
Collagen I 

Reverse: 5′ TCT TGC AGT GAT AGG TGA TGT TCTG 3′ 

Forward: 5’-ATCCGGCCCTTCATTAGCA-3’ 
Collagen IV 

Reverse: 5’- GACTGTGCACCGCCATCA-3’ 

Forward: 5’- ATCTGATGGATTTCAAGAACC-3’ 
ANP 

Reverse: 5’-CTCTGAGACGGGTTGACTTC-3’ 

Forward: 5’-TTGGCACGGACTGCGTCATC-3’ 
β-MHC 

Reverse: 5’- GAGCCTCCAGAGTTTGCTGAAGGA -3’ 

Forward: 5′ GCT ATG AAG TTT CTC TCC GCA AGA 3′ 
IL-6 

Reverse: 5′ GGC AGT GGC TGT CAA CAA CAT 3′ 

Forward:5’-GACATGCCGCCTGGAGAAAC-3’ 
GAPDH 

Reverse: 5’-AGCCCAGGATGCCCTTTAGT-3’ 

Forward: 5′ TCG AGG CCC TGT AAT TGG AA 3′ 
18S 

Reverse: 5′ CCC TCC AAT GGA TCC TCG TT 3′ 

 

 

Table 2.4 Composition of RT-PCR mixture. 

Reagent Volume (µl) 

SYBR Green master mix 5 

Forward Primer 0.5 

Reverse Primer 0.5 

Nuclease free water 3 

cDNA 1 

Total 10 
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2.1.17 Protein extraction 

Frozen tissue was homogenized with 1 ml of tissue lysis buffer (see Section 2.1.19.1) 

using a polytron homogenizer. After centrifugation for 15 min at 4°C, the supernatant 

was collected for subsequent Bradford assay and western blot analysis. 

 

2.1.18 Bradford assay 

Protein concentrations were measured by Bradford assay. Protein samples were diluted 

1:5 with dH2O. A bovine serum albumin (BSA) standard curve with a concentration 

range from 0.025 to 1.6 µg/ml was generated from serial 1:2 dilutions in dH2O using a 

4 µg/ml BSA stock solution. Protein samples and BSA standards (5 µl each) were 

added in triplicate to 96-well plates.  200 µl of diluted (1:5) Bradford reagent (Bio-Rad, 

CA, USA) was added to each well. Plates were mixed for 10 min using a microplate 

mixer. Absorbance was measured using a microplate reader (Bio-rad, CA, USA) at a 

wavelength of 595 nm. Protein concentrations of the samples were calculated from the 

standard curve.  

 

2.1.19 Western blot analysis 

Western blot analysis was performed as previously described.126, 127, 210 Protein was 

separated using sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-

PAGE) on the basis of molecular weight. After that, western blot analysis was used to 

determine the activation of signal transduction pathways in cardiac and renal tissues..316  

 

2.1.19.1 Reagents and solutions 

All chemical products were purchased from Sigma Aldrich (St. Louis, MO, USA). 
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Tissue lysis buffer  

Composition: Tris-HCl 20 mM, NaCl 250 mM, EDTA 2 mM, EGTA 2 mM, Glycerol 

10%, β-glycerophosphate 40 mM, 0.5% Triton X-100, Leupeptin 10 µg/µl, Aprotinin 

10 µg/µl, Pepstatin 1µM, Phenylmethylsulfonylfluoride 1 mM, Dithiothreitol (DTT) 1 

mM, Phosphatase inhibitor cocktail-1 1 µl/ml, Phosphatase inhibitor cocktail-2 1 µl/ml, 

NaF 0.5 mM, Sodium Pyrophosphate 2.5 mM.  

The lysis buffer was made fresh with dH2O water. 

 

2xSample buffer 

Composition: Tris-HCl (pH 6.8) 125 mM, Sodium dodecyl sulfate (SDS) 4% w/v, 

Glycerol 20% v/v, β-mercaptoethanol 10% v/v, Bromophenol blue 0.02 mg/ml.  

The sample buffer was stored at -20C. 

 

5xRunning buffer  

Composition: Tris base 0.124 M, Glycine 0.96 M, SDS 0.5% w/v. 

The concentrated running buffer was made with dH2O, stored at 4C and diluted 1:5 

with dH2O water when required. 

 

Transfer buffer  

Composition: Tris base 0.025 M, Glycine 0.192 M, CH3OH 20% v/v. 

The transfer buffer was made fresh with dH2O water. 

 

10xTris buffered saline (TBS) 

Composition: Tris base 0.2 M, NaCl 1.37 M. 
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The concentrated TBS was adjusted to pH 7.6 with concentrated HCl and stored at 4C. 

 

Tris buffered saline - Tween 20 (TBST) 

Composition: 10xTBS 100 ml, dH2O 900 ml, Tween 20 1 ml. 

The TBST was made fresh when required. 

 

5% blotto in TBST 

Composition: Skim milk powder 5 g, TBST 100 ml.  

The 5% blotto was made fresh when required. 

 

5% BSA in TBST 

Composition: BSA powder 5 g, TBST 100 ml.  

The 5% BSA was made fresh when required. 

 

2.2.19.2 Preparation 

Sample buffer was added to equal amounts of protein (30 or 60 µg) at 1:1 (v/v) ratio. 

Mixtures were boiled at 98C for 10 min before centrifuging at maxium speed for 5 

min.  

 

The gel apparatus was assembled using a glass plate sandwich in a gel casting stand. A 

10% separating gel (Table 2.5) was prepared and the gel mix was cast between the 

glasses using a pipette followed by an overlay of 1 ml of water saturated n-butanol to 

create a level.  The gel was allowed to set (~ 45 min) prior to removing the water 

saturated n-butanol. A 4% stacking gel (Table 2.6) was prepared and poured on top of 

the set separating gel until the gel reached the top of the glass plate.  A comb was 



 
 

inserted to create wells and the gel was allowed to set (~30 min). After gel set, the 

comb was removed from the stacking gel. 

 

Table 2.5 Separating gel recipe (1.5 mm gel). SDS, sodium dodecyl sulfate; APS, 

ammonium persulfate; TEMED, tetramethylethylenediamine. 

Reagent 10% 

dH2O 4.05 ml 

1.5M Tris-HCl pH 8.8 2.50 ml 

30% Acrylamide/bis 3.30 ml 

10% SDS 100 µl 

10% APS 50 µl 

TEMED 5 µl 

Total 10 ml 

 

 

Table 2.6 Stacking gel recipe (1.5 mm gel). 

Reagent 4% 

dH2O 6.40 ml 

0.5M Tris-HCl pH 6.8 2.50 ml 

30% Acrylamide/bis 1.00 ml 

10% SDS 100 µl 

10% APS 200 µl 

TEMED 20 µl 

Total ~10 ml 
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2.1.19.3 SDS-PAGE 

The gel was placed into clamping frame and electrode assembly. The inner chamber 

was placed into a mini tank, and running buffer was then added into the inner chamber 

(between gels) up to the top of the glass plate and outer chamber ~ 4 cm high. After 

loading prepared protein samples and molecular weight marker (BenchMark™ Pre-

Stained Protein Ladder, 10 µl, Invitrogen) into wells of gels, the gels were run at 

voltage of 120V until dye front reached the bottom of the gel (~ 2 hr). 

 

2.1.19.4 Transfer 

Nitrocellulose membrane (Amersham Hybond ECL, GE Healthcare, Freiburg, 

Germany), filter paper and fiber pad were soaked in transfer buffer for 30 min. Transfer 

sandwich was set up as laying a fiber pad, 3x filter paper, 1x nitrocellulose membrane, 

1x gel, 3x filter paper and a fiber pad in order. The transfer sandwich was clamped in a 

cassette and placed into an electrode module (the black side of the cassette facing the 

black side of the electrode module). The module was then placed into a tank containing 

transfer buffer. The seperated protein samples were electrophoretically transferred to 

the membrane under a voltage of 100V for ~ 2 hr at 4°C. After transferring, the 

membrane was taken out, stained with Ponceau solution for 2-3 min to locate the 

protein bands, and washed with dH2O.   

 

2.1.19.5 Immunoblotting 

The membrane was incubated with 5% BSA/blotto in TBST for 1 hr at room 

temperature. Diluted primary antibody (10 ml) was added onto the membrane and 

incubated overnight at 4°C (Table 2.7). The membrane was washed with TBST for 3x 5 
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min before adding secondary antibody diluted in 5% blotto in TBST (10 ml). The 

membrane was then incubated for 1 hr at room temperature following washing with 

TBST for 5x 5 min. Specific bands were visualized by enhanced chemiluminescent 

HRP substrate (Thermo Scientific, Rockford, IL, USA),317 and then the intensity was 

analysed using ImageJ software (National Center for Biotechnology Information).  

 

Table 2.7 Antibodies for western blot analysis 

Primary 
antibody 

Isotype Dilution Secondary antibody Dilution

Phospho-p38 MAPK #9215 (Cell 
Signaling Technology) 

Rabbit 
monoclonal

IgG 

1:1000 in 
5% BSA 

Anti-rabbit IgG, 
HRP-linked #7074 

(Cell Signaling 
Technology) 

1:2000 

Phospho-p44/42 MAPK #9101  
(Cell Signaling Technology) 

Rabbit 
polyclonal 

1:1000 in 
5% BSA 

Anti-rabbit IgG, 
HRP-linked #7074 

(Cell Signaling 
Technology) 

1:2000 

Phospho-NFκB #3033  
(Cell Signaling Technology) * 

Rabbit 
monoclonal 

IgG 

1:1000 in 
5% BSA 

Anti-rabbit IgG, 
HRP-linked #7074 

(Cell Signaling 
Technology) 

1:2000 

TGF-β #3709  
(Cell Signaling Technology) 

Rabbit 
monoclonal 

Ab 

1:1000 in 
5% blotto 

Anti-rabbit IgG, 
HRP-linked #7074 

(Cell Signaling 
Technology) 

1:2000 

Pan-actin 
#ACTN 05 (Neomarkers) 

Mouse 
monoclonal

IgG 

1:2000 in 
5% blotto 

Anti-mouse IgG, 
HRP-linked #7076 

(Cell Signaling 
Technology) 

1:4000 

 

* Nuclear proteins, including activated transcription factor subunits of NFκB complex, 

such as p65, were extracted with high detergent (0.5% Triton X-100) lysis buffer to 

obtain total cell lysis and detected with Western blot analysis. Phospho-NFκB Rabbit 

mAb detected NFκB subunit p65. 
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2.1.20 Statistical analysis 

Data are expressed as mean ± SEM. Significance was determined by a one-way 

ANOVA followed by Bonferroni post hoc test. For comparisons between 2 groups, 

unpaired Student t-test was used. All statistical analyses were performed using 

GraphPad Prism 5. A two-sided P-value of less than 0.05 was considered statistically 

significant. 

 

2.2 In vitro studies 

Cultured neonatal rat cardiac myocytes (NCMs) and fibroblasts (NCFs) were used to 

determine pro-hypertrophic and pro-fibrotic effects of indoxyl sulfate (IS). 

 

2.2.1 Animal and ethics approval 

NCMs and NCFs were isolated from 1-2 day old SD pups. Animal experiments were 

conducted in accordance with Alfred Medical Research and Education Precinct 

(AMREP) Animal Ethics Committee approved protocols and conformed to the 

requirements of the National Health and Medical Research Council of Australia 

(NHMRC) Code of Practice for the Care and Use of Animals for Scientific Purposes. 

The ethics approval number was E/0980/2010/M. 

 

2.2.2 Materials  

IS was purchased from Sigma Aldrich (St. Louis, MO, USA).  IS stock solution was 

prepared with endotoxin-free sterilized PBS and kept at -20oC. 
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OAT antagonists, Probenecid (Pro) and Cilastatin (Cil), were purchased from Sigma 

Aldrich (St. Louis, MO, USA). ASK1 inhibitors, GSK2261818A (G226) and 

GSK2358939 (G235), were a kind gift from GlaxoSmithKline (Heart Failure Discovery 

Performance Unit, King of Prussia, PA, USA). Stock solutions of Pro, Cil, G226 and 

G235 at concentrations of 1000 folds of final treatment concentrations were prepared in 

dimethyl sulfoxide (DMSO) and kept at -20oC.   

 

All cell culture media were purchased from Gibco life technologies, Invitogen, NY, 

USA. 3H-leucine and 3H-proline was purchased from PerkinElmer, Boston, MA, USA. 

All chemical products were purchased from Sigma Aldrich (St. Louis, MO, USA). 

 

2.2.3 Reagents and solutions 

Hanks buffered salt solution (HBSS)  

Composition: NaCl 135.0 mM; KCl 5.4 mM; MgSO4 0.8 mM; Glucose 5.6 mM; 

KH2PO4 4.4 mM; Na2HPO4 3.5 mM; HEPES 20 mM. 

The HBSS was adjusted to pH 7.2, sterilized using Steritop filters (Millipore, MA, 

USA) and stored at 4ºC. 

 

Enzyme digestion solution  

HBSS containing 0.8 mg/ml pancreatin and 125 U/ml collagenase. 

 

Minimum essential media (MEM) with 10% new born calf serum (NBCS)    

Composition: Powdered MEM dissolved in MilliQ-water; NaHCO3 26 mM; 1xessential 

amino acids; non-essential amino acids 100 µM; L-glutamine 2 mM; 1xMEM vitamins; 

10% v/v NBCS; 1xantibiotics and antimycotics.  
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It was adjusted to pH 7.2, sterilized using Steritop filters and stored at 4ºC. 

 

10x Ads buffer 

Composition: NaCl 116 mM; KCl 50 mM; MgSO4 8 mM; Glucose 60 mM; Na2HP04 

0.008 mM. 

The concentrated Ads buffer was adjusted to pH 7.35, stored at 4C, and diluted to 1x 

Ads with sterilized Milli-Q water (Millipore) when required. 

Percoll stock 

9 parts Percoll: 1 part 10xAds.  

Percoll stock was stored at 4C. 

 

Top Percoll layer 

9 parts Percoll stock: 11 parts 1xAds.  

Top Percoll layer was made fresh when required. 

 

Bottom Percoll layer 

13 parts Percoll stock: 7 parts 1xAds.  

Bottom Percoll layer was made fresh when required. 

 

NCM media for culture/treatment 

Composition: Dulbecco’s modified eagle medium (DMEM; Invitrogen, Mount 

Waverly, VIC, Australia); NaHCO3 26 mM; 1xessential amino acids; non-essential 

amino acids 100 µM; sodium pyruvate 1 mM; 1xMEM vitamins.  
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Media was adjusted to pH 7.2, sterilized using Steritop filters, stored at 4ºC and 

supplemented with insulin 2 mg/L, apo-transferrin 10 mg/L, and 5-bromo-deoxyuridine 

(BrDu) 0.1 mM before use.   

NB: BrDu was only used in the first three days to inhibit proliferation of fibroblasts.  

 

2.2.4 NCMs and NCFs isolation 

NCMs and NCFs were isolated from 1-2 day old SD pups with enzymatic digestion  as 

described in detail previously.318, 319 Hearts were harvested under aseptic conditions and 

placed into cold HBSS solution. After removing the main blood vessels and atria, the 

remaining ventricular tissues were washed and gently cut into 6-8 pieces (1-2 mm2).  

The chopped tissues were digested by 10x 10 min sequential stirring in a Celstir 

apparatus containing enzyme digestion solution (0.3 ml per heart). The Celstir system 

was placed on a magnetic stirrer using the lowest speed and maintained at 37°C. For 

each cycle, undigested tissue was allowed to settle; and following each digestion period, 

the supernatants containing dissociated NCMs and NCFs were transferred into 50 ml 

sterile tubes (on ice) in the presence of 10% NBCS to inhibit enzyme activity. The first 

supernatant was discarded because it contained red blood cells and cell debris. The 

remaining supernatant was centrifuged at 1,200 rpm (300xg) for 10 min and the cell 

pellets were collected, resuspended in MEM with 10% NBCS and combined. Cells 

were centrifuged for 10 min and the pellets collected. Cell pellets were resuspended in 

1x Ads buffer. 

 

The resuspended cells were loaded above the top layer of a Percoll gradient, consisting 

of the top and bottom Percoll layers, and centrifuged at 3,000 rpm for 30 min at 4°C 

without using the brake.  Upon completion of centrifugation, the NCFs were collected 
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in the upper gradient band and the NCMs were collected in the lower band. After 

transferring each band into separated tubes, cells were washed with 1x Ads by 

centrifuging at 1,200 rpm for 6 min, and resuspended in MEM with 10% NBCS.       

 

2.2.5 Measurement of NCM hypertrophy 

NCM hypertrophy was determined by 3H-leucine incorporation.319-321 After isolation, 

the number of NCMs was counted using an Bright-Line™ Hemacytometer (Hausser 

Scientific, Horsham, PA, USA).  Purified NCMs were seeded at 10,000 cells/cm2 in 12-

well plates (BD Falcon, NJ, USA) coated with 0.1% gelatin and maintained in serum-

free DMEM in the presence of 1% antibiotic/antimycotic (100x; Gibco life 

technologies, Invitogen, NY, USA) supplemented with insulin and apo-transferrin.315 

NCMs were incubated overnight at 37°C with 5% CO2. Media was then changed and 

NCMs were incubated for another 48 hr before treatment. KCl (50 mM) was added to 

the media to prevent contact-induced spontaneous contraction of the plated NCMs.322  

 

On treatment day, media was changed. NCMs were then pre-treated with or without of 

OAT antagonists (0.1 to 100 µM) or ASK1 inhibitors (0.03 to 1.0 µM). After 2 hr of 

pre-treatment, IS at a concentration of 10 µM was added to cells. 3H-leucine (1 µCi) 

was added to each well. Cells were incubated at 37C with 5% CO2 for a further 48 hr. 

After 3 washes with cold 1x PBS, cells were harvested by precipitation with 10% 

trichloroacetic acid (TCA) on ice for 30 min before solubilisation with 1M NaOH 

overnight at 4°C. The samples were then neutralized with 1M HCl, and 3H levels were 

counted in scintillation fluid on a beta counter to determine the levels of 3H-leucine 

incorporation. 
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2.2.6 Measurement of NCF collagen synthesis 

NCF collagen synthesis was determined at passage 2 NCFs by 3H-proline 

incorporation.320, 323 After isolation, NCFs (passage 0) were seeded into T75 cell culture 

flasks (BD Falcon, NJ, USA) and maintained in high-glucose (25 mM) DMEM 

(Invitrogen, VIC, Australia) in the presence of 1% antibiotic/antimycotic (100x; Gibco 

life technologies, Invitogen, NY, USA) and 10% fetal bovine serum (FBS; JRH 

Biosciences, Lenexa, KA, USA). Cells were incubated at 37C with 5% CO2 for 48 hr.     

 

At 80% of confluence, the NCFs were sub-cultured. After removing media, NCFs were 

washed 2 times with warm 1x PBS, 2 ml of warm 0.05% trypsin-EDTA was added to 

each flask.  Flasks were placed back into a 37C incubator for 1-2 min to allow cells to 

lift off the surface of the flasks.  Trypsin was inactivated by adding 8 ml of DMEM 

containing 10% FBS.  NCF (passage 1) were centrifuged at 1,300 rpm for 6 min at 

room temperature. Cell pellets were washed 3 times and resuspended with DMEM 

containing 10% FBS. Cells were then split into new flasks (1:3) and incubated at 37C 

with 5% CO2 for 48 hr.   

 

To seed NCFs, steps from trypsinization to resuspension described above were repeated. 

NCFs (passage 2) were counted and seeded at a density of 50,000 cells/well in 12 well 

plates in DMEM containing 10% FBS. Plated NCFs were incubated at 37C with 5% 

CO2 overnight before serum starving with media containing 1% vitamin C and 0.5% 

BSA for 48 hr.   

 

After changing media, cells were pre-treated with or without OAT antagonists (0.1 to 

100 µM) or ASK1 inhibitors (0.03 to 1.0 µM) for 2 hr before stimulation with IS at a 
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concentration of 10 µM.  3H-proline (1 μCi) was added to each well. After a 48 hr of 

further incubation, cells were harvested by TCA precipitation and 3H-proline 

incorporation was determined similar to NCM hypertrophy assessment described above. 

 

2.2.7 Measurement of cell viability in NCFs 

MTT [3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide] assay was used 

to determine cell viability of NCFs as previously described.126, 315 NCFs were prepared 

as described in 2.2.6 and seeded in 96 well plates at a density of 10,000 cells/well. 

After serum starving for 48 hr, NCFs were treated with OAT antagonists and ASK1 

inhibitors. MTT (Sigma Aldrich, St Louis, MO, USA) (5.0 mg/ml) was added to each 

well (10 μl per 100 μl medium) and the cells were incubated at 37°C with 5% CO2 for 4 

hr.324 The media was removed and isopropanol (100 µl) was added, the plates were 

placed back into the incubator for 30 min. Absorbance was measured on a microplate 

reader (Bio-rad, CA, USA) at a wavelength of 570 nm with background subtraction at 

690 nm. 

 

2.2.8 Statistical analysis 

Absolute values from each triplicate experiment for each condition were recorded.  

Percentages were calculated by taking the mean of triplicate absolute values and 

comparing as a per cent change to the mean of triplicates of absolute mean values of 

control within each individual experiment. Data are presented as means ± SEM. 

Experiments were performed at least three times in triplicate. One-way ANOVA 

followed by Neuman-Keul post hoc test was used for data analysis with GraphPad 

Prism 5. A two-tailed P-value of less than 0.05 was considered statistically significant.
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Chapter 3 Functional and Structural Changes in 

the MI+STNx Model 



 
 

 

3.1 Introduction  

Renal dysfunction frequently coexists in situations of cardiac dysfunction such as MI 

and HF, manifesting in the so-called CRS.3 The prevalence of renal disease in patients 

with CHF is approximately 25%.22-24 The degree of renal dysfunction is a powerful 

independent risk factor for all-cause mortality in HF patients.22, 24, 28-31 Studies have 

indicated that even a slight worsening of renal function is associated with increased 

mortality and prolonged hospitalisation.34 

 

The pathophysiology underlying CRS is poorly understood. The heart and the kidney 

exert reciprocal control in maintaining constant blood volume and organ perfusion 

under continuously changing conditions. A complex combination of hemodynamic, 

neurohormonal, immunological, biochemical feedback pathways and other unknown 

factors such as uremic toxins contribute to CRS.325 IS, a non-dialysable uremic toxin, 

has been demonstrated as a contributory factor in cardiac hypertrophy and fibrosis.126, 

326 Cardiac fibrosis correlates closely with IS serum levels in a rat model of CKD.127  

 

A number of experimental rat models with cardiac or renal impairment have been 

developed.325 However, very few have attempted to combine elements of cardiac and 

renal dysfunction as a potential model of CRS.246, 248-250, 253 Specifically, no study has 

been performed where MI-induced LV systolic dysfunction is complicated by the 

addition of CKD. Given the multiplicity of heart-kidney interactions and lack of 

systematic investigation of CRS, the purpose of this study was to establish a new model 

of MI (induced by left anterior descending coronary ligation) followed by a kidney 

insult (induced by 5/6 nephrectomy - STNx) in rats. We sought to identify subsequent 
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functional and structural changes in heart and kidney in this setting. The pathology and 

potential mechanisms that may underlie the changes will be described in Chapter 4. 

 

3.2 Aims 

To evaluate functional and structural changes in heart and kidney in the setting of MI 

followed by STNx in rats. 

 

3.3 Materials and Methods 

Male Sprague Dawley rats (n=43) weighing 200-250 g were randomized into four 

groups: Sham-operated MI+Sham-operated STNx (Sham+Sham), MI+Sham-operated 

STNx (MI+Sham), Sham-operated MI+STNx (Sham+STNx) and MI+STNx. MI/Sham 

was induced initially and STNx/Sham performed 4 weeks later; the animals were then 

followed for a further 10 weeks (Figure 3.1).  

 

Tail-cuff blood pressure (BP) and cardiac and renal function was assessed prior to 

STNx/Sham and at study’s end. Hemodynamic parameters were measured prior to 

sacrifice. Surgical procedure and functional measurements were performed using 

protocols as per Chapter 2.1.2-2.1.9. Paraffin-embedded sections were stained with 

picrosirius red for fibrosis analysis and hematoxylin and eosin for cardiac myocyte 

cross-sectional area as per Chapter 2.1.10-2.1.14.  
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Figure 3.1 Experimental design of MI+STNx model. MI/Sham was induced initially 

and STNx/Sham performed 4 weeks later; the animals were then followed for a further 

10 weeks. Blood pressure, echocardiography and GFR was assessed, and blood and 

urine was collected prior to STNx/Sham and at endpoint. Millar catheterization was 

performed prior to sacrifice. Tissues were weighed and collected for pathological and 

molecular changes. MI, myocardial infarction; STNx, 5/6 subtotal nephrectomy. 

 

3.4 Results 

3.4.1 Survival rate and infarct size 

Totally 80 animals were randomized into each group initially and 43 animals were 

survived at the end of the study. Survival rates were 100%, 59.7%, 91.7% and 44.1% 

for Sham+Sham, MI+Sham, Sham+STNx and MI+STNx animals respectively (Figure 

3.2). The number of animals in each group at the end of the study is shown in Table 3.1. 

There was no difference in infarct size between both MI groups (Sham-operated STNx 

and STNx) (Table 3.1). 
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Figure 3.2 Kaplan-Meier curves for groups of Sham+Sham, MI+Sham, Sham+STNx 

and MI+STNx respectively.  

 

Table 3.1 Animal number and infarct size. There was no difference in infarct size 

between MI+Sham and MI+STNx groups. Values are expressed as mean ± SEM. 

