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ABSTRACT 

Recent studies support the association between metabolic syndrome (MetS), a cluster 

of cardiovascular risk factors, and diastolic dysfunction. Disproportionate collagen 

accumulation, particularly cross-linking of collagen, plays a key role in translating 

interstitial fibrosis into mechanical chamber stiffness and diastolic dysfunction. 

Characteristic changes in the expression and activity of myocardial lysyl oxidase (LOX), 

a matrix modifying enzyme that catalyzes cross-linked collagen, are unclear in MetS. We 

established a diet-induced MetS model to study diastolic dysfunction by treating male 

C57BL/6 mice a high-fat high-simple carbohydrate (HFHSC) diet for 6 months. Despite 

blunted gene expression of LOX isoforms, MetS mice demonstrated significant increase 

in the ratio of protein expression of mature to proenzyme LOX, enhanced LOX activity, 

and increased cardiac cross-linked collagen compared with controls. This fibrotic 

response coincided with marked increase in left ventricular end-diastolic pressure and 

stiffness and impaired diastolic filling pattern. Our data demonstrate that diet-induced 

MetS alters the remodeling enzyme LOX, thereby increasing the amount of crosslinking 

and inducing diastolic dysfunction.  

Furthermore we examined the role of T-lymphocytes in myocardial LOX regulation in 

diet-induced fibrotic hearts. Female SCID mice which are devoid of functional T-

lymphocytes and C57BL/6 mice were treated with HFHSC diet for 12 months. Similar to 

male C67BL/6, female HFHSC-fed C57BL/6 mice demonstrated significant increase in 

maturation and catalytic activity of myocardial LOX, cross-linking, ventricular stiffness 

and diastolic dysfunction. Whereas induction of LOX protein was minimal in SCID mice 
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compared with wild-type counterparts. Correspondingly fibrillar cross-linked collagen 

formation and diastolic dysfunction were less prominent in SCID mice. Our results 

suggest a potential role of T-lymphocytes in induction of myocardial stiffness and 

diastolic dysfunction through modulation of LOX-dependent collagen maturation. 

Moreover we studied the role of leptin, an adipokine over-produced in MetS with fibrotic 

effects in non-cardiac tissues, as a key mediator of profibrogenic responses in the heart 

by administrating leptin to C57BL/6 and leptin-deficient ob/ob mice. With exogenous 

leptin administration ob/ob mice displayed passive diastolic filling dysfunction that 

coincided with increase in myocardial collagen compared with ob/ob controls. Our 

findings suggest profibrotic effects of leptin in the heart, primarily through predominance 

of collagen synthesis over degradation. 
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CHAPTER 1 

INTRODUCTION 

 

1.1 Research Motivation 

Metabolic syndrome (MetS) is a cluster of cardiovascular risk factors that are of 

metabolic origin and include abdominal obesity, atherogenic dyslipidemia, hypertension, 

and insulin resistance. Although estimates of prevalence are critically dependent on the 

exact definition used, MetS has reached epidemic proportion (Ford et al. 2002). 

Individual components of MetS are known to increase cardiovascular morbidity and 

mortality. However, evidence continues to emerge in support of the additional 

cardiovascular risk in patients with MetS, exceeding that expected from its individual 

components (Reilly and Rader 2003). The mechanisms underlying the increased 

cardiovascular risk may in part be due to the development of more pronounced left 

ventricular remodeling and cardiac dysfunction. It has been shown that MetS is closely 

associated with myocardial fibrosis and diastolic dysfunction (Grandi et al. 2006). 

Diastolic heart failure is a distinct clinical entity which is the etiology for nearly half of 

all patients admitted to the hospital with evidence of congestive heart failure (Owan et al. 

2006). Mortality of diastolic heart failure patients is four times that of age and sex 

matched controls without heart failure (Vasan et al. 1999). The prognosis of diastolic 

heart failure is generally better than that of systolic heart failure when ambulatory 

patients are compared, but similar when hospitalized or very elderly patients with heart 

failure are investigated. Although diastolic dysfunction is common in clinical practice 
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worldwide, its management is mostly empirical and not as well defined as therapies for 

systolic dysfunction. Current treatment recommendations, according to the American 

Heart Association Practice Guidelines, are more often based on expert opinion and 

common medical practice rather than on evidence (Hunt 2006). New insights from basic 

and clinical research are required to define the regulators of diastolic dysfunction and 

illuminate novel targets for treatment. 

Although myocardial fibrosis has been reported in MetS, the mechanisms by which MetS 

leads to excessive fibrosis remain to be clearly defined. The characteristic changes in the 

expression, maturation, and activity of lysyl oxidase (LOX), an enzyme involved in post-

translational cross-linking of collagen, are unknown in MetS. Once the role of this 

enzyme in development of MetS-induced cardiac interstitial fibrosis and its regulators are 

defined, selective LOX modulation may provide an avenue for treating diastolic 

abnormalities in these patients. 

Moreover, with growing prevalence of MetS it is critically important to investigate the 

potential mediators of cardiac ECM remodeling as a therapeutic target. Hyperleptinemia 

has been proposed as an additional component of metabolic syndrome (Leyva et al. 

1998), as it predicts a worsening of the features of MetS independently of obesity (Franks 

et al. 2005). Leptin is an adipokine with well-known profibrotic effects in non-cardiac 

tissues that mainly affects collagen degrading enzyme, matrix metalloproteinases 

(MMPs) (Cao et al. 2007;Cao et al. 2004;Wolf et al. 1999). If the profibrotic effect of 

leptin in the heart is proven, it may be a potential mechanism whereby MetS contributes 

to impaired diastolic function. This will likely provide the basis for future development of 
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leptin-modulator therapeutics to prevent/lessen adverse cardiac remodeling and diastolic 

dysfunction in MetS, obese and other hyperleptinemic populations.   

 

1.2 Research Objectives 

The overall goal of this study was to reveal the effect of diet-induced MetS on cardiac 

extracellular matrix (ECM) remodeling, particularly the matrix modifying enzymes, as 

well as to identify the potential profibrogenic mediators of MetS-induced diastolic 

dysfunction including the T-lymphocytes and leptin. The objectives of this study were: 

(1) Develop a mouse model of diet-induced MetS to study diastolic dysfunction 

(2) Investigate the effect of diet-induced MetS on myocardial LOX expression, 

maturation, and activity  

(3) Assert how HFHSC-diet’s polarization of Th1 cells contributes to diet-induced 

myocardial LOX regulation and interstitial fibrosis  

(4) Investigate the effect of leptin on primary cardiac fibroblasts and cardiac ECM 

components 

As almost every specific aim became a paper, I assembled all the peer reviewed and 

submitted manuscripts as my dissertation. The results of these manuscripts are 

summarized in the following chapter.  

 

1.3 Literature Review 

Part of the literature review of this dissertation is presented in the book chapters 

appended to this dissertation (Appendices A and B). In Appendix A, the MetS and its 
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assocation with ventricular remodeling and cardiac dysfunction are discussed. Appendix 

B reviews the protential role of leptin in cardiac remodeling as a profibrotic cytokine, 

focusing on obesity which is one of the major underlying casue of MetS. 

1.3.1 Diastolic dysfunction 

About 50% of patients with congestive heart failure have isolated left ventricular 

diastolic dysfunction with preserved systolic function (Owan et al. 2006). Left ventricular 

diastolic dysfunction is one of the fundamental impairments in heart failure and plays an 

important role in the progress of the disease (Kass et al. 2004). Abnormalities of diastolic 

function are well recognized and common to virtually all forms of cardiac failure; 

however their underlying mechanisms and specific therapeutic targets remain poorly 

understood. This is driving new research to elucidate the biochemical and structural 

mechanisms that underlie diastolic dysfunction and develop targeted treatments.  

1.3.1.1 Definition of diastolic dysfunction 

There is no single definition for diastolic dysfunction; many features can be altered, 

and any one change or their combination is typically called diastolic dysfunction, 

although the pathophysiology and functional significance varies greatly. Thus, the term is 

used to describe slowed force (or pressure) decay and cellular relengthening rates, 

increased (or decreased) early filling rates and deceleration, elevated or steeper end-

diastolic pressure–volume (PV) relations, and filling-rate dependent pressure elevation. 

Clinically, the most common manifestation is an elevated end-diastolic pressure and 

altered filling patterns (Kass et al. 2004). 
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1.3.1.2 Pathophysiology of diastolic dysfunction 

Diastolic dysfunction can have its pathophysiology rooted in prolonged myocardial 

relaxation, abnormal stiffness and passive distensibility of the myocardium during 

diastole (Zile et al. 2004).  

1.3.1.2.1 Impaired relaxation 

Myocardial relaxation requires that strongly bound actin-myosin filaments return to a 

low-force-generating state. Anything that interferes with cross-bridge detachment or with 

preceding calcium removal from the cytosol has the potential to delay relaxation. This 

includes prolongation of the Ca2+-transient because of reduced resequestration into the 

sarcoplasmic reticulum, abnormal extrusion by the sodium/calcium exchanger, 

interference with cross-bridge uncoupling by abnormal high-energy phosphate 

metabolism, and abnormalities of the contractile proteins themselves affecting their 

interaction or Ca2+ sensitivity (Hasenfuss and Pieske 2002;Westfall et al. 2002;Hasenfuss 

et al. 1999).  

1.3.1.2.2 Abnormal myocardial stiffness 

Molecular changes in sarcomeric and extracellular matrix proteins relate to 

myocardial stiffness in many forms of cardiac disease. In particular, titin, a giant 

sarcomeric protein, and fibrillar collagen most commonly exhibit changes that affect 

ventricular diastolic chamber stiffness. Titin is expressed as varying isoforms that impart 

different mechanical properties, and this likely plays a role in altering passive stiffness in 

failing hearts (Wu et al. 2000). Two major classes of titin isoforms in cardiac muscle are 
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the shorter stiffer N2B isoform and the larger more compliant N2BA isoform (Wu et al. 

2000). In tachypacing-induced heart failure dogs (Wu et al. 2002) and in spontaneously 

hypertensive rats (Warren et al. 2002) elevation of diastolic muscle stiffness is 

accompanied by increased N2B expression, whereas in a rat infarct model and in patients 

with end-stage ischemic cardiomyopathy N2BA expression appears more prominent 

(Neagoe et al. 2002). In addition, post-translational modification of titin is likely an 

important mechanism for dynamic modulation of diastolic tension (Yamasaki et al. 2002).  

Many studies have suggested the importance of myocardial fibrosis to diastolic 

dysfunction. Despite data suggesting that increases in myocardial collagen concentrations 

contribute to diastolic heart disease and chamber remodeling, a number of discrepant 

results remain unexplained. Quantitative assessment of fibrosis in various murine 

transgenic models and even in humans, has not always found correlations between 

stiffness and collagen content. This has to the conclusion that the quality of collagen, 

specifically cross-linking, plays a key role in myocardial stiffness. For example, in rats 

exposed to aortic banding, hypertrophy was accompanied by increased total collagen, yet 

fall in insoluble cross-linked/soluble collagen ratio and no change in myocardial stiffness. 

In contrast, spontaneously hypertensive rats had elevated total collagen and higher 

insoluble cross-linked/soluble collagen ratio, which correlated with chamber stiffening 

(Badenhorst et al. 2003a). Thus, cross-linked collagen plays a key role in translating 

cardiac interstitial fibrosis into mechanical chamber stiffness, by stabilizing collagen 

against enzymatic degradation (Badenhorst et al. 2003).  
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Post-translational cross-linking of collagen is mediated by myocardial lysyl oxidase 

(LOX) which underlies the onset and progression of various fibrotic pathologies (Smith-

Mungo and Kagan 1998). LOX is a novel copper-containing amine oxidase that initiates 

the covalent cross-linking of collagen and elastin in extracellular matrix. LOX is known 

to be synthesized as a pre-proprotein. It is then transferred into endoplasmic reticulum, 

where it undergoes post-translational modification. Then, it is secreted into extracellular 

space as a 50 kDa N-glycosylated proenzyme, which is then proteolytically cleaved by 

bone morphogenic protein-1 (BMP-1) to the 30 kDa catalytically active mature enzyme. 

Recent molecular cloning has revealed the existence of a LOX family consisting of LOX 

and four LOX-like proteins, with a complex tissue-specific expression pattern and a great 

variation in mRNA levels. Among three LOX and LOX-like proteins highly expressed in 

the cardiovascular system (LOX, LOXL-2 and -3), LOX is the most abundant form in the 

heart and the only one that uses collagen as substrate (Palamakumbura and Trackman 

2002;Molnar et al. 2003). LOXL-2 has been shown to be abundant in the early stage of 

cardiac development in the fetal heart (Molnar et al. 2003). Whereas LOXL-3 mRNA 

expression is almost exclusively restricted to the adult aorta (Molnar et al. 2003).  
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CHAPTER 2 

PRESENT STUDY 

 

The methods, results, and conclusions of this study are presented in the papers 

appended to this dissertation (Appendices C, D and E). The following is a summary of 

the most important findings from these studies.  

 

1.1 Summary of Paper 1: Myocardial lysyl oxidase regulation of cardiac remodeling 

in a murine model of diet-induced metabolic syndrome. Submitted to the AJP: Heart 

and Circulatory Physiology (S. Zibadi, R. Vazquez, D. Moore, D.F. Larson, R.R. 

Watson). 

Metabolic syndrome (MetS) represents an increased risk of cardiovascular disease. 

Although its individual components adversely affect cardiac structure and function, the 

extent to which multiple components of MetS affect the cardiac extracellular matrix 

(ECM) has not been well characterized. Lysyl oxidase (LOX) is one of the cardiac ECM 

modifying enzymes that catalyzes the formation of collagen cross-linking. The objective 

was to define the effect of diet-induced MetS on LOX enzyme. MetS was induced in 

male C57BL/6 mice by administrating high-fat high-simple carbohydrate (HFHSC) diet 

for 6 months. Gene expression was determined by real-time PCR. The cardiac protein 

concentration and enzymatic activity of LOX were measured. The severity of fibrosis 

was assessed by histology and measurement of cardiac total and cross-linked collagen. 