 Sham+Sham MI+Sham Sham+STNx MI+STNx 

Animal Number  10 11 11 11 

Infarct size (%) - 34.6±2.2 - 33.7±1.5 

 

 

3.4.2 Blood pressure 

There was no difference in BP between all groups before STNx/Sham surgery at week 

4 (Table 3.2). As a consequence of the kidney insult, both STNx groups (Sham-

operated MI and MI) developed substantial and persistent hypertension. MI+STNx 

animals had reduced systolic BP compared to the Sham+STNx group (p<0.01).  
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Table 3.2 Blood pressure (BP) assessed at week 4 and 14. Sham+STNx and MI+STNx 

animals were hypertensive at 14 weeks. Values are expressed as mean ± SEM. 

***p<0.001 vs Sham+Sham; §§§p<0.001 vs MI+Sham; ##p<0.01 vs Sham+STNx. 

 Week 4 Week 14 

 Sham+Sham MI+Sham Sham+STNx MI+STNx Sham+Sham MI+Sham Sham+STNx MI+STNx 

BP 
(mmHg) 

128.2±6.8 115.5±6.3 122.3±3.5 111.4±4.2 125.8±6.0 118.8±4.7 
221.8±10.9 

***, §§§ 
176.6±9.3 

***, §§§, ##

 

 

3.4.3 Tissue weights 

Heart, LV, atria, lung and left kidney weights as a ratio of body weight (BW) were 

significantly greater in MI+STNx animals compared to the MI+Sham group (Table 3.3). 

Heart and LV weights as a ratio of BW were higher in Sham+STNx animals compared 

with MI+Sham animals (p<0.001), this was also evident in the echocardiography 

measure of anterior (p<0.001) and posterior wall thickness (p<0.05) (Table 3.4), 

suggesting that more muscle mass in the STNx group. A major driver of this was the 

increase in BP that was observed in the Sham+STNx group compared to the MI+Sham 

group (Table 3.2). Heart, LV, right ventricular and atria weights as a ratio of BW were 

identical in both STNx groups, independent of MI. 
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Table 3.3 Animal tissue weights that are corrected for body weight. Heart, LV, atria, 

lung and left kidney weights were significantly greater in MI+STNx animals compared 

to the MI+Sham group. Values are expressed as mean ± SEM. BW, body weight. 

**p<0.01, ***p<0.001 vs Sham+Sham; §p<0.05, §§p<0.01, §§§p<0.001 vs MI+Sham. 

 

 Sham+Sham MI+Sham Sham+STNx MI+STNx 

Heart weight/BW ratio (mg/g) 2.4±0.1 
2.8±0.1 

*** 
3.9±0.2 
***, §§§ 

3.9±0.2 
***, §§§ 

Lung weight/BW ratio (mg/g) 3.0±0.1 3.1±0.1 
3.6±0.1 
**, §§ 

3.6±0.2 
**, §§ 

LV weight/BW ratio (mg/g) 1.73±0.07 
1.94±0.03 

** 
2.93±0.14 
***, §§§ 

2.88±0.10 
***, §§§ 

Right ventricular weight/BW ratio 
(mg/g) 

0.45±0.02 
0.57±0.02 

*** 
0.60±0.02 

*** 
0.64±0.04 

*** 

Atria weight/BW ratio (mg/g) 0.24±0.01 
0.32±0.02 

** 
0.35±0.03 

** 
0.42±0.04 

***, § 

Left kidney weight/BW ratio (mg/g) 3.1±0.1 3.1±0.1 
4.6±0.1 
***, §§§ 

5.0±0.2 
***, §§§ 

BW (g) 576.6±34.5 551.1±16.6 
488.2±19.4 

*, § 
516.0±16.7 

 

3.4.4 Echocardiography 

Significant reductions in LVEF and FS were observed in both MI groups compared to 

sham-operated animals at 4 weeks post-infarction (Table 3.4). Anterior wall thickness 

was significantly reduced in both MI groups due to scar tissue replacement post-MI 

(p<0.001).   

 

Animals that underwent MI+STNx had further reductions in LVEF (20.8%) and FS 

(20.9%) compared to the MI+Sham group at 10 weeks post-STNx (p<0.01). Although 
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no difference in A wave velocity, a measure of late transmitral peak diastolic flow 

velocity, was observed between all groups at 4 weeks post-MI; a significant increase 

was seen in MI+STNx animals compared to the MI+Sham group at 10 weeks post-

STNx (p<0.05), indicating an increase in diastolic dysfunction. Sham+STNx animals 

had increased LV mass (p<0.01), anterior wall thickness (p<0.001), posterior wall 

thickness (p<0.001) and developed diastolic dysfunction indicated by reduced E’/A’ 

ratio (p<0.05) and increased A’ wave velocity (p<0.01) compared to the Sham+Sham 

group at week 14. LVEDV, LVESV and IVRT were significantly increased in both MI 

groups compared to sham-operated animals. There was no difference in DT, transmitral 

early peak velocity (E), septal mitral annulus velocity (E’), E/E’ ratio and E/A ratio 

between the groups post-STNx.  

 

Table 3.4 Echocardiography assessed at week 4 and 14. Left ventricular ejection 

fraction was significantly decreased in MI+STNx animals compared to the MI+Sham 

group at week 14. Values are expressed as mean ± SEM. FS, fractional shortening; 

LVEF, left ventricular ejection fraction; LVEDV and LVESV, left ventricular end 

diastolic and end systolic volume; DT, deceleration time; IVRT, isovolumetric 

relaxation time. *p<0.05, **p<0.01, ***p<0.001 vs Sham+Sham; §p<0.05, §§p<0.01, 

§§§p<0.001 vs MI+Sham; #p<0.05, ##p<0.01, ###p<0.001 vs Sham+STNx. 
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 Week 4 Week 14 

 Sham+Sham MI+Sham Sham+STNx MI+STNx Sham+Sham MI+Sham Sham+STNx MI+STNx 

FS (%) 40.5±1.5 
21.4±1.5 

*** 
45.3±1.5 

§§§ 
18.1±0.5 
***, ### 

40.4±2.9 
19.1±0.9 

*** 
47.6±3.3 

§§§ 
15.1±0.9 

***, §§, ###

Anterior wall 
thickness (mm) 

1.45±0.03 
0.91±0.04 

*** 
1.49±0.05 

§§§ 
0.83±0.03 
***, ### 

1.64±0.04 
0.78±0.02 

*** 
2.04±0.06 
***, §§§ 

0.73±0.03 
***, ### 

Posterior wall 
thickness (mm) 

1.57±0.05 
1.81±0.06 

* 
1.67±0.06 1.65±0.04 1.69±0.06 

1.93±0.05 
** 

2.24±0.08 
***, § 

1.69±0.08 
§, ### 

LVEF (%) 67.1±2.2 
42.7±2.3 

*** 
72.2±2.0 

§§§ 
37.7±1.4 
***, ### 

67.8±2.9 
39.4±1.8 

*** 
71.8±3.1 

§§§ 
31.2±1.3 

***, §§, ###

LVEDV (mL) 0.66±0.02 
0.83±0.05 

** 
0.60±0.04 

§§ 
0.90±0.05 
***, ### 

0.76±0.04 
1.11±0.05 

*** 
0.81±0.04 

§§ 
1.23±0.07 
***, ### 

LVESV (mL) 0.22±0.05 
0.48±0.04 

*** 
0.17±0.02 

§§§ 
0.56±0.04 
***, ### 

0.25±0.03 
0.68±0.04 

*** 
0.22±0.03 

§§§ 
0.85±0.06 
***, §, ### 

LV mass 
(gram/m2) 

1.41±0.04 1.47±0.05 1.40±0.04 1.51±0.03 1.70±0.04 1.80±0.11 
2.13±0.07 

**, § 
1.78±0.08 

# 

DT (msec) 31.3±1.5 36.0±1.8 
38.3±1.1 

* 
39.0±1.5 

** 
32.1±1.8 37.2±1.8 31.8±2.1 36.7±2.3 

IVRT (msec) 23.0±1.4 
31.3±1.2 

*** 
21.9±1.3 

§§§ 
30.3±1.6 
**, ### 

24.2±1.6 
34.7±1.7 

** 
26.2±1.6 

§ 
35.4±2.5 

**, ## 

E wave velocity 
(m/sec) 

1.04±0.04 1.07±0.04 1.06±0.03 1.05±0.04 0.99±0.04 0.97±0.04 1.10±0.04 1.03±0.05 

A wave velocity 
(m/sec) 

0.64±0.06 0.49±0.03 0.53±0.04 0.48±0.03 0.45±0.05 0.37±0.04 
0.66±0.05 

*, §§ 
0.53±0.06 

§ 

E’ wave velocity 
(cm/sec) 

4.8±0.3 4.0±0.3 4.4±0.2 
3.7±0.2 

* 
4.0±0.2 3.6±0.3 4.4±0.4 4.1±0.3 

A’ wave velocity 
(cm/sec) 

3.3±0.3 2.7±0.3 3.5±0.4 2.5±0.1 2.7±0.4 2.5±0.3 
4.4±0.3 
**, §§ 

3.1±0.3 
# 

E/E’ ratio 22.4±1.1 26.7±1.1 25.1±1.5 
28.3±1.7 

* 
25.0±1.4 28.2±2.2 26.2±2.3 26.0±1.8 

E/A ratio 1.8±0.1 2.3±0.2 2.1±0.2 2.3±0.2 2.6±0.5 3.0±0.4 1.7±0.1 2.2±0.4 

E’/A’ ratio 1.5±0.1 1.6±0.3 1.4±0.1 1.5±0.1 1.7±0.2 1.6±0.3 
1.1±0.1 

* 
1.5±0.2 

 

85 
 



 
 

3.4.5 Hemodynamic parameters 

Significant increases in systolic and diastolic BP were observed in MI+STNx animals 

compared to the MI+Sham group (p<0.01) (Table 3.5). It should be noted here, the 

systolic/diastolic BP was measured when animals were under anaesthesia; therefore the 

values were different from the BP recording presented in Table 3.2. 

 

LV end diastolic pressure (LVEDP) in MI+STNx animals compared to the MI+Sham 

group did not reach significance (p=0.08). MI+STNx animals had a 31% reduction in 

cardiac output compared to the MI+Sham group (p=0.06). There was no difference in 

heart rate between the groups.  

 

The rate of rise and fall of pressure in the LV, dP/dt max and dP/dt min, was significantly 

reduced in both MI groups compared to the sham-operated animals; however, no 

difference was observed comparing MI+STNx animals with the MI+Sham group. 

Parameters of systolic function including the slope of preload recruitable stroke work 

relationship (PRSW) and the gradient of end systolic pressure-volume relationship 

(ESPVR) were significantly reduced in MI groups compared to Sham+Sham control 

animals; while the diastolic measures pertaining to the time constant of active 

relaxation, tau logistic, was significantly prolonged by 38% in MI+STNx animals 

compared to the MI+Sham group (p<0.01), indicating an impairment of ventricular 

relaxation and diastolic function.  

 

 

 

86 
 



 
 

Table 3.5 Hemodynamic parameters assessed at week 14. Tau logistic was 

significantly increased in MI+STNx animals compared to the MI+Sham group. Values 

are expressed as mean ± SEM. dP/dt max and dP/dt min, the maximal rate of pressure rise 

and fall; LVEDP, left ventricular end diastolic pressure; ESPVR and EDPVR, slope of 

end systolic and end diastolic pressure-volume relationship; PRSW, slope of preload 

recruitable stroke work relationship. *p<0.05, **p<0.01, ***p<0.001 vs Sham+Sham; 

§p<0.05, §§p<0.01, §§§p<0.001 vs MI+Sham; #p<0.05, ###p<0.001 vs Sham+STNx. 

 Sham+Sham MI+Sham Sham+STNx MI+STNx 

Systolic blood pressure 
(mmHg) 

104.4±6.3 91.8±2.0 
116.7±6.4 

§§ 
111.8±6.0 

§§ 

Diastolic blood pressure  
(mmHg) 

77.3±5.7 66.3±2.4 
87.6±5.4 

§§ 
88.6±5.7 

§§ 

Heart rate (beats/min) 306±19 302±23 309±17 314±17 

dP/dt max (mmHg/sec) 6123±215 
4763±163 

*** 
6193±301 

§§§ 
4633±253 
***, ### 

-dP/dt min (mmHg/sec) 5229±295 
3212±180 

*** 
4124±356 

*, § 
3065±207 

***, # 

LVEDP (mmHg) 3.9±0.6 
7.3±0.9 

* 
10.1±1.4 

** 
10.7±1.5 

** 

ESPVR (mmHg/µl) 0.58±0.07 
0.29±0.04 

** 
0.47±0.07 

§ 
0.32±0.04 

** 

EDPVR (mmHg/µl) 0.03±0.01 0.03±0.01 0.05±0.01 0.04±0.01 

PRSW (mmHg) 78.9±5.5 
58.2±6.1 

* 
62.7±8.9 

49.2±4.5 
*** 

Cardiac output (mmHg) 45070±3670 44678±4975 53724±8169 
30761±4775

*, # 

Tau logistic (msec) 10.0±0.5 
12.3±0.7 

* 
16.5±1.6 

***, § 
17.0±1.4 
***, §§ 

 

 

3.4.6 Cardiac interstitial fibrosis 

Cardiac interstitial fibrosis in the LV non-infarcted myocardium, determined from 

picrosirius red staining, was significantly increased in MI+STNx animals compared to 
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the MI+Sham group (p<0.01) (Figure 3.3). LV fibrosis was also greater in MI+Sham 

and Sham+STNx animals compared to Sham+Sham control animals (p<0.05 and 

p<0.001 respectively).  
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Figure 3.3 Representative images of the LV non-infarcted zone showing picrosirus red 

staining from the following groups (a) Sham+Sham, (b) MI+Sham, (c) Sham+STNx 

and (d) MI+STNx. Scale bar, 100 µm. Quantitation of picrosirius red staining (e) 

showing MI+STNx animals had significantly greater cardiac interstitial fibrosis 

compared to the MI+Sham group. Data are expressed as mean ± SEM. *p<0.05, 

**p<0.01, ***p<0.001 vs Sham+Sham; #p<0.05, ##p<0.01 for between group 

comparisons. 

 

3.4.7 Cardiac myocyte cross-sectional area  

Cardiac myocyte cross-sectional area in the LV non-infarcted zone, determined from 

hematoxylin and eosin stained sections, was elevated by 44% in MI+STNx animals 

compared to the MI+Sham group (p<0.001) (Figure 3.4). The myocyte cross-sectional 

area was also greater in MI+Sham and Sham+STNx animals compared to Sham+Sham 

control animals (p<0.01 and p<0.001 respectively). 
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Figure 3.4 Representative images of the LV non-infarcted zone showing hematoxylin 

and eosin staining in myocytes from the following groups (a) Sham+Sham, (b) 

MI+Sham, (c) Sham+STNx and (d) MI+STNx. Scale bar, 30 µm. Quantitation of the 
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data (e) showing that MI+STNx animals had significantly larger cardiomyocytes 

compared to the MI+Sham group. Data are expressed as mean ± SEM. **p<0.01, 

***p<0.001 vs Sham+Sham; #p<0.05, ###p<0.001 for between group comparisons. 

 

3.4.8 Renal function and indoxyl sulfate plasma levels 

There was no difference in renal function among the groups at week 4 (Table 3.6). At 

week 14, both STNx groups developed severe renal dysfunction as indicated by 

reduced GFR, reduced creatinine clearance and increased proteinuria compared to the 

sham-operated animals. However, no further deterioration was observed between 

MI+STNx and Sham+STNx groups. 

 

There was no difference in IS plasma levels among the groups at week 4 (Table 3.6). 

Both STNx groups had significantly higher IS plasma levels at week 14, and there was 

no significant difference between the STNx groups. 
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Table 3.6 Renal function and indoxyl sulfate plasma levels at week 4 and 14. Both 

STNx groups developed severe renal dysfunction and had increased indoxyl sulfate 

levels compared to the sham-operated animals at week 14. Values are expressed as 

mean ± SEM. GFR, glomerular filtration rate; CrCl, creatinine clearance; IS, indoxyl 

sulfate. *p<0.05, **p<0.01, ***p<0.001 vs Sham+Sham; §p<0.05, §§p<0.01, §§§p<0.001 

vs MI+Sham. 

 Week 4 Week 14 

 Sham+Sham MI+Sham Sham+STNx MI+STNx Sham+Sham MI+Sham Sham+STNx MI+STNx 

GFR 
(ml/min/kg) 

10.0±1.1 11.2±0.9 12.1±0.4 11.3±0.9 8.4±0.3 6.9±0.8 
1.1±0.5 
***, §§§ 

1.5±0.4 
***, §§§ 

CrCl 
(ml/min) 

206.4±14.5 162.3±22.4 202.1±24.1 185.1±13.1 222.8±27.5 192.6±36.9 
33.7±12.4 

***, §§ 
33.8±7.9 
***, §§§ 

Serum 
creatinine 
(μmol/L) 

28.2±1.0 29.3±1.1 30.6±0.7 29.4±0.5 37.9±4.7 45.3±6.7 
101.8±12.3

***, §§ 
110.4±25.3

* 

Proteinuria  
(mg/24 hr) 

20.1±1.5 16.9±1.1 19.6±1.4 14.8±1.9 24.8±2.2 20.4±1.7 
391.4±60.1 

***, §§§ 
433.7±87.1 

***, §§§ 

IS 
(μmol/L) 

13..08±0.81 14.43±4.16 16.79±2.32 19.58±2.54 11.93±2.87 13.77±1.66 
67.28±17.20

**, § 
64.05±13.85

*, § 

 

 

3.4.9 Renal tubulointerstitial fibrosis 

MI+Sham (p<0.05), Sham+STNx (p<0.001) and MI+STNx (p<0.001) animals 

demonstrated significantly greater tubulointerstital fibrosis in the non-infarcted zone of 

the kidney compared to Sham+Sham control group (Figure 3.5). Sham+STNx and 

MI+STNx groups had greater renal tubulointerstitial fibrosis compared to the 

MI+Sham group (p<0.001). MI+STNx animals had incrementally greater fibrosis 

compared to the Sham+STNx group (p<0.001).  
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Figure 3.5 Representative images of the non-infarcted zone of the kidney showing 

picrosirus red staining from the following groups (a) Sham+Sham, (b) MI+Sham, (c) 

Sham+STNx and (d) MI+STNx. Scale bar, 50 µm. Quantitation of renal fibrosis (e) 
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showing MI+STNx animals had significantly greater tubulointerstitial fibrosis 

compared to all other groups. Data are expressed as mean ± SEM. *p<0.05, ***p<0.001 

vs Sham+Sham; ###p<0.001 for between group comparisons.  

 

3.5 Discussion 

This chapter demonstrates that MI followed by STNx may be a potentially useful 

model to assess the functional and structural changes underlying CRS in this setting. 

Impairment of cardiac function and accelerated cardiac remodelling as well as 

increased renal tubulointerstitial fibrosis was observed in animals that underwent MI 

followed by STNx. These findings are of considerable interest as this model appears to 

successfully recapitulate features of the phenotype of both ventricular remodelling and 

kidney impairment which occurs clinically.  

 

Few studies have investigated the effects of MI on animals with primary CKD, 

however no report has described the effects of kidney injury on animals with a primary 

cardiac disease.327 A previous study examining a model of UNX followed by MI did 

not reproduce the condition of primary CKD contributing to decreased cardiac function 

as renal function was preserved in those animals,246, 248 suggesting UNX takes longer 

for renal impairment to evolve. In this study, we allowed 4 weeks post-MI for animals 

to develop cardiac dysfunction before inducing STNx, a further 10-week allows for the 

development of CKD whilst at the same time preserving survival as much as possible 

to permit adequate tissue analysis. To our knowledge, this study is the first description 

of progressive functional and structural changes on heart and kidney in a preclinical 

model of MI followed by STNx that implicates features of the phenotype of CRS.3  
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Worsening renal function in the context of HF is associated with adverse outcomes.4 

Reflecting this, mortality was increased by 26% in MI+STNx animals compared to the 

MI+Sham group, despite no difference in infarct size. Survival rate was reduced by 

51.9% compared to Sham+STNx animals with an attenuation rather than an increase in 

BP in MI+STNx animals. 

  

Both MI groups developed systolic dysfunction, as indicated by significant decreases in 

LVEF and FS at 4 weeks post-MI. The subsequent STNx accelerated the progression of 

cardiac remodelling leading to a further reduction in LVEF and FS in MI+STNx 

animals compared to the MI+Sham group.  

 

A prominent cardiac remodelling event associated with functional alterations is 

myocardial fibrosis. STNx increased cardiac interstitial fibrosis in the non-infarcted 

myocardium. This increased fibrosis in the LV impeded cardiac relaxation and led to a 

deterioration in diastolic function as observed by significant increases in A wave 

velocity and tau logistic in MI+STNx animals compared to the MI+Sham group.  

 

Compensatory eccentric hypertrophy of the viable myocardium also contributes to 

ventricular dysfunction.328 Enlargements in cardiac myocyte cross-sectional area and 

increases in heart weight were observed in MI+STNx animals compared to the 

MI+Sham group, which may be contributory to and reflective of the detrimental effects 

of pathological cardiac remodelling.83, 329  
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Cardiac remodelling was also accompanied by pulmonary congestion as lung weight 

was significantly increased in MI+STNx animals compared to the MI+Sham group. It 

is therefore likely that MI+STNx animals had some degree of decompensated HF. 

 

Renal tubulointerstitial fibrosis, another pathological process occurring post-MI was 

accelerated by STNx. Renal tubulointerstitial fibrosis in the non-infarcted region of the 

kidney was increased in MI+STNx animals despite a significantly lower BP compared 

to the Sham+STNx group, indicating that this detrimental effect had a BP-independent 

component. 

 

Myocardial fibrosis was more pronounced post-STNx with no different between 

Sham+STNx and MI+STNx groups, irrespective of the presence of a MI. However, 

post-MI renal tubulointerstitial fibrosis was accelerated by STNx. These suggest that 

the pre-existing CHF may exacerbate CKD more than the development of CKD could 

accelerate myocardial fibrosis. Myocardial dysfunction may impact more on kidney 

pathology than CKD on cardiac dysfunction.  

 

Two insults within a 4-week period may not ideally replicate the clinical scenario of 

heart failure followed by renal insufficiency and is a limitation of the current study. 

However, the features of accelerated organ worsening have clinical implications. 

Functional changes in the kidney between MI+STNx and Sham+STNx animals were 

not observed, at least at the 14-week time-point. We did, however, observe structural 

changes in the kidney which were greater in MI+STNx compared to Sham+STNx 

animals. This may translate to functional changes over a time period beyond our study 

duration (10 weeks post STNx). Alternatively, the insult induced by STNx may be so 
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aggressive that a further reduction in renal function following MI was difficult to 

observe. 

 

In conclusion, this chapter has systematically examined the functional and structural 

changes in the heart and kidney in the setting of MI followed by STNx. STNx 

accelerates cardiac hypertrophy, fibrosis and cardiac dysfunction post-MI, whilst MI 

accelerates STNx-induced renal fibrosis. These findings have clinical implications with 

regard to the pathophysiology of the so-called CRS in man specifically renal 

impairment post MI, and it may represent a useful preclinical model that recapitulates 

some of the clinical features of this condition. We have thus established a new proof-

of-concept CRS model to improve our understanding of organ crosstalk and assess the 

efficacy of potential therapies in attenuating both cardiac and renal injury in the CRS 

setting.



 

 

 

 

Chapter 4 Pathological and Mechanistic 

Investigations in the MI+STNx Model 



 
 

 

4.1 Introduction  

In Chapter 3, a new model of MI followed by STNx was established and the functional 

and structural changes in heart and kidney were investigated in this setting. The 

findings showed that STNx further accelerated cardiac dysfunction compared to the MI 

alone group. Cardiac interstitial fibrosis and cardiac myocyte cross-sectional area was 

increased in MI+STNx vs MI+Sham animals. In comparison with the Sham+STNx 

group, renal tubulointerstitial fibrosis was increased in MI+STNx animals, with no 

further deterioration in renal function. The pathology and mechanisms by which the 

onset of CHF leads to CKD are multiple and complex.3, 330 In this chapter we sought to 

systematically examine the pathological and mechanistic alterations linked with the 

observed cardiac and renal changes in above setting.  

 

4.2 Aims 

To investigate the pathological and mechanistic alterations contributory to the 

functional and structural changes in the setting of MI followed by STNx. 

 

4.3 Materials and Methods 

Molecular changes in heart and kidney were determined by tissue assessments using 

immunohistochemistry, real-time PCR and western blot analyses as per Chapter 2.1.15- 

2.1.19. 
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4.4 Results 

4.4.1 Cardiac collagen I and III 

Antibody staining for collagen I in the non-infarcted myocardium was significantly 

increased in MI+STNx animals compared to the MI+Sham group (p<0.01) (Figure 4.1). 

MI+Sham, Sham+STNx and MI+STNx animals had significantly increased levels of 

collagen I compared to the Sham+Sham control group. 
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Figure 4.1 Representative images of the LV non-infarcted zone showing collagen I 

immunostaining from the following groups (a) Sham+Sham, (b) MI+Sham, (c) 

Sham+STNx and (d) MI+STNx. Scale bar, 30 µm. Quantitation of collagen I (e) 

showing MI+STNx animals had significantly greater immunostaining compared to the 

MI+Sham group. Data are expressed as mean ± SEM. *p<0.05, ***p<0.001 vs 

Sham+Sham; ##p<0.01 for between group comparisons. 

 

Antibody staining for collagen III in the LV non-infarcted zone was non-significantly 

elevated between MI+STNx and MI+Sham groups (p=0.08) (Figure 4.2). Sham+STNx 

and MI+STNx animals had greater collagen III immunostaining compared to the 

Sham+Sham control group (p<0.05).  
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Figure 4.2 Representative images of the LV non-infarcted zone showing collagen III 

immunostaining from the following groups (a) Sham+Sham, (b) MI+Sham, (c) 

Sham+STNx and (d) MI+STNx. Scale bar, 30 µm. Quantitation of collagen III (e) 

showing Sham+STNx and MI+STNx animals had significantly greater immunostaining 

compared to the Sham+Sham group. Data are expressed as mean ± SEM. *p<0.05 vs 

Sham+Sham. 

 

4.4.2 Cardiac mRNA expression 

Real time PCR was used to determine gene expression of the pro-fibrotic markers 

TGFβ1, CTGF and collagen I in the LV non-infarcted zone (Figure 4.3 a-c). Compared 

to the Sham+Sham control animals, TGFβ1 and collagen I were significantly increased 

in the Sham+STNx and MI+STNx groups (p<0.05), whereas CTGF expression was 

significantly elevated in the MI+Sham and MI+STNx groups (p<0.05). TGFβ1 and 

collagen I, but not CTGF showed significant increases in MI+STNx animals compared 

to the MI+Sham group (p<0.05). 

 

The hypertrophic marker ANP was increased in Sham+STNx and MI+STNx animals 

compared to the Sham+Sham control group (p<0.05 and p<0.001 respectively) (Figure 

4.3 d). In MI+STNx animals ANP was significantly elevated compared to either 

MI+Sham or Sham+STNx group (p<0.001 and p<0.01 respectively). The hypertrophic 

marker β-MHC was significantly increased in MI+Sham and MI+STNx animals 

compared to the Sham+Sham control group (p<0.05), but there was no significant 

difference between MI+STNx and MI+Sham groups (Figure 4.3 e). 
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Figure 4.3 Cardiac mRNA expression of pro-fibrotic markers TGFβ1 (a), CTGF (b) 

and collagen I (c), and hypertrophic markers ANP (d) and β-MHC (e), expressed as a 

ratio of GAPDH in the LV non-infarcted zone. Data are expressed as mean ± SEM. 
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*p<0.05, **p<0.01, ***p<0.001 vs Sham+Sham; #p<0.05, ##p<0.01, ###p<0.001 for 

between group comparisons. 

 

4.4.3 Cardiac signalling pathway activation 

Activation of phospho-smad2 was not detectable in the LV non-infarcted zone using 

western blot analysis. Although no significant differences in the levels of TGF-β, 

phospho-p44/42 MAPK, phospho-p38 MAPK and phospho-NFκB were found among 

the groups, there was an indicating trend towards an increase in TGF-β between 

Sham+Sham and MI+STNx groups (Figure 4.4).  
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Figure 4.4 Representative images of the western blot analysis results showing cardiac 

protein levels in the LV non-infarcted zone from Sham+Sham, MI+Sham, Sham+STNx 

and MI+STNx groups (a). Quantitation of the protein levels of TGF-β (b), phospho-

p44/42 MAPK (c), phospho-p38 MAPK (d), and phospho-NFκB (e) in the non-

infarcted myocardium after normalization with pan-actin. Data are expressed as mean ± 

SEM. 

 

4.4.4 Renal injury biomarker 

Both STNx groups (Sham-operated MI and MI) demonstrated significantly greater 

tissue levels of kidney injury molecule-1 (KIM-1) in the non-infarcted cortex region of 
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the kidney compared to the sham-operated animals (Figure 4.5). No significant 

difference was observed between the STNx groups.  
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Figure 4.5 Representative images of the non-infarcted cortex region of the kidney 

showing immunostaining of the kidney injury molecule-1 (KIM-1) from the following 

groups (a) Sham+Sham, (b) MI+Sham, (c) Sham+STNx and (d) MI+STNx. Scale bar, 

30 µm. Quantitation of KIM-1 (e) showing STNx groups had significantly greater 

immunostaining compared to the sham-operated animals. Data are expressed as mean ± 

SEM. **p<0.01 vs Sham+Sham; ##p<0.01 for between group comparisons. 

 

4.4.5 Renal macrophage infiltration 

Both STNx groups had increased renal macrophage infiltration in the non-infarcted 

cortex region of the kidney compared to the sham-operated animals (Figure 4.6). No 

significant difference was observed between the STNx groups.  
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Figure 4.6 Representative images of the non-infarcted cortex region of the kidney 

showing immunostaining of macrophage infiltration from the following groups (a) 

Sham+Sham, (b) MI+Sham, (c) Sham+STNx and (d) MI+STNx. Scale bar, 30 µm. 

Quantitation of number of CD68 positive cells (e) showing STNx groups had 

significantly increased macrophage infiltration compared to the sham-operated animals. 

Data are expressed as mean ± SEM. ***p<0.001 vs Sham+Sham; ###p<0.001 for 

between group comparisons. 

 

4.4.6 Renal mRNA expression  

Renal pro-fibrotic markers TGFβ1 and collagen IV as well as pro-inflammatory 

cytokine IL-6 were significantly increased in STNx groups compared to the sham-

operated animals (Figure 4.7); and no further increase was observed between the STNx 

groups.  
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Figure 4.7 Renal mRNA expression of pro-fibrotic markers TGFβ1 (a) and collagen IV 

(b); and the pro-imflammatory cytokine 1L-6 (c) in the kidney, expressed as a ratio of 

18S. STNx groups had greater TGFβ1, collagen IV and IL-6 gene expression compared 

to the sham-operated animals. Data are expressed as mean ± SEM. *p<0.05, **p<0.01 

vs Sham+Sham; #p<0.05, ##p<0.01 for between group comparisons. 

 

4.4.7 Renal signalling pathway activation 

Activation of phospho-smad2 was not detectable in the kidney on western blot. There 

were significant increases in the levels of TGF-β, phospho-NFκB and phospho-p38 

MAPK but not phospho-p44/42 MAPK when normalized with pan-actin comparing 
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Sham+STNx and MI+STNx groups to the Sham+Sham control animals (Figure 4.8). 

The levels of TGF-β, phospho-NFκB and phospho-p38 MAPK normalized with pan-

actin were significantly up-regulated in MI+STNx animals compared to the MI+Sham 

group.   
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Figure 4.8 Representative images of the western blot analysis results showing renal 

protein levels from Sham+Sham, MI+Sham, Sham+STNx and MI+STNx groups (a). 

Quantitation of the protein levels of TGF-β (b), phospho-p44/42 MAPK (c), phospho-

p38 MAPK (d), and phospho-NFκB (e) were normalized with pan-actin. Data are 

expressed as mean ± SEM. *p<0.05, ***p<0.001 vs Sham+Sham; #p<0.05, ###p<0.001 

for between group comparisons. 
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4.5 Discussion 

This chapter demonstrates the pathological and mechanistic changes contributory to LV 

and renal dysfunction in the setting of MI followed by STNx. The findings revealed 

that the hypertrophy of the viable myocardium was accompanied with significant 

increases in LV gene expression of the hypertrophic marker ANP in MI+STNx animals 

compared to the MI+Sham group. 

 

MI+STNx animals had significantly greater protein levels of collagen I in the non-

infarcted myocardium compared to the MI+Sham group, consistent with a significant 

elevation in cardiac interstitial fibrosis as described in Chapter 3.4.6. These changes 

were associated with significant increases in LV gene expression of fibrotic markers 

TGFβ1 and collagen I in MI+STNx animals compared to the MI+Sham group. 

 

A non-significan trend toward an increase in the protein levels of TGF-β between 

MI+STNx and Sham+Sham animals was observed in the non-infarcted LV tissues, 

indicating this pathway may be operating in the setting of MI+STNx. A lack of 

significant differences among the groups may be related to the time point of the 

analysis. Cardiac signalling pathway activation occurs immediately or very early in the 

cardiac remodelling in response to the injury.331 TGF-β levels increase within the first 

day post-MI.332 After inflammation has subsided, peak levels of differently activated 

signalling pathways are likely to decrease. Therefore, the alterations were difficult to 

observe at the 14 weeks time-point at which tissues were harvested.  

 

The reduction in renal function was accompanied by significant increases in tubular 

injury biomarker KIM-1 and renal macrophage infiltration in STNx groups, all of 
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which may be contributory to the subsequent renal fibrosis as described in Chapter 

3.4.9.333, 334 

 

Up-regulated gene expression of the fibrotic markers TGFβ1 and collagen IV as well as 

pro-inflammatory cytokine IL-6 were observed in the kidney in STNx groups. 

Although differences in gene expression changes between MI+STNx and Sham+STNx 

animals were not observed, these are likely to have occurred considerably earlier than 

the 14 weeks time-point. Activation of gene expression is a dynamic process,335 hence 

the increases in transcription in MI+STNx animals at 14 weeks post-MI may have 

returned back to the levels in the Sham+STNx group.  

 

Intensive investigation into the pathogenesis of both experimental and human renal 

disease has consistently implicated the role of the locally active growth factor, TGF-β 

in tissue fibrosis.336 Activation of TGF-β signalling subsequently enables MAPK and 

NFκB activation.337 Cooperation between TGF-β induced Smad signalling and the 

TGF-β dependent and independent MAPK signalling contributes to the final cellular 

response to the renal injury.337 Increases in TGF-β, phospho-p38 MAPK and phospho-

NFκB protein levels in association with renal dysfunction and renal tubulointerstitial 

fibrosis were found in STNx groups compared to the Sham+Sham control group. Thus 

activation of fibrotic related pathways, namely TGF-β, MAPK and NFB, may at least 

in part contribute to the functional worsening and structural damage observed in STNx 

groups.  

 

In conclusion, the chapter has examined pathological and mechanistic alterations 

underlying cardiac and renal functional changes in the setting of MI followed by STNx. 
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STNx accelerates cardiac protein levels of collagen I and cardiac mRNA expression of 

fibrotic markers TGFβ1 and collagen I post-MI. STNx also triggers increases in cardiac 

mRNA expression of hypertrophic marker ANP post-MI. Increases in extent of tubular 

injury biomarker and macrophage infiltration have been found in the kidney post-STNx. 

Up-regulated mRNA expression of TGFβ1, collagen IV and IL-6 and activation of 

fibrotic related pathways, namely TGF-β, p38 MAPK and NFB have also been 

observed in the kidney in STNx groups. All these may at least in part contribute to the 

subsequent renal dysfunction.  

 

The present animal model with functional cardiac and renal manifestations offers a 

proof-of-principle approach to explore the pathophysiology and mechanisms 

underlying CRS and its progression; and assess the efficacy of specific therapies. Given 

that the clinical relevance of such rodent model has to be validated based on the 

predictive power for both negative and positive clinical trials; further investigation 

needs to be directed toward determining interventional efficiency consistency with 

findings in human clinical studies, thus validating the relevance of this model. 

 

 

 



 

 

 

 

Chapter 5 Functional and Structural Changes in 

the STNx+MI Model 



 
 

 

5.1 Introduction 

Cardiovascular diseases and ventricular dysfunction are highly prevalent among 

patients with renal insufficiency. Cardiac-specific mortality rates are 10- to 20-fold 

higher compared with non-CKD populations.45, 46, 338-340 There is a graded and 

independent association between the severity of CKD and adverse cardiac outcomes.4, 

47, 208, 341  

 

Despite several epidemiological descriptions of the kidney-heart interaction, there is 

some confusion regarding the pathology and mechanisms in the preclinical model of 

combined STNx and MI. Previous study examining the model of MI occurring 

secondary to STNx has been reported to cause more severe cardiac dilatation compared 

to MI alone.250 Furthermore in the combined STNx and MI animals, reduced LVEF, 

increased LV end diastolic pressure and prolonged time constant for isovolumic 

relaxation (tau logistic), but no further changes in cardiomycyte hypertrophy were 

demonstrated in comparison with animals with STNx or MI alone.250 Surprisingly 

however, there was no difference in cardiac fibrosis between MI alone and the STNx 

followed by MI compared to sham-operated animals. In fact there was also a decrease 

in cardiac fibrosis in animals receiving STNx only compared to sham-operated animals. 

These findings are not consistent with previous studies examining cardiac fibrosis in 

MI or STNx only models.127, 251, 252  

 

The STNx co-morbid with MI has not caused further renal functional impairment 

indicated by similar levels of kidney function in STNx animals.250, 253 There are 

however differences in results examining the further structural damage in STNx 
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animals.250, 253 A previous study demonstrated more severe focal glomerulosclerosis in 

the combined STNx and MI compared to STNx alone.250 In contrast, another study 

indicated that an MI does not significantly induce more glomerulosclerosis between the 

two groups.253 Furthermore, the underlying mechanisms including activation and 

signalling of the potential pathways have not been investigated. 

 

Therefore, the functional and structural changes in the model of STNx followed by MI 

will be investigated in this chapter. The mechanistic insights into the pathological 

changes will be described in Chapter 6. 

 

5.2 Aims 

To evaluate functional and structural changes in heart and kidney in a preclinical model 

of STNx followed by MI. 

 

5.3 Materials and Methods 

Male Sprague Dawley (SD) rats (n=36) weighing 200-250 g were randomized into four 

groups: Sham-operated STNx + Sham-operated MI (Sham+Sham), Sham-operated 

STNx + MI (Sham+MI), STNx+Sham-operated MI (STNx+Sham) and STNx+MI.  

 

STNx or Sham surgery was induced initially and animals underwent MI or Sham 

surgery 4 weeks later (Figure 5.1). Systolic blood pressure (BP) was measured, and 

cardiac and renal function was assessed as per Chapter 2.1.4-2.1.9 prior to the MI or 

Sham surgery and again 8 weeks later. Hemodynamic parameters were measured prior 

to sacrifice, and tissues then collected for further analysis.  
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Figure 5.1 Experimental design of the STNx+MI model. STNx or Sham surgery was 

performed initially with each group randomised to receive MI or Sham surgery 4 weeks 

later. Animals were then followed for a further 8 weeks. Echocardiography, glomerular 

filtration rate (GFR) and blood pressure was assessed prior to the second surgery and at 

the end of the study. Thereafter, hemodynamic parameters were measured and tissues 

collected for analysis. STNx, 5/6 nephrectomy; MI, myocardial infarction. 

 

5.4 Results 

5.4.1 Survival rate and infarct size 

Totally 84 animals were randomized into each group initially and 36 animals were 

survived at the end of the study. Survival rate was 100%, 77.8%, 60.9% and 39.8% in 

Sham+Sham, Sham+MI, STNx+Sham and STNx+MI animals respectively (Figure 5.2). 

The number of animals in each group at the endpoint is shown in Table 5.1. Animals 

with MI included in this study had a minimum infarct size of 20% as determined by the 

averaged percentage of the endocardial and epicardial scarred circumferences of the LV. 

No difference in infarct size was observed in both MI groups (Sham-operated STNx 

and STNx) (Table 5.1).  
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Figure 5.2 Kaplan-Meier curves for groups of Sham+Sham, Sham+MI, STNx+Sham 

and STNx+MI animals respectively. 

 

Table 5.1 Animal number and infarct size. There was no difference in infarct size 

between Sham+MI and STNx+MI animals. Values are mean ± SEM.  

 Sham+Sham Sham+MI STNx+Sham STNx+MI 

Animal Number 10 7 12 7 

Infarct size (%) - 36.3±3.6 - 34.4±2.4 
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5.4.2 Blood pressure 

As a consequence of kidney injury, both STNx groups (Sham-operated MI and MI) had 

significantly increased BP compared to sham-operated animals as measured at week 4 

and 12 respectively (Table 5.2). No difference in BP was observed between the STNx 

groups. 

 

Table 5.2 Blood pressure (BP) assessed at week 4 and 12. Values are mean ± SEM. 

***p<0.001 vs Sham+Sham; §§§p<0.001 vs Sham+MI. 

 Week 4 Week 12 

 Sham+Sham Sham+MI STNx+Sham STNx+MI Sham+Sham Sham+MI STNx+Sham STNx+MI 

BP 
(mmHg) 120.3±5.7 117.9±3.0 193.3±6.2 

***, §§§ 
178.3±6.7 
***, §§§ 138.3±4.4 130.1±8.8 221.8±9.1 

***, §§§ 
204.9±11  .6

***, §§§ 

 

 

5.4.3 Tissue weights 

STNx+MI animals had significantly increased heart, LV, right ventricular, atria and left 

kidney weights compared to the Sham+MI group (Table 5.3). Heart and right 

ventricular weights were significantly higher in STNx+MI compared to STNx+Sham 

animals. A non-significant increase in left kidney weight was observed in STNx+MI 

compared to STNx+Sham animals (p=0.06).  
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Table 5.3 Animal tissue weights that are corrected for body weight (BW). Values are 

mean ± SEM. *p<0.05, **p<0.01, ***p<0.001 vs Sham+Sham; §p<0.05, §§p<0.01, 

§§§p<0.001 vs Sham+MI; #p<0.05, ###p<0.001 vs STNx+Sham. 

 

 Sham+Sham Sham+MI STNx+Sham STNx+MI 

Heart weight/BW ratio 
(mg/g) 

2.43±0.03 
2.90±0.11 

*** 
3.74±0.12 

***, § 
4.57±0.44 
***, §§§, # 

Lung weight/BW ratio 
(mg/g) 

2.87±0.17 3.73±0.54 3.74±0.07 
4.10±0.41 

* 

Left ventricular weight/BW 
ratio (mg/g) 

1.69±0.02 1.98±0.10 
2.85±0.11 

**, §§§ 
3.41±0.40 
***, §§§ 

Right ventriclar weight/BW 
ratio (mg/g) 

0.49±0.01 
0.60±0.04 

* 
0.54±0.02 

* 
0.72±0.04 
***, §, ### 

Atria weight/BW ratio 
(mg/g) 

0.23±0.01 
0.33±0.04 

* 
0.35±0.01 

*** 
0.44±0.07 

***, §§ 

Left kidney weight/BW 
ratio (mg/g) 

3.09±0.08 3.22±0.07 
4.32±0.11 
***, §§§ 

4.77±0.22 
***, §§§ 

BW (g) 547.8±10.9 537.7±14.1 
459.7±7.8 
***, §§§ 

440.4±26.3 
***, §§§ 

 

5.4.4 Echocardiography 

STNx-induced kidney impairment resulted in significant hypertension-induced cardiac 

hypertrophy as indicated by increased anterior wall thickness, posterior wall thickness 

and relative wall thickness in STNx+Sham animals compared to Sham+Sham and 

Sham+MI animals at week 4 and 12 (Table 5.4). Both STNx groups had increased LV 

mass compared to Sham+Sham animals at week 4 and 12. 

 

At week 12, subsequent MI caused significant decreases in anterior wall thickness in 

both MI groups, with no effects on posterior wall thickness (Table 5.4). Sham+MI 

animals had increased LVEDV and LVESV compared to Sham+Sham and 
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STNx+Sham animals. Increases in LVIDd and LVIDs and reductions in LVEF and FS 

were observed in the MI groups compared to sham-operated animals. STNx+MI 

animals had further non-significant reduction in changes of LVEF and FS (delta LVEF 

and delta FS) over time compared to the Sham+MI group (p=0.085 and p=0.074 

respectively).  

 

The addition of STNx resulted in reduced E’/A’ ratio and increased A’ wave in animals 

receiving MI, however no difference in E/E’ ratio between the groups was observed at 

week 12 (Table 5.4). STNx+Sham animals had elevated A wave and A’ wave and 

decreased E/A ratio and E’ wave, but no change in E wave compared to Sham+Sham 

and Sham+MI animals. DT and IVRT were significantly increased in Sham+MI, 

STNx+Sham and STNx+MI animals compared to the Sham+Sham group.  

 

Table 5.4 Echocardiographic parameters at week 4 (prior to MI or Sham surgery) and 

week 12. Values are mean ± SEM. FS, fractional shortening; LVIDd and LVIDs, left 

ventricular internal diameter in diastole and systole; LVEF, left ventricular ejection 

fraction; LVEDV and LVESV, LV end diastolic and end systolic volume; DT, 

deceleration time; IVRT, isovolumetric relaxation time. *p<0.05, **p<0.01, ***p<0.001 

vs Sham+Sham; §p<0.05, §§p<0.01, §§§p<0.001 vs Sham+MI; #p<0.05, ##p<0.01, 

###p<0.001 vs STNx+Sham. 
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 Week 4 Week 12 

 Sham+Sham Sham+MI STNx+Sham STNx+MI Sham+Sham Sham+MI STNx+Sham STNx+MI

FS (%) 41.4±0.7 39.1±1.5 
45.8±1.3 

*, §§ 
47.1±2.0 

*, §§ 
40.0±1.2 

16.5±0.9 
*** 

43.8±2.6 
§§ 

18.1±1.2 
***, ## 

Anterior 
wall 

thickness 
(mm) 

1.37±0.01 1.32±0.02 
1.84±0.06 
***, §§§ 

1.83±0.05
***, §§§ 

1.56±0.03 
0.78±0.02 

*** 
2.14±0.07 
***, §§§ 

0.82±0.01
***, ### 

Posterior 
wall 

thickness 
(mm) 

1.70±0.05 1.60±0.04 
1.97±0.07 

*, §§ 
2.12±0.12

**, §§§ 
1.72±0.04 1.85±0.06 

2.26±0.09 
***, §§ 

2.38±0.12
***, §§ 

LVIDd 8.81±0.14 8.98±0.09 8.41±0.21 8.73±0.26 9.36±0.13 
11.69±0.23 

*** 
8.78±0.26 

§§§ 
11.45±0.69

**, ### 

LVIDs 5.16±0.13 5.47±0.18 
4.57±0.19 

*, §§ 
4.63±0.27

§ 
5.61±0.16 

9.77±0.29 
*** 

4.98±0.33 
§§§ 

9.39±0.61
***, ### 

Relative 
wall 

thickness  
0.39±0.01 0.36±0.01 

0.47±0.03 
*, §§ 

0.49±0.03
*, §§ 

0.37±0.01 
0.32±0.01 

** 
0.52±0.03 
***, §§§ 

0.43±0.03
§, # 

LVEF (%) 68.8±2.1 66.3±3.1 74.3±2.0 
79.2±3.0 

§ 
66.9±1.9 

42.0±2.4 
*** 

74.3±2.7 
§§§ 

42.7±3.5 
***, ### 

LVEDV 
(mL) 

0.54±0.04 0.56±0.03 0.50±0.03 0.54±0.05 0.81±0.06 
1.14±0.04 

** 
0.65±0.04 

*, §§§ 
0.97±0.10

## 

LVESV 
(mL) 

0.17±0.02 0.19±0.02 0.13±0.01 
0.11±0.02

§ 
0.25±0.02 

0.66±0.04 
*** 

0.18±0.03 
§§§ 

0.55±0.07
***, ### 

LV mass 
(gram/m2) 

1.42±0.02 1.40±0.01 
1.62±0.04 

***, §§ 
1.77±0.08
***, §§§ 

1.6±0.02 1.72±0.07 
1.95±0.08 

*** 
2.0±0.16 

** 

DT (msec) 29.7±1.0 30.3±0.9 
33.2±0.6 

**, § 
33.4±1.2 

* 
28.8±0.7 

34.7±1.0 
** 

39.0±1.0 
***, § 

37.6±1.9 
*** 

IVRT 
(msec) 

21.1±0.9 20.2±1.2 24.0±1.2 
24.2±0.9 

*, § 
23.0±1.2 

29.2±1.6 
** 

28.4±1.6 
* 

29.7±2.1 
* 

E wave 
velocity 
(m/sec) 

1.14±0.03 1.08±0.06 1.05±0.03 1.14±0.06 1.08±0.02 1.12±0.08 1.0±0.04 1.04±0.11

A wave 
velocity 
(m/sec) 

0.53±0.03 0.54±0.05 
0.75±0.05 

**, § 
0.83±0.05
***, §§§ 

0.45±0.03 
0.31±0.04 

** 
0.81±0.05 
***, §§§ 

0.51±0.06
§, ### 

E’ wave 
velocity 
(cm/sec) 

5.2±0.3 4.8±0.3 
4.1±0.2 

* 
4.5±0.3 4.8±0.2 4.5±0.3 

3.5±0.3 
**, § 

3.9±0.5 

A’ wave 
velocity 
(cm/sec) 

2.9±0.2 2.7±0.2 
3.8±0.2 

*, §§ 
4.7±0.3 
***, §§§ 

2.4±0.2 
1.9±0.2 

* 
4.2±0.3 
***, §§§ 

3.3±0.2 
**, §§§, #

E/E’ ratio 22.6±1.2 23.1±1.8 25.8±1.1 25.8±1.8 23.3±1.4 25.9±2.7 30.0±2.1 28.9±5.3 

E/A ratio 2.2±0.1 2.1±0.1 
1.5±0.1 
***, §§ 

1.4±0.1 
***, § 

2.5±0.2 
4.1±0.7 

* 
1.3±0.1 
***, §§§ 

2.5±0.7 
# 

E’/A’ ratio 1.8±0.1 1.9±0.2 
1.1±0.1 
**, §§ 

1.0±0.1 
**, §§ 

2.1±0.2 2.4±0.2 
0.9±0.1 
***, §§§ 

1.2±0.2 
***, §§§ 
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5.4.5 Hemodynamic parameters 

On completion of the study, hemodynamic measurements were obtained for all animals 

(Table 5.5). There was no difference in heart rate between the groups. The rate of rise 

and fall of pressure in the LV, dP/dt max and dP/dt min were significantly reduced in both 

MI groups compared to the Sham+Sham group. LVEDP and EDPVR were 

significantly increased in Sham+MI, STNx+Sham and STNx+MI animals compared to 

the Sham+Sham group. There was an indicating trend towards an increase in LVEDP 

between STNx+MI and STNx+Sham animals. Measurements of systolic function 

including PRSW and ESPVR were significantly reduced in Sham+MI compared to 

Sham+Sham animals. A measurement of diastolic function, tau logistic, was 

significantly prolonged in both STNx groups compared to sham-operated animals at 

week 12.  
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Table 5.5 Hemodynamic parameters assessed at week 12. Values are mean ± SEM. 

dP/dtmax, dP/dtmin, the maximal rate of pressure rise and fall; LVEDP, left ventricular 

end diastolic pressure; ESPVR and EDPVR, slope of end systolic and end diastolic 

pressure-volume relationship; PRSW, slope of preload recruitable stroke work 

relationship. *p<0.05, **p<0.01, ***p<0.001 vs Sham+Sham; §p<0.05, §§p<0.01, 

§§§p<0.001 vs Sham+MI; #p<0.05 vs STNx+Sham. 