Cardiac diastolic function was assessed by transthoracic echocardiogram and in vivo 
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analysis of the pressure-volume relationship. LOX, matrix metalloproteinases (MMP), 

and their tissue inhibitors (TIMP) were analyzed and of these three, LOX was most 

significantly changed in the MetS mice. Despite blunted gene expression of LOX 

isoforms, MetS mice demonstrated a significant upregulation of bone morphogenetic 

protein-1, which process pro-LOX yielding the mature enzyme. Correspondingly there 

was an increase in the ratio of protein expression of mature to proenzyme LOX by 

25.9%, enhanced LOX activity by 50.0% and increased cardiac cross-linked collagen 

compared with the controls. This fibrotic response coincided with marked increase in 

end-diastolic pressure, increased left ventricular stiffness and impaired diastolic filling 

pattern. Our data signify that diet-induced MetS alters the remodeling enzymes, mainly 

LOX, thereby altering ECM structure by increasing the amount of crosslinking and 

inducing diastolic dysfunction. 

The major findings of paper 1 are presented as follows: 

In current study we showed that treatment with HFHSC diet for 6 months in male 

C57BL/6 mice induced hyperinsulinemia, hyperglycemia, dyslipidemia and hypertension, 

which resemble the metabolic disorders seen in patients with MetS. The present study 

used this model to investigate the impact of diet-induced MetS on ECM components and 

diastolic function.   

One of the key enzymes that contributes to perturbation of cardiac ECM homeostasis is 

LOX enzyme, which was affected by diet-induced MetS (Fig. C.2). Our data 

demonstrated that despite blunted gene expression of LOX isoenzymes, there was an 

increase in protein expression of mature to proenzyme form of LOX and its enzymatic 
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function. Therefore increased proteolytic processing of the latent pool of pro-LOX by 

BMP-1 accounts for the increase in the enzymatic activity in HFHSC-fed mice, despite 

unchanged mRNA level. We also demonstrated that increased LOX activity parallels the 

increased fibrillar collagen cross-linking and ventricular stiffness (P <0.05) in mice with 

diet-induced MetS.  

Furthermore we studied the effect of diet-induced MetS on MMP-2 and -9, other ECM-

modifying enzymes. In the present study, there was a non significant trend towards lower 

ratio of MMPs/TIMPs gene expression in left ventricular tissue of HFHSC-fed mice. The 

zymogram revealed that the proteolytic activity of MMP-2 was moderately suppressed in 

diet-induced MetS (Fig C.3), suggesting that ECM degradation was diminished. The 

observed decreased activity of MMP-2 may have arisen from reduced processing of pro-

MMP-2 by MT1-MMP.  

In summary we demonstrated that diet-induced-MetS is associated with increased left 

ventricular collagen cross-linking and interstitial fibrosis and diastolic dysfunction. We 

suggest that increased proteolytic processing of LOX and its activity may be a 

determinant in the pathophysiology of MetS-associated ECM remodeling. LOX may thus 

represent a target for reduction of stiff collagen and improvement of left ventricular 

mechanical properties in MetS patients. However for a deeper understanding of the role 

of LOX in MetS-induced ECM remodeling further structural-functional studies using 

other models of MetS are warranted.  
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2.2 Summary of Paper 2: T-lymphocyte regulation of lysyl oxidase in diet-induced 

cardiac fibrosis (S. Zibadi, R. Vazquez, D.F. Larson, R.R. Watson). 

Left ventricular diastolic dysfunction is common in heart failure and is an important 

predictor of prognosis and mortality. Excessive myocardial fibrosis, which deteriorates 

left ventricular distensibility and diastolic function, is attributed to alterations in cross-

linked collagen synthesized by the enzyme lysyl oxidase (LOX). Involvement of LOX is 

suggested in the fibrotic process in various cardiac diseases. T-lymphocytes have been 

shown to be involved in cardiac extracellular matrix (ECM) remodeling. We sought to 

examine the role of T-lymphocytes in myocardial LOX regulation in diet-induced fibrotic 

hearts. Female SCID mice which are devoid of functional T-lymphocytes and wild-type 

C57BL/6 were treated with a high-fat high-simple carbohydrate (HFHSC) diet for 12 

months. Despite blunted gene expression of LOX isoforms, HFHSC-fed C57BL/6 mice 

demonstrated significant increase in maturation and catalytic activity of myocardial LOX 

compared with respective controls. These changes coincided with marked increase in 

myocardial cross-linking, ventricular stiffness and impaired diastolic filling pattern. 

However induction of LOX was minimal in SCID mice compared with their wild-type 

counterparts. Correspondingly fibrillar cross-linked collagen formation and diastolic 

dysfunction were less prominent in SCID mice. Our results suggest a potential role of T-

lymphocytes in induction of myocardial stiffness and diastolic dysfunction through 

modulation of LOX-dependent collagen maturation. 

The major findings of paper 2 are presented as follows: 
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We demonstrated that induction of myocardial LOX maturation and catalytic activity was 

more prominent in wild-type C57BL/6 mice following 12 months treatment with the 

HFHSC diet than in SCID mice which are devoid of functional T-lymphocytes. Thus as 

expected, myocardial cross-linking and diastolic dysfunction were significantly more 

pronounced in HFHSC fed C57BL/6 mice. Given the lack of functional T and B cells in 

SCID mice, these data strongly support a role for immunomodulation of myocardial 

fibrosis through modulation of LOX-dependent collagen maturation. However, because 

HFHSC fed SCID mice exhibited induction of LOX and fibrosis, albeit different than that 

of wild-type mice, other factors including but not limited to T-lymphocyte-derived 

cytokines may play a role in fibrogenesis. 

In the present study changes in LOX maturation and activity were paralleled by the 

induction of Th1 immunophenotype in C57BL/6 mice, which we have shown previously 

to be associated with cardiac fibrosis and diastolic dysfunction. Moreover IFN-γ was 

suppressed in HFHSC fed C57BL/6 mice (Fig. D.5) which has been shown to reduce 

LOX expression and activity through both transcriptional and post-transcriptional 

mechanisms, perhaps through an IFN-sensitive motif in the promoter region of LOX 

gene.  

We also investigated the effect of T-lymphocytes on matrix metalloproteinases (MMPs), 

the main mediators of ECM degradation. In present study HFHSC diet consumption was 

associated with moderate attenuation of MMP-2 proteolytic activity in both strains (Fig. 

D.3) suggesting diminished ECM degradation. Unexpectedly there was an increase in 

MMP-9 activity in HFHSC diet fed C57BL/6 mice. It is possible that increased MMP-9 
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activity is a compensatory response to increased collagen deposition. However it is a 

paradox that MMP activation and cardiac fibrosis track together, considering turnover of 

the degraded matrix proteins.  

To summarize, our data suggest that T-lymphocytes alter the cardiac ECM mainly by 

regulating LOX maturation and catalytic activity and post-translational modification of 

collagen fibers which leads to myocardial stiffness and impaired diastolic function. Our 

data do not rule out an important role for MMPs in diet-induced cardiac fibrosis; they 

merely show that T cells mainly act on collagen maturation and cross-link formation 

rather than its degradation. Thus immunoregulation of LOX enzymatic pathway may be a 

new strategy to prevent myocardial fibrosis and resultant diastolic dysfunction.  

 

2.3 Summary of Paper 3: Leptin regulation of obesity-induced cardiac extracellular 

matrix remodeling. Submitted to the journal of Obesity (S. Zibadi, F. Cordova, E. Slack, 

R.R. Watson, D.F. Larson). 

Obesity-induced remodeling of cardiac extracellular matrix (ECM) leads to 

myocardial fibrosis and stiffness, and ultimately diastolic dysfunction. Leptin, an 

adipokine over-produced in obesity, is emerging as a novel mechanistic link between 

obesity and heart diseases. Despite the known essential role of leptin in hepatic and renal 

fibrosis, the effects of leptin on cardiac ECM remodeling remain unclear. Our objective 

was to define the role of leptin as a key mediator of profibrogenic responses in the heart. 

Leptin was administered to primary cardiac fibroblasts at five concentrations (0-500 

ng/mL) which resulted in significant stimulation of pro-collagen Iα1 and a decrease in 
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pro-matrix metalloproteinase (MMP) -8, -9 and -13 gene expressions at 24 h. 

Furthermore, we examined the profibrotic effect of leptin in vivo by administrating leptin 

to 5 month-old C57BL/6 and leptin-deficient ob/ob mice at 0.1 µg/g body weight by 

subcutaneous injection, 3 times/week for 8 weeks. Leptin-deficient ob/ob mice 

demonstrated eccentric hypertrophy, associated with a 7-fold increase of the collagenase, 

pro-MMP-8, a decrease in pro-MMP-9, moderate increases in TIMP-1 and -3 mRNA 

levels, marked increase in pro-MMP-2 activity, and a reduction in cardiac collagen 

content compared with C57BL/6 controls. With exogenous leptin administration ob/ob 

mice displayed passive diastolic filling dysfunction. This coincided with significant 

increase in pro-collagen IIIα1, suppression of pro-MMP-8, TIMP-1 and -3 gene 

expressions, and increase in myocardial collagen compared with ob/ob controls. Our 

findings suggest profibrotic effects of leptin in the heart, primarily through the 

predominance of collagen synthesis over degradation. 

The major findings of paper 3 are presented as follows: 

The major new finding of our study is that leptin contributes to the cardiac ECM 

remodeling. Our data support the concept that leptin might be involved in induction of 

cardiac interstitial fibrosis and early diastolic dysfunction of volume-overloaded hearts 

and progression toward heart failure. In this experiment we also demonstrated a direct 

profibrogenic effect of leptin on primary cardiac fibroblasts, the predominant cellular 

mediator of fibrosis. 

We demonstrated here that leptin deficiency in ob/ob mice is associated with up-

regulation of genes involved in collagen degradation, increased gelatinase activity and a 
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reduction in total cardiac collagen. Our new finding is that leptin treatment in ob/ob mice 

resulted in induction of diastolic dysfunction, coincided with increase in ECM deposition, 

as a consequence of the predominance of collagen synthesis over degradation, compared 

with ob/ob controls. Fibrosis, a typical signature of pathological cardiac hypertrophy, was 

absent in the hearts of leptin-deficient obese mice, which may help to explain the 

overstated eccentric remodeling in these mice. On the other hand, leptin-induced collagen 

accumulation might oppose progressive chamber dilation, leading to progressive diastolic 

dysfunction and ultimately cardiac failure.  

 

The primary conclusions that are drawn based on the results of the studies 

reported in this dissertation can be summarized as follows: 

(1) Our data signify that diet-induced MetS alters the remodeling enzymes, mainly LOX, 

thereby altering ECM structure by increasing the amount of crosslinking and inducing 

diastolic dysfunction. 

(2) Our results suggest a potential role of T-lymphocytes in induction of myocardial 

stiffness and diastolic dysfunction through modulation of LOX-dependent collagen 

maturation. 

(3) Our findings suggest the direct profibrotic effects of leptin on primary cardiac 

fibroblasts. We have also shown that leptin induced profibrogenic responses in the heart 

of leptin-deficient mice, primarily through the predominance of collagen synthesis over 

degradation. 
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Abstract 

Metabolic syndrome (MetS) has emerged as a public health problem worldwide, with 

increasing prevalence rate in recent years. The MetS is a cluster of several metabolic 

disorders related to a state of insulin resistance, that together lead to a significantly 

increased cardiovascular morbidity and mortality. The mechanisms underlying the 
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increased cardiovascular risk may in part be due to the development of more pronounced 

left ventricular remodeling and cardiac dysfunction. Although the contribution of 

neurohormonal overactivity has been studied broadly, the role of adaptive immune 

system in the pathophysiology of myocardial remodeling and dysfunction associated with 

MetS has not been elucidated yet.  
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A.1 Definition and prevalence of MetS 

The concept of the metabolic syndrome (also known as syndrome X or insulin resistance 

syndrome) has been in existence since 1988. At least 5 organizations have recommended 

the clinical criteria for the diagnosis of MetS (Tsouli et al. 2006). Although these criteria 

are similar in many aspects, there are some differences concerning the predominant 

etiology of MetS, definition of obesity, and cutpoint values of diagnostic criteria. 

According to the operational definition outlined by the National Cholesterol Education 

Program (NCEP) Adult Treatment Panel (ATP) III, MetS is defined by the co-occurrence 

of any three of the five criteria (Table A.1). 

The prevalence of MetS varies depending on the definition used and population studied. 

However, MetS is very common in adults in many parts of the world, typically being 

found from one in six to one in three adults (sometimes more), rising with age and being 

higher in men than women (Cameron et al. 2004). A recent population-based study in the 

United States, using NCEP-ATP III criteria, had found that the age-adjusted prevalence 

of MetS to be 23.7%. The prevalence was shown to increase with age. However, no 

significant difference was observed between genders. Applying the age-specific 

prevalence rates to the US census counts from 2000, results in an estimate of 

approximately 47 million persons with MetS in the United States (Ford et al. 2002).  