 

 Sham+Sham Sham+MI STNx+Sham STNx+MI 

Heart Rate (beats/min) 297±21 316±10 312±19 320±27 

dP/dt max (mmHg/sec) 
 

6306±138 
 

4478±182 
*** 

6589±295 
§§§ 

5667±255 
*, §§ 

-dP/dt min (mmHg/sec) 
 

5479±314 
 

3192±161 
*** 

4315±396 
*, § 

3605±348 
** 

LVEDP (mmHg) 
 

2.6±0.6 
 

8.8±1.4 
*** 

5.7±1.1 
* 

8.8±1.8 
** 

ESPVR (mmHg/µl) 
 

0.47±0.07 
 

0.25±0.03 
* 

0.89±0.12 
*, §§§ 

0.38±0.03 
§, # 

EDPVR (mmHg/µl) 
 

0.013±0.002 
 

0.055±0.011 
*** 

0.037±0.006 
* 

0.045±0.007 
* 

PRSW (mmHg) 
 

84.2±6.3 
 

42.9±6.7 
** 

80.4±8.0 
§ 

 
62.0±11.4 

 

Tau logistic (msec) 
 

11.4±0.6 
 

 
13.0±0.8 

 

17.6±1.2 
***, § 

17.0±1.6 
**, § 

 

5.4.6 Cardiac interstitial fibrosis 

Cardiac interstitial fibrosis in the non-infarcted myocardium with picrosirius red 

staining was significantly increased in STNx+MI animals compared to Sham+Sham 

and Sham+MI animals (Figure 5.3). The addition of MI to STNx increased the extent 

of interstitial fibrosis in STNx+MI compared to STNx+Sham animals (p<0.05). 
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Figure 5.3 Representative images of the LV non-infarcted zone with picrosirus red 

staining for the following groups (a) Sham+Sham, (b) Sham+MI, (c) STNx+Sham and 

(d) STNx+MI. Scale bar, 100 µm. Quantitation of picrosirius red staining (e) showing 

STNx+MI animals had significantly greater cardiac interstitial fibrosis compared to all 
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other groups. Data are expressed as mean ± SEM. **p<0.01 vs Sham+Sham; #p<0.05, 

##p<0.01 for between group comparisons. 

 

5.4.7 Cardiac myocyte cross-sectional area 

Myocyte cross-sectional area in the non-infarcted myocardial was elevated in 

Sham+MI (p<0.05), STNx+Sham (p<0.001) and STNx+MI (p<0.001) animals 

compared to the Sham+Sham group (Figure 5.4). STNx+Sham (p<0.01) and STNx+MI 

(p<0.001) animals had greater myocyte cross-sectional area compared to the Sham+MI 

group. STNx+MI animals also had greater cardiomyocyte size compared to the 

STNx+Sham group (p<0.01). 
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Figure 5.4 Representative images of the LV non-infarcted zone with hematoxylin and 

eosin staining of myocytes for the following groups (a) Sham+Sham, (b) Sham+MI, (c) 

STNx+Sham and (d) STNx+MI. Scale bar, 30 µm. Quantitation of the data (e) showing 

that STNx+MI animals had significantly larger cardiomyocytes compared to all other 

groups. Data are expressed as mean ± SEM. *p<0.05, ***p<0.001 vs Sham+Sham; 

##p<0.01, ###p<0.001 for between group comparisons. 

 

5.4.8 Renal function and indoxyl sulfate plasma levels 

Both STNx groups developed severe renal dysfunction as indicated by reduced GFR 

and creatinine clearance and increased proteinuria, and those animals also had 

significantly higher IS plasma levels compared to sham-operated animals at week 4 and 

12 (Table 5.6). However, no further deterioration in renal function nor difference in IS 

plasma levels were observed between STNx+MI and STNx+Sham animals.  
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Table 5.6 Renal function and indoxyl sulfate plasma levels at week 4 (prior to MI or 

Sham surgery) and week 12. STNx+Sham and STNx+MI animals developed severe 

renal dysfunction compared to Sham+Sham and Sham+MI groups. Values are mean ± 

SEM. GFR, glomerular filtration rate; CrCl, creatinine clearance; IS, indoxyl sulfate. 

*p<0.05, **p<0.01, ***p<0.001 vs Sham+Sham; §p<0.05, §§p<0.01, §§§p<0.001 vs 

Sham+MI. 

 Week 4 Week 12 

 Sham+Sham Sham+MI STNx+Sham STNx+MI Sham+Sham Sham+MI STNx+Sham STNx+MI 

GFR 
(ml/min/kg) 

9.9±0.6 9.4±0.7 
2.5±0.2 
***, §§§ 

3.3±0.4 
***, §§§ 

8.6±0.5 8.1±0.5 
0.9±0.4 
***, §§§ 

0.4±0.3 
***, §§§ 

CrCl 
(ml/min) 

232.9±10.4 246.5±17.0 
36.9±4.5 
***, §§§ 

45.1±4.7 
***, §§§ 

242.6±26.6 255.5±39.7 
32.2±8.7 
***, §§§ 

33.9±12.4 
***, §§§ 

Serum 
creatinine 
(μmol/L) 

23.2±0.9 22.8±0.7 
63.7±3.2 
***, §§§ 

58.5±1.9 
***, §§§ 

36.1±5.2 29.0±0.7 
111.8±15.6

**, §§ 
145.0±27.8

***, §§§ 

Proteinuria  
(mg/24 hr) 

20.3±2.0 16.2±3.3 
76.7±16.0 

*, § 
75.9±20.2 

*, § 
23.1±2.0 16.2±1.6 

344.4±48.9 
***, §§§ 

380.0±89.1 
***, §§§ 

IS 
(μmol/L) 

18.79±2.39 16.69±1.17 
94.05±11.65

***, §§§ 
66.16±6.97 

**, §§ 
13.03±1.14 10.21±1.02 

58.03±11.86
**, §§ 

66.19±13.17
***, §§ 

 

 

5.4.9 Renal tubulointerstitial fibrosis 

STNx groups demonstrated significantly greater tubulointerstital fibrosis in the non-

infarcted zone of the kidney compared to sham-operated animals (p<0.001) (Figure 5.5). 

STNx+MI animals had greater tubulointerstitial fibrosis compared to the STNx+Sham 

group (p<0.05).  
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Figure 5.5 Representative images of the non-infarcted zone of the kidney with 

picrosirus red staining for the following groups (a) Sham+Sham, (b) Sham+MI, (c) 

STNx+Sham and (d) STNx+MI. Scale bar, 50 µm. Quantitation of renal 

tubulointerstitial fibrosis (e) showing STNx+MI animals had significantly greater 

tubulointerstitial fibrosis than all other groups. Data are expressed as mean ± SEM. 

***p<0.001 vs Sham+Sham; #p<0.05, ###p<0.001 for between group comparisons. 
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5.5 Discussion 

In the setting of CKD, cardiovascular disease is the most common cause of death, 

responsible for 40-50% of all deaths. The present chapter investigates 

pathophysiological changes in the preclinical model of progressive kidney disease 

followed by cardiac injury. Not only increases in heart weight, cardiomyocyte size and 

cardiac interstitial fibrosis have been found between STNx+MI and Sham+MI animals, 

elevations have been demonstrated between STNx+MI and STNx+Sham animals. Non-

significant decreases in delta LVEF and delta FS were observed between STNx+MI 

and Sham+MI animals. STNx+MI animals also had increased renal tubulointerstitial 

fibrosis compared to the STNx+Sham animals, although MI did not further impair renal 

function between the two groups.  

 

The mortality in STNx+MI animals was increased by 49% compared to the Sham+MI 

group without any difference in infarct size, and it was elevated by 35% compared to 

the BP-matched STNx+Sham group. These findings are of considerable clinical 

significance given the large burden of cardiovascular morbidity and mortality in 

patients with CKD.  

 

STNx-induced CKD is a major contributor to cardiovascular disease and may 

accelerate cardiac dysfunction post-infarction. Non-significant decreases in delta LVEF 

and delta FS were observed between STNx+MI and Sham+MI animals at week 12. A 

deterioration in cardiac diastolic function was observed between the two groups, as 

indicated by decreased E’/A’ ratio, increased A’ wave and prolonged tau logistic. 

However, no difference was observed in tau logistic between STNx+MI and 
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STNx+Sham animals. This is in contrast to a previous study that has showed an 

increase in tau logistic in a similar model but at a more distant time point of 17 

weeks.250 Difference in results between the previous study and this study may be 

explained by a further 6-week time delay between the initial STNx and subsequent MI. 

 

In the setting of CKD followed by CHF, heart and right ventricular weights were 

significantly increased in STNx+MI vs STNx+Sham animals, indicating heart and right 

ventricular hypertrophy representative of cardiac failure. Increases in cardiomyocyte 

cross-sectional area and cardiac interstitial fibrosis were observed in STNx+MI animals 

compared to the Sham+MI group and BP-matched STNx+Sham group. These changes 

may be contributory to and reflective of the detrimental effects of pathological cardiac 

remodelling induced by the model.83, 329, 342 It also suggests that the subsequent MI 

increased cardiomyocyte size and myocardial interstitial fibrosis in CKD rats by 

mechanisms independent of hypertension.343  

 

Progression of renal dysfunction and accumulation of circulating IS were observed in 

CKD animals at week 4 and 12, as indicated by reduced GFR and creatinine clearance, 

and increased proteinuria and plasma IS levels. However, subsequent MI post-CKD did 

not cause further renal dysfunction in STNx+MI compared to STNx+Sham animals at 

least by 12 weeks, as similarly observed from an early study.250 The differences may 

become evident with a longer follow-up period. 

 

The central pathological feature of kidney disease that leads to kidney failure in human 

is the accumulation of extracellular matrix.240 Despite not being able to cause further 

functional derangements, STNx+MI animals had significantly greater renal 
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tubulointerstitial fibrosis compared to BP-matched STNx+Sham animals, indicating 

that this detrimental effect may not be mediated by systemic hemodynamic factors. 

 

In this chapter, the functional and structural changes on heart and kidney have been 

systematically examined in the setting of STNx followed by MI. In Chapter 3.4.6, 

STNx causes more abnormality in myocardial fibrosis and cardiac hypertrophy than 

that of MI; in this STNx+MI model, the STNx followed by MI accelerates cardiac 

fibrosis and hypertrophy compared to STNx only. Furthermore subsequent MI 

exacerbates the renal tubulointerstitial fibrosis post-STNx. All of these effects are BP-

independent. These findings continue to refine our understanding to the 

pathophysiology of CRS. Further pathological and mechanistic investigations may help 

to further explore the pathophysiology of cardiac and renal changes observed in the 

present study. 



 

 

 

 

Chapter 6 Pathological and Mechanistic 

Investigations in the STNx+MI Model 



 
 

 

6.1 Introduction 

In Chapter 5, the direct adverse effects were investigated in the setting of myocardial 

injury occurring secondary to CKD. The addition of MI following STNx results in 

disturbances in cardiac structure, including myocyte hypertrophy and extracellular 

matrix deposition that may contribute to the progression of disease. These observations, 

together with elevated tubulointerstitial fibrosis in the kidney, are traits reported in the 

field of pathophysiological changes typical for the CRS. However, the pathology and 

mechanisms by which subsequent MI leads to accelerated cardiac remodelling and 

renal impairment are not well understood. 

 

The findings of similar GFRs in the animals with combined CKD and CHF compared 

with animals with CKD only lead to the question whether individuals with CKD plus 

CHF develop worsening renal impairment that goes undetected using standard renal 

functional measurements.250 Effective clinical tools are needed for the early detection 

of subtle and progressive renal impairment.3 Given the above considerations, in the 

present study we sought to identify the role of tubular injury biomarker KIM-1for the 

early detection, prevention and management of CKD co-morbid with CHF. 

 

6.2 Aims 

To determine the pathology and mechanisms in a rodent model of STNx+MI in which 

cardiac remodelling and tubulointerstitial injury are well established features. 
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6.3 Materials and Methods 

STNx or Sham surgery was induced initially and animals underwent MI or Sham 

surgery 4 weeks later and maintained for 8 weeks before sacrifice as per Chapter 5.3. 

Totally 36 animals were randomized into four groups: Sham+Sham, Sham+MI, 

STNx+Sham and STNx+MI. After sacrifice, the heart and kidney were collected for 

immunohistochemical, gene expression and protein level analyses as per Chapter 

2.1.15-2.1.19. 

 

6.4 Results 

6.4.1 Cardiac collagen I and III 

Analysis of immunoreactivity data for extracelluar matrix proteins showed a significant 

increase in cardiac collagen I in the non-infarcted myocardium in STNx+MI animals 

compared to Sham+Sham and Sham+MI animals (Figure 6.1).  
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Figure 6.1 Representative images of the LV non-infarcted zone with collagen I 

immunostaining for the following groups (a) Sham+Sham, (b) Sham+MI, (c) 
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STNx+Sham and (d) STNx+MI. Scale bar, 30 µm. Quantitation of collagen I (e) 

showing STNx+MI animals had significantly greater immunostaining than 

Sham+Sham and Sham+MI groups. Data are expressed as mean ± SEM. *p<0.05 vs 

Sham+Sham; #p<0.05 for between group comparisons. 

 

Cardiac collagen III in the non-infarcted myocardium was significantly increased in 

STNx groups compared to sham-operated animals (Figure 6.2). There was an indicating 

trend towards an increase in cardiac collagen III in STNx+MI animals compared to the 

STNx+Sham group (p=0.070). 
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Figure 6.2 Representative images of the LV non-infarcted zone with collagen III 

immunostaining for the following groups (a) Sham+Sham, (b) Sham+MI, (c) 

STNx+Sham and (d) STNx+MI. Scale bar, 30 µm. Quantitation of collagen III (e) 

showing STNx+Sham and STNx+MI animals had significantly greater immunostaining 

compared to the Sham+Sham and Sham+MI groups. Data are expressed as mean ± 

SEM. **p<0.01, ***p<0.001 vs Sham+Sham; #p<0.05, ##p<0.01 for between group 

comparisons. 

 

6.4.2 Cardiac mRNA expression 

Gene expression of the pro-fibrotic markers CTGF and collagen I, but not TGFβ1 

showed significant increases in STNx groups compared to the Sham+Sham group 

(Figure 6.3 a-c). Significant increases in collagen I mRNA expression were observed in 

STNx+MI animals compared to Sham+MI and STNx+Sham groups (p<0.05). 
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The hypertrophic marker ANP gene expression was increased in STNx groups 

compared to sham-operated animals (Figure 6.3 d). ANP gene expression was non-

significantly increased in STNx+MI compared to STNx+Sham animals (p=0.089). 

Compared to the Sham+Sham group, the hypertrophic marker β-MHC gene expression 

was significantly increased in all other groups (Figure 6.3 e). 
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Figure 6.3 Gene expression of pro-fibrotic markers TGFβ1 (a), CTGF (b) and collagen 

I (c) and hypertrophic markers ANP (d) and β-MHC (e) in the LV non-infarcted zone. 

Results are expressed as a ratio of GAPDH. Data are expressed as mean ± SEM. 

*p<0.05, **p<0.01, ***p<0.001 vs Sham+Sham; #p<0.05, ##p<0.01 for between group 

comparisons. 
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6.4.3 Cardiac signalling pathway activation 

Significant increases in the protein levels of phospho-p38 MAPK were observed in MI 

groups compared to sham-operated animals (Figure 6.4). STNx+MI animals had 

significantly greater levels of phospho-p44/42 MAPK compared to Sham+Sham 

(p<0.05) and STNx+Sham (p<0.01) groups. TGF-β was undetectable in the non-

infarcted myocardium with western blot analysis using 60 µg per sample. No 

significant difference was observed in phospho-NFκB levels between the groups. 
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Figure 6.4 Representative images of the western blot analysis results for cardiac 

protein levels in the LV non-infarcted zone for the Sham+Sham, Sham+MI, 

STNx+Sham and STNx+MI groups (a). Quantitation of the protein levels of phospho-

p38 MAPK (b), phospho-p44/42 MAPK (c), and phospho-NFκB (d) are normalized 

with pan-actin. STNx+MI animals had greater protein levels of phospho-p38 MAPK 

and phospho-p44/42 MAPK, but not phospho-NFκB compared to Sham+Sham and 

STNx+Sham groups. Data are expressed as mean ± SEM. *p<0.05, **p<0.01 vs 

Sham+Sham; #p<0.05, ##p<0.01 for between group comparisons. 
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6.4.4 Renal injury biomarker  

STNx groups demonstrated significantly elevated tissue levels of KIM-1 in the kidney 

compared to sham-operated animals (Figure 6.5). STNx+MI animals had increased 

tissue levels of KIM-1 compared to the STNx+Sham group (p<0.001).  
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Figure 6.5 Representative images of the non-infarcted cortex region of the kidney with 

immunostaining of kidney injury molecule-1 (KIM-1) for the following groups (a) 

Sham+Sham, (b) Sham+MI, (c) STNx+Sham and (d) STNx+MI. Scale bar, 30 µm. 

Quantitation of KIM-1 (e) showing STNx+MI animals had significantly greater tissue 

levels of KIM-1 compared to all other groups. Data are expressed as mean ± SEM. 

**p<0.01, ***p<0.001 vs Sham+Sham; #p<0.05, ###p<0.001 for between group 

comparisons. 

 

6.4.5 Renal macrophage infiltration 

STNx groups demonstrated significantly increased tubulointerstitial macrophage 

accumulation (CD68 cells) in the kidney compared to sham-operated animals (Figure 

6.6), hence increasing the overall inflammatory contribution to progressive kidney 

disease. 
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Figure 6.6 Representative images of the non-infarcted cortex region of the kidney with 

immunostaining of macrophage infiltration for the following groups (a) Sham+Sham, 
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(b) Sham+MI, (c) STNx+Sham and (d) STNx+MI. Scale bar, 30 µm. Quantitation of 

number of CD68 positive cells (e) showing STNx+Sham and STNx+MI animals had 

significantly greater macrophages infiltration compared to Sham+Sham and Sham+MI 

groups. Data are expressed as mean ± SEM. ***p<0.001 vs Sham+Sham; ###p<0.001 for 

between group comparisons. 

 

6.4.6 Renal mRNA expression  

Renal pro-fibrotic markers TGFβ1 and collagen IV, along with pro-inflammatory 

cytokine IL-6 gene expression were significantly increased in STNx groups compared 

to sham-operated animals (Figure 6.7); and no further increase was observed in 

STNx+MI vs STNx+Sham animals.  
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Figure 6.7 Pro-fibrotic markers TGFβ1 (a) and collagen IV (b); and the pro-

imflammatory cytokine 1L-6 (c) gene expression in the kidney. Results are expressed 

as a ratio of 18S. Data are expressed as mean ± SEM. **p<0.01, ***p<0.001 vs 

Sham+Sham; #p<0.05, ##p<0.01, ###p<0.001 for between group comparisons. 

 

6.4.7 Renal signalling pathway activation 

Protein levels of TGF-β were significantly increased in Sham+MI compared to 

Sham+Sham animals (p<0.01) (Figure 6.8). These were also significantly increased in 

STNx groups compared to sham-operated animals (p<0.001). Protein levels of 

phospho-NFκB in STNx+Sham (p<0.05) and STNx+MI (p<0.01) animals were greater 
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compared to the Sham+Sham group. There was an increasing trend in phospho-NFκB 

protein levels between STNx+MI and Sham+MI animals (p=0.052). No significant 

difference was observed in phospho-p38 MAPK and phospho-p44/42 MAPK protein 

levels between the groups. 
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Figure 6.8 Representative images of the western blot analysis results of renal protein 

levels for Sham+Sham, Sham+MI, STNx+Sham and STNx+MI groups (a). 

Quantitation of the protein levels of TGF-β (b), phospho-NFκB (c), phospho-p38 

MAPK (d) and phospho-p44/42 MAPK (e) after normalization with pan-actin. The 

results showed TGF-β protein levels significantly increased in the kidney of 

STNx+Sham and STNx+MI animals compared to Sham+Sham and Sham+MI animals. 

Data are expressed as mean ± SEM. **p<0.01, ***p<0.001 vs Sham+Sham; ##p<0.01, 

###p<0.001 for between group comparisons. 

 

152 
 



 
 

6.5 Discussion 

The most prominent cardiac remodelling event associated with cardiac functional 

alterations is myocardial fibrosis with the accumulation of interstitial matrix 

components.86, 344, 345 The present study demonstrates that type-I and type III collagen 

deposition was increased in the non-infarcted myocardium of the STNx+MI compared 

to Sham+MI animals. In parallel, collagen I mRNA expression was also up-regulated in 

STNx+MI vs Sham+MI animals. In addition, increased collagen I mRNA expression 

without change in collagen I deposition was observed in STNx+MI vs STNx+Sham 

animals. Taken together, the significant increases in collagen deposition and collagen 

gene expression may contribute to pathological reactive fibrosis in the LV, resulting in 

the observed diastolic impairment seen in this setting.  

 

Pathological cardiac remodelling in response to renal dysfunction was demonstrated in 

Chapter 5. Cardiomyocyte cross-sectional area was significantly greater in the non-

infarcted myocardium of the STNx groups compared to sham-operated animals. These 

were accompanied by the increases in gene expression of LV hypertrophic marker ANP, 

this was similar to previous studies described by our group.127 The subsequent MI 

increased STNx-induced cardiac myocyte hypertrophy as indicated by significant 

elevation in cardiomyocyte size in STNx+MI vs STNx+Sham animals. This was 

associated with a non-significant increase in ANP gene expression between the two 

groups. 

 

Elevation in Ang II leads to increased collagen I gene expression in part through 

activation of MAPK pathways.346 Phospho-p38 MAPK and phospho-p44/42 MAPK 

signalling pathways were activated in the LV tissues accompanied by the increases in 
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collagen I mRNA expression in STNx+MI vs STNx+Sham animals. However, we did 

not observe major differences in cardiac protein levels between the STNx+MI and 

Sham+MI groups at week 12. These pathways do not readily provide an explanation for 

the further reduction in delta LVEF and delta FS between the MI groups. 

 

KIM-1 is induced at the target site of injury, and its expression in renal tissue has been 

correlated with renal damage and worsening renal function in various human renal 

diseases.205, 206, 347, 348 KIM-1 positive staining in the tubules has been observed in 

animals with mild renal insufficiency caused by a large MI with mean infarct size of 

41-46%, and it appears to be a potential tubular injury biomarker for the detection of 

progressive kidney failure in this setting.210 In the present study, subsequent MI 

accelerated STNx-induced KIM-1 tissue levels in the kidney of STNx+MI compared to 

the STNx+Sham animals; and these increases between the STNx groups occurred with 

no changes in bp and renal function.  

 

Recruitment of inflammatory cells (CD68) to the injured kidney was observed in STNx 

groups. These observations may provide a mechanistic link between poor renal 

outcomes and chronic inflammation in the setting of CKD.58 These inflammatory cells 

may mediate tubulointerstitial injury by a number of mechanisms that include the 

production of ROS as well as secretion of proteolytic enzymes, vasoactive hormones, 

and growth factors.314 The macrophages induced pro-fibrotic growth factor TGFβ1,
242 is 

a key factor in the pathogenesis of progressive renal disease.349 

 

Up-regulated mRNA expression of the fibrotic markers TGFβ1 and collagen IV as well 

as pro-inflammatory cytokine IL-6 was observed in the kidney of STNx+MI and 
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STNx+Sham animals. Increases in TGF-β protein levels were also found in the kidney 

of the STNx groups. Thus, the TGF-β known as a common pathway to involve in 

fibroblast proliferation, extracellular matrix deposition and kidney hypertrophy,350-353 

may at least in part contribute to the functional deterioration observed in the STNx 

groups. Increases in phospho-NFκB protein levels were observed compared STNx 

groups to the Sham+Sham animals, however, no difference was found in phospho-p38 

MAPK and phospho-p44/42 MAPK protein levels. Lack of significant differences 

among the groups may be related to the time point of the analysis. 

 

By combining immunohistochemical and molecular biological techniques, the present 

study has investigated the pathology and mechanisms associated with cardiac 

remodelling and renal tubulointerstitial injury. Further intervention studies using this 

model may provide further mechanistic insights into the progression of CRS. KIM-1 

may represent a useful renal injury biomarker for early detection and monitoring of 

disease progression, as well as potentially monitoring its response to therapy. 



 

 

 

 

Chapter 7 Treatments for Indoxyl Sulfate-

induced Cardiac Effects 



 
 

 

7.1 Introduction 

Indoxyl sulfate (IS), one of the non-dialysable uremic toxins, appears to be involved in 

the pathophysiology of CRS.124 Significantly increased circulating IS levels have been 

observed in animals with CKD as described in Chapter 3 and 5. Furthermore, IS has 

been demonstrated to have direct pro-hypertrophic and pro-fibrotic effects on cardiac 

cells.126 It significantly increased neonatal cardiac myocyte hypertrophy and fibroblast 

collagen synthesis in a clinically relevant concentration range.126 In this chapter, we 

attempt to determine potential approaches to block IS-induced cardiac remodelling. 

Targeting the pathways associated with the IS-stimulated detrimental effects may 

represent a novel therapeutic approach to the management of CHF with concomitant 

CKD. 

 

Neonatal cardiac myocytes (NCMs) and neonatal cardiac fibroblasts (NCFs) have been 

used in this study as they have been proven to be valid models of cardiac myocyte 

hypertrophy and fibroblast collagen synthesis as well as for evaluating the efficacy of 

therapeutic agents.126, 252 This in vitro study directly evaluates inhibition of IS-

stimulated adverse cardiac effects, in comparison to the in vivo setting where many 

other systems may interfere with the findings. 

 

OAT family has been found to play an important role in the absorption of a broad 

spectrum of substrates that include clinical drugs, their metabolites and uremic 

toxins.131, 133 Administration of IS to animals with CKD has resulted in IS being 

detected in the proximal and distal tubules where OAT1/3 have been localized.133 

Adverse cardiac and renal effects caused by IS may share a common pathogenesis 
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pathway. We therefore hypothesized that antagonists of OAT1/3 would suppress IS-

induced cardiac myocyte hypertrophy and fibroblast collagen synthesis, which 

contribute to pathological cardiac remodelling (Figure 7.1). 