A.2 Pathophysiology of MetS 

Insulin resistance is the central pathophysiologic feature of MetS, and once the 

hyperglycemia develops, it couples with the genetic predisposition, and produces the 

other manifestation of the syndrome. Significant evidence supports a key role for insulin 
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resistance in the development of the dyslipidemia associated with MetS. It has been 

shown that insulin resistance state is associated with increased adipose tissue lipolysis 

and hepatic de novo lipogenesis. Subsequent overproduction of very low density 

lipoproteins (VLDL) by hepatocytes results in hypertriglyceridemia, which in turn leads 

to increased activity of plasma cholesteryl ester transfer protein (CETP). CETP mediates 

heteroexchange of cholesteryl ester from high density lipoprotein (HDL) for TG from 

apo-B100 containing lipoproteins such as VLDL, chylomicron (CM), and low density 

lipoprotein (LDL). Subsequently hepatic lipase (HL), also elevated in insulin-resistance 

state, hydrolyzes the TG-enriched HDL, shedding apo A-I and releasing HDL remnant 

particles, which can be degraded by liver and kidney. Further increase in catabolism rate 

of apo A-I and decrease in lipoprotein lipase (LPL) activity, which impair pre-β HDL 

formation and HDL particles maturation, result in reduced plasma HDL concentration. In 

a similar fashion, CETP-mediated exchange of LDL cholesteryl ester and VLDL or CM 

TG generates cholesteryl ester-depleted, TG-enriched LDL particles. Lipolysis of these 

LDL particles by LPL or HL generates small, dense LDL particles which bind to hepatic 

LDL receptor with low affinity and are cleared slowly, therefore increasing the level of 

small dense LDL concentration (Ginsberg et al. 2005;Lewis 2006) (Fig A.1).  

Although a number of potential mechanisms have been proposed to explain the 

association between hypertension and insulin resistance, it is unclear whether insulin 

resistance or compensatory hyperinsulinemia induce hypertension. Abnormalities in 

endothelium-dependent vasodilation have been suggested to provide a link between 

hypertension and insulin resistance. Impaired nitric oxide (NO)-mediated vasodilation, 
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documented in patients and animal models of insulin resistance, may be induced by 

hypercholesterolemia and hyperglycemia, metabolic consequences of insulin resistance. 

One putative mechanism could be the hyperglycemia-induced overproduction of 

superoxide radicals by mitochondria, which results is degradation of bioactive NO into 

the deleterious compound peroxynitrite, favoring vasoconstriction (Nishikawa et al. 

2000). High glucose concentration has also been shown to inhibit expression of 

endothelial NO synthase, the enzyme that catalyzes the conversion of arginine to NO (Du 

et al. 2001). Furthermore, LDL promotes the uncoupling of the eNOS, condition in which 

the eNOS produces superoxide anions instead of generating NO (Stepp et al. 2002). In 

addition, in patients with MetS hypertriglyceridemia and hyperinsulinemia have been 

shown to stimulate endothelin-1 release, an endothelium-derived vasoconstrictive peptide 

(Piatti et al. 1996). Overactivity of sympathetic nervous system may also play a role in 

the association between insulin resistance and elevated blood pressure (Reaven et al. 

1996). Insulin-induced antinatriuresis may also contribute by increasing the sodium and 

water reabsorption by renal proximal tubules, and hence, promoting a volume-dependent 

hypertension (Muscelli et al. 1996).  

A.3 Left ventricular remodeling and myocardial dysfunction 

Individual components of MetS, including abdominal obesity, insulin resistance, 

hypertension, and dyslipidemia, are known to increase cardiovascular morbidity and 

mortality. However, evidence continues to emerge in support of the additional 

cardiovascular risk in patients with MetS, exceeding that expected from its individual 

components (Reilly and Rader 2003). This increased cardiovascular risk may be due to 
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the development of more pronounced left ventricular (LV) structural and geometric 

remodeling, and subsequent impairment of myocardial function (Grandi et al. 2006). It is 

well known that arterial hypertension leads to structural remodeling of the myocardium, 

interstitial fibrosis and hypertrophy, resulting in diastolic dysfunction (Izzo and Gradman 

2004). Furthermore, several studies have pointed out the role of insulin resistance, 

obesity, and atherosclerosis in the development of LV remodeling, as well as diastolic 

dysfunction (Di Bello et al. 2006;Lee and Lip 2003;Roman et al. 1995).  

Several clinical trials have investigated the effects of the MetS on LV geometry and 

function. In a cross-sectional study, investigating never-treated Italian hypertensive 

subjects, higher prevalence of LV concentric remodeling and hypertrophy with no 

significant LV systolic and diastolic dysfunction was detected in subjects with the MetS 

(Cuspidi et al. 2004). Several recent studies are in support of the association between 

MetS and diastolic dysfunction. The MetS has been shown to be associated with more 

pronounced alteration of LV geometry, preserved systolic function, and impaired 

diastolic function in non-diabetic subjects with MetS (Grandi et al. 2006). The result of a 

small-scale study also indicated that the MetS is associated with significant decrease in 

E/A ratio, an index of diastolic function, in men with well-controlled, uncomplicated type 

2 diabetes (Diamant et al. 2005). Furthermore, evidence of coexistence of systolic and 

diastolic dysfunction has also been obtained. A cross-sectional study within the Strong 

Heart Study cohort, a study of cardiovascular disease in American Indians, was in 

agreement with previous studies in the higher prevalence of LV hypertrophy in the group 

with MetS. However, an impairment of systolic function and abnormal early diastolic LV 
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relaxation were also observed in participants with the MetS (Chinali et al. 2004). 

Likewise, a recent study has shown the significant reduction of both systolic and diastolic 

function even in the absence of LV hypertrophy (Wong et al. 2005).  

A.4 Th1/ Th2 imbalance: a potential mediator of LV remodeling in MetS 

Essential role of maladaptive neurohormonal activation, in particular the renin-

angiotensin-aldosterone and sympathetic nervous systems, and pathogenic molecular and 

cellular changes that accompany insulin resistance and coronary atherosclerosis have 

been studied extensively in cardiac remodeling. However, attention recently has turned to 

the CD4+ T helper lymphocytes and their potential role in left ventricular extracellular 

matrix (ECM) remodeling, which contribute to the myocardial stiffness and diastolic and 

systolic dysfunction. The T helper (Th) phenotypes have been shown to affect cardiac 

ECM structure differently. Predominance of Th1 immunity in mice leads to profibrotic 

activity, increased ventricular stiffness and diastolic dysfunction, whereas Th2 immune 

condition results in dilated cardiomyopathy coincided with decreased ventricular collagen 

content and stiffness and impaired both diastolic and systolic function (Yu et al. 2005). 

Therefore imbalance of the pro- versus anti-inflammatory and Th1 versus Th2 cytokine 

may play an important role in the development of maladaptive myocardial ECM 

remodeling.  

Recent evidence indicates the association of some components of MetS with Th1 

dominant phenotype. A substantial body of evidence suggests an important role for Th1-

mediated immune responses in pathogenesis of atherosclerotic lesions (Hansson et al. 

2002). Alterations of serum cytokine balance with predominance of Th1 immunity has 
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been also observed both in preeclampsia and animal model of hypertension (Dong et al. 

2005;Pascual et al. 1993). Although a large number of studies have been carried out on 

innate immunity, only limited number have been devoted to the adaptive immune system 

in MetS. There is now a consistent body of cross-sectional studies showing that a variety 

of inflammatory markers, including C-reactive protein and cytokines such as interleukin-

6 (IL-6) and tumor necrosis factor-α cluster with MetS traits. Recent evidence also 

indicates IL-18, a Th1 proinflammatory cytokine, is associated with features of the MetS 

(Hung et al. 2005). Whereas circulating levels of the Th2 anti-inflammatory cytokine IL-

10 has been shown to decrease in the MetS (Esposito et al. 2003). These results suggest a 

shift in the Th1/Th2 balance toward a Th1-type immune response in MetS. The 

association of MetS and its component with Th1-related responses suggests a potential 

role for Th1 cells in the pathogenesis of diastolic dysfunction associated with MetS.  

A.5 Conclusion 

Although the interpretation of these studies is limited by relatively small number of 

evidence-based reports clearly defining the immune phenotype in MetS and by the 

complex and multifactorial nature of pathogenesis of myocardial remodeling, these 

studies lead us to propose a hypothesis of potential role of Th1 immunity in promoting 

the adverse cardiac ECM remodeling and diastolic dysfunction seen in MetS. Further 

investigation may reveal the contributory role of Th1 predominant profile in the 

progression of LV remodeling and modulation of T helper lymphocyte as a potential 

novel therapeutic target.  
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Figure A.1. Role of insulin resistance in pathogenesis of dyslipidemia associated with 
MetS. Increased free fatty acid release from insulin resistant adipocytes results in 
increased hepatic assembly and secretion of VLDL. Subsequent hypertriglyceridemia 
increases the heteroexchange of CE from HDL and LDL for TG from VLDL by CETP. 
Enhanced activity of hepatic lipase in insulin resistance state results in dissociation of apo 
A-I from TG-enriched HDL, which is then filtered by kidneys, and hence decreases HDL 
level. TG-enriched LDL can undergo lipolysis and forms small dense LDL. HDL, high 
density lipoprotein; LDL, low density lipoprotein; VLDL, very low density lipoprotein; 
CETP, cholesteryl ester transfer protein; CE, cholesteryl ester; TG, triglyceride (Adopted 
form Ginsberg 2000). 
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Table A.1. NCEP ATP III clinical criteria for the diagnosis of the MetS (Alberti et 
al. 2005) 

Criteria Defining level  

Abdominal obesity  
(waist circumference) 

>102 cm (40 inches) in men;  
>88 cm (35 inches) in women 

Triglyceride ≥150 mg/dL (1.7 mM/L);  
or treated hypertriglyceridemia 

HDL cholesterol <40 mg dL/L (1.0 mM/L) in men; 
<50 mg/dL (1.3 mM/L) in women 

Blood pressure systolic BP ≥130 mmHg or diastolic BP≥ 85 mmHg;  
or documented use of antihypertensive medication 

Fasting plasma glucose ≥110 mg/dL (6.1 mM/L);  
or diagnosed type 2 diabetes 
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Abstract 

Obesity, a growing health problem worldwide, contributes to the onset and/or 

development of heart disease. The relationship between obesity and cardiovascular 

disease has been unequivocally established both clinically and in experimental models. 

Even when uncomplicated by hypertension or diabetes, obesity triggers cardiac 

maladaptive remodeling, which plays a major role in the progression of various heart 

diseases to heart failure. Major contributors to the obesity-induced maladaptive 
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remodeling include alterations in myocyte shape and number, and extracellular matrix 

(ECM), resulting in cardiac hypertrophy and fibrosis. Leptin, an adipokine over-produced 

in obesity, is emerging as a novel mechanistic link between obesity and cardiovascular 

disease. Leptin has been shown to directly attenuate systolic contraction, induce or 

prevent hypertrophy, and induce mitogenesis in primary cardiomyocytes. Recent study 

has revealed that leptin replacement therapy induces cardiac profibrotic responses and 

diastolic dysfunction in leptin-deficient mice, through increased collagen 

synthesis/degradation rate. However, further research is needed to elucidate the role of 

leptin on cardiac ECM remodeling process. Once role of leptin in development of cardiac 

interstitial fibrosis and diastolic dysfunction is defined, leptin modulation may provide an 

avenue for treating obesity- and other hyperleptinemic-related cardiac dysfunction. 
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Leptin; Obesity; Heart; Remodeling 
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B.1 Introduction 

Obesity contributes to cardiovascular diseases and associated comorbid conditions such 

as type 2 diabetes, hypertension, and dyslipidemia (Voller et al. 2004). These latter are 

leading risk factors for coronary artery disease, aggravating the cardiovascular outcome 

associated with obesity. However, obesity has been identified as an independent risk 

factor for coronary heart disease and congestive heart failure. Obesity alone is the cause 

of 11% of cases of cardiac failure in men and 14% of cases in women in the United States 

(Galinier et al. 2005). As the prevalence of obesity continues to rise, it is expected that 

obesity will become an important cause of cardiac failure in the coming years. After 

correction for other risk factors, the Framingham study showed that for every point 

increase in body mass index, the increased risk of developing cardiac failure was 5% in 

men and 7% in women (Kenchaiah et al. 2002).  

B.2 Obesity-induced cardiac remodeling 

Even when uncomplicated by hypertension or diabetes, obesity is associated with volume 

overload, which induces changes in ventricular cardiomyocytes and interstitium. Initially, 

cardiac remodeling is activated as an adaptive response to normalize wall stress, resulting 

in eccentric hypertrophy and altered ECM composition. This maladaptive cardiac ECM 

remodeling has been linked to disproportionate ECM fibrillar collagen 

synthesis/degradation rate and the degree of collagen cross-linking. In obesity, disruption 

of the collagen network leads to myocardial fibrosis, resulting in cardiac stiffness, 

decreased left-ventricular compliance, and diastolic dysfunction (Anversa and Nadal-

Ginard 2002). In addition, increased collagen cross-linking contributes further to 
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increased ventricular stiffness by increasing fibrillar strength and stability (Burlew BS 

and Weber KT 2000). Consequently, the accumulated collagens contribute to the 

development of systolic dysfunction and heart failure (Kim and Iwao 2000). Since 

adverse cardiac remodeling contributes notably to cardiac functional and structural 

abnormalities, causing progressive cardiac dysfunction, it is critically important to 

investigate the potential mediators of obesity-induced cardiac ECM remodeling as a 

therapeutic target.  

B.3 Leptin: a possible link between obesity and cardiovascular diseases  

With the growing prevalence of obesity, interest in the biology of adipose tissue has been 

extended to the secretory products of adipocytes. These adipokines influence several 

aspects in the pathogenesis of obesity-related diseases. A key element is leptin, a 16 kDa 

non-glycosylated polypeptide encoded by the obese gene. Leptin has long been 

recognized as one of the most important central signals for maintaining energy 

homeostasis (Lam and Lu 2007). As a cytokine-like hormone with pleiotropic actions, 

leptin affects neuroendocrine function, angiogenesis, and immune function (Lord et al. 

1998;Margetic et al. 2002). Although a clear mechanistic basis for increased 

cardiovascular risk in obese individuals is uncertain, leptin is a potential causative or at 

least a contributing factor for hypertension as well as other cardiovascular conditions 

(Aneja et al. 2004). Even in the absence of obesity, which is primary stimulus to elevated 

plasma-leptin concentrations, heart disease such as ischemic heart disease (Wallace et al. 

2001) and heart failure (Schulze et al. 2003) can be associated with hyperleptinemia, 

although to a markedly lowered degree. 
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B.4 Expression of leptin and its receptors in the heart 

Leptin circulates at a level of 5 to 15 ng/mL in lean humans and can be up to four times 

higher in obese subjects (Sinha et al. 1996). Once considered to be solely derived from 

adipose tissue, which accounts for the greatly increased levels observed in obese subjects, 

leptin can be produced by many tissues, including the heart, where it appears to function 

in an autocrine and paracrine manner. Increased leptin expression is seen in the heart 

following reperfusion after ischemia (Matsui et al. 2007;Smith et al. 2006). Leptin 

concentration in cardiomyocyte culture serum is increased with endothelin-1 and 

angiotensin II treatment (Rajapurohitam et al. 2006), suggesting the heart as a site of 

leptin production. Six isoforms of leptin receptors, Ob-Rs (a to f), have been identified in 

murine model. Ob-Ra and Ob-Rb represent the dominant isoforms in the heart, whereas 

the others are expressed at low levels (Fei et al. 1997). These isoforms have identical 

extracellular domains and ligand-binding affinity, although differing in their intracellular 

domains. The long isoform (Ob-Rb) appears to be of prime importance in signal 

transduction (Purdham et al. 2004). The major signaling pathway activated by leptin 

binding to Ob-Rb is the JAK/STAT pathway (Bjorbaek et al. 1997;Purdham et al. 2004). 

This system appears to be important in the heart as leptin-induced hypertrophy is 

associated with increased STAT3 phosphorylation, and pharmacologic inhibition of 

JAK2 can prevent the hypertrophic response (Abe et al. 2007). Whereas JAK/STAT 

activation represents the classical primary pathway, recent studies suggest the potential 

role of MAP kinase and RhoA/Rho kinase pathways (Banks et al. 2000;Loirand et al. 

2006;Tajmir et al. 2004). Ob-Ra activation initiates cell signaling through the MAP 
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kinase pathway both dependently and independently of JAK phosphorylation (Banks et 

al. 2000;Bjorbaek et al. 1997).  

B.5 Leptin’s effect on cardiac remodeling 

Evidence for leptin as a hypertrophic factor stems primarily from (A) in vitro studies 

examining the direct effect of leptin on cardiomyocyte, and (B) clinical studies that have 

demonstrated a significant association between plasma-leptin level and the degree of left 

ventricular hypertrophy (Iacobellis et al. 2003;Paolisso et al. 1999). Leptin has been 

shown to induce hypertrophy in cultured neonatal rat ventricular myocytes (Abe et al. 

2007;Rajapurohitam et al. 2003;Xu et al. 2004), as well as the proliferation of human 

pediatric cardiomyocytes and a murine-cultured HL-1 cell line (Tajmir et al. 2004). 

Leptin can mediate hypertrophic effects of both endothelin-1 and angiotensin II in vitro 

(Rajapurohitam et al. 2006). As a post-infarction modulatory factor, leptin treatment in 

myocardial infracted-mice resulted in eccentric dilation associated with increased systolic 

function (Abe et al. 2007). However, leptin administration to leptin-deficient ob/ob obese 

mice reversed left-ventricular hypertrophy (Barouch et al. 2003), which may not reflect a 

direct effect of leptin on cardiomyocytes, but instead correction of whole body 

physiological parameters that influence cardiac structure. Although various aspects of 

leptin-mediated remodeling of cardiomyocytes have been extensively investigated in 

vitro and in vivo, the effects of leptin on ECM remodeling have not been completely 

described. One in vitro study on human pediatric cardiomyocytes has shown that leptin 

increases the expression of matrix metalloproteinase(MMP)-2, enhanced collagen type III 

and IV mRNA, and decreases collagen type I mRNA without affecting total collagen 
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synthesis (Madani et al. 2006), suggesting that leptin selectively regulates different forms 

of collagen. However, this experiment was done with cardiomyocytes and not cardiac 

fibroblasts. A recent study by our laboratory (in preparation for publication) has shown 

that leptin-deficient ob/ob mice demonstrated eccentric hypertrophy, associated with 

significant increase of pro-MMP-2 and -8, TIMP-1 and -3 mRNA level, all implicated in 

collagen degradation, marked increase in pro-MMP-2 activity, and a reduction in cardiac 

collagen, compared to C57BL/6 control. Upon treatment with leptin, ob/ob mice 

displayed diastolic dysfunction and partial reversal of eccentric hypertrophy, coincided 

with significant increase in pro-Collagen Iα1 and IIIα1, suppression of pro-MMP-8, 

TIMP-1 and -3 gene expressions, and increase in myocardial collagen, compared to ob/ob 

controls. These data indicate the profibrotic effects of leptin in the heart, through 

increased collagen synthesis/degradation rate. However, these results need to be 

confirmed in other models, using rodent-induce fibrosis model.  

B.6 Conclusion 

These epidemiologic and experimental animal studies lead us to the conclusion that leptin 

initiates or attenuates the adverse cardiac remodeling associated with obesity and other 

hyperleptinemic conditions, which may in turn contribute to the clinical syndrome of 

heart failure. Although the effects of leptin on cardiomyocytes have been extensively 

investigated, it is critically important to further investigate the effect of leptin as a 

profibrotic chemokine on the heart. Such studies may provide a novel mechanistic link 

between obesity and the associated myocardial fibrosis. This will likely provide the basis 
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for future development of leptin-modulator therapeutics to prevent/lessen adverse cardiac 

remodeling and diastolic dysfunction in obese and other hyperleptinemic populations.   
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Abstract 

Metabolic syndrome (MetS) represents an increased risk of cardiovascular disease. 

Although its individual components adversely affect cardiac structure and function, the 
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extent to which multiple components of MetS affect the cardiac extracellular matrix 

(ECM) has not been well characterized. Lysyl oxidase (LOX) is one of the cardiac ECM 

modifying enzymes that catalyzes the formation of collagen cross-linking. Our objective 

was to define the effect of diet-induced MetS on LOX enzyme. MetS was induced in 

male C57BL/6 mice by administrating a high-fat high-simple carbohydrate (HFHSC) diet 

for 6 months. Gene expression was determined by real-time PCR. The cardiac protein 

expression and enzymatic activity of LOX were measured. The severity of fibrosis was 

assessed by histology and measurement of cardiac total and cross-linked collagen. 

Cardiac diastolic function was assessed by transthoracic echocardiogram and in vivo 

analysis of the pressure-volume relationship. LOX, matrix metalloproteinases (MMP), 

and their tissue inhibitors (TIMP) were analyzed and of these three, LOX was most 

significantly changed in the MetS mice. Despite blunted gene expression of LOX 

isoforms, MetS mice demonstrated a significant upregulation of bone morphogenetic 

protein-1, which process pro-LOX yielding the mature enzyme. Correspondingly there 

was an increase in the ratio of protein expression of mature to proenzyme LOX by 

25.9%, enhanced LOX activity by 50.0% and increased cardiac cross-linked collagen 

compared with the controls. This fibrotic response coincided with marked increase in 

end-diastolic pressure, increased left ventricular stiffness and impaired diastolic filling 

pattern. Our data signify that diet-induced MetS alters the remodeling enzymes, mainly 

LOX, thereby altering ECM structure by increasing the amount of crosslinking and 

inducing diastolic dysfunction. 
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C.1 Introduction 

The metabolic syndrome (MetS), a clustering of cardiovascular risk factors, affects about 

22% of the adult population and over 40% of those aged 50 and older in industrialized 

countries (Ford et al. 2002). Its key features include abdominal obesity, insulin resistance, 

hypertension and dyslipidemia. These factors act synergistically to increase the risk of 

adverse cardiovascular events and are associated with high cardiovascular morbidity and 

mortality (Lakka et al. 2002;Ninomiya et al. 2004). Arterial hypertension leads to 

myocardial fibrosis and hypertrophy, resulting in diastolic dysfunction (Izzo and 

Gradman 2004). Furthermore, insulin resistance, obesity and atherosclerosis contribute to 

the development of left ventricular remodeling and diastolic dysfunction (Di Bello et al. 

2006;Roman et al. 1995;Karnik et al. 2007). Recent studies support the association 

between MetS and diastolic dysfunction (Grandi et al. 2006;Diamant et al. 2005). 

Coexistence of systolic and diastolic dysfunction in MetS patients has also been observed 

(Chinali et al. 2004;Wong et al. 2005).  

Diastolic dysfunction, an abnormality seen early in MetS (Grandi et al. 2006;Diamant et 

al. 2005), is associated with excessive and stiffened cardiac extracellular matrix (ECM) 

and myocardial fibrosis, resulting in impaired ventricular relaxation and diastolic filling 

pattern. Interstitial fibrosis is characterized by increased deposition of ECM components 

due to production overwhelming the degradation. Among the ECM-modifying enzymes 
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lysyl oxidases (LOX) are central to ECM alternation, since these enzymes catalyze a key 

step in the crosslinking of collagen and elastin. Formation of collagen cross-links 

contributes to increased ventricular stiffness and reduced compliance by stabilizing ECM 

against enzymatic degradation (Burlew BS and Weber KT 2000).  

Although myocardial fibrosis and diastolic dysfunction have been reported in MetS, 

characteristic changes in the expression and activity of LOX remained unclear. Hence the 

present study focuses on the effects of diet-induced MetS on cardiac ECM remodeling, 

especially LOX and cross-linked collagen.  

C.2 Methods and procedures 

C.2.1 Animal model 

This study protocol was approved by the animal review committee at University of 

Arizona. The procedures in the Guidelines for the Care and Use of Laboratory Animals 

and Principles of Laboratory Animal Care were followed in this study. Male C57BL/6 

mice were purchased from Jackson Laboratories Inc. (Bar Harbor, ME) at 4 weeks of age 

and maintained under standard conditions. Mice (n=8/group) were fed for 6 months either 

a control diet (7% fat, 20% protein, 59.2% carbohydrate, F5371, BioServ, Frenchtown, 

NJ) or a high–fat high-simple carbohydrate (HFHSC) diet (35% fat, 20% protein, 35.4% 

simple carbohydrate, BioServ, F5366, Frenchtown, NJ) that included 35% of calories 

from lard oil, which is rich in saturated and monounsaturated fatty acids. Fatty acid 

analysis revealed that HFHSC diet contained 36.9 mg ω-6 fatty acids/g diet, in a ratio of 

102.6:1 to ω-3 fatty acids (Table C.1). Mice were fed ad libitum. Food intake and body 

http://www.nature.com/ijo/journal/v31/n6/full/0803511a.html#tbl1
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weight were measured at baseline and at monthly basis. After 6 months of treatment, all 

of the mice were evaluated with the transthoracic echocardiogram and the Millar 

Conductance Catheter System and tissues were harvested for genome and structural 

characterization. 

C.2.2 Metabolic assessment 

Mice were fasted for 6 hours prior to blood draws. Arterial blood (0.8 mL) was obtained 

by direct cardiac puncture under anesthesia. Serum concentrations of total cholesterol and 

triglyceride were determined by enzymatic colorimetric methods, performed by the 

Department of Pathology lab at the University of Arizona. Glucose was measured in 

blood using an Accu-Chek Comfort Curve Kit from Roche Diagnostics (Indianapolis, 

IN). Serum insulin level was measured with ELISA kit from Linco Research (St. Charles, 

MO). 

C.2.3 Blood pressure measurement  

Systolic blood pressure (SBP) in unanesthetized mice was measured by the non-invasive 

tail-cuff method using a XBP1000 Computerized Mouse Tail Blood Pressure System 

(Kent Scientific, Torrington, CT). SBP values are average of 3 consecutive 

measurements. 

C.2.4 Microsurgical methods and in vivo hemodynamics measurements 

The Millar Conductance Catheter System was used as has been described previously by 

our laboratory (Yang et al. 2001;Zibadi et al. 2007). All of the mice were anesthetized 

with urethane in saline (1000 mg/kg, i.p.) and a chloralose in propylene glycol (50 mg/kg, 

http://hyper.ahajournals.org/cgi/content/full/48/1/98#R8-067496
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IP) and ventilated. The external jugular vein was cannulated for volume administration. 

The apical portion of the heart and the inferior vena cava were exposed through a 

substernal-transverse incision. A high-fidelity 1.4 French transducer catheter (Millar 

Instruments Inc., Houston, Texas) was inserted into the left ventricle through the apex. 

Pressure-volume loops were acquired and hemodynamic parameters were computed using 

PVAN Software, as reported previously (Zibadi et al. 2007).  

C.2.5 Transthoracic echocardiographic assessment 

During echocardiographic imaging, the mice were anesthetized and maintained with 

1.5% isoflurane. ECHO images were obtained with a Vevo 700 high-resolution imaging 

system (VisualSonics, Toronto, Canada) using a high-frequency ultrasound probe (RMV-

707), composed of a fixed-focused transducer working at 30 MHz with a focal depth of 

12 mm, and the Vevo 770 system software version 2.3.0 (May 2007) designed for murine 

cardiac imaging. The transducer was mechanically rotated and real-time 2D images were 

acquired at a frame rate up to 60 Hz. The ultrasound probe was placed on the chest to 

obtain longitudinal, supracalvicular, and four-chamber views of the heart using B-mode, 

M-mode, and doppler imaging. 

C.2.6 RNA extraction and real-time polymerase chain reaction (PCR)  

Candidate gene expression in cardiac tissue were measured using real-time PCR as 

described in detail elsewhere (Zibadi et al. 2007). Briefly, purified RNA was converted 

into cDNA using the Superscript® protocol (Invitrogen, Carlsbad, CA). Diluted cDNA 

was used as the template to quantify the relative content of mRNA, using QuantiTect 
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SYBR green PCR kit (Qiagen Inc, Valencia, CA) and the Rotor-Gene RG-6000 with a 

72-well rotor (Corbett Research, Brisbane, Australia). The candidate gene threshold cycle 

numbers were normalized by respective β-actin (BC040513) gene. Level of expressions 

was expressed as fold change in expression of candidate genes relative to the control 

mice gene expression. Custom primers were designed using the Primer3 and synthesized 

by Integrated DNA Technologies. The following candidate genes were investigated: 

MMPs genes: pro-MMP-2 (NM_008610), pro-MMP-9 (NM_013599); and TIMPs genes: 

TIMP-2 (NM_011594.3) and TIMP-4 (NM_080639); LOXs genes: LOX (NM_010728) 

and LOXL-3 (NM_013586); and BMP-1 (NM_009755.2).  