 

ASK1 has been demonstrated to be a key element in the mechanisms of myocardial cell 

apoptosis and non-apoptotic cardiomyocyte death.68, 71, 72 It is a critical signalling 

molecule in LV remodelling including cardiac hypertrophy and cardiac interstitial 

fibrosis via activation of JNK, p38 MAPK and NFκB pathways.70, 73, 75, 77 Thus, it is 

proposed to be a potential therapeutic target for cardiac disease. Furthermore, the 

activation of ASK1 downstream p38, p44/42 MAPK and NFκB pathways has been 

shown to be involved in IS-induced cardiac remodelling.126 Hence, we hypothesized 

that inhibition of ASK1 would also suppress IS-activated cardiac remodelling (Figure 

7.1). 
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Figure 7.1 Potential pathways involved in the indoxyl sulfate-induced cardiac effects. 

OAT1/3, organic anion transporters 1 and 3; ASK1, apoptosis signal-regulating kinase-

1; p38 and p44/42 MAPK, p38 and p44/42 mitogen-activated protein kinase; NFκB, 

nuclear factor-kappa B. 

 

Based on above considerations, the hypothesis for this chapter is that the inhibition of 

OAT1/3 and/or ASK1 would suppress IS-induced cardiac myocyte hypertrophy and 

fibroblast collagen synthesis, which adversely affect cardiac function. 

 

7.2 Aims 

To investigate potential treatments for suppression of IS-induced cardiac myocyte 

hypertrophy and fibroblast collagen synthesis. 
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7.3 Materials and Methods 

Sprague Dawley neonatal cardiac myocytes and fibroblasts were isolated and cultured 

as per Chapter 2.2.4. OAT1/3 antagonists [probenecid (Pro) and cilastatin (Cil)] and 

ASK1 inhibitors [GSK2261818A (G226) and GSK2358939 (G235)] were co-cultured 

at increasing doses for 48-hour with IS (10 μM) in cardiac myocytes and fibroblasts. 

3H-leucine and 3H-proline incorporation were used to assess myocyte hypertrophy and 

collagen turnover respectively. MTT assay was used to determine cardiac cell viability.  

 

7.4 Results 

7.4.1 OAT1/3 inhibition in cardiac myocytes 

Stimulation of IS with a concentration of 10 μM caused 21.0% increases in 

cardiomyocyte hypertrophy compared with unstimulated cells (p<0.001), as determined 

by 3H-leucine incorporation (Figure 7.2). Addition of OAT1/3 inhibitors, Pro and Cil, 

at concentration ranging from 0.1 to 100 μM inhibited IS-stimulated hypertrophy down 

to unstimulated levels, indicating that OAT1/3 may be involved in IS-induced 

cardiomyocyte hypertrophy.  
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Figure 7.2 Inhibition effects of probenecid (Pro) and cilastatin (Cil) on indoxyl sulfate 

(IS)-induced neonatal cardiac myocyte hypertrophy. The stimulation effects of IS were 

inhibited by Pro and Cil in a dose-dependent manner, indicating that the effects may be 

in part via OAT1/3. Data are presented as means ± SEM from three experiments each 

with triplicates. ***p<0.001 10 μM IS vs unstimulated control, #p<0.05, ##p<0.01 vs 10 

μM IS. 
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7.4.2 OAT1/3 inhibition in cardiac fibroblasts  

Stimulation of IS with a concentration of 10 μM caused 15.5% increases in cardiac 

fibroblast collagen synthesis (p<0.001), as determined by 3H-proline incorporation 

(Figure 7.3). Co-administration of OAT1/3 antagonists, Pro and Cil, at concentration 

ranging from 0.1 to 100 μM attenuated the increases in collagen synthesis in a dose-

dependent manner, indicating that OAT1/3 may be involved in IS-induced cardiac 

fibroblast collagen synthesis. Pro appeared to be more potent in inhibiting collagen 

synthesis comparing to Cil. 
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Figure 7.3 Inhibition effects of probenecid (Pro) and cilastatin (Cil) on indoxyl sulfate 

(IS)-induced neonatal cardiac fibroblast collagen synthesis. The stimulation effects of 

IS were inhibited by Pro and Cil in a dose-dependent manner, indicating that the effects 

may be in part via OAT1/3. Data are presented as means ± SEM from three 

experiments each with triplicates. ***p<0.001 10 μM IS vs unstimulated control, 

#p<0.05, ###p<0.001 vs 10 μM IS. 
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7.4.3 ASK1 inhibition in cardiac myocytes 

Stimulation of IS with a concentration of 10 μM caused significant increases in 

cardiomyocyte hypertrophy compared with unstimulated cells (p<0.001), as determined 

by 3H-leucine incorporation. Addition of ASK1 inhibitors, G226 and G235, at 

concentration ranging from 0.03 to 1.0 μM inhibited IS-stimulated myocyte 

hypertrophy in a dose-dependent manner, indicating that ASK1 may be involved in IS-

induced cardiomyocyte hypertrophy (Figure 7.4). G226 appeared to be more potent in 

inhibiting hypertrophy comparing to G235.  
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Figure 7.4 Inhibition effects of GSK2261818A (G226) and GSK2358939 (G235) on 

indoxyl sulfate (IS)-induced neonatal cardiac myocyte hypertrophy. The stimulation 

effects of IS were inhibited by G226 and G235 in a dose-dependent manner, indicating 

that the effects may be in part via ASK1. Data are presented as means ± SEM from 

three experiments each with triplicates. ***p<0.001 10 μM IS vs unstimulated control, 

#p<0.05, ##p<0.01, ###p<0.001 vs 10 μM IS. 
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7.4.4 ASK1 inhibition in cardiac fibroblasts 

Cardiac fibroblast collagen synthesis was significantly increased by stimulation of IS 

with a concentration of 10 μM (p<0.001), as determined by 3H-proline incorporation. 

Addition of ASK1 inhibitors, G226 and G235, at concentration ranging from 0.03 to 

1.0 μM inhibited IS-stimulated collagen synthesis down to unstimulated levels, 

indicating that ASK1 may be involved in IS-induced cardiac fibroblast collagen 

synthesis (Figure 7.5). 
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Figure 7.5 Inhibition effects of GSK2261818A (G226) and GSK2358939 (G235) on 

indoxyl sulfate (IS)-induced neonatal cardiac fibroblast collagen synthesis. The 
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stimulation effects of IS were inhibited by G226 and G235 in a dose-dependent manner, 

indicating that the effects may be in part via ASK1. Data are presented as means ± 

SEM from three experiments each with triplicates. ***p<0.001 10 μM IS vs 

unstimulated control, ##p<0.01, ###p<0.001 vs 10 μM IS. 

 

7.4.5 Effect of OAT1/3 and ASK1 inhibitors on cardiac cell viability 

The effects of OAT1/3 and ASK1 inhibitors on cardiac cell viability were examined by 

MTT assay. OAT1/3 and ASK1 inhibitors did not affect cardiac cell viability at 

concentration ranging from 0.1 to 100, and 0.03 to 1.0 μM respectively (Figure 7.6). 

 

Figure 7.6 Effect of OAT1/3 inhibitors (Pro and Cil) and ASK1 inhibitors (G226 and 

G235) on neonatal cardiac fibroblast viability at concentration ranging from 0.1 to 100, 

and 0.03 to 1.0 μM respectively. Data are presented as means ± SEM. Pro, probenecid; 

Cil, cilastatin; G226, GSK2261818A; G235, GSK2358939. 
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7.5 Discussion 

Cardiac hypertrophy and interstitial fibrosis, predominant features of uremic 

cardiomyopathy, are sustained in both CKD patients and animal models, even with 

well-controlled blood pressure.119, 124, 354, 355 In this chapter, we investigated NCMs and 

NCFs via approaches to block pro-hypertrophic and pro-fibrotic actions of IS. 

Circulating levels of IS in CKD patients vary from a few micromolars to hundreds of 

micromolars.134, 356 Thus, the concentration of 10 μM for IS-induced cardiac effects 

falls into a clinically relevant pathophysiological concentration range. Inhibition of 

OAT1/3 and ASK1 suppressed IS-activated cardiac myocyte hypertrophy and 

fibroblast collagen synthesis. OAT1/3 and ASK1 antagonists appear to attenuate these 

effects by blocking the uptake of IS into cardiac cells and downstream intracellular 

pathway respectively.  

 

These findings occurred in the absence of any significant reduction in cardiac cell 

survival and proliferation. Specifically, IS did not affect cardiac cell viability over the 

concentration range from 0.01 to 100 μM.126 Furthermore, OAT1/3 and ASK1 

antagonists did not affect cardiac cell viability at the concentrations used in this study.  

 

Intervention with other OAT inhibitors and/or suppression of other downstream 

intracellular actions post-uptake may be of therapeutic benefit. However, OAT1/3 and 

ASK1 antagonists may have additional, non-specific actions other than as OAT1/3 and 

ASK1 inhibitors. 

 

Based on these findings, an in vivo STNx model can be proposed to confirm the effects 

of OAT inhibitors and ASK1 antagonists on amelioration of cardiac toxicity induced by 
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IS. Although there have been reports that show existence of OAT1/3 in the kidneys, 

further experiments need to be performed to support the localization of accumulated IS 

and sites of OAT1/3 in the heart using immunohistochemistry or mRNA expression. 

 

In summary, OAT1/3 and ASK1 appear to play a role in IS-induced pathological 

cardiac remodelling, which are suppressed by OAT1/3 and ASK1 antagonists, in a 

dose-dependent manner. Blocking the cardiac uptake and/or the pathways it actives 

may represent a potential novel therapeutic strategy to ameliorate uremic toxin-

stimulated cardiac effects in the setting of co-morbid CHF and CKD. 



 

 

 

 

Chapter 8 Thesis Summary, Conclusions and 

Future Directions 



 
 

 

Cardiorenal syndrome (CRS) is a complex clinical condition, and the management of 

this condition is still sub-optimal because the pathophysiology and mechanisms 

underlying this syndrome are yet to be fully explored. Therefore, this thesis was aimed 

to establish important new preclinical CRS models to provide original and further 

insights into the pathophysiology and the underlying mechanisms of CRS. Several 

important findings will be summarised and the conclusions drawn from these results 

will be described in this chapter. Furthermore, severe renal dysfunction and 

significantly increased circulating IS levels have been observed in uremic animals and 

human kidney disease. Our group has recently demonstrated a possible role of IS in the 

cell culture setting examining its effects on myocyte hypertrophy and fibroblast 

collagen synthesis. Findings from the potential treatments of IS-induced cardiac effects 

will also be described. 

 

8.1 In vivo MI+STNx and STNx+MI studies 

In Chapter 3 and 4, we have demonstrated in type II CRS model of MI complicated by 

the addition of STNx, subsequent kidney insult accelerated the reduction in LVEF and 

cardiac remodelling post-MI, whilst MI attenuated the STNx-induced changes in BP 

and accelerated STNx-induced renal tubulointerstitial fibrosis. However MI showed 

little effects on the STNx-associated KIM-1 tissue levels. 

 

In Chapter 5 and 6, we have investigated the impact on the heart and kidney in type IV 

CRS model of STNx complicated by the addition of MI. The findings suggest that MI 

accelerated STNx-induced cardiac remodelling, and increased renal tubulointerstitial 

fibrosis and KIM-1 tissue levels; and all of these effects were BP independent.  
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Although CHF and CKD are heterogeneous disorders that result from multiple 

underlying diseases and involve various regulatory mechanisms, accelerated cardiac 

remodelling and increased renal tubulointerstitial fibrosis appear to be the common 

pathophysiological changes occurring in both models. The tubular injury biomarker 

KIM-1 can be considered as a sensitive renal biomarker for the early detection of 

progressive kidney failure. 

 

To further evaluate the disease mechanisms and outcomes of these animal models, data 

from MI+STNx and STNx+MI studies were pooled and multiple analyses performed. 

Animals were categorized into Sham, MI, STNx, MI+STNx and STNx+MI animals 

(Table 8.1). MI groups (MI, MI+STNx and STNx+MI animals) had similar infarct size. 

The addition of STNx to MI further reduced LVEF and FS compared to MI only 

(p<0.05). STNx groups (STNx, MI+STNx and STNx+MI animals) had significantly 

increased circulating IS levels. The addition of MI to STNx did not further reduce GFR 

compared to STNx only.  
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Table 8.1 Pooled analysis of data from MI+STNx and STNx+MI studies, categorizing 

animals to Sham, MI, STNx, MI+STNx and STNx+MI groups.  

 Sham MI STNx MI+STNx STNx+MI 

Survival rate  
(%) 

100.0 64.0 68.5 44.1 39.8 

Infarct size  
(%) 

- 35.2±1.9 - 33.7±1.5 34.4±2.4 

BP  
(mmHg) 

132.1±3.9 123.2±4.5 
221.8±6.9 
***, §§§ 

176.6±9.3 
***, §§§, ### 

204.9±11.6 
***, §§§ 

LVEF (%) 67.4±1.7 
40.4±1.4 

*** 
73.2±2.0 

§§§ 
31.2±1.3 

***, §, ### 
42.7±3.5 

***, ###, aa 

FS (%) 40.2±1.5 
18.1±0.7 

*** 
45.5±2.1 

§§§ 
15.1±0.9 

***, §, ### 
18.1±1.2 
***, ### 

ESPVR  
(mmHg/μl) 

0.53±0.05 
0.27±0.03 

* 
0.73±0.09 

§§§ 
0.32±0.04 

*, ## 
0.38±0.03 

EDPVR  
(mmHg/μl) 

0.02±0.01 
0.04±0.01 

* 
0.04±0.01 

** 
0.04±0.01 

* 
0.05±0.01 

* 

Tau logistic  
(ms) 

10.7±0.4 
12.6±0.5 

** 
17.1±0.9 
***, §§§ 

17.0±1.4 
***, §§ 

17.0±1.6 
***, §§ 

LVEDP  
(mmHg) 

3.2±0.4 
8.0±0.8 

*** 
7.4±1.0 

*** 
10.7±1.5 

*** 
8.8±1.8 

*** 

GFR 
(ml/min/Kg) 

8.5±0.3 7.4±0.5 
1.0±0.3 
***, §§§ 

1.5±0.4 
***, §§§ 

0.4±0.3 
***, §§§ 

CrCl  
(ml/min) 

233.2±18.8 221.6±27.4 
32.7±6.9 
***, §§§ 

33.8±7.9 
***, §§§ 

33.9±12.4 
***, §§§ 

Proteinuria  
(mg/24 hr) 

23.9±1.5 18.8±1.3 
366.9±37.9 

***, §§§ 
433.7±87.1 

***, §§§ 
380.0±89.1 

***, §§§ 

IS (μmol/L) 12.48±1.51 12.31±1.13 
62.90±10.43 

***, §§§ 
64.05±13.58 

***, §§§ 
66.19±13.17 

***, §§§ 

KIM-1 (%) 0.014±0.003 0.014±0.002 
0.322±0.064 

***, §§§ 
0.340±0.084 

***, §§§ 

0.807±0.160 
***, §§§, ###, 

aaa 

Values are expressed as mean ± SEM. BP, blood pressure; LVEF, left ventricular 

ejection fraction; FS, fractional shortening; ESPVR and EDPVR, slope of end systolic 

and diastolic pressure-volume relationship; LVEDP: LV end diastolic pressure; GFR, 

glomerular filtration rate; CrCl, creatinine clearance; IS, indoxyl sulfate; KIM-1, 

kidney injury molecule-1. *p<0.05, **p<0.01, ***p<0.001 vs Sham; §p<0.05, §§p<0.01, 

§§§p<0.001 vs MI; ##p<0.01, ###p<0.001 vs STNx; aap<0.01, aaap<0.001 vs MI+STNx. 
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MI+STNx animals had decreased LVEF (p<0.01) and almost significantly reduced FS 

(p=0.055) compared to STNx+MI animals, whilst a non-significant reduction in GFR 

(p=0.064) and increased KIM-1 tissue levels (p<0.001) were observed in STNx+MI vs 

MI+STNx animals. These changes occurred independent of BP. The findings indicate 

that animals with pre-morbid CHF had worsening cardiac outcomes; and that animals 

with pre-morbid CKD were likely to have more severe renal outcomes, suggesting that 

the severity of heart and kidney damage appears to be best related with the primary 

failing organ. The reduced LVEF may be caused by an extended MI follow-up period 

(14 vs 8 weeks) in MI+STNx animals, and conversely the non-significantly reduced 

GFR may be due to the longer STNx follow-up period in STNx+MI animals (12 vs 10 

weeks).  

 

8.2 Study limitations 

STNx+MI animals were unable to be maintained for longer than 12 weeks due to the 

very high mortality observed over this duration, presumably due to the aggressive 

nature of STNx surgery. Thus, a longer follow-up to match our previous MI+STNx 

study of 14 weeks experimental time was difficult to conduct. 

 

We did not observe any major evidence of deterioration in renal function in the 

MI+STNx and/or STNx+MI setting compared to the STNx only. Changes in renal 

fibrosis may not necessarily be accompanied by functional alterations at 14/12 weeks. 

This may be representative of the time it takes for pathological fibrosis to contribute to 

the subsequent dysfunction. Alternatively, the insult induced by STNx may be so 

aggressive that a further reduction in renal function following MI would be impossible 

to observe. 
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8.3 In vitro IS study 

In isolated rat neonatal cardiac myocytes and fibroblasts, inhibition of OAT1/3 and 

ASK1 suppressed the myocyte hypertrophy and fibroblast collagen synthesis stimulated 

by IS, in a dose-dependent manner. These observations are of considerable clinical 

interest as hypertrophy and fibrosis are involved in the ongoing cardiac remodelling 

process and commonly found in association with HF. Therefore, the findings may 

suggest novel approaches in the prevention and management of IS-induced cardiac 

remodelling and failure. 

 

8.4 Future directions 

This thesis has focused on better understanding of the pathophysiology and potential 

mechanisms of CRS, and opportunities for early diagnosis through KIM-1. The animal 

models established within this thesis provide base models for future research including 

development of preventive strategies and application of mechanism-targeted 

management.  

 

Neurohormonal over-activation and hemodynamic disturbances are major contributors 

to CRS. Despite available therapies to control neurohormonal overdrive and high BP, 

this condition remains associated with markedly reduced survival.3 Therefore, 

additional strategies are urgently needed to impact on this disease condition. Potential 

novel therapeutic strategies designed to reduce circulating IS levels in addition to 

current management can be examined employing the models established (e.g. 

MI+STNx and/or STNx+MI models). Key therapeutic approaches, such as RAAS 

blockade can be included as background therapy. Treatment effects of a gut adsorbent, 

AST-120 remain to be investigated in combination with a RAAS blocker in CRS 
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animal models. Addition of AST-120 to conventional management would be of major 

clinical relevance if its cardiorenal-protective effects can be confirmed. 

 

To further investigate the MI+STNx and STNx+MI models, the blood pressure in the 

STNx animals should be controlled as that would differentiate the effect of 

hypertension for that of CKD.  

 

To facilitate the identification of the progression of CRS, the present work measured 

tissue KIM-1 levels using immunohistochemistry. Further quantitative tests (e.g. 

sandwich ELISA) on urinary KIM-1 levels are needed to detect this protein as a 

potential biomarker in current pathophysiological models and/or other preclinical drug 

development studies. If this is the case, the evaluation of urinary KIM-1 levels may 

serve as a non-invasive, rapid, sensitive method to facilitate early assessment of 

pathophysiological influences and drug toxicity. 

 

The accumulation of circulating IS was demonstrated in animals with STNx, MI+STNx, 

and STNx+MI. Further investigations on tissue IS levels in heart may provide strong 

evidence of IS-associated uremic cardiomyopathy. The question of whether IS-induced 

cardiac remodelling is linked to other common contributors described in the 

pathophysiology of CRS, particularly neurohormonal processes, remains currently 

unanswered.  

 

The efficacy of OAT1/3 and ASK1 inhibitors in vitro makes these compounds 

potentially useful in the management of uremic cardiomyopathy. The fact that these 

compounds act on different IS signalling pathways, may at least in part provide useful 
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insights into the mechanisms of IS-induced cardiac fibrosis. Further studies are needed 

to determine whether blockade of OAT1/3 and ASK1 will be of benefit in relevant 

disease models (e.g. MI+STNx and/or STNx+MI models) or in man.  

 

This thesis can therefore serve as a starting point for the future of basic research into 

the condition of CRS which adversely affects so many people worldwide. 
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SUMMARY

1. Cardiorenal syndrome (CRS) describes the primary dys-
function in either the kidney or heart that initiates the combined
impairment of both organs. The heart and kidney exert recipro-
cal control of the respective function to maintain constant blood
volume and organ perfusion under continuously changing condi-
tions.
2. The pathophysiology of CRS is not fully understood, but

appears to be caused by a complex combination of haemodynam-
ic, neurohormonal, immunological and biochemical feedback
pathways. Of these pathways, the contributory role of uraemic
toxins that accumulate in CRS has been underexplored. One
such toxin, namely indoxyl sulphate, has been found to have
direct adverse effects on relevant cardiac cells.
3. Early diagnosis by assessing cardiac and renal injury bio-

markers may be critical for timely therapeutic intervention. Such
therapies are directed at attenuation of neurohormonal activa-
tion, control of elevated blood pressure, correction of anaemia
and relief of hypervolaemia. Reduction of non-dialysable urae-
mic toxins is a further potentially beneficial therapeutic strategy.
Key words: cardiorenal syndrome, indoxyl sulphate, manage-

ment, pathophysiology, preclinical models, uraemic toxin.

INTRODUCTION

A close relationship between renal dysfunction and heart failure (HF)
has been demonstrated, both clinically and using basic research
methodologies. A diseased heart has numerous negative effects on
kidney function, whereas renal insufficiency can significantly impair
cardiac function.1,2 To describe this interrelationship, the term

‘cardiorenal syndrome’ (CRS) has been increasingly used in recent
years. Cardiorenal syndrome has been generally defined as a patho-
physiological disorder of the heart and kidney whereby acute or
chronic dysfunction of one organ may induce acute or chronic
dysfunction of the other.3 The primary failing organ can be either
the heart or kidney. Systemic disorders, such as sepsis, are also
proposed to be a subtype of CRS.3

EPIDEMIOLOGY

Acceleration of coronary artery disease and left ventricular hypertro-
phy (LVH) are major cardiac problems observed in patients with
renal failure and may be contributory to chronic heart failure (CHF)
that is also frequently seen in patients with chronic kidney disease
(CKD).1,4 Patients with CKD are more likely to die of CHF than kid-
ney failure.5 Mortality rates for renal disease remain above 20%
annually with the use of dialysis, with more than half the deaths
related to cardiovascular disease.6

Renal dysfunction is common in patients with HF, with a preva-
lence of approximately 25%.7–9 The degree of renal dysfunction is a
powerful independent risk factor for all-cause mortality in CHF
patients.9

PATHOPHYSIOLOGY OF CRS

Pathophysiological contributors to CRS

Neurohormonal activation

The primary organ insult causes activation of a series of response
mechanisms by neural and hormonal systems (Fig. 1). Although in
some cases these mechanisms are initially compensatory, many con-
tribute to the further functional worsening and progression of CRS
over the long term.
Changes in cardiac function associated with CHF lead to a decline

in cardiac output, which may cause diminished blood flow and renal
hypoperfusion (Fig. 1). This leads to baroreceptor-mediated renal
vasoconstriction, activation of the renal sympathetic nervous system
(SNS) and release of catecholaminergic hormones.2 Activation of the
SNS further stimulates renal vasoconstriction and causes fluid reten-
tion (Fig. 1).2

Elevated central sympathetic tone caused by renal somatic
afferent nerve activation and the consequences of excessive efferent
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sympathetic signals to the kidney are closely associated with the
development of CRS.10 Various stimuli, such as renal ischaemia,
hypoxia, oxidative stress and intrinsic renal diseases are likely to acti-
vate renal sensory afferent signalling.11 These signalling pathways
affect the hypothalamus, which provides the basis for targeting the
renal somatic afferent nerves as modulators of central integration in
the brain stem.10,11 This integration subsequently causes increased
sympathetic efferent signalling to kidneys and directly influences the
entire sympathetic system.10,12 Interventional renal nerve ablation
has been demonstrated to reduce blood pressure and improve insulin
resistance in patients with resistant hypertension.13–17

Overactivity of the renin–angiotensin–aldosterone system (RAAS)
as an essential pathophysiological consequence in either CHF or
CKD may activate the SNS and play a role in endothelial dysfunction
and the progression of atherosclerosis, as well as inhibition of the
fibrinolytic system.18 Also, angiotensin (Ang) II increases blood pres-
sure and stimulates the secretion of aldosterone, which increases
reabsorption of sodium and water, as well as acting as a circulating
hormone, exerting damaging effects on the heart and kidney.18 The
haemodynamic consequences of systemic hypertension, as well as
the direct pro-inflammatory and pro-fibrotic effects of AngII and
aldosterone, play important roles in subsequent CRS.19

Intracellular signalling pathways

Oxidative stress defines an imbalance in the formation of anti-
oxidants and reactive oxygen species (ROS). Reactive oxygen spe-
cies are known to stimulate inflammatory cytokines (e.g. tumour
necrosis factor (TNF)-a, interleukin (IL)-1b and IL-6), which
regulate cell survival and death.20 Increased oxidative stress has been
demonstrated in patients with CKD, which may contribute to the
pathophysiology of CRS (Fig. 1).21 Angiotensin II has been demon-
strated to activate ROS in rat neonatal cardiomyocytes and pretreat-
ment with anti-oxidants suppresses AngII-induced cardiac
hypertrophy.22 These results suggest a critical role for ROS-depen-
dent signal transduction in cardiac hypertrophy.
Apoptosis signal-regulating kinase-1 (ASK1) is a ROS-sensitive,

mitogen-activated protein kinase kinase kinase (MAPKKK).23 It has
been shown that ASK1 activates two different subgroups of mitogen-
activated protein kinase kinases (MAPKK), namely MKK3 ⁄6 and
MKK4 ⁄7; these, in turn, activate p38 and c-Jun N-terminal kinase
(JNK) subgroups of mitogen-activated protein kinases (MAPK),
respectively (Fig. 2).24 The p38 MAPK signalling cascade has been
found to be an important pathway in the progression of left ventricu-

lar (LV) dysfunction and pathological remodelling after myocardial
infarction (MI).25 It has been demonstrated that ASK1 is involved in
G-protein-coupled receptor agonist-induced nuclear factor (NF)-jB
activation and resulting cardiomyocyte hypertrophy.26 The
ROS ⁄ASK1 pathway is involved in cellular necrosis and apoptosis,
indicating that ASK1 may be a therapeutic target to reduce LV
remodelling after MI.27

Inflammatory response

Cardiac injury results in the migration of macrophages, monocytes
and neutrophils into the myocardium. This initiates intracellular
signalling and neurohormonal activation, which localizes the inflam-
matory response.28 Increases in plasma IL-1b and IL-6 have been
observed in patients early after MI.29 Patients with HF express
elevated circulating levels of TNF-a, which promotes progressive
LV dysfunction and remodelling.30 In renal injury, increased levels
of TNF-a, IL-1b and intercellular adhesion molecule-1 (ICAM-1)
mRNA have been found in the heart after renal ischaemia–
reperfusion (Fig. 1).31

Other factors

Several chronic conditions, such as hypertension, anaemia and
uraemic toxins, may contribute to CRS (Fig. 1). Hypertension itself
frequently causes severe renal disease and hypertension also com-
monly develops in patients with underlying renal disease.32 The
coexistence of hypertension with renal diseases greatly accelerates
the progression of renal failure.32 In the heart, hypertension results in
pressure overload and is the major precursor for the development of
LVH, associated with progressive changes in cardiac myocyte
enlargement and accumulation of collagen, which may cause dia-
stolic dysfunction.33,34 Hypertension also increases the risk of MI via
acceleration of atherosclerosis, which may lead to systolic dysfunc-
tion.35 Thus, both diastolic and systolic dysfunction may develop,
especially when other precipitant factors are present.35

Anaemia, CHF and CKD interact in a vicious circle to cause or
worsen each other.36,37 Anaemia, as a result of erythropoietin (EPO)
insufficiency, is frequently associated with CKD.37 Erythrocytes con-
tain many anti-oxidants; thus, anaemia may cause increases in oxida-
tive stress.36,38 The lack of oxygen supply to the heart associated

Fig. 1 Pathophysiological interactions between heart and kidney in cardio-
renal syndrome (CRS).