C.2.7 Western blotting of LOX 

Cardiac tissues were homogenized in cold CelLyticTM Mammalian Tissue 

Lysis/Extraction Reagent (Sigma-Aldrich) and quantified using the Biorad Protein Assay. 

Twenty µg of proteins were applied onto a NuPAGE® 10% Bis-Tris Gel (Invitrogen), 

separated at 200 V for 50 mins using NuPAGE® MOPS SDS Running Buffer 

(Invitrogen) and subsequently transferred onto PVDF membranes. Membranes were 

incubated in a blocking buffer containing 5% BSA (Sigma-Aldrich) in TBS with 0.1% 

Tween-20 (TBS-T) at room temperature for 1 h. Membranes were probed with rabbit 

polyclonal anti-LOX (1:32000, Novus Biological) in 1X TBS-T overnight at 4ºC, and 

washed 3 times in TBS-T. The corresponding anti-rabbit secondary horseradish 

peroxidase (HRP)-conjugated antibody was from Calbiochem. The reactions were 

developed with ECLTM western blotting detection reagents (GE healthcare). Images were 

http://ajpheart.physiology.org/cgi/external_ref?access_num=BC040513&link_type=GEN
http://ajpregu.physiology.org/cgi/external_ref?access_num=NM_008610&link_type=GEN
http://www.ncbi.nlm.nih.gov/entrez/viewer.fcgi?db=nucleotide&val=31981527
http://www.ncbi.nlm.nih.gov/entrez/viewer.fcgi?db=nucleotide&val=6755794
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obtained by exposure to X-ray films and band densities were analyzed by Quantity One 

4.6.2, Basic (Bio-Rad). For normalization, ß-actin antibody was used as a loading control.  

C.2.8 Determination of LOX activity 

LOX activity was measured by a high sensitive fluorescent assay modified from the 

report of Palamakumbura and Trackman (Palamakumbura and Trackman 2002). Briefly, 

25 mg of cardiac tissue was homogenized in 300 µL of CelLytic (Sigma) at -80°C and 

reconstituted to 1 mL with LOX buffer (1.2 mol/L urea, 50 mmol/L sodium borate [pH 

8.2]) then centrifuged at 12000 g for 10 minutes. After collection of the supernatant, LOX 

enzymatic activity was detected by the production of H2O2 from alkyl monoamine 

substrate and detected with fluorescent resorufin produced by horseradish peroxidase–

catalyzed oxidation of N-acetyl-3,7-dihydroxyphenoxazine (Amplex Red) at wavelengths 

563 and 587 nm. Parallel unknown samples were prepared by adding 500 µmol/L ß-

aminopropionitrile fumarate to completely inhibit the activity of LOX. The emission 

intensity difference was converted into the amount of hydrogen peroxide produced by the 

action of LOX when compared with the fluorescence of a nanomoles hydrogen peroxide 

standard plot. 

C.2.9 Determination of MMP activity 

Gelatin zymography assay was performed according to the method described by Zibadi et 

al (Zibadi et al. 2007). Briefly, 10 mg of cardiac tissue was homogenized in 1 mL of 

zymograph extraction buffer and the extraction supernatants applied to precast 10% 
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polyacrylamide gel Zymogram (Novex). After activation and development, the bands 

were quantified with image analysis software (Bio-Rad GS-800).  

C.2.10 Determination of myocardial total and cross-linked collagen 

Hydroxylproline and cross-linking assays were performed as previously described 

(Zibadi et al. 2007). Hydroxylproline levels were quantified by comparison to a standard 

colorimetric curve of trans-hydroxyproline (Sigma, St. Louis). Collagen cross-linking 

was determined using cyanogen bromide digestion. The percentage of cross-linking was 

determined by comparing the total hydroxyproline to cyanogen bromide–soluble 

hydroxyproline. The data were expressed as microgram of collagen per milligram of dry 

heart weight, assuming that collagen contains an average of 13.5% hydroxyproline.  

C.2.11 Cardiac tissue histology 

Cardiac fibrosis was evaluated by standard Picosirius red staining procedures, performed 

by Department of Pathology lab at The University of Arizona.  

C.2.12 Statistics 

The data are expressed as means ± SEM. Statistical analyses were performed with SPSS 

software (SPSS, Chicago, IL). Unpaired Student's t test (two-tailed) was used for the 

comparison of two groups when the data met the assumptions of the t tests. Comparable 

nonparametric test (Mann-Whitney test) was substituted when tests for normality and 

equal variance failed. A value of P <0.05 was used as a criterion for statistical 

significance. 
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C.3 Results 

C.3.1 Metabolic profile 

Table C.2 summarizes the metabolic characteristics of the mice fed the MetS inducing 

diet. Treatment with HFHSC diet was associated with significant increase in fasting 

serum levels of total cholesterol, triglyceride and glucose by 59.7, 58.6, and 72.3% 

respectively compared with controls. The HFHSC diet resulted in a significant 4-fold 

increase in insulin concentration compared with controls (P <0.05). Moreover there was a 

marked increase in tail systolic blood pressure as well as body weight in HFHSC-fed 

mice (P <0.0001). Thus the HFHSC-fed mice developed a spectrum of biochemical and 

metabolic abnormalities that are hallmarks of MetS. 

C.3.2 Hemodynamic parameters and diastolic function 

Using conductance catheter pressure-volume (P-V) loop analysis, end-diastolic volume 

was found to be significantly reduced, whereas there was a marked increase in end-

diastolic pressure in HFHSC-fed mice (P <0.05, Fig C.1A and B). Figure C.1C shows a 

steeper slope of the end-diastolic P-V relationship (ß) in HFHSC group (increased by 

71.6%, P <0.01). This change suggests increased ventricular stiffness and reduced 

compliance. Correspondingly there was a repressed left ventricular filling rate (dv/dtmax, 

P <0.01), a characteristic of an abnormal filling phase of the cardiac cycle (Figure C.1D). 

Transthoracic echocardiogram further confirmed the induction of diastolic dysfunction 

due to HFHSC treatment. There was a significant decrease in peak E, the early mitral 

inflow velocity, from 85.2 cm/s in controls to 70.3 cm/s in HFHSC-fed mice (P <0.05), 

and a reduction in mitral flow doppler E/A ratio (P = NS), implying mild diastolic 
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dysfunction (Fig C.1E). HFHSC diet also resulted in prolonged isovolumic relation time 

(IVRT, P = NS), suggestive of impaired ventricular relaxation (Fig C.1F). These changes 

were accompanied by a consistent leftward and upward shift of the left ventricle P-V loop 

(Fig C.1G). 

C.3.3 Cardiac LOX gene and protein expression, and activity 

 Cardiac LOX and LOXL-3 mRNA levels remained unchanged in HFHSC-fed mice in 

comparison with the controls. However there was a significant increase in gene 

expression of bone morphogenetic protein-1 (BMP-1) (1.8-fold, P <0.05), which process 

pro-LOX, yielding the mature enzyme (Smith-Mungo and Kagan 1998) (Fig. C.2A). 

Western blot analysis revealed 2 immunoreactive bands corresponding to the proenzyme 

(50 kDa) and the mature (30 kDa) forms of LOX. As shown in Fig. C.2B the ratio of 

protein expression of mature LOX to pro-LOX was 25.9% greater in HFHSC-fed mice (P 

<0.05), suggestive of increased activation of latent pool of pro-LOX by BMP-1. 

Correspondingly HFHSC-fed mice displayed a 50.0% increase in LOX enzymatic 

activity compared with controls (P <0.05, Fig. C.2C).  

C.3.4 Cardiac MMPs gene expression and activity 

There was a non-significant trend towards lower gene expression ratio of MMPs to 

TIMPs in HFHSC-fed mice compared with controls (Fig. C.3A). Notably HFHSC-fed 

mice exhibited significantly lower MMP-2 (62 kDa) activity when compared with the 

controls (P <0.01), supporting a reduced collagen degradation rate and therefore resultant 

increase in ventricular stiffness. A similar decreasing trend in pro-MMP-2 activity was 
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detected, which was not significantly different compared with the controls (Fig. C.3B and 

C).  

C.3.5 Myocardial total and cross-linked collagen characteristics 

The fibrotic response to diet-induced MetS was assessed by histology and 

hydroxylproline assay. The Picosirius red staining of cardiac sections revealed marked 

fibrosis in the myocardium of HFHSC-fed mice (Fig. C.4A). Fig. C.4B demonstrates the 

ventricular collagen content measured by hydroxylproline assay. Total cardiac collagen 

content increased by 44.9% in HFHSC-fed mice compared with the controls (P <0.05). 

The fibrillar collagen cross-linking in the HFHSC-fed mice was 68.1% more than controls 

(P<0.05). These findings coincided with a moderate decrease in MMP-2 activity and a 

marked increase in LOX activity, resulting in reduction of collagen degradation and a 

cumulative increase in total and cross-linked collagen. Alteration in cross-linking in 

HFHSC mice explains the changes in diastolic function. 

C.4 Discussion 

The relationship between MetS and cardiovascular disease has been unequivocally 

established clinically and in experimental models (Chinali et al. 2004;Wong et al. 2005). 

Despite these observations the role of ECM-modifying enzyme, LOX, in MetS-associated 

cardiac ECM remodeling remains unclear. The C57BL/6 mouse strain has been used as a 

model for studies of diet-induced obesity, diabetes (Mulder et al. 2000), atherosclerosis 

(Liao et al. 1994;Schreyer et al. 1998) and hypertension (Mills et al. 1993). Although the 

diets used to induce these individual disorders are all high in fat, the amount of fat and 

http://www.sciencedirect.com/science?_ob=ArticleURL&_udi=B6T12-3WBNNB8-3&_user=56761&_rdoc=1&_fmt=&_orig=search&_sort=d&view=c&_acct=C000059541&_version=1&_urlVersion=0&_userid=56761&md5=f980c4ed2e090a44870b3f56091c5dff#bb6
http://www.sciencedirect.com/science?_ob=RedirectURL&_method=outwardLink&_partnerName=3&_targetURL=http%3A%2F%2Fdx.doi.org%2F10.1172%2FJCI116495&_acct=C000059541&_version=1&_userid=56761&md5=ebe1c41bc0301f441636f24ad8fc9c09
http://www.sciencedirect.com/science?_ob=RedirectURL&_method=outwardLink&_partnerName=655&_targetURL=http%3A%2F%2Fwww.scopus.com%2Fscopus%2Finward%2Frecord.url%3Feid%3D2-s2.0-0027233746%26partnerID%3D10%26rel%3DR3.0.0%26md5%3D501b7649455de9218d6bcbf829f723e2&_acct=C000059541&_version=1&_userid=56761&md5=19aa3636c67f6d0b6026a651619651be
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the fatty acid composition differ significantly between diets. In current study we showed 

that treatment with HFHSC diet for 6 months in male C57BL/6 mice increased body 

weight and induced hyperinsulinemia, hyperglycemia, dyslipidemia and hypertension, 

which resemble the metabolic disorders seen in patients with MetS. The present study 

used this model to investigate the impact of diet-induced MetS on ECM components and 

diastolic function. 

Myocardial ECM contains fibrillar collagen which ensures the structural and functional 

integrity of the adjoining cardiomyocytes. Cardiac ECM is not a static structure; rather, it 

is a dynamic entity crucial to myocardial adaptation to pathological stress. Disruption of 

ECM homeostasis results in maladaptive cardiac remodeling, diastolic dysfunction and 

finally heart failure. We demonstrated the induction of cardiac interstitial fibrosis in male 

mice after 6 months of treatment with HFHSC diet, as evident by increased collagen 

deposition and the degree of cross-linking. This observation was in agreement with 

earlier data (Aubin et al. 2008), where treating female rats with a high-fat diet for 8 

weeks was associated with extensive myocardial perivascular fibrosis. Our data indicated 

that the fibrotic response was not associated with significant changes in the expression of 

profibrotic genes. However diet-induced MetS was associated with moderately 

suppressed MMP-2 activity and a significantly increased LOX activity, and subsequent 

increase in cardiac fibrillar collagen and the extent of cross-linking, resulting in 

pathological fibrosis. Notably cardiac function evaluated by both pressure-volume loop 

and transthoracic ECHO analysis showed impaired diastolic filling and diastolic 

dysfunction.  
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One of the key enzymes that contributes to perturbation of ECM homeostasis and fibrosis 

is LOX enzyme, which was affected by diet-induced MetS (Fig. C.2). Dysregulation of 

LOX could underlie the onset and progression of fibrotic pathologies (Smith-Mungo and 

Kagan 1998). LOX is a novel copper-containing amine oxidase that initiates the covalent 

cross-linking of collagen and elastin in ECM. LOX is known to be synthesized as a pre-

proprotein, secreted as a 50 kDa N-glycosylated proenzyme. It is then proteolytically 

cleaved by bone morphogenic protein-1 (BMP-1) to the 30 kDa catalytically active 

mature enzyme (Smith-Mungo and Kagan 1998). Recent molecular cloning has revealed 

the existence of a LOX family consisting of LOX and four LOX-like proteins, with a 

complex tissue-specific expression pattern and a great variation in mRNA levels. Among 

three LOX and LOX-like proteins highly expressed in the cardiovascular system (LOX, 

LOXL-2 and -3), LOX is the most abundant form in the heart and the only one that uses 

collagen as substrate (Palamakumbura and Trackman 2002;Molnar et al. 2003). LOXL-2 

has been shown to be abundant in the early stage of cardiac development in the fetal heart 

(Molnar et al. 2003). Whereas LOXL-3 mRNA expression is almost exclusively 

restricted to the adult aorta (Molnar et al. 2003). Our data demonstrated that despite 

blunted gene expression of LOX isoenzymes, there was an increase in protein expression 

of mature to proenzyme form of LOX and its enzymatic function. Therefore increased 

proteolytic processing of the latent pool of pro-LOX by BMP-1 accounts for the increase 

in the enzymatic activity in HFHSC-fed mice, despite unchanged mRNA level. We also 

demonstrated that increased LOX activity parallels the increased fibrillar collagen cross-

linking and ventricular stiffness (P <0.05) in mice with diet-induced MetS. Increased 

http://www.sciencedirect.com/science?_ob=ArticleURL&_udi=B73DJ-47WC1X7-C&_user=56761&_rdoc=1&_fmt=&_orig=search&_sort=d&view=c&_acct=C000059541&_version=1&_urlVersion=0&_userid=56761&md5=79640f6cd921d58a320cf97fe6069361#bbib1
http://www.sciencedirect.com/science?_ob=ArticleURL&_udi=B6VPM-46Y4SV5-11&_user=56761&_coverDate=02%2F28%2F1998&_fmt=abstract&_orig=search&_cdi=6210&view=c&_acct=C000059541&_version=1&_urlVersion=0&_userid=56761&md5=d1016e04d1cc0cefea0acf39671d980d&ref=full
http://www.sciencedirect.com/science?_ob=MiamiImageURL&_imagekey=B6VPM-46Y4SV5-11-1&_cdi=6210&_user=56761&_check=y&_orig=search&_coverDate=02%2F28%2F1998&view=c&wchp=dGLzVtb-zSkzS&md5=53b94a60cca504c1ff27383e7dbb707c&ie=/sdarticle.pdf
http://www.sciencedirect.com/science?_ob=RedirectURL&_method=outwardLink&_partnerName=655&_targetURL=http%3A%2F%2Fwww.scopus.com%2Fscopus%2Finward%2Frecord.url%3Feid%3D2-s2.0-0031893071%26partnerID%3D10%26rel%3DR3.0.0%26md5%3Dd0699d9b830665dbbc2cab21a5ce42e7&_acct=C000059541&_version=1&_userid=56761&md5=3c981aca46db0705dcbb9f3ee76f762e
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collagen cross-linking has been shown to positively correlate with the left ventricular 

stiffness (Badenhorst et al. 2003;Yu et al. 2006).  

It is unclear whether HFHSC-diet used to induce MetS can provoke a direct effect on 

cardiac LOX. However individual components of MetS such as hypertension (Yu et al. 

2006) and diabetes (Martinez et al. 2003) are associated with increased LOX-mediated 

cross-linking. MetS is often associated with excessive activity of angiotensin II (Engeli 

2006). Angiotensin II increases the levels of LOX mRNA and secreted enzymatic activity 

in rat vascular smooth muscle cells (Green et al. 1995). Transforming growth factor-β 

(TGF-β), which is overexpressed in MetS (Camera A et al. 2008), also increases LOX 

expression and activity (Oleggini et al. 2007). Interestingly TGF-β concomitantly 

upregulates the production of fibronectin (Ignotz and Massague 1986) which is involved 

in LOX proteolytic activation (Fogelgren et al. 2005), a mechanism that could participate 

in the induction of LOX by TGF-β. Furthermore serum levels of several members of 

fibroblast growth factor family, another regulator of LOX expression (Csiszar 2001), are 

increased in MetS (Zhang et al. 2008;Fu et al. 2004).  

We also studied the effect of diet-induced MetS on MMP-2 and -9, other ECM-

modifying enzymes. ECM degradation is regulated by MMPs and their endogenous 

inhibitors, TIMPs. Clinical studies and experimental models of cardiac fibrosis have 

reported alterations in the balance between the MMPs and TIMPs, especially at 

intermediate time points in the progression to cardiac failure (Messerli 2004). In the 

present study, there was a non significant trend towards lower ratio of MMPs/TIMPs 
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gene expression in left ventricular tissue of HFHSC-fed mice. The zymogram revealed 

that the proteolytic activity of MMP-2 was moderately suppressed in diet-induced MetS 

(Fig C.3), suggesting that ECM degradation was diminished. The classical model for the 

cell surface activation of pro-MMP-2 is through the formation of a trimolecular complex 

comprising membrane-type-MMP-1 (MT-MMP-1), TIMP-2, and pro-MMP-2 (Strongin 

et al. 1995). As TIMP-2 mRNA level remained unchanged, the observed decreased 

activity of MMP-2 may have arisen from reduced processing of pro-MMP-2 by MT1-

MMP.  

In summary we demonstrated that diet-induced-MetS is associated with increased left 

ventricular collagen cross-linking and interstitial fibrosis and diastolic dysfunction. We 

suggest that increased proteolytic processing of LOX and its activity may be a 

determinant in the pathophysiology of MetS-associated ECM remodeling. LOX may thus 

represent a target for reduction of stiff collagen and improvement of left ventricular 

mechanical properties in MetS patients. However for a deeper understanding of the role 

of LOX in MetS-induced ECM remodeling further structural-functional studies using 

other models of MetS are warranted.  
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Figure C.1. In vivo analysis of diastolic function. Data represent diastolic functional 
parameters obtained from in vivo pressure-volume loop analysis and transthoracic 
echocardiogram. HFHSC diet was associated with a significant decrease in end-diastolic 
volume (A), increase in end-diastolic pressure (B), and ß, the slope of end-diastolic 
pressure-volume relationship (C) and a reduction of LV filling rate (D). There were also 
a suppressed peak E wave (E), prolonged IVRT (F), and an upward and leftward shift of 
LV P-V loop (G). Abbreviations: LV: left ventricular; E: early mitral inflow velocity; A: 
late mitral inflow velocity; E-Dec time: E deceleration time; IVRT: isovolumic relaxation 
time. (n/group = 4-8) Values are presented as means ± SEM. *P <0.05 and †P <0.01 
compared with controls. 
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Figure C.2. Cardiac LOX gene and protein expression and activity. A: Relative 
mRNA expression of LOX, LOXL-3, and BMP-1 as determined by real time-PCR. BMP-1 
gene expression was upregulated 1.8-fold after 6 months of treatment with HFHSC diet. 
B: Western blot analysis of immunoreactive LOX protein representing the proenzyme 
(50 kDa) and the mature (30 kDa) forms. C: LOX activity represented by the production 
of H2O2 and detected by Amplex Red oxidation. (n/group = 3-4) Values are presented as 
means ± SEM. *P <0.05 compared with controls. 
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Figure C.3. Cardiac MMPs gene expression and activity. A: Relative mRNA 
expression of pro-MMP-2 and -9, TIMP-2 and -4 as determined by real time-PCR. B: 
Representative gelatin zymogram showing changes in MMP-9, pro-MMP-2 and MMP-2 
activities. C: The corresponding densitometric analyses of lytic bands. (n/group = 3-4) 
Values are presented as means ± SEM. *P <0.01 compared with controls. 
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Figure C.4. Myocardial collagen characteristics. A: Picosirius red image of cardiac 
tissue, B: Myocardial total and cross-linked collagen as determined by hydroxylproline 
and cyanogen bromide digestion assays. Data are expressed as micrograms of collagen 
per milligram dry heart weight, assuming that collagen contains an average of 13.5% 
hydroxyproline. (n/group = 4) Values are means ± SEM. *P <0.05 compared with 
controls.  
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Table C.1. Fatty acid composition of diets 

Fatty acids 
Diet 

Control HFHSC 
Total saturated 28.5 142.3 
Total monounsaturated 35.7 178.5 
Total PUFA 7.5 37.3 
Total ω-6 PUFA 7.4 36.9 
Total ω-3 PUFA 0.07 0.36 
ω-6/ ω-3 PUFA 102.6 102.6 

 
Abbreviations: HFHSC: high fat high simple carbohydrate; PUFA, polyunsaturated fatty 
acids. Fatty acid content is given in mg/g diet.  
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Table C.2. Metabolic characteristics of mice fed the MetS inducing diet 

Parameters (unit) Control HFHSC 

Total cholestrol (mg/dL) 129.0 ± 5.6 206.0 ± 2.9 † 
Triglyceride (mg/dL) 64.5 ± 6.3 102.3 ± 13.0 * 
Glucose (mg/dL) 150.0 ± 6.2 258.4 ± 23.1 * 
Insulin (ng/dL) 1.20 ± 0.14 4.02 ± 0.59 * 
Systolic blood pressure (mmHg) 120.3 ± 1.3 166.6 ± 5.2 † 
Body weight (g) 42.4 ± 1.2 54.1 ± 0.9 † 

 
Fasting serum cholesterol, triglyceride, glucose, and insulin concentrations were 
determined in male C57BL/6 mice fed a control or HFHSC diet for 6 months ad libitum. 
(n/group=4-8) Values are presented as means ± SEM. *P <0.05 and †P <0.0001 
compared with controls. 
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Running head: T-lymphocyte and lysyl oxidase  

 

Abstract 

Left ventricular diastolic dysfunction is common in heart failure and is an important 

predictor of prognosis and mortality. Excessive myocardial fibrosis, which deteriorates 

left ventricular distensibility and diastolic function, is attributed to alterations in cross-

linked collagen synthesized by the enzyme lysyl oxidase (LOX). Involvement of LOX is 
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suggested in the fibrotic process in various cardiac diseases. T-lymphocytes have been 

shown to be involved in cardiac extracellular matrix (ECM) remodeling. We sought to 

examine the role of T-lymphocytes in myocardial LOX regulation in diet-induced fibrotic 

hearts. Female SCID mice, which are devoid of functional T-lymphocytes, and wild-type 

C57BL/6 mice were treated with a high-fat high-simple carbohydrate (HFHSC) diet for 

12 months. Despite blunted gene expression of LOX isoforms, HFHSC-fed C57BL/6 

mice demonstrated significant increase in maturation and catalytic activity of myocardial 

LOX compared with respective controls. These changes coincided with marked increase 

in myocardial cross-linking, ventricular stiffness and impaired diastolic filling pattern. 

However induction of LOX protein was minimal in SCID mice compared with wild-type 

counterparts. Correspondingly fibrillar cross-linked collagen formation and diastolic 

dysfunction were less prominent in SCID mice. Our results suggest a potential role of T-

lymphocytes in induction of myocardial stiffness and diastolic dysfunction through 

modulation of LOX-dependent collagen maturation. 

Keywords: Diastolic dysfunction; T-Lymphocytes; Lysyl oxidase; Cross-linked collagen 
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D.1 Introduction  

About 50% of patients with congestive heart failure have isolated left ventricular diastolic 

dysfunction with preserved systolic function (Owan et al. 2006). Left ventricular diastolic 

dysfunction is one of the fundamental impairments in heart failure and plays an important 

role in the progress of the disease (Kass et al. 2004). Diastolic dysfunction can have its 

pathophysiologic expression rooted in abnormal stiffness and passive distensibility of the 

myocardium during diastole (Zile et al. 2004). A disproportionate accumulation of 

fibrillar collagen, the characteristic feature of cardiac fibrosis, is an important 

determinant of myocardial stiffness. Cross-linked collagen plays a key role in translating 

cardiac interstitial fibrosis into mechanical chamber stiffness, by stabilizing collagen 

against enzymatic degradation (Badenhorst et al. 2003). Post-translational cross-linking 

of collagen is mediated by myocardial lysyl oxidase (LOX) which underlies the onset and 

progression of various fibrotic pathologies (Smith-Mungo and Kagan 1998). 

Besides neurohormonal factors, T-lymphocytes may be involved in such cardiovascular 

remodeling and heart failure (Yndestad et al. 2004;Yu et al. 2005). They appear to play 

an important role in the development and maintenance of myocardial fibrosis. In 

particular, emerging evidence has suggested that T helper (Th) lymphocytes may be 

involved in cardiac extracellular matrix (ECM) remodeling through modulation of 

collagen synthesis, degradation and cross-linking (Yu et al. 2005;Yu et al. 2006). An 

important and as yet unresolved question is whether T-lymphocytes play a significant 

role in regulation of LOX, as its expression and activity correlates with the development 

of interstitial fibrosis and left ventricular stiffness (Badenhorst et al. 2003). Based upon 

http://hyper.ahajournals.org/cgi/content/full/48/1/98#R6-067496
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these considerations, the present study sought to characterize the regulatory role of T-

lymphocytes on LOX in a mouse model of diet-induced cardiac fibrosis. Our results 

provide insight into a role of T-lymphocytes in myocardial LOX regulation and ECM 

remodeling. 

D.2 Methods and procedures 

D.2.1 Animal model 

This study protocol was approved by the animal review committee at University of 

Arizona. The procedures in the Guidelines for the Care and Use of Laboratory Animals 

and Principles of Laboratory Animal Care were followed in this study. Four-week-old 

female wild-type C57BL/6 and SCID mice with C57BL/6 background (B6.CB17-

Prkdc[scid]/SzJ) were purchased from Jackson Laboratories Inc. (Bar Harbor, ME) and 

maintained under standard conditions. Mice (n=12/group) were fed for 12 months either a 

control diet (7% fat, 20% protein, 59.2% carbohydrate, F5371, BioServ, Frenchtown, NJ) 

or a high–fat high-simple carbohydrate (HFHSC) diet (35% fat, 20% protein, 35.4% 

simple carbohydrate, BioServ, F5366, Frenchtown, NJ) that included 35% of calories 

from lard oil, which is rich in saturated and monounsaturated fatty acids (Table D.1). 