Fig. 2 Apoptosis signal-regulating kinase-1 (ASK1) is a mitogen-activated
protein kinase kinase kinase (MAPKKK) that activates mitogen-activated
protein kinase kinases (MAPKK), namely MKK3 ⁄ 6 and MKK4 ⁄ 7, which,
in turn, activate p38 and c-Jun N-terminal kinase (JNK) mitogen-activated
protein kinases (MAPK), respectively. In addition, ASK1 is involved in the
activation of the transcription factor nuclear factor (NF)-jB.20
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with anaemia may be compensated for by increasing heart rate and
stroke volume and this may activate the SNS and RAAS, causing
renal vasoconstriction and fluid retention.36,39 Exogenous EPO treat-
ment has been shown to have anti-apoptotic, anti-oxidative and
anti-inflammatory effects with improved renal and cardiovascular
function.40

Apart from hypertension and anaemia, there may also be addi-
tional factors contributing to CHF in CKD patients. The normal
kidney is able filter harmful chemicals (i.e. toxins). In the setting
of CKD there is systemic accumulation of such toxins, many of
which can be eliminated by dialysis. However, removal of some tox-
ins, including indoxyl sulphate, phenyl acetic acid, m ⁄ p-cresol and
m ⁄p-cresylsulphate, is limited owing to their high protein-binding
capacity.41,42 Of these non-dialysable toxins, indoxyl sulphate has
been demonstrated to have profibrotic effects to the kidney and, most
recently, its profibrotic and prohypertrophic effects on relevant
cardiac cells have been demonstrated.42–46 In addition, the increased
cardiac fibrosis in animals with CKD has been shown to be correlated
with indoxyl sulphate serum levels.47

Several uraemic toxins, namely asymmetrical dimethyl L-arginine
(ADMA), homocysteine, advanced glycation end-products, p-cresyl
sulphate, indoxyl sulphate etc., are mostly protein bound and are
linked to endothelial dysfunction, atherosclerosis and insulin resis-
tance in end-stage renal disease and advanced CKD.48,49 Asymmetri-
cal dimethyl L-arginine, an endogenous compound that accumulates
in patients with CKD, inhibits nitric oxide synthesis and may thus
contribute to hypertension and immune dysfunction.50 In addition,
ADMA accelerates the senescence of endothelial cells via oxidative
stress in vitro and its accumulation could contribute to the increased
risk in cardiovascular events in patients with CKD.51,52 Homocyste-
ine also has adverse effects on vascular endothelial cells, as observed
in the condition of hyperhomocysteinaemia, and these effects are
mediated through oxidative stress mechanisms.53 Advanced glyca-
tion end-products that accumulate in patients with CKD as a result of
inflammation, oxidative stress and carbamoylation in turn promote a
pro-inflammatory and oxidant pattern in endothelial cells.48 p-Cresyl
sulphate has been suggested to alter endothelial function in dialysis
patients by inducing shedding of endothelial microparticles.54

Indoxyl sulphate induces oxidative stress in endothelial cells by
enhancing ROS production, increasing NAD(P)H oxidase activity
and decreasing glutathione levels.55

Consequences of CRS

Cardiac changes

Left ventricular remodelling refers to changes in myocardial structure
and function in response to cardiac injury, which is associated with
reduced heart pump function and low cardiac output.56 These
changes result in end-organ ischaemia, increased right atrial pressure
and volume retention. Postinfarction, infarct expansion occurs within
hours of myocyte injury, resulting in myocyte hypertrophy, wall thin-
ning and ventricular dilatation, with accompanying myocyte apopto-
sis or necrosis.28,56,57 Myocyte hypertrophy leads to LVH, which is
an adaptive response during LV remodelling.28 Although it offsets
increased load, attenuates progressive dilation and stabilizes the con-
tractile function, remodelling leads to a worse prognostic outcome
via either sudden death or progressive pump dysfunction.58

Postinjury, cardiac fibroblasts also undergo phenotypic transfor-
mation to myofibroblasts, which have an increased capacity for colla-

gen synthesis.59,60 Therefore collagen deposition in the heart is
increased both at the site of the infarct to prevent further ventricular
deformation and in remote regions, including the peri-infarct region
and the interventricular septum.61,62 Fibroblast activation and colla-
gen synthesis are regulated by signals of local and systemic origin,
including AngII, endothelin-1 and transforming growth factor
(TGF)-b1.63 Increased cardiac fibrosis results in exaggerated
mechanical stiffness and contributes to diastolic dysfunction.56

Progressive increases in fibrosis may also cause systolic dysfunc-
tion and LVH, as well as electrical instability leading to fatal
arrhythmias.56

Cardiac changes in the setting of CKD, or the so-called ‘uraemic
cardiomyopathy’, comprise LVH, cardiac fibrosis and a decrease in
myocardial capillary density.34,64 Left ventricular hypertrophy is
found in 75% of CKD patients commencing dialysis treatment.65

Cardiac fibrosis contributes to diastolic HF and sudden cardiac death,
the most common cause of cardiovascular death in CKD
patients.64,66,67 A decrease in myocardial capillary density, some-
times considered as a microvascular change, can increase the risk of
ischaemic heart disease.

Renal changes

Renal fibrosis is contributory to glomerulosclerosis, tubulointerstitial
fibrosis and tubular atrophy. After the initial insult, the affected
kidney undergoes a series of events in an attempt to repair and
recover from the injury, such as fibroblast activation. Accumulated
renal collagen is cross-linked and resistant to degradation, which
invariably results in loss of function when normal tissue is replaced
with scar tissue.68,69 Glomerulosclerosis, which is the scarring of the
glomerulus, may result in the occlusion of the capillary loops and
ultimately lead to loss of glomerular function.70

The prolonged renal hypoxia caused by both anaemia and CHF
can cause chronic renal ischaemia and eventual nephron loss and
renal fibrosis.71 Several previous studies have shown that anaemia is
an independent risk factor for the progression of end-stage renal
disease.72,73 However, a recent study has demonstrated that anaemia
is associated with a more rapid progression of kidney disease in
patients with CHF.74

In the setting of CHF, renal dysfunction is a common complication
associated with poor clinical outcomes.75,76 However, little is known
with regard to renal structural changes in patients with CHF. To date,
only increased renal fibrosis has been demonstrated in post-MI
animals.77,78

BIOMARKERS

Biomarkers can contribute to the early diagnosis of injury and thus to
timely therapeutic intervention. Natriuretic peptides, particularly
B-type natriuretic peptide (BNP) and its amino-terminal cometabolite
N-terminal pro-BNP are powerful predictors of cardiac events.79

Postinfarction, it is common for BNP to be secreted from the ventri-
cles causing natriuresis and vasodilation. A BNP level < 100 pg ⁄mL
yielded a 90% sensitivity and 76% specificity for separating cardiac
from non-cardiac aetiologies of dyspnoea.80 Patients with a BNP
level < 130 pg ⁄mL had a 1% risk of sudden cardiac death compared
with a 19% risk at higher concentrations.80 Cardiotrophin-1 is a
member of the family of IL-6-related cytokines and its plasma levels
are elevated in HF in relation to the severity of LV systolic
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dysfunction.81,82 Serum soluble suppression of tumourigenicity 2
(ST2), an IL-1 receptor family member, is increased in the serum of
patients early after acute MI.83 Galectin-3 has stimulatory effects on
macrophage migration, fibroblast proliferation and fibrosis synthe-
sis.84 Its expression is maximal at peak fibrosis and absent after
recovery; thus, it may develop as a novel mediator of HF develop-
ment and progression.84

Increased levels of serum creatinine remain the most commonly
used standard for assessment of renal function in clinical prac-
tice.85,86 Recently, cystatin C has been suggested as a better predictor
of glomerular function than serum creatinine in patients with CKD
because its serum levels are not affected by age, gender, race or mus-
cle mass.87 For early diagnosis, neutrophil gelatinase-associated
lipocalin appears to be one of the earliest markers detected in the
blood and urine of patients with acute kidney injury.88 Kidney injury
molecule 1 (KIM-1) is a protein detectable in the urine after ischae-
mic or nephrotoxic insults to proximal tubular cells and seems to be
highly specific for ischaemic acute kidney injury.89,90

Preclinical models

A variety of experimental models with cardiac and renal impairment
have been developed, with rat models predominating. Left anterior
descending coronary artery ligation is often used to induce experi-
mental MI, whereas experimental subtotal nephrectomy (STNx) by
infarction of extrarenal branches of the left renal artery is used as a
model of CKD.

Myocardial infarction model

Cardiac effects

Cardiac systolic function is reduced in MI animals. Fractional short-
ening and ejection fraction are substantially decreased in this
model.77 Left ventricular weight ⁄bodyweight (BW) and lung
weight ⁄BW ratios are significantly greater in MI animals 5 weeks
after MI.91 Infarcted wall thinning with scarring tissue and non-
infarcted myocardium hypertrophies are observed in MI animals
3 weeks after MI.92,93 Histological analysis shows that the cardio-
myocyte cross-sectional area, the expression of interstitial fibrosis,
collagen I ⁄ III, TGF-b protein, a-smooth muscle actin and macro-
phages are significantly increased in the non-infarct zone of the heart
in MI animals.91 Western blot analysis demonstrates a significant
increase in phosphorylated (p-) Smad2 protein expression in MI
animals 5 weeks after MI.91

Renal effects

Myocardial infarction has detrimental effects on the renal function
over time, as assessed at 4, 8, 12 and 16 weeks after MI.77 Glomeru-
lar filtration rate (GFR) significantly decreases in MI animals at
4 weeks, but not at 8 and 12 weeks, and deteriorates further at
16 weeks. Histological analysis reveals that renal cortical interstitial
fibrosis and TGF-b bioactivity (p-smad2) are significantly greater in
MI animals at all time points. The degree of fibrosis increases pro-
gressively and is maximal at 16 weeks. Furthermore positive staining
in the tubules of the biomarker KIM-1 is more prominent in MI ani-
mals over time and increased cardiac mRNA expression of TGF-b1
and TNF-a are observed in MI animals at 16 weeks.77

Subtotal nephrectomy model

Cardiac effects

Early LV diastolic dysfunction has been demonstrated by an increase
of the peak velocity of atrial filling (A and A¢ waves) and a decrease
in the E ⁄A and E¢ ⁄A¢ ratios in STNx animals, as determined by echo-
cardiography.47 Heart weight ⁄BW ratio, myocyte cross-sectional
area and LV interstitial fibrosis are significantly increased in STNx
animals.47,94 Increases in gene expression of profibrotic (TGF-b, con-
nective tissue growth factor) and hypertrophic (atrial natriuretic pep-
tide, b-myosin heavy chain and a-skeletal muscle actin) markers, as
well as TGF-b and p-NF-jB protein expression are also observed in
STNx animals.47 In addition the observed cardiac remodelling in this
model is associated with a significant increase in cardiac angiotensin-
converting enzyme 2 (ACE2) gene expression and ACE2 activity.95

Renal effects

Subtotal nephrectomy animals develop hypertension, substantial
albuminuria, reduced creatinine clearance and reduced GFR.47,96,97

Subtotal nephrectomy leads to significant increases in glomeruloscle-
rosis and tubulointerstitial fibrosis, tubular atrophy and expression of
p-Smad2.96,97 Significant increases in TGF-b1 gene expression are
observed in STNx animals, which is localized to the sclerotic glome-
ruli, areas of tubulointerstitial injury and sites of mononuclear cell
infiltration observed by in situ hybridization.98

The above studies clearly indicate that impairment of one organ
has detrimental effects on the other, with changes at the functional,
biochemical and molecular levels. In an attempt to rapidly progress
the dysfunction in both organs, several attempts have been made to
combine the two models, as described below.

Combination of MI and STNx models

Subtotal nephrectomy + MI model

Very few attempts of combining these models have been evaluated.
One study reports a combined STNx + MI model where STNx ani-
mals were maintained for 1 week before MI was induced and
animals followed for a further 15 weeks.99 In that study, maximal
LV pressure was correlated with proteinuria in the STNx + MI com-
pared with STNx + sham-operated animals.99 In addition, proteinuria
and the incidence of focal glomerulosclerosis were significantly
increased in STNx + MI compared with STNx + sham animals.99

Another study reported on a combined STNx model (STNx for
2 weeks, followed by MI for a further 10 weeks).100 In that study,
renal blood flow and creatinine clearance were reduced in
STNx + MI compared with STNx + sham animals.100

Myocardial infarction + STNx model

We have recently examined a combined post-MI model, where
4 weeks after MI animals underwent STNx and were followed for a
further 10 weeks. The heart weight ⁄BW and lung weight ⁄BW ratios
were significantly greater in the MI + STNx compared with MI +
sham animals, despite no difference in infarct size between the two
groups.101 Fractional shortening and ejection fraction were further
reduced in the MI + STNx compared with MI + Sham animals.
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Significant increases in cardiomyocyte cross-sectional area and car-
diac interstitial fibrosis in the non-infarct zone were observed in the
MI + STNx compared with MI + Sham animals. Despite a lower
blood pressure in the MI + STNx animals, greater renal interstitial
fibrosis in the non-infarct zone was observed compared with MI +
Sham animals.101

MANAGEMENT OF CRS

Managing CRS is a major therapeutic challenge in clinical practice
because many of the drugs used to control HF can worsen renal func-
tion and vice versa. Successful drug therapies in the setting of HF
have focused on diuretics and key neurohormonal systems activated
as part of the pathophysiology of this disease process.102 In
particular, the SNS and RAAS represent key neurohormonal
targets.102

Diuretics

Diuretic therapy has been a mainstay in the management of acute
decompensated HF. It has been used to remove fluid in volume
overloaded patients and to maintain normal body fluid volume after
this has been achieved.103 However, conventional diuretic therapy in
CHF can cause electrolyte abnormalities, development of prerenal
azotaemia and worsening renal function (Fig. 1). Thiazide diuretics
inhibit sodium reabsorption in the distal renal tubule, which causes
increased salt and water excretion, decreasing blood volume and
decreasing blood pressure. Thiazide diuretics tend to be ineffective in
patients with advanced renal failure; thus, loop diuretics are preferred
over thiazide diuretics in patients with creatinine clearance
< 30 mL ⁄min per 1.73 m2.104,105 An optimal dose is needed to be
titrated in individual patients for the highest efficacy with the least
neurohormonal activation, which may occur secondary to diuretic-
induced hypovolaemia and renal hypoperfusion.106 Many patients
with CRS become resistant to conventional diuretic treatment, indi-
cated by persistent pulmonary congestion and the need for still higher
doses. In this ‘diuretic resistant’ setting, higher doses of diuretics are
needed to achieve effective concentrations in renal tubules when
renal function worsens (Fig. 1).107 However, renal blood flow may
be more potently reduced than congestive HF symptoms improved.
Higher doses of loop diuretics for patients with HF are suggested to
be associated with a high risk of mortality.108 Thus, worsening diure-
tic resistance is a powerful predictor in the progression of CRS.

Angiotensin converting enzyme inhibitors

Angiotensin-converting enzyme inhibitors (ACEI) are the first-line
treatment for patients with LV systolic dysfunction and they also pre-
vent progressive renal dysfunction in diabetic nephropathy and other
forms of CKD.109 In addition, ACEI inhibit the degradation by
angiotensin-converting enzyme (ACE) of bradykinin, an endogenous
vasodilator,110 and act on tissue ACE, including in the heart, to exert
direct beneficial effects on remodelling. The ACEI are also able to
lower blood pressure and reduce cardiac after load and may be used
in combination with AngII receptor blockers (ARBs). Unfortunately,
in the presence of underlying renal disease, the use of ACEI and
other RAAS inhibitors may be associated with increases in creati-
nine, thereby creating a therapeutic dilemma.109 Patients with renal
artery stenosis and CKD are at a higher risk of developing renal dys-

function in response to the introduction of ACEI and ⁄or ARBs. In
addition, ACEI and ARBs cause potassium retention; thus, CKD
patients are advised to restrict dietary sodium and potassium.111

Angiotensin receptor blockers

The effects of AngII include vasoconstriction, sodium reabsorption,
SNS stimulation, aldosterone secretion and inhibition of renin synthe-
sis and these effects are mediated through the angiotensin AT1 recep-
tor.112 The ARBs act differently to ACEI and inhibit these effects of
AngII by preventing it from binding to its receptor. The ARBs are
mainly used in the treatment of hypertension, diabetic nephropathy
and congestive HF.113

Mineralocorticoid receptor antagonists

Mineralocorticoid receptor antagonists play an important role in the
management of CHF.114 The selective mineralocorticoid receptor
antagonist eplerenone improved mortality in patients with mild LV
systolic dysfunction and postacute myocardial infarction HF.115,116

However, hyperkalaemia is a major concern in patients with
reduced estimated GFR receiving mineralocorticoid antagonists for
HF.106

Beta-blockers

Beta-blockers are recommended in the treatment of hypertension and
systolic CHF.117,118 They act by suppressing the action of endo-
genous catecholamines, released by the SNS, on b-adrenoceptors.
The magnitude of the prognostic benefit conferred by beta-blockers
appear to be similar to those of ACEI in patients with systolic
CHF.118 The Cardiac Insufficiency Bisoprolol Study II investigated
bisoprolol, a highly selective b1-adrenoceptor antagonist, which is
found to be effective in patients with HF and concomitant renal
dysfunction.119,120

Treatment for the accumulation of uraemic toxins

Two major therapeutic options exist to minimize the detrimental
effects of uraemic toxins: (i) to reduce the concentrations of protein-
bound uraemic toxins; and (ii) to neutralize their toxic effects by
pharmacological strategies.121 Prolonged dialysis time and ⁄ or
increasing the treatment frequency or using higher permeability
membranes may offer benefits to enhance uraemic toxin
removal.121–124 AST-120, an oral charcoal adsorbant, shows a strong
adsorptive ability for uraemic toxins that are known to accumulate in
patients with CKD and are believed to accelerate renal dysfunc-
tion.125 Treatment with AST-120 reduces circulating levels of urae-
mic toxins such as indoxyl sulphate, as well as serum creatinine and
proteinuria, in animals with CKD.47 Serum indoxyl sulphate is
reduced by 79% with AST-120 treatment; this is accompanied by a
significant reduction in LV fibrosis as well as cardiac TGF-b and
p-NF-jB protein expression.47 AST-120 is approved for use in Japan
to prolong the time to dialysis therapy and improve uraemic symp-
toms in patients with CKD.125 In patients with moderate to severe
CKD, AST-120 reduces serum indoxyl sulphate levels, but it does
not directly affect serum creatinine or urine creatinine levels.125

In addition to enhancing uraemic toxin removal, another option is
to alleviate the toxic effects using currently applied pharmacological
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strategies, such as ACEI, ARBs, beta-blockers and many others.121

In cell culture, we have observed that indoxyl sulphate significantly
increases neonatal rat cardiac myocyte hypertrophy and fibroblast
collagen synthesis in a clinically relevant concentration range.45

These effects are due, in part, to activation of p38 MAPK, p42 ⁄44
MAPK and NF-jB pathways.45 Organic anion transporters 1 and 3
play an important role in the transcellular transport of indoxyl
sulphate in both cardiac and renal cells.126,127 Administration of
indoxyl sulphate to animals with CKD has resulted in indoxyl sul-
phate being detected in the proximal and distal tubules where organic
anion transporters 1 and 3 have been localized.127 The effects of
indoxyl sulphate uptake in cardiac myocytes and fibroblasts, as well
as in proximal tubular cells, are inhibited by probenecid and cilasta-
tin, organic anion transport 1 and 3 inhibitors.126,127 Other potential
pathways activated by uraemic toxins should be explored and novel
therapeutic targets could be identified for the amelioration of the
CRS in comorbid CHF and CKD.

CONCLUSIONS

Despite the growing recognition of CRS, its underlying pathophysi-
ology is not well understood. Therefore, recognition of pathophysio-
logical interactions between the heart and kidney during dysfunction
of either one organ or both organs has important clinical implications.
Early diagnosis is critical for the effective management of CRS.
There have been several novel therapeutic strategies that target CRS
directly, such as selective adenosine A1 receptor blockers, natriuretic
peptides, vasopressin antagonists, soluble guanylate cyclase activa-
tors, ultrafiltration and many others. Ongoing clinical trials of these
potential pharmacological agents will clarify their safety and efficacy
in the management of CRS. Finally, targeting uraemic toxins that
may have cardiac and renal effects may provide therapeutic benefit
complementary to the above approaches.
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Circulating toxins in patients with chronic kidney disease may
attenuate cardiac function [1,2]. Specifically, indoxyl sulfate, one such
non-dialysable uremic toxin, has direct pro-hypertrophic and pro-
fibrotic effects on cardiac myocytes and fibroblasts [3]. This toxin
significantly increases neonatal cardiac myocyte hypertrophy and
fibroblast collagen synthesis within a clinically relevant concentration
range [3]. We sought to determine potential approaches to blockade of
indoxyl sulfate-induced cardiac remodelling.

Organic anion transporters 1 and 3 play an important role in the
trans-cellular uptake of indoxyl sulfate in renal cells [4]. Administration
of indoxyl sulfate to animals with chronic kidney disease results in
indoxyl sulfate being detected in the proximal and distal tubules of the
kidneywhere organic anion transporters 1 and3have been localized [4].
We therefore hypothesized that antagonists of organic anion transpor-
ters 1 and 3 would suppress indoxyl sulfate-induced cardiac myocyte
hypertrophy and fibroblast collagen synthesis, which contribute to
pathological cardiac remodelling.

Sprague–Dawley neonatal cardiac myocytes and fibroblasts were
isolated and cultured, as described previously [3]. Organic anion
transporters 1 and 3 antagonists (probenecid and cilastatin, respectively)
were co-cultured at increasing doses for 48 hwith indoxyl sulfate (10 μM)
in cardiacmyocytes and fibroblasts. 3H-leucine and 3H-proline incorpora-
tion were used to assess myocyte hypertrophy and collagen turnover,
respectively. 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide assay was used to determine cell viability, as described
previously [3].

Stimulation of cells with indoxyl sulfate caused a 21.0% increase
in cardiacmyocytehypertrophyand15.5% increase in collagen synthesis,
compared with unstimulated cells (pb0.001 and pb0.001 respectively)
(Fig. 1). Co-administration of organic anion transporter 1 and 3
antagonists, probenecid and cilastatin, at concentrations ranging from
0.1 to 100 μMinhibited indoxyl sulfate-stimulatedmyocyte hypertrophy
in a dose-dependent manner (Fig. 1A). Probenecid and cilastatin also
attenuated the increases in indoxyl sulfate-stimulated collagen synth-
esis, again, in a dose-dependent manner (Fig. 1B). Probenecid appeared
to be more potent in inhibiting collagen synthesis compared
to cilastatin. These findings indicate that organic anion transporters 1
and 3 may be involved in indoxyl sulfate-induced cardiac effects.

Hypertrophy and fibrosis are major contributors to cardiac remodel-
ing, leading to heart failure. In this study,we investigated cardiac cells via
an approach to blockade of pro-hypertrophic and pro-fibrotic actions of
indoxyl sulfate in cardiac myocytes and fibroblasts. Inhibition of organic
anion transporters 1 and 3 with probenecid and cilastatin suppressed
indoxyl sulfate-activated cardiac myocyte hypertrophy and fibroblast
collagen synthesis. These findings occurred in the absence of any
significant reduction in cardiac cell viability, as assessed by 3-(4,5-
Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide assay. Specifi-
cally, indoxyl sulfate did not affect cardiac cell viability at the
concentration range from 0.01 to 100 μM [3]. Furthermore, organic
anion transporter 1 and 3 antagonists did not affect cardiac cell viability
at the concentrations used in this study.