Mice were fed ad libitum. Food intake and body weight were measured at baseline and at 

monthly basis. After 12 months of treatment, all of the mice were evaluated with the 

Millar Conductance Catheter System and tissues were harvested for genome and 

structural characterization. 

http://www.nature.com/ijo/journal/v31/n6/full/0803511a.html#tbl1
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D.2.2 Microsurgical methods and in vivo hemodynamics measurements 

The Millar Conductance Catheter System was used as has been described previously by 

our laboratory (Zibadi et al. 2007;Yang et al. 2001). All of the mice were anesthetized 

with urethane in saline (1000 mg/kg, i.p.) and a chloralose in propylene glycol (50 mg/kg, 

IP) and ventilated. The external jugular vein was cannulated for volume administration. 

The apical portion of the heart and the inferior vena cava were exposed through a 

substernal-transverse incision. A high-fidelity 1.4 French transducer catheter (Millar 

Instruments Inc., Houston, Texas) was inserted into the left ventricle through the apex. 

Pressure-volume loops were acquired and hemodynamic parameters were computed using 

PVAN Software, as reported previously (Zibadi et al. 2007).  

D.2.3 RNA extraction and real-time polymerase chain reaction (PCR)  

Candidate gene expression in cardiac tissue were measured using real-time PCR as 

described in detail elsewhere (Zibadi et al. 2007). Briefly, purified RNA was converted 

into cDNA using the Superscript® protocol (Invitrogen, Carlsbad, CA). Diluted cDNA 

was used as the template to quantify the relative content of mRNA, using QuantiTect 

SYBR green PCR kit (Qiagen Inc, Valencia, CA) and the Rotor-Gene RG-6000 with a 

72-well rotor (Corbett Research, Brisbane, Australia). The candidate gene threshold cycle 

numbers were normalized by respective β-actin (BC_040513) gene. Level of expressions 

was expressed as threshold cycle number, which implies that if the cycles decrease the 

expression is increased. Custom primers were designed using the Primer3 and 

synthesized by Integrated DNA Technologies. The following candidate genes were 

investigated: LOX (NM_010728), LOXL-3 (NM_013586), BMP-1 (NM_009755.2), pro-

http://hyper.ahajournals.org/cgi/content/full/48/1/98#R8-067496
http://ajpheart.physiology.org/cgi/external_ref?access_num=BC040513&link_type=GEN
http://www.ncbi.nlm.nih.gov/entrez/viewer.fcgi?db=nucleotide&val=6755794
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MMP-2 (NM_008610), pro-MMP-9 (NM_013599), TIMP-2 (NM_011594.3), and TIMP-

4 (NM_080639). 

D.2.4 Western blotting of LOX 

Cardiac tissues were homogenized in cold CelLyticTM Mammalian Tissue 

Lysis/Extraction Reagent (Sigma-Aldrich) and quantified using the Biorad Protein Assay. 

Twenty µg of proteins were applied onto a NuPAGE® 10% Bis-Tris Gel (Invitrogen), 

separated at 200 V for 50 mins using NuPAGE® MOPS SDS Running Buffer 

(Invitrogen) and subsequently transferred onto PVDF membranes. Membranes were 

incubated in a blocking buffer containing 5% BSA (Sigma-Aldrich) in TBS with 0.1% 

Tween-20 (TBS-T) at room temperature for 1 h. Membranes were probed with rabbit 

polyclonal anti-LOX (1:32000, Novus Biological) in 1X TBS-T overnight at 4ºC, and 

washed 3 times in TBS-T. The corresponding anti-rabbit secondary horseradish 

peroxidase (HRP)-conjugated antibody was from Calbiochem. The reactions were 

developed with ECLTM western blotting detection reagents (GE healthcare). Images were 

obtained by exposure to X-ray films and band densities were analyzed by Quantity One 

4.6.2, Basic (Bio-Rad). For normalization, ß-actin antibody was used as a loading control.  

D.2.5 Determination of LOX activity 

LOX activity was measured by a highly sensitive fluorescent assay modified from the 

report of Palamakumbura and Trackman (Palamakumbura and Trackman 2002). Briefly, 

25 mg of cardiac tissue was homogenized in 300 µL of CelLytic (Sigma) at -80°C and 

reconstituted to 1 mL with LOX buffer (1.2 mol/L urea, 50 mmol/L sodium borate [pH 

http://ajpregu.physiology.org/cgi/external_ref?access_num=NM_008610&link_type=GEN
http://www.ncbi.nlm.nih.gov/entrez/viewer.fcgi?db=nucleotide&val=31981527
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8.2]) then centrifuged at 12000 g for 10 minutes. After collection of the supernatant, LOX 

enzymatic activity was detected by the production of H2O2 from alkyl monoamine 

substrate and detected with (Zibadi et al. 2007)acetyl-3,7-dihydroxyphenoxazine 

(Amplex Red) at wavelengths 563 and 587 nm. Parallel unknown samples were prepared 

by adding 500 µmol/L ß-aminopropionitrile fumarate to completely inhibit the activity of 

LOX. The emission intensity difference was converted into the amount of H2O2 produced 

by the action of LOX when compared with the fluorescence of a nanomoles hydrogen 

peroxide standard plot. 

D.2.6 Determination of MMPs activity 

Gelatin zymography assay was performed according to the method described by Zibadi et 

al (Zibadi et al. 2007). Briefly, 10 mg of cardiac tissue was homogenized in 1 mL of 

zymograph extraction buffer and the extraction supernatants applied to precast 10% 

polyacrylamide gel Zymogram (Novex). After activation and development, the bands 

were quantified with image analysis software (BIO-RAD GS-800).  

D.2.7 Determination of myocardial total and cross-linked collagen 

Hydroxylproline and cross-linking assays were performed as previously described 

(Zibadi et al. 2007). Hydroxylproline levels were quantified by comparison to a standard 

colorimetric curve of trans-hydroxyproline (Sigma, St. Louis). Collagen cross-linking 

was determined using cyanogen bromide digestion. The amount of cross-linking was 

determined by comparing the total hydroxyproline to cyanogen bromide–soluble 

hydroxyproline. 
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The data were expressed as microgram of collagen per milligram of dry heart weight, 

assuming that collagen contains an average of 13.5% hydroxyproline.  

D.2.8 Cardiac tissue histology 

Cardiac fibrosis was evaluated by standard Picosirius red (PSR) staining procedures, 

performed by Department of Pathology Lab at The University of Arizona.  

D.2.9 ELISA for T-lymphocyte cytokines 

ELISA kits obtained from R & D systems were used to determine the Th1 cytokine 

interferon (IFN)-γ and the Th2 cytokine interleukin (IL)-10. T-lymphocytes were 

separated from splenic mononuclear cells with lymphocyte separation medium (Cellgro). 

The B-lymphocytes were eliminated by culturing cells in anti-mouse IgG antibody–

coated plates for 2 hours. The purified T-lymphocytes were cultured in 10% FCS RPMI 

medium 1640 at a concentration of 5x105 cells/mL for 48 h, and the supernatants were 

analyzed with the respective ELISA kits. 

D.2.10 Statistics 

The data are expressed as means ± SEM. Statistical analyses were performed with SPSS 

software (SPSS, Chicago, IL). Differences between the experimental groups were 

determined using one-way ANOVA followed by post hoc Bonferroni test. Comparable 

nonparametric tests (Kruskal-Wallis and the rank sum test) were substituted when tests 

for normality and equal variance failed. A value of P <0.05 was used as a criterion for 

statistical significance. 



 

 

88

D.3 Results 

D.3.1 Effect on diastolic function 

Consistent with our previous observation in male C57BL/6 mice (unpublished data) the 

HFHSC diet fed to female C57BL/6 caused an impairment of left ventricular (LV) 

diastolic performance with reduced LV end-diastolic volume (24.4 vs. 28.3 µL in 

respective controls) and increased LV end-diastolic pressure (8.9 vs. 4.2 mmHg in 

respective controls) (Fig. D.1A and B, P <0.01). There was a 24.8% decrease in LV 

filling rate (dV/dtmax) and a 68.4% increase in the slope of the end-diastolic pressure-

volume (P-V) relationship (ß) in HFHSC-fed C57BL/6 mice compared with respective 

controls (Fig. D.1C and D, P <0.01). These changes were accompanied by a consistent 

leftward and upward shift of the diastolic portion of the LV P-V loop (Fig. D.1E). In 

SCID mice HFHSC diet consumption resulted in a significant increase in end-diastolic 

LV pressure from 3.7 to 5.5 mmHg compared with respective controls (Fig. D.1B, P 

<0.01). ß, an index of passive diastolic function, LV end-diastolic volume and filling rate 

showed similar trends as of HFHSC-fed C57BL/6 mice, though on a non-significant 

smaller scale (Fig. D.1, P = NS).     

D.3.2 Cardiac LOX gene and protein expression, and activity 

Cardiac LOX and LOXL-3 gene expression remained unchanged in HFHSC-fed mice in 

comparison with controls. However there was a significant increase in gene expression of 

bone morphogenetic protein-1 (BMP-1) in HFHSC-fed C57BL/6 mice (1.8-fold, P 

<0.05), which processes pro-LOX yielding the mature enzyme (Smith-Mungo and Kagan 

1998) (Table D.2). Western blot analysis revealed 2 immunoreactive bands 
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corresponding to the proenzyme (50 kDa) and the mature (30 kDa) forms of LOX 

enzyme. As shown in Fig. D.2A, there was an increase in the ratio of protein expression 

of mature to proenzyme LOX in HFHSC-fed C57BL/6 mice (1.50 vs. 1.38 in controls, P 

<0.05) suggestive of increased activation of latent pool of pro-LOX. Correspondingly 

HFHSC-fed C57BL/6 mice displayed 84.1% increase in LOX enzymatic activity 

compared with controls (P <0.05, Fig. D.2B). In SCID mice HFHSC treatment resulted 

in non-significant increase in BMP-1 gene expression (1.5-fold, Table D.2) associated 

with enhanced maturation and activity of LOX (P = NS, Fig. D.2) 

D.3.3 Cardiac MMPs gene expression and activities 

No significant changes were observed in the gene expression of pro-MMP-2, -9, and 

TIMPs following HFHSC treatment (Table D.2). However, the gelatinolytic activity of 

MMP-2 was moderately suppressed in HFHSC-fed mice in both strains (P <0.05) 

contributing to cardiac fibrosis and myocardial stiffness. Unexpectedly HFHSC-fed 

C67BL/6 mice exhibited significantly higher MMP-9 activity when compared with the 

respective controls (P <0.05) despite increased chamber stiffness in this group (Fig. D.3).   

D.3.4 Myocardial total and cross-linked collagen characteristics 

The Picosirius red staining of cardiac sections revealed marked fibrosis in the 

myocardium of HFHSC fed mice (Fig. D.4A). Fig. D.4B demonstrates ventricular 

collagen content measured by hydroxylproline and cyanogen bromide digestion assays. 

HFHSC treatment caused a significant increase in total ventricular collagen by 1.6-fold in 

C57BL/6 mice (P <0.05) while no changes occured in SCID mice (P = NS). Moreover 
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HFHSC diet consumption was associated with a marked increase in fibrillar collagen 

cross-linking by 2.1-fold and 1.6-fold in C57BL/6 and SCID mice respectively compared 

with respective controls (P <0.05). The alternation in cross-linked collagen explains the 

changes in ventricular end-diastolic volume and pressure, ventricular stiffness and 

diastolic dysfunction after chronic HFHSC diet consumption.   

D.3.5 Immune profile of C57BL/6 mice   

HFHSC treatment in C57BL/6 mice was associated with significant 21.6 % decrease in 

IFN-γ protein level and marked 76.0 % decline in IL-10 protein level in the supernatant 

of cultured T-lymphocytes (P <0.001, Fig. D.5). Moreover, the ratio of IFN-γ to IL-10 

was 12.8 in controls and 36.4 in HFHSC diet fed mice, suggesting the development of 

Th1 immunophenotype in C57BL/6 mice after 12 months treatment with HFHSC diet. 

D.4 Discussion 

A growing proportion of heart failure patients, particularly among the elderly, have 

preserved systolic function. This observation is fueling interest in better understanding of 

diastolic abnormalities for targeted treatment approaches. Much of the attention in 

experimental and clinical studies has focused on myocardial fibrosis, chamber stiffness 

and filling abnormalities during diastole. LOX contributes to perturbation of cardiac 

ECM homeostasis. It is an amine oxidase that initiates the process of covalent intra- and 

intermolecular cross-linking in collagen and elastin (Smith-Mungo and Kagan 1998). 

Quantitative changes in collagen cross-linking, perhaps more than total collagen, is a 

potent contributor to increased myocardial stiffness (Badenhorst et al. 2003). Recent 
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studies have emphasized the role of LOX in cardiac fibrosis, particularly with respect to 

diastolic dysfunction (Lopez et al. 2009). Accordingly, the goal of this study was to 

examine the effects of T-lymphocytes on LOX regulation in a murine model of diet-

induced cardiac fibrosis.  