This in vitro study directly evaluates inhibition of indoxyl sulfate-
stimulated adverse cardiac effects, in comparison to the in vivo setting
where many other systems may interfere with the findings. Circulating
levels of indoxyl sulfate in chronic kidney disease patients vary from a
fewmicromolars to hundreds of micromolars [5,6]. Thus, the concentra-
tion of 10 μM for indoxyl sulfate-induced cardiac effects falls into the
clinical pathophysiological concentration range. Organic anion transpor-
ter 1 and 3 antagonists appear to attenuate these effects by blocking the
uptake of indoxyl sulfate into cardiac cells. Intervention with other
organic anion transporters 1 and 3 inhibitors and/or suppression of
downstream intracellular actions post-uptake may be of therapeutic
benefit. However, probenecid and cilastatin may have additional, non-
specific actions other than as organic anion transporter inhibitors.

In summary, organic anion transporters 1 and 3 appear to play a role
in indoxyl sulfate-induced pathological cardiac remodelling, which are
suppressed by organic anion transporter 1 and 3 antagonists, in a
dose-dependent manner. Reducing circulating indoxyl sulfate levels
may represent a potential novel therapeutic strategy to ameliorate
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uremic toxin-stimulated cardiac effects in the setting of co-morbid
chronic heart failure and chronic kidney disease.
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Fig. 1. Inhibition effects of probenecid and cilastatin on indoxyl sulfate-induced myocyte hypertrophy (A) and fibroblast collagen synthesis (B). The stimulation effects of indoxyl
sulfate were inhibited by probenecid and cilastatin in a dose-dependent manner, indicating that the effects may be in part via organic anion transporters 1 and 3. Data analyzed by 1-
way ANOVA and presented as means±SEM from three experiments with triplicates. ***pb0.00110 μM indoxyl sulfate vs. unstimulated control, #pb0.05 vs. 10 μM indoxyl sulfate,
##pb0.01 vs. 10 μM indoxyl sulfate, ###pb0.001 vs. 10 μM indoxyl sulfate.
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Background: To further understand the pathophysiology of concomitant cardiac and renal dysfunction, we
investigated molecular, structural and functional changes in heart and kidney that occur when a kidney
insult (5/6 nephrectomy-STNx) follows myocardial infarction (MI).
Methods: Male Sprague Dawley rats (n=43) were randomized into four groups: Sham-operated
MI+Sham-operated STNx (Sham+Sham), MI+Sham-operated STNx (MI+Sham), Sham-operatedMI+STNx
(Sham+STNx) andMI+STNx.MI/Shamsurgerywas followedby STNx/Shamsurgery 4 weeks later. Cardiac and
renal function was assessed prior to STNx/Sham surgery and again 10 weeks later. Hemodynamic parameters
were measured prior to sacrifice.
Results: Compared to theMI+Sham group, STNx further accelerated the reduction in left ventricular (LV) ejection
fraction by 21% (pb0.01), and increased tau logistic by 38% (pb0.01) in MI+STNx animals. Heart weight/body
weight (BW) and lung weight/BW ratios were 39% (pb0.001) and 16% (pb0.01) greater in MI+STNx compared

toMI+Sham animals. Similarly, myocyte cross-sectional area (pb0.001), cardiac interstitial fibrosis (pb0.01) and
collagen I (pb0.01) were increased in the LV non-infarct zone of the myocardium in the MI+STNx group. These
changes were associated with significant increases in atrial natriuretic peptide (pb0.001), transforming growth
factor β1 (pb0.05) and collagen I (pb0.05) gene expression in MI+STNx animals. In comparison with the
Sham+STNx group, renal tubulointerstitial fibrosis was increased by 64% in MI+STNx animals (pb0.001), with
no further deterioration in renal function.
Conclusions: STNx accelerated cardiac changes post-MI whilst MI accelerated STNx-induced renal fibrosis,
supporting bidirectional interactions in cardiorenal syndrome (CRS). This animal model may be of use in
assessing the impact of therapies to treat CRS.
© 2012 Published by Elsevier Ireland Ltd.
1. Introduction

Renal dysfunction frequently coexists with myocardial infarction
(MI) and heart failure (HF), manifesting in the so-called cardiorenal
syndrome (CRS) [1]. The prevalence of renal disease in patients with
chronic HF (CHF) is approximately 25% [2–4]. The degree of renal
dysfunction is a powerful independent risk factor for all-causemortality
in HFpatients [3–8]. Studies have indicated that even a slightworsening
ibility for all aspects of the reli-
heir discussed interpretation.
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of renal function is associated with increased mortality and prolonged
hospital stay [9].

The pathophysiology and potential mechanisms underlying
CRS are poorly understood. The heart and the kidney exert reciprocal
control in maintaining constant blood volume and organ perfusion
under continuously changing conditions. A complex combination of
hemodynamic, neurohormonal, immunological, biochemical feedback
pathways and other unknown factors such as uremic toxins contribute
to CRS [10].

In the event of a cardiac insult, such asMI, the ensuing hemodynamic
disturbances trigger neurohormonal and pro-inflammatory cytokine
activation. Short-term adaptive responses, such as activation of the
renin–angiotensin and sympathetic nervous systems, may become
maladaptive in the heart and kidney with prolonged activation [11].
Recently, we have demonstrated that progressive renal tubulointerstitial
fibrosis occurs post-MI [12]. Kidney injury molecule-1 (KIM-1), a trans-
membrane tubular protein, whose expression is observed following
thological cardiac remodeling post-myocardial infarction: Implications
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Fig. 1. Experimental design. MI, myocardial infarction; STNx, 5/6 nephrectomy.

Fig. 2. Kaplan–Meier curves for groups of Sham+Sham, MI+Sham, Sham+STNx and
MI+STNx respectively.

Table 2
Animal number, survival rate, infarct size, tissue weight and quantitation of the immuno-
histochemical staining for cardiac collagen III in the LV non-infarct zone. Values are

⁎ ⁎⁎
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kidney injury, also appears to be a sensitive and early marker of post-MI
kidney injury [12,13].

Furthermore, in response to MI, inflammatory cells and various
cytokines, such as interleukin-6 (IL-6) and tumor necrosis factor-α
appear at the site of injury that occur in response to local tissue
injury [14]. Although they play a role in stabilization of the infarct,
long term, their activation not only contributes to pathological
fibrosis [14]. In addition to inflammatory responses, indoxyl sulfate,
a non-dialysable uremic toxin, has been demonstrated as a contribu-
tory factor in cardiac hypertrophy and fibrosis [15,16]. In a rat model
of chronic kidney disease (CKD) induced by 5/6 nephrectomy (STNx),
we have demonstrated that cardiac fibrosis correlated closely with
indoxyl sulfate plasma levels [17].

A number of experimental rat models with cardiac or renal impair-
ment have been developed [10]. However, very few have attempted
to combine elements of cardiac and renal dysfunction as a potential
model of CRS [18–22]. Specifically, no study has been performed where
MI-induced left ventricular (LV) systolic dysfunction is complicated by
the addition of CKD. Given the multiplicity of heart-kidney interactions
and lack of systematic investigation of CRS, the present study aimed to
establish a new model of MI (induced by left anterior descending
coronary ligation) followed by a kidney insult (induced by STNx) in
rats. We sought to identify subsequent cardiac and renal changes
(molecular, structural and functional) and examine in detail the poten-
tial mechanisms that may underlie the changes observed.

2. Methods

2.1. Study design and rat model

Male Sprague Dawley rats (n=43) weighing 200-250 g were randomized into four
groups: Sham-operatedMI+Sham-operated STNx (Sham+Sham), MI+Sham-operated
STNx (MI+Sham), Sham-operated MI+STNx (Sham+STNx) and MI+STNx. MI/Sham
surgery was induced initially and STNx/Sham surgery performed 4 weeks later (Fig. 1).
Systolic blood pressure (BP) was measured using tail cuff plethysmography and cardiac
and renal function was assessed as described below prior to STNx/Sham surgery and
again 10 weeks later. Hemodynamic parameters weremeasured prior to sacrifice, tissues
Table 1
Primer sequences used in real-time PCR.

Gene Primer sequence

TGFβ1 Forward: 5′ CCA GCC GCG GGA CTC T 3′
Reverse: 5′ TTC CGT TTC ACC AGC TCC AT 3′

cTGF Forward: 5′ GCG GCG AGT CCT TCC AA 3′
Reverse: 5′ CCA CGG CCC CAT CCA 3′

Collagen I Forward: 5′ TGC CGA TGT CGC TAT CCA 3′
Reverse: 5′ TCT TGC AGT GAT AGG TGA TGT TCTG 3′

Collagen IV Forward: 5′-ATCCGGCCCTTCATTAGCA-3′
Reverse: 5′- GACTGTGCACCGCCATCA-3′

ANP Forward: 5′- ATCTGATGGATTTCAAGAACC-3′
Reverse: 5′-CTCTGAGACGGGTTGACTTC-3′

β-MHC Forward: 5′-TTGGCACGGACTGCGTCATC-3′
Reverse: 5′- GAGCCTCCAGAGTTTGCTGAAGGA -3′

IL-6 Forward: 5′ GCT ATG AAG TTT CTC TCC GCA AGA 3′
Reverse: 5′ GGC AGT GGC TGT CAA CAA CAT 3′

GAPDH Forward: 5'-GACATGCCGCCTGGAGAAAC-3'
Reverse: 5'-AGCCCAGGATGCCCTTTAGT-3'

18S Forward: 5′ TCG AGG CCC TGT AAT TGG AA 3′
Reverse: 5′ CCC TCC AAT GGA TCC TCG TT 3′

Please cite this article as: Liu S, et al, Subtotal nephrectomy accelerates pa
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then collected for histology, gene and protein analysis. The survival analysis was
performed by GraphPad Prism 5 and displayed by Kaplan-Meier survival curves. All
experiments adhered to the Guidelines for AnimalWelfare of National Health andMedical
Research Council of Australia and approved by the Ethics Committee of St Vincent's
Hospital (Animal Ethics Committee Number 027/10).

2.2. Animal surgery

MI surgery was performed as previously describedwithmodifications [23]. Briefly, at
week 0, isoflurane anesthetized animals were intubated and a thoracotomy performed.
The left anterior descending coronary artery was identified and permanently ligated
3 mm below its origin. Buprenorphine (0.03 mg/kg, sc) was administered for analgesia.
Sham animals underwent the same procedure except that the coronary artery was not
ligated.

Four-weeks post-MI, MI/Sham-operated animals underwent either STNx or Sham-
operated STNx as previously described [17]. Briefly, isoflurane-anesthetized rats
underwent right subcapsular nephrectomy and infarction of approximately 2/3 of
the left kidney by selective ligation of two of 3-4 extra-renal branches of the left
renal artery. Sham animals underwent laparotomy and manipulation of both kidneys
before wound closure.

2.3. Cardiac functional assessment

2.3.1. Echocardiography
Transthoracic echocardiography was performed prior to STNx/Sham surgery and

again at the endpoint using a Vivid 7 (GE Vingmed, Horten, Norway) echocardiography
machine with a 10 MHz phased array probe as routinely performed in our laboratory
[24]. Parasternal short-axis views of the heart were used to obtain measures of LV
internal dimension in diastole and systole, and LV posterior and anterior wall thick-
nesses in diastole. Parasternal long-axis views were used to obtain LV end diastolic
(LVEDV) and end systolic (LVESV) volumes. Ejection fraction (EF) and fractional
mean±SEM. BW: body weight. pb0.05 versus Sham+Sham, pb0.01 versus
Sham+Sham, ⁎⁎⁎pb0.001 versus Sham+Sham; §pb0.05 versus MI+Sham, §§pb0.01
versus MI+Sham, §§§pb0.001 versus MI+Sham.

Sham+Sham MI+Sham Sham+STNx MI+STNx

Animal Number 10 11 11 11
Survival rate (%) 100.0 59.7 91.7 44.1
Infarct size (%) – 34.6±2.2 – 33.7±1.5

Tissue weight
Heart weight/BW ratio
(mg/g)

2.4±0.1 2.8±0.1
***

3.9±0.2
***, §§§

3.9±0.2
***, §§§

Lung weight/BW ratio
(mg/g)

3.0±0.1 3.1±0.1 3.6±0.1
**, §§

3.6±0.2
**, §§

LV weight/BW ratio
(mg/g)

1.73±0.07 1.94±0.03
**

2.93±0.14
***, §§§

2.88±0.10
***, §§§

Atria weight/BW ratio
(mg/g)

0.24±0.01 0.32±0.02
**

0.35±0.03
**

0.42±0.04
***, §

Left kidney weight/BW
ratio (mg/g)

3.1±0.1 3.1±0.1 4.6±0.1
***, §§§

5.0±0.2
***, §§§

Immunohistochemical staining
Cardiac collagen III (%) 0.08±0.02 0.11±0.03 0.17±0.04

*
0.19±0.04
*
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Table 3
Blood pressure and echocardiography data at week 4 (prior to STNx/Sham surgery) and week 14. Values are mean±SEM. FS: fractional shortening; EF: ejection fraction; LVEDV and
LVESV: LV end diastolic and end systolic volume; DT: deceleration time; IVRT: isovolumetric relaxation time. Ejection fraction was significantly decreased in MI+STNx animals
compared to the MI+Sham group at week 14. ⁎pb0.05 versus Sham+Sham, ⁎⁎pb0.01 versus Sham+Sham, ⁎⁎⁎pb0.001 versus Sham+Sham; §pb0.05 versus MI+Sham,
§§pb0.01 versus MI+Sham, §§§pb0.001 versus MI+Sham; #pb0.05 versus Sham+STNx, ##pb0.01 versus Sham+STNx, ###pb0.001 versus Sham+STNx.

Week 4 Week 14

Sham+Sham MI+Sham Sham+STNx MI+STNx Sham+Sham MI+Sham Sham+STNx MI+STNx

Blood pressure
Blood pressure
(mmHg)

128.2±6.8 115.5±6.3 122.3±3.5 111.4±4.2 125.8±6.0 118.8±4.7 221.8±10.9
***, §§§

176.6±9.3
***, §§§, ##

Echocardiography
FS (%) 40.5±1.5 21.4±1.5

***
45.3±1.5

§§§
18.1±0.5

***, ###
40.4±2.9 19.1±0.9

***
47.6±3.3

§§§
15.1±0.9

***, §§, ###
Anterior wall thickness (mm) 1.45±0.03 0.91±0.04

***
1.49±0.05

§§§
0.83±0.03

***, ###
1.64±0.04 0.78±0.02

***
2.04±0.06

***, §§§
0.73±0.03

***, ###
Posterior wall thickness (mm) 1.57±0.05 1.81±0.06

*
1.67±0.06 1.65±0.04 1.69±0.06 1.93±0.05

**
2.24±0.08

***, §
1.69±0.08

§, ###
EF (%) 67.1±2.2 42.7±2.3

***
72.2±2.0

§§§
37.7±1.4

***, ###
67.8±2.9 39.4±1.8

***
71.8±3.1

§§§
31.2±1.3

***, §§, ###
LVEDV (mL) 0.66±0.02 0.83±0.05

**
0.60±0.04

§§
0.90±0.05

***, ###
0.76±0.04 1.11±0.05

***
0.81±0.04

§§
1.23±0.07

***, ###
LVESV (mL) 0.22±0.05 0.48±0.04

***
0.17±0.02

§§§
0.56±0.04

***, ###
0.25±0.03 0.68±0.04

***
0.22±0.03

§§§
0.85±0.06

***, §, ###
LV mass
(gram/m2)

1.41±0.04 1.47±0.05 1.40±0.04 1.51±0.03 1.70±0.04 1.80±0.11 2.13±0.07
**, §

1.78±0.08
#

DT (ms) 31.3±1.5 36.0±1.8 38.3±1.1
*

39.0±1.5
**

32.1±1.8 37.2±1.8 31.8±2.1 36.7±2.3

IVRT (ms) 23.0±1.4 31.3±1.2
***

21.9±1.3
§§§

30.3±1.6
**, ###

24.2±1.6 34.7±1.7
**

26.2±1.6
§

35.4±2.5
**, ##

E wave velocity
(m/s)

1.04±0.04 1.07±0.04 1.06±0.03 1.05±0.04 0.99±0.04 0.97±0.04 1.10±0.04 1.03±0.05

A wave velocity
(m/s)

0.64±0.06 0.49±0.03 0.53±0.04 0.48±0.03 0.45±0.05 0.37±0.04 0.66±0.05
*, §§

0.53±0.06
§

E' wave velocity
(cm/s)

4.8±0.3 4.0±0.3 4.4±0.2 3.7±0.2
*

4.0±0.2 3.6±0.3 4.4±0.4 4.1±0.3

A' wave velocity
(cm/s)

3.3±0.3 2.7±0.3 3.5±0.4 2.5±0.1 2.7±0.4 2.5±0.3 4.4±0.3
**, §§

3.1±0.3
#

E/E' wave ratio 22.4±1.1 26.7±1.1 25.1±1.5 28.3±1.7
*

25.0±1.4 28.2±2.2 26.2±2.3 26.0±1.8

E/A wave ratio 1.8±0.1 2.3±0.2 2.1±0.2 2.3±0.2 2.6±0.5 3.0±0.4 1.7±0.1 2.2±0.4
E'/A' wave ratio 1.5±0.1 1.6±0.3 1.4±0.1 1.5±0.1 1.7±0.2 1.6±0.3 1.1±0.1

*
1.5±0.2
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shortening (FS) were calculated according to standard formulae. Doppler and tissue Doppler
images were obtained from the apical 4-chamber view of the heart for measures of diastolic
function, namely early and late transmitral peak diastolic flow velocity (E and A waves),
Table 4
Hemodynamic parameters assessed at week 14. Values are mean±SEM. dP/dt max, dP/dt m
slope of end systolic pressure–volume relationship; EDPVR, slope of end diastolic pressure–
logistic was significantly increased in MI+STNx animals compared to the MI+Sham gro
Sham+Sham; §pb0.05 versus MI+Sham, §§pb0.01 versus MI+Sham, §§§pb0.001 versus M

Sham+Sham MI+

Systolic blood pressure
(mmHg)

104.4±6.3 9

Diastolic blood pressure
(mmHg)

77.3±5.7 6

Heart rate (beats/min) 306±19 3
dP/dt max (mmHg/ms) 6123±215 47

***
−dP/dt min (mmHg/ms) 5229±295 32

***
LVEDP (mmHg) 3.9±0.6

*
ESPVR (mmHg/μl) 0.58±0.07 0

**
EDPVR (mmHg/μl) 0.03±0.01 0
PRSW (mmHg) 78.9±5.5 5

*
Cardiac output (mmHg) 45070±3670 446

Tau logistic
(ms)

10.0±0.5 1
*
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mitral valve inflow E wave deceleration time (DT), isovolumic relaxation time (IVRT)
and peak early and late (E' and A') diastolic tissue velocity at the septal side of the mitral
annulus. All parameters were assessed using an average of three beats and calculations
in: the maximal rate of pressure rise and fall; LVEDP: LV end diastolic pressure; ESPVR,
volume relationship; PRSW, slope of preload recruitable stroke work relationship. Tau
up. ⁎pb0.05 versus Sham+Sham, ⁎⁎pb0.01 versus Sham+Sham, ⁎⁎⁎pb0.001 versus
I+Sham; #pb0.05 versus Sham+STNx, ###pb0.001 versus Sham+STNx.

Sham Sham+STNx MI+STNx

1.8±2.0 116.7±6.4
§§

111.8±6.0
§§

6.3±2.4 87.6±5.4
§§

88.6±5.7
§§

02±23 309±17 314±17
63±163 6193±301

§§§
4633±253

***, ###
12±180 4124±356

*, §
3065±207

***, #
7.3±0.9 10.1±1.4

**
10.7±1.5

**
.29±0.04 0.47±0.07

§
0.32±0.04

**
.03±0.01 0.05±0.01 0.04±0.01
8.2±6.1 62.7±8.9 49.2±4.5

***
78±4975 53724±8169 30761±4775

*, #
2.3±0.7 16.5±1.6

***, §
17.0±1.4

***, §§
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Table 5
Renal function and indoxyl sulfate levels at week 4 (prior to STNx/Sham surgery) and week 14. Values are mean±SEM. STNx animals developed severe renal dysfunction and had
increased indoxyl sulfate levels compared the non-STNx groups at week 14. ⁎pb0.05 versus Sham+Sham, ⁎⁎pb0.01 versus Sham+Sham, ⁎⁎⁎pb0.001 versus Sham+Sham;
§pb0.05 versus MI+Sham, §§pb0.01 versus MI+Sham, §§§pb0.001 versus MI+Sham.

Week 4 Week 14

Sham+Sham MI+Sham Sham+STNx MI+STNx Sham+Sham MI+Sham Sham+STNx MI+STNx

Glomerular filtration rate (ml/min/kg) 10.0±1.1 11.2±0.9 12.1±0.4 11.3±0.9 8.4±0.3 6.9±0.8 1.1±0.5
***, §§§

1.5±0.4
***, §§§

Creatinine clearance (ml/min) 206.4±14.5 162.3±22.4 202.1±24.1 185.1±13.1 222.8±27.5 192.6±36.9 33.7±12.4
***, §§

33.8±7.9
***, §§§

Serum creatinine
(μmol/l)

28.2±1.0 29.3±1.1 30.6±0.7 29.4±0.5 37.9±4.7 45.3±6.7 101.8±12.3
***, §§

110.4±25.3
*

Proteinuria
(mg/24 hr)

20.1±1.5 16.9±1.1 19.6±1.4 14.8±1.9 24.8±2.2 20.4±1.7 391.4±60.1
***, §§§

433.7±87.1
***, §§§

Indoxyl sulfate (mg/dl) 0.15±0.01 0.16±0.05 0.18±0.02 0.22±0.03 0.13±0.03 0.16±0.02 0.76±0.19
**, §

0.72±0.15
*, §

Fig. 3. Representative images of the LV non-infarct zone showing picrosirus red staining from the following groups (a) Sham+Sham, (b)MI+Sham, (c) Sham+STNx and (d)MI+STNx.
Scale bar, 100 μm. Quantitation of picrosirius red staining (e) showingMI+STNx animals had significantly greater cardiac interstitial fibrosis compared to theMI+Sham group. Data are
expressed as mean±SEM. ⁎pb0.05 versus Sham+Sham, ⁎⁎pb0.01 versus Sham+Sham, ⁎⁎⁎pb0.001 versus Sham+Sham; #pb0.05, ##pb0.01 for between group comparisons.
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Fig. 4. Representative images of the LV non-infarct zone showing collagen I immunostaining from the following groups (a) Sham+Sham, (b) MI+Sham, (c) Sham+STNx and
(d) MI+STNx. Scale bar, 30 μm. Quantitation of collagen I (e) showing MI+STNx animals had significantly greater immunostaining than the MI+Sham group. Data are expressed as
mean±SEM. ⁎pb0.05 versus Sham+Sham, ⁎⁎⁎pb0.001 versus Sham+Sham; ##pb0.01 for between group comparisons.
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were made in accordance with the American Society of Echocardiography guidelines. All
data were acquired and analysed by a single blinded observer using Echo PAC (GE
Vingmed) offline processing.
2.3.2. Cardiac catheterization
Hemodynamicmeasurementswere performed prior to tissue collection as previously

described [17]. Briefly, a 2 F miniaturized combined catheter/micromanometer (Model
SPR838 Millar instruments, Houston, TX) was inserted into the right common carotid
artery to obtain aortic BP, and then advanced into the LV to obtain LV pressure–volume
(PV) loops. PV loopswere recorded at steady state and during transient preload reduction,
achieved by occlusion of the inferior vena cava and portal vein with the ventilator turned
off and rat apnoeic. The following validated parameters were assessed using Millar con-
ductance data acquisition and analysis software PVAN 3.2: LV end diastolic pressure
(LVEDP), the maximal rate of pressure rise (dP/dtmax) and fall (dP/dtmin), the slope of
the end systolic PV relationship (ESPVR), the slope of the end diastolic PV relationship
(EDPVR), Tau (t Logistic), and the slope of the preload recruitable stroke work (PRSW)
relationship.
Please cite this article as: Liu S, et al, Subtotal nephrectomy accelerates pa
for cardiorenal syndrome, Int J Cardiol (2013), http://dx.doi.org/10.1016/j.i
2.4. Renal functional assessment

2.4.1. Glomerular filtration rate
Glomerular filtration rate (GFR) was assessed prior to STNx/Sham surgery and again

at the endpoint as previous described [17]. Animals were intravenously injected with a
radioactive isotope, 99technetium-diethylene triamine penta-acetic acid (99Tc-DTPA)
which is excreted solely by the glomerulus. Blood was sampled 43 min after injection
and plasma radioactivity measured to evaluate the rate of DTPA excretion, this was
compared to the counts of the standard reference prepared at the time of injection. The
calculated GFR was corrected for body weight (BW) and reported as GFR ml/min/kg.

2.4.2. Creatinine clearance, proteinuria and plasma indoxyl sulphate levels
Prior to STNx/Sham surgery and at the endpoint, rats were bled and then housed

in metabolic cages for 24 h for urine collection. Serum creatinine, urinary creatinine and
proteinuria were measured using a Cobas Integra® 400 Plus Bioanalyzer (Roche, India-
napolis, IN) as per manufacturers' instructions. Creatinine clearance was calculated
according to standard formula [17]. Plasma indoxyl sulfate levels were measured using
a high performance liquid chromatography method as previously described [17,25].
thological cardiac remodeling post-myocardial infarction: Implications
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Fig. 5. Representative images of the LV non-infarct zone showing hematoxylin and eosin staining in myocytes from the following groups (a) Sham+Sham, (b) MI+Sham,
(c) Sham+STNx and (d) MI+STNx. Scale bar, 30 μm. Quantitation of the data (e) showing that MI+STNx animals had significantly larger cardiomyocytes compared to the MI+Sham
group. Data are expressed as mean±SEM. ⁎⁎pb0.01 versus Sham+Sham, ⁎⁎⁎pb0.001 versus Sham+Sham; #pb0.05, ###pb0.001 for between group comparisons.

6 S. Liu et al. / International Journal of Cardiology xxx (2013) xxx–xxx
2.5. Histology and immunohistochemistry

Cross sections of LV (4 μm) from all MI animals were stained with picrosirius red
and scanned using Aperio ScanScope Console v.8.0.0.1058 (Aperio Technologies, Inc)
for infarct size analysis. Infarct size was expressed as an averaged percentage of
the endocardial and epicardial scarred circumferences of the LV. Animals with small
infarcts (b20%) were omitted from the analysis.

LV and kidney tissue sections from all animals, stained with picrosirius red, were
analysed for interstitial fibrosis using Aperio ScanScope Console v.8.0.0.1058 (Aperio
Technologies, Inc). Picrosirius red stained interstitial fibrosis in the non-infarct zone of
the LV and kidney, excluding perivascular fibrosis, was selected for its intensity of red
staining, and the percentage areawas calculated using a pre-set algorithm [17]. The inten-
sity and algorithm was preset and maintained constant for the analysis of all sections.

LV tissue sections fromall animalswere stainedwith hematoxylin-eosin to determine
myocyte cross-sectional area in the non-infarct zone of the LV sub-endocardium. Sections
were scanned and images analysed using Aperio ScanScope Console v.8.0.0.1058 (Aperio
Technologies, Inc). Myocytes in the same plane, as assessed by selecting cells with similar
sized nuclei and intact cellular membranes in the non-infarct zone of the myocardium,
were outlined and the average calculated from 50myocytes per LV [12]. Similar sized nu-
clei were consistently selected for all groups.
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Antibody staining of the non-infarct zone of the LV from all animals for collagen I and
collagen III was assessed immunohistochemically, using goat anti-type I collagen (Southern
Biotech, Birmingham, AL, USA) and goat anti-type III collagen (BioGenex, San Ramon,
CA, USA) antibodies respectively with horseradish peroxidase (HRP)-linked secondary
antibodies. Images were digitally captured using an AxioImager.A1 microscope (Carl
Zeiss AxioVision) attached to an AxioCamMRc5 digital camera (Carl Zeiss AxioVision).
The positive brown staining was quantified using image analysis software AIS (Analytic
Imaging Station version 6.0, Imaging Research Inc., Ontario, Canada) [26]. Results were
expressed as average percentage area of 10 fields at ×100 magnification in the
subendocardial region of the non-infarct zone of the LV for all animals. Antibody staining
was selected for its intensitywhichwas preset andmaintained constant for the analysis of
all sections.

Tissue expression of KIM-1 in the non-infarct zone of the kidney cortex from all
animals was assessed immunohistochemically, using goat anti-KIM-1 antibodies (R&D
Systems, Minneapolis, MN, USA). Sections were scanned and images were analysed
using Aperio ScanScope Console v.8.0.0.1058 (Aperio Technologies, Inc). The positive
brown staining in the non-infarct zone of the kidney cortex was selected for its intensity,
and results were expressed as percentage area calculated using a pre-set algorithm [12].
The intensity of antibody staining and the algorithmwas preset and maintained constant
for the analysis of all sections.
thological cardiac remodeling post-myocardial infarction: Implications
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Fig. 6.mRNA expression of pro-fibrotic related markers TGFβ1 (a), cTGF (b) and collagen I (c) and hypertrophic related markers ANP (d) and β-MHC (e) gene expression, expressed
as a ratio of GAPDH in the LV non-infarct zone. Data are expressed as mean±SEM. ⁎pb0.05 versus Sham+Sham, ⁎⁎pb0.01 versus Sham+Sham, ⁎⁎⁎pb0.001 versus Sham+Sham;
#pb0.05, ##pb0.01, ###pb0.001 for between group comparisons.
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Tissue expression of macrophage infiltration in the non-infarct zone of the kidney
cortex from all animals was assessed immunohistochemically, using mouse anti-CD 68
antibodies (AbD Serotec, Raleigh, NC, USA). Sections were scanned using Aperio ScanScope
Console v.8.0.0.1058 (Aperio Technologies, Inc). The total number of macrophages (CD 68
immunoreactive cells) in the non-infarct zone of the kidney cortexwas individually counted
[26]. All histological and immunohistochemical data were acquired and analysed by a single
blinded observer.

2.6. Quantitative mRNA expression

Total RNA was extracted from frozen non-infarct zone cardiac and renal tissue using
Ambion RNAqueous® Kit (Ambion, Austin, TX, USA). mRNA was reverse transcribed into
cDNA, and triplicate cDNA aliquots were amplified using sequence-specific primers
(Geneworks, Adelaide, SA, Australia) with SYBR Green detection (Applied Biosystems)
using an ABI prism 7900HT sequence detection system (Applied Biosystems). Real-time
PCR was used to quantify mRNA expression of transforming growth factor (TGF) β1, con-
nective tissue growth factor (cTGF), collagen I, collagen IV, atrial natriuretic peptide
(ANP), β-myosin heavy chain (β-MHC) and IL-6. Quantitation was standardized to the
housekeeping genes GAPDH (cardiac tissue) and 18S (renal tissue). The primer pair se-
quences are shown in Table 1.

2.7. Western blot analysis

Total protein was extracted from frozen non-infarct zone cardiac tissues and renal
tissues with modified RIPA buffer containing protease and phosphatase inhibitors using a
polytron homogenizer as previously described [17]. Protein concentrations were deter-
mined by Bradford assay (Bio-Rad, Hercules, CA, USA). Equal amounts of protein (30 μg)
were separated by 10% sodium dodecyl sulfate-polyacrylamide gel electrophoresis, and
electrophoretically transferred to nitrocellulose membranes (Amersham Biosciences)
[27]. Western blot analysis was performed as per manufacturer's protocol with specific
antibodies (phospho-smad2, TGF-β precursor, phospho-p44/42 mitogen-activated pro-
tein kinase (MAPK), phospho-p38 MAPK and phospho-nuclear factor kappa B (NFκB)
antibodies-Cell Signaling Technology, Beverly,MA, USA; pan-actin antibody–NeoMarkers,
Fremont, CA, USA) and then visualized by enhanced chemiluminescence reagents
Please cite this article as: Liu S, et al, Subtotal nephrectomy accelerates pa
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(Thermo Scientific). Band intensity was analysed using ImageJ software (National Center
for Biotechnology Information) [15]. Pan-actin was used as the endogenous control.

2.8. Statistical analyses

Results are expressed as the mean±SEM. Significance was determined by a one-way
ANOVA with Bonferroni's multiple comparison test. For comparisons between 2 groups,
unpaired Student t-test was used. All statistical analyses were performed using GraphPad
Prism 5. Significant differences compared to Sham+Sham animals are expressed as
⁎pb0.05, ⁎⁎pb0.01, and ⁎⁎⁎pb0.001; significant differences compared to MI+Sham
animals are expressed as §pb0.05, §§pb0.01, and §§§pb0.001; significant differences
compared to Sham+STNx animals are expressed as #pb0.05, ##pb0.01, and ###pb0.001.

3. Results

3.1. Survival rate

Survival rates for the different groups were 100%, 59.7%, 91.7% and
44.1% for Sham+Sham, MI+Sham, Sham+STNx and MI+STNx
animals respectively (Fig. 2). The number of animals in each group
at the endpoint is shown in Table 2.

3.2. Blood pressure, tissue weight and infarct size

There was no difference in BP between all groups prior to STNx/
Sham (Table 3). As a consequence of STNx, all STNx animals were
hypertensive. MI+STNx animals had reduced systolic BP compared
to the Sham+STNx group (pb0.01) (Table 3).

There was no difference in infarct size between MI+STNx and
MI+Sham groups (Table 2). All tissue weights were corrected for
thological cardiac remodeling post-myocardial infarction: Implications
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Fig. 7. Representative images of the Western blot showing cardiac protein levels in the LV non-infarct zone from Sham+Sham, MI+Sham, Sham+STNx and MI+STNx groups
(a). Quantitation of the protein levels of TGF-β (b), phospho-p44/42 MAPK (c), phospho-p38 MAPK (d), and phospho-NFκB (e) in the non-infarct zone of the myocardium as
normalized with pan-actin. Data are expressed as mean±SEM.
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BW. Heart weight/BW, LV weight/BW, atria weight/BW, lung weight/
BW and left kidney weight/BW ratios were significantly greater in
MI+STNx animals compared to the MI+Sham group (Table 2). Heart
weight/BW and LV weight/BW ratios were higher in Sham+STNx
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animals compared with MI+Sham animals (pb0.001), because the
MI injury removed 34% of the LV free wall mass and replaced it with a
scar, this was also evident in the echocardiography measure of anterior
wall thickness which was significantly reduced compared to the
thological cardiac remodeling post-myocardial infarction: Implications
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Fig. 8. Representative images of the non-infarct zone of the remaining left kidney showing picrosirus red staining from the following groups (a) Sham+Sham, (b) MI+Sham,
(c) Sham+STNx and (d) MI+STNx. Scale bar, 50 μm. Quantitation of renal tubulointerstitial fibrosis (e) showing MI+STNx animals had significantly greater tubulointerstitial fibrosis
than the MI+Sham and Sham+STNx groups. Data are expressed as mean±SEM. ⁎pb0.05 versus Sham+Sham, ⁎⁎⁎pb0.001 versus Sham+Sham; ###pb0.001 for between group
comparisons.
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Sham+Sham group at week 14 (pb0.001) (Table 3). Also both
anterior and posterior wall thickness in the Sham+STNx animals was
significantly increased compared to MI+Sham animals (pb0.001 and
pb0.05 respectively) suggesting that there was more muscle mass in
the STNx group, and hence the LV and total heart weight as a ratio of
BW was greater. A major driver of this hypertrophy was the increase
in BP that was observed in the Sham+STNx group compared to the
MI+Sham group (Table 3).

3.3. Cardiac function

Significant reductions in LV EF and FS were observed in animals
that underwent MI compared to sham-operated animals at 4 weeks
post-MI (Table 3). Animals that underwent MI+STNx had a further
21% reduction in both LV EF and FS compared to the MI+Sham
group at 10 weeks post-STNx (pb0.01). Although no difference in A
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wave velocity was observed between all groups at 4 weeks post-MI;
a significant increase was seen in MI+STNx animals compared to
the MI+Sham group at 10 weeks post-STNx (pb0.05).

The time constant of active relaxation, Tau logistic, was significantly
prolonged by 38% in MI+STNx animals compared to the MI+Sham
group (pb0.01) (Table 4). Significant increases in systolic and diastolic
BP were observed in MI+STNx animals compared to the MI+Sham
group (pb0.01). LVEDP in MI+STNx animals compared to the
MI+Sham group did not reach significance (p=0.08). MI+STNx ani-
mals had a 31% reduction in cardiac output compared to theMI+Sham
group (p=0.06).

The rate of rise and fall of pressure in the LV, dP/dt (max) and dP/dt
(min), were significantly reduced in MI animals compared to the
non-MI groups; however, no difference was observed comparing
MI+STNx animals with the MI+Sham group. PRSW and ESPVR
were significantly reduced in animals that underwent MI compared to
thological cardiac remodeling post-myocardial infarction: Implications
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Fig. 9. Representative images of the non-infarct cortex region of the remaining left kidney showing immunostaining of the renal injury biomarker KIM-1 from the following groups
(a) Sham+Sham, (b) MI+Sham, (c) Sham+STNx and (d) MI+STNx. Scale bar, 30 μm. Quantitation of KIM-1 (e) showing STNx animals had significantly greater levels of the
KIM-1 compared to the non-STNx groups. Data are expressed as mean±SEM. ⁎⁎pb0.01 versus Sham+Sham; ##pb0.01 for between group comparisons.
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Sham+Sham control animals; while EDPVR was not statistically
different among the groups.

3.4. Renal function

There was no difference in renal function among the groups prior
to STNx/Sham surgery (Table 5). At 14 weeks, STNx animals devel-
oped severe renal dysfunction as indicated by reduced GFR, reduced
creatinine clearance and increased proteinuria compared the
non-STNx groups. However, no further deterioration was observed
between MI+STNx and Sham+STNx groups at 14 weeks.

3.5. Indoxyl sulfate levels

There was no difference in plasma indoxyl sulfate levels among the
groups prior to STNx/Sham (Table 5). STNx animals had significantly
Please cite this article as: Liu S, et al, Subtotal nephrectomy accelerates pa
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higher indoxyl sulfate levels at 14 weeks, and there was no significant
difference between MI+STNx and Sham+STNx groups.
3.6. Cardiac interstitial fibrosis

Cardiac interstitial fibrosis in the LV non-infarct zone, determined
from picrosirius red staining, was significantly increased in
MI+STNx animals compared to the MI+Sham group (pb0.01)
(Fig. 3a–e). LV fibrosis was also greater in MI+Sham and
Sham+STNx animals compared to Sham+Sham control animals
(pb0.05 and pb0.001 respectively). Antibody staining for collagen I
in the LV non-infarct zone was significantly increased in MI+STNx
animals compared to the MI+Sham group (pb0.01) (Fig. 4a–e);
while antibody staining for collagen III in the LV non-infarct zone was
non-significantly elevated between MI+STNx and MI+Sham groups
(p=0.08) (Table 2).
thological cardiac remodeling post-myocardial infarction: Implications
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Fig. 10. Representative images of the non-infarct cortex region of the remaining left kidney showing immunostaining of macrophage infiltration from the following groups
(a) Sham+Sham, (b) MI+Sham, (c) Sham+STNx and (d) MI+STNx. Scale bar, 30 μm. Quantitation of number of CD68 positive cells (e) showing STNx animals had significantly in-
creased macrophage infiltration compared to the non-STNx groups. Data are expressed as mean±SEM. ⁎⁎⁎pb0.001 versus Sham+Sham; ###pb0.001 for between group comparisons.
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3.7. Myocyte cross-sectional area

Myocyte cross-sectional area in the LV non-infarct zone, determined
from hematoxylin and eosin stained sections, was elevated by 44%
in MI+STNx animals compared to the MI+Sham group (pb0.001)
(Fig. 5a–e). The myocyte cross-sectional area was also greater in
MI+Sham and Sham+STNx animals compared to Sham+Sham
control animals (pb0.01 and pb0.001 respectively).

3.8. Cardiac mRNA expression

Real time PCR was used to determine gene expression of the
pro-fibrotic related markers TGFβ1, cTGF and collagen I in the LV non-
infarct zone at the endpoint (Fig. 6a–c). Compared to Sham+Sham
control animals, TGFβ1 and collagen I were significantly increased in
the Sham+STNx and MI+STNx groups (pb0.05), whereas cTGF ex-
pression was significantly elevated in the MI+Sham and MI+STNx
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groups (pb0.05). TGFβ1 and collagen I, but not cTGF showed significant
increases in MI+STNx animals compared to the MI+Sham group
(pb0.05).

The hypertrophic related marker ANP was increased in Sham+STNx
and MI+STNx animals compared to the Sham+Sham control group
(pb0.05 and pb0.001 respectively) (Fig. 6d). In MI+STNx animals ANP
was significantly elevated compared to eitherMI+Shamor Sham+STNx
group (pb0.001 and pb0.01 respectively). The hypertrophic related
marker β-MHC was significantly increased in MI+Sham and MI+STNx
animals compared to the Sham+Sham control group (pb0.05), but
there was no significant difference between MI+STNx and MI+Sham
groups (Fig. 6e).

3.9. Cardiac signaling pathway activation

Activation of phospho-smad2 was not detectable in the LV non-
infarct zone using Western blot analysis. Although no significant
thological cardiac remodeling post-myocardial infarction: Implications
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Fig. 11. mRNA expression of pro-fibrotic related markers TGFβ1 (a) and collagen IV
(b); and the pro-imflammatory cytokine 1 L-6 (c) in the remaining left kidney, expressed
as a ratio of 18S. Data are expressed as mean±SEM. ⁎pb0.05 versus Sham+Sham,
⁎⁎pb0.01 versus Sham+Sham; #pb0.05, ##pb0.01 for between group comparisons.
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differences in the levels of TGF-β/pan-actin, phospho-p44/42 MAPK/
pan-actin, phospho-p38 MAPK/pan-actin and phospho-NFκB/pan-actin
were found among the groups, there was an indicating trend towards
an increase in TGF-β/pan-actin between Sham+Sham and MI+STNx
groups (Fig. 7a–e). There was also a definite trend toward an increase
in phospho-NFκB/pan-actin betweenMI+Sham andMI+STNx groups.

3.10. Renal tubulointerstitial fibrosis

MI+Sham (pb0.05), Sham+STNx (pb0.001) and MI+STNx
(pb0.001) animals demonstrated significantly greater tubulointerstital
fibrosis in the non-infarct zone of the kidney compared to Sham+Sham
control group. Both STNx groups had significantly greater renal
tubulointerstitial fibrosis compared to the MI+Sham group (pb0.001).
MI+STNx animals had incrementally greater tubulointerstitial fibrosis
compared to the Sham+STNx group (pb0.001) (Fig. 8a–e).

3.11. Renal injury biomarker and macrophage infiltration

STNx animals demonstrated significantly greater expression of
the renal injury biomarker KIM-1 (Fig. 9a–e) and had increased
macrophage infiltration (Fig. 10a–e) in the non-infarct cortex region
of the remaining left kidney compared to the non-STNx groups; and
no significant difference was observed between MI+STNx and
Sham+STNx groups.

3.12. Renal mRNA expression

Renal pro-fibrotic related markers TGFβ1 and collagen IV as well as
pro-inflammatory cytokine IL-6 were significantly increased in STNx
animals compared the non-STNx groups (Fig. 11a–c); and no further
increase was observed between MI+STNx and Sham+STNx groups.

3.13. Renal signaling pathway activation

Activation of phospho-smad2 was not detectable in the kidney
using Western blot analysis. There were significant increases in the
levels of TGF-β, phospho-NFκB and phospho-p38 MAPK but not
phospho-p44/42 MAPK as normalized with pan-actin comparing
both Sham+STNx andMI+STNx groups to the Sham+Sham control
animals (Fig. 12a–e). The levels of TGF-β, phospho-NFκB and
phospho-p38 MAPK as normalized with pan-actin were significantly
up-regulated in MI+STNx animals compared to the MI+Sham
group.

4. Discussion

The present study demonstrates that MI followed by STNxmay be a
potentially useful model to assess the pathophysiology and mecha-
nisms underlying CRS as well as the impact of potential therapies in
this setting. Impairment of cardiac function and accelerated cardiac
remodeling as well as increased renal tubulointerstitial fibrosis was
observed in animals that underwentMI followed by STNx. These findings
are of considerable interest as this model appears to successfully recapit-
ulate features of the phenotype of both ventricular remodeling and kid-
ney impairment which occurs clinically. Few studies have investigated
the effects of MI on animals with primary CKD, however no report has
described the effects of 5/6 STNx on animals with a primary cardiac dis-
ease [28]. A previous study examining amodel of unilateral nephrectomy
followed by MI did not reproduce the condition of primary CKD contrib-
uting to decreased cardiac function as renal function was preserved in
those animals [19,20], suggesting unilateral nephrectomy takes longer
for renal impairment to evolve. In this study, we allowed 4 weeks
post-MI for animals to develop cardiac dysfunction before inducing 5/6
STNx, a further 10 weeks allows for the development of CKD whilst at
the same time preserving survival asmuch as possible to permit adequate
thological cardiac remodeling post-myocardial infarction: Implications
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Fig. 12. Representative images of the Western blot showing renal protein levels from Sham+Sham, MI+Sham, Sham+STNx and MI+STNx groups (a). Quantitation of the protein
levels of TGF-β (b), phospho-p44/42 MAPK (c), phospho-p38 MAPK (d), and phospho-NFκB (e) as normalized with pan-actin. Data are expressed as mean±SEM. ⁎pb0.05 versus
Sham+Sham, ⁎⁎⁎pb0.001 versus Sham+Sham; #pb0.05, ###pb0.001 for between group comparisons.
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tissue analysis. To our knowledge, this paper is the first description of
progressive functional, structural and molecular changes on heart and
kidney in a pre-clinical model of MI followed by STNx that replicates
the clinical scenario leading to CRS [1].

Worsening renal function in the context of HF is associated with
adverse outcomes [29]. Reflecting this, mortality was increased by 26%
in MI+STNx animals than the MI+Sham group, despite no difference
in infarct size as well as attenuation rather than an increase in BP in
MI+STNx animals.

MI animals developed systolic dysfunction, as indicated by signifi-
cant decreases in LV EF and FS at 4 weeks post-MI. The subsequent
STNx accelerated the progression of cardiac remodeling leading to a
further reduction in LV EF and FS in MI+STNx animals compared to
the MI+Sham group. Cardiac remodeling was also accompanied by
pulmonary congestion as lung weight was significantly increased in
MI+STNx animals compared to the MI+Sham group. It is therefore
likely that MI+STNx animals had some degree of decompensated HF.

In this study, we specifically explored progressive structural,
molecular and biochemical changes to the myocardium that progress
to LV dysfunction. A prominent cardiac remodeling event associated
with functional alterations is myocardial fibrosis, assessed by the
extent of collagen deposition. MI+STNx animals had significantly
greater collagen I protein expression compared to the MI+Sham
group, consistent with a significant elevation in cardiac extra-cellular
fibrosis accumulation. These changes were associated with significant
increases in LV gene expression of fibrotic related markers TGFβ1 and
collagen I in MI+STNx animals compared to the MI+Sham group.

Increased fibrosis in the LV impedes cardiac relaxation and led to
a deterioration in diastolic function as observed by a significant increase
in A wave velocity in MI+STNx animals compared to the MI+Sham
group. Furthermore, a significant increase in the hemodynamic parame-
ter of Tau logistic, a load independent measure of isovolumetric relaxa-
tion and LV chamber stiffness, suggested impaired ventricular relaxation.

In addition, compensatory eccentric hypertrophy of the viable
myocardium contributes to ventricular dysfunction [30]. Increases in
myocyte cross-sectional area as well as elevated heart weight were
observed in MI+STNx animals compared to the MI+Sham group,
which may be contributory to and reflective of the detrimental effects
of pathological cardiac remodeling [31,32]. These were associated
with significant increases in gene expression of the hypertrophic
related marker ANP in MI+STNx animals compared to the MI+Sham
group.

A definite trend toward an increase in the levels of phospho-NFκB
between MI+Sham and MI+STNx animals, and an indicating trend
toward an elevation in the levels of TGF-β between Sham+Sham
and MI+STNx animals were observed, indicating these pathways
may be operating under the setting of MI+STNx. Lack of significant
differences among the groups may be related to the time point of
the analysis. Cardiac signaling pathway activation occurs immediately
or very early in the cardiac remodeling response to MI [33]. The TGF-β
precursor increases within the first day post-MI [34]. After inflamma-
tion has subsided, peak levels of differently activated signaling path-
ways are likely to decrease in the post-MI heart. Therefore, the
alterations may be difficult to observe at the 14-week time-point at
which tissues were harvested.

Renal fibrosis, another pathological process that occurs post-MI
[12] was accelerated by STNx. Renal tubulointerstitial fibrosis was
increased in MI+STNx animals despite significantly lower BP compared
to the Sham+STNx group, indicating that this detrimental effect had a
BP-independent component. Up-regulated gene expressionof thefibrotic
relatedmarkers TGFβ1 and collagen IV as well as pro-inflammatory cyto-
kine IL-6 was observed in the kidney in STNx animals. Although gene
changes in the kidney between MI+STNx and Sham+STNx animals
were not observed, these are likely to have occurred considerably earlier
than the 14-week time-point. Activation of gene expression is a dynamic
process [35], hence the increases in transcription inMI+STNx animals at
Please cite this article as: Liu S, et al, Subtotal nephrectomy accelerates pa
for cardiorenal syndrome, Int J Cardiol (2013), http://dx.doi.org/10.1016/j.i
14-weeks post-MI may have returned back to the levels in the
Sham+STNx group. Increases in TGF-β, phospho-p38 MAPK and
phospho-NFκB protein levels were found in the kidney in Sham+STNx
and MI+STNx animals compared to the Sham+Sham control group.
Thus activation of fibrotic related pathways, namely TGF-β, p38
MAPK andNFκB,may at least in part contribute to the functionalworsen-
ing observed in STNx animals. These changes were accompanied by
increases in renal injury biomarker (KIM-1) andmacrophage infiltration
in STNx animals, all of which may be contributory to the subsequent
renal fibrosis [36,37].

Two insults within a 4-week periodmay not ideally replicate the clin-
ical scenario of heart failure followed by renal insufficiency and is a limi-
tation of the current study. However, the features of accelerated organ
worsening have clinical implications. Functional changes in the kidney
between MI+STNx and Sham+STNx animals were not observed, at
least at the 14-week time-point. We did, however, observe structural
changes in the kidney which were greater in MI+STNx compared to
Sham+STNx animals. This may translate to functional changes over a
time period beyond our study duration (10 weeks post STNx). Alterna-
tively, the insult induced by STNx may be so aggressive that a further
reduction in renal function following MI would be difficult to observe.

In conclusion, the present study has systematically examined the
pathophysiology and the mechanisms underlying cardiac and renal
changes in the setting of MI followed by STNx. STNx accelerates
cardiac hypertrophy, fibrosis and cardiac dysfunction post-MI, whilst
MI accelerates STNx-induced renal fibrosis. These findings have
clinical implications with regard to the pathophysiology of the
so-called cardiorenal syndrome in man specifically renal impairment
post MI, and it may represent a useful pre-clinical model that
recapitulates some of the clinical features of this condition. We have
thus established a new proof-of-concept CRS model to improve
understanding of organ crosstalk and potentially assess the efficacy
of mechanism-targeted therapies in attenuating both cardiac and
renal injury in the CRS setting.
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