We demonstrated that induction of myocardial LOX maturation and catalytic activity was 

more prominent in wild-type C57BL/6 mice following 12 months treatment with the 

HFHSC diet than in SCID mice which are devoid of functional T-lymphocytes. Thus as 

expected, myocardial cross-linking and diastolic dysfunction were significantly more 

pronounced in HFHSC fed C57BL/6 mice. Given the lack of functional T and B cells in 

SCID mice, these data strongly support a role for immunomodulation of myocardial 

fibrosis through modulation of LOX-dependent collagen maturation. This concept is 

firmly supported with our earlier work using experimental murine models of 

hypertension and myocardial infarction (Yu et al. 2006;Kellar et al. 2005) which 

demonstrated a role for T cells in regulation of cardiac ECM remodeling. In the present 

study, changes in LOX maturation and activity were paralleled by the induction of Th1 

immunophenotype in C57BL/6 mice, which we have shown previously to be associated 

with cardiac fibrosis and diastolic dysfunction (Yu et al. 2005). Moreover IFN-γ, a 

cytokine suppressed in HFHSC fed C57BL/6 mice (Fig. D.5), has been shown to reduce 

LOX expression and activity through both transcriptional and post-transcriptional 

mechanisms (Song et al. 2000), perhaps through an IFN-sensitive motif in the promoter 

region of LOX gene (Tan et al. 1996).  
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Although T-lymphocytes may help orchestrate the fibrotic response via production of 

array of cytokines (Yu et al. 2005;Yu et al. 2006), the mechanism of differential 

fibrogenesis in these animals is open to speculation. We found that food intake and 

weight gain were similar in C75BL/6 and in SCID mice (data not shown). Thus body 

weight itself does not explain the difference in fibrogenic response. Because HFHSC fed 

SCID mice exhibited induction of LOX and fibrosis, albeit different than that of wild-

type mice, other factors including but not limited to T-lymphocyte-derived cytokines may 

play a role in fibrogenesis. Recent studies have demonstrated that certain cytokines 

regulate LOX gene expression and activity. Profibrotic cytokine, transforming growth 

factor (TGF)-ß1, increases not only steady-state LOX mRNA but also LOX enzymatic 

activity in cultured vascular smooth muscle cells (Shanley et al. 1997). Furthermore a 

number of proinflammatory cytokines including tumor necrosis factor (TNF)-α 

(Rodriguez et al. 2008) and interleukin-1ß (IL-1ß) have been implicated in the induction 

of LOX (Hofnagel et al. 2004). Recent data from our laboratory have documented that the 

profibrotic cytokine, IL-18, promotes cardiac collagen cross-linking by increasing LOX 

enzymatic activity (Yu and Larson 2007). Although available evidence suggests these 

cytokines are important in the modulation of LOX, other as yet unidentified cytokines 

undoubtedly play a role.  

LOX is synthesized as a pre-proprotein a 50 kDa N-glycosylated proenzyme which is 

then proteolytically cleaved by bone morphogenic protein-1 (BMP-1) yielding the mature 

30 kDa form (Smith-Mungo and Kagan 1998). It appears that post-transitional 

mechanisms are also involved in the positive and negative regulation of LOX. Our data 
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demonstrated that despite blunted gene expression of LOX isoenzymes, there was an 

increase in the ratio of protein expression of mature to proenzyme form of LOX and in its 

enzymatic function in mice fed the HFHSC diet. The enhanced proteolytic processing of 

the latent pool of pro-LOX by up-regulated BMP-1 should account for the increased in 

the enzyme activity in HFHSC fed mice. BMP-1 itself undergoes post-translational 

modification including cleavage of prodomain and glycosylation to convert to the 

functional proteinase (Garrigue-Antar et al. 2002). TGFβ-1 has been shown to upregulate 

BMP-1gene expression in cultured fibroblasts (Bock et al. 2008). However the effect of 

the individual T-cell derived cytokines on BMP-1 at transcriptional and post-translational 

levels has not yet been characterized.  

We also investigated the effect of T-lymphocytes on matrix metalloproteinases (MMPs), 

the main mediators of ECM degradation. A fine balance between MMPs and their 

endogenous inhibitors, i.e., tissue inhibitors of metalloproteinases (TIMPs), maintains the 

matrix integrity (Li et al. 2000). Clinical studies and experimental models of cardiac 

fibrosis have reported that altered expression of MMPs and TIMPs accompanies the 

development and progression of heart failure (Messerli 2004). In the present study 

HFHSC diet consumption was associated with moderate attenuation of MMP-2 

proteolytic activity in both strains (Fig. D.3) suggesting diminished ECM degradation. 

Unexpectedly there was an increase in MMP-9 activity in HFHSC diet fed C57BL/6 

mice. It is possible that increased MMP-9 activity is a compensatory response to 

increased collagen deposition. However it is a paradox that MMP activation and cardiac 

fibrosis track together, considering turnover of the degraded matrix proteins. Several 
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studies suggest that proinflammatory cytokines such as TNF-α, IL-1ß, and also TGF-ß1 

modulate expression and release of MMPs (Brown et al. 2007;Siwik et al. 2000).  

To summarize, our data suggest that T-lymphocytes alter the cardiac ECM mainly by 

regulating LOX maturation and catalytic activity and post-translational modification of 

collagen fibers which leads to myocardial stiffness and impaired diastolic function. Our 

data do not rule out an important role for MMPs in diet-induced cardiac fibrosis; rather, 

they merely show that T cells mainly act on collagen maturation and cross-link formation 

rather than its degradation. Thus immunoregulation of LOX enzymatic pathway may be a 

new strategy to prevent myocardial fibrosis and resultant diastolic dysfunction.  
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Figure D.1. In vivo analysis of diastolic function. Data, obtained from in vivo pressure-
volume loop analysis, represent diastolic functional parameters: A: end-diastolic volume, 
B: end-diastolic pressure C: ß, the slope of end-diastolic P-V relationship, D: LV filling 
rate, and E: LV P-V loops obtained from one animal/group. Abbreviations: LV: left 
ventricular. (n/group = 7-8) Values are presented as means ± SEM. *P <0.01 compared 
with respective controls, † P <0.05 compared with C57BL/6 controls.  
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Figure D.2. Cardiac LOX protein expression and activity. A: Western blot analysis of 
immunoreactive LOX protein, representing the proenzyme (50 kDa) and the mature form 
(30 kDa). B: The LOX activity represented by the production of H2O2 and detected by 
Amplex Red oxidation. (n/group = 4) Values are presented as means ± SEM. *P <0.05 
compared with respective controls, † P <0.05 compared with C57BL/6 controls. 
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Figure D.3. Cardiac MMPs activity. A: Representative gelatin zymogram showing 
changes in MMP-9, pro-MMP-2 and MMP-2 activities. B: The corresponding 
densitometric analyses of lytic bands. (n/group = 3) Values are presented as means ± 
SEM. *P <0.05 compared with respective controls, † P <0.05 compared with C57BL/6 
controls. 
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Figure D.4. Myocardial collagen characteristics. A: Picosirius red image of cardiac 
tissue, B: Myocardial total and cross-linked collagen as determined by hydroxylproline 
and cyanogen bromide digestion assays. Data are expressed as micrograms of collagen 
per milligram dry heart weight, assuming that collagen contains an average of 13.5% 
hydroxyproline. (n/group = 4) Values are means ± SEM. *P <0.05 compared with 
respective controls, †P <0.05 compared with C57BL/6 controls.  
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Figure D.5. Cytokine protein expression of C57BL/6 mice. Cultured splenocytes were 
assayed for IFN-γ and IL-10 to demonstrate the immunophenotype of C57BL/6 mice. 
(n/group = 4) Values are means ± SEM. *P <0.001 compared controls. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 

 

103

Table D.1. Fatty acid composition of diets 

Fatty acids 
Diet 

Control HFHSC 
Total saturated 28.5 142.3 
Total monounsaturated 35.7 178.5 
Total PUFA 7.5 37.3 
Total ω-6 PUFA 7.4 36.9 
Total ω-3 PUFA 0.07 0.36 

 
Abbreviations: HFHSC: high fat high simple carbohydrate; PUFA, polyunsaturated fatty 
acids. Fatty acid content is given in mg/g diet.  
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Table D.2. Comparison of cardiac gene expression 
 C57BL/6 SCID 
Gene Control HFHSC Control HFHSC 

LOX 9.47 ± 0.14 9.32 ± 0.13 9.86 ± 0.31 9.87 ± 0.04 

LOXL-3 10.16 ± 0.11 10.24 ± 0.15 11.15 ± 0.29† 10.47 ± 0.12 

BMP-1 8.82 ± 0.18 7.99 ± 0.08* 8.64 ± 0.25 8.07 ± 0.14† 

Pro-MMP-2 4.91 ± 0.04 4.81 ± 0.15 5.36 ± 0.26 5.46 ± 0.10† 

Pro-MMP-9 9.42 ± 0.13 9.54 ± 0.11 10.09 ± 0.26 9.72 ± 0.10 

TIMP-2 5.36 ± 0.08 5.00 ± 0.06 5.66 ± 0.28 5.75 ± 0.46 

TIMP-4 6.09 ± 0.09 6.58 ± 0.14 7.21 ± 0.29† 7.69 ± 0.21† 
 
These data are expressed as threshold cycle number, which implies that if the cycles 
decrease the expression is increased. Data were represented by real-time PCR cycle 
numbers normalized by respective ß-actin and expresses as means ± SEM. (n/group = 4) 
*P <0.05 compared with respective controls, †P <0.05 compared with C57BL/6 controls.  
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Abstract 

Obesity-induced remodeling of cardiac extracellular matrix (ECM) leads to myocardial 

fibrosis and stiffness and ultimately diastolic dysfunction. Leptin, an adipokine over-

produced in obesity, is emerging as a novel mechanistic link between obesity and heart 

diseases. Despite the known essential role of leptin in hepatic and renal fibrosis, the 
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effects of leptin on cardiac ECM remodeling remain unclear. Our objective was to define 

the role of leptin as a key mediator of profibrogenic responses in the heart. Leptin was 

administered to primary cardiac fibroblasts at five concentrations (0-500 ng/mL) which 

resulted in significant stimulation of pro-collagen Iα1 and a decrease in pro-matrix 

metalloproteinase (MMP) -8, -9 and -13 gene expressions at 24 h. Furthermore, we 

examined the profibrotic effect of leptin in vivo by administrating leptin to 5 month-old 

C57BL/6 and leptin-deficient ob/ob mice at 0.1 µg/g body weight by subcutaneous 

injection, 3 times/week for 8 weeks. Leptin-deficient ob/ob mice demonstrated eccentric 

hypertrophy, associated with a 7-fold increase of the collagenase, pro-MMP-8, a decrease 

in pro-MMP-9, moderate increases in TIMP-1 and -3 mRNA levels, marked increase in 

pro-MMP-2 activity, and a reduction in cardiac collagen content compared with C57BL/6 

controls. With exogenous leptin administration ob/ob mice displayed passive diastolic 

filling dysfunction, coincided with significant increase in pro-collagen IIIα1, suppression 

of pro-MMP-8, TIMP-1 and -3 gene expressions, and increase in myocardial collagen 

compared with ob/ob controls. Our findings suggest profibrotic effects of leptin in the 

heart, primarily through the predominance of collagen synthesis over degradation. 

Keywords: Leptin; Obesity; Heart; Remodeling; Collagen 
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E.1 Introduction  

Obesity, a growing health problem worldwide, contributes to the onset and/or 

development of cardiovascular diseases. Obesity is often associated with type 2 diabetes, 

hypertension, and dyslipidemia, which aggravate the cardiovascular outcome associated 

with obesity (Voller et al. 2004). However, obesity alone has been identified as an 

independent risk factor, causing 11% of cases of heart failure in men and 14% of cases in 

women in the United States (Galinier et al. 2005). Uncomplicated obesity can trigger 

cardiac remodeling in response to obesity-induced volume-overload, which involves 

changes in cardiomyocytes and extracellular matrix (ECM) composition. This 

maladaptive remodeling results in eccentric hypertrophy and interstitial fibrosis, which 

leads to myocardial stiffness, decreased left-ventricular compliance, and ultimately 

diastolic dysfunction and cardiac failure (Anversa and Nadal-Ginard 2002). Myocardial 

fibrosis is the result of the altered balance between collagen synthesis and degradation. 

Collagen degradation is largely determined by the fine balance of degradative enzymes, 

matrix metalloproteinases (MMPs), with respect to highly regulated multifunctional 

endogenous tissue inhibitors of metalloproteinase, the TIMPs (Fedak et al. 2005).  

The rapid rise in the incidence and prevalence of obesity and the concomitant increase in 

the incidence and prevalence of cardiac failure have fueled investigation into the role of 

obesity in the pathogenesis of cardiac ECM remodeling. Although a clear mechanistic 

basis for increased cardiovascular risk in obese individuals is uncertain, recent studies 

suggest leptin, an adipokine over-produced in obesity, as a potential causative or at least a 

contributing factor. The adipocyte-derived 16-kDa peptide, leptin, can also be produced 
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by heart, where its effects appear to be mediated through leptin receptors. This is 

suggestive of an autocrine or paracrine effect of leptin (Fei et al. 1997). Leptin has been 

shown to directly attenuate systolic contraction (Abe et al. 2007), induce or prevent 

hypertrophy (Abe et al. 2007;Rajapurohitam et al. 2003;Xu et al. 2004), and stimulate 

mitogenesis in primary cardiomyocytes (Tajmir et al. 2004). Leptin treatment in human 

pediatric cardiomyocytes resulted in increased gene expression of MMP-2, and collagen 

type III and IV, while suppressing collagen type I mRNA, without affecting total 

collagen synthesis (Madani et al. 2006). The profibrotic effects of leptin in hepatic and 

renal tissues have been extensively investigated in rodent-induced fibrosis models. Leptin 

can stimulate collagen (Saxena et al. 2002a;Saxena et al. 2002b) and TIMP-1 gene 

expression (Cao et al. 2004;Ikejima et al. 2007), and repress MMP-1 gene expression 

(Cao et al. 2007) in hepatic stellate cells. Moreover, leptin stimulates rat renal glomerular 

collagen type IV mRNA and protein expression (Wolf et al. 1999). However, the effect 

of leptin on cardiac fibroblasts and cardiac ECM remodeling remains unclear. 

In this report we provide evidence for a potential link between leptin and myocardial 

fibrosis by demonstrating that leptin induces profibrogenic genes in primary cardiac 

fibroblasts in vitro, and interstitial fibrosis and diastolic dysfunction in vivo. 

E.2 Methods and procedures 

E.2.1 Animal model 

This study was approved by the animal review committee at University of Arizona. The 

procedures in the Guidelines for the Care and Use of Laboratory Animals (DHEW 
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Publication No. (NIH) 85-23, Revised 1985, Office of Science and Health Reports, 

DRR/NIH, Bethesda, MD 20205) and Principles of Laboratory Animal Care (published 

by the National Society for Medical Research) were followed in this study. Five-month-

old female C57BL/6 and leptin deficient ob/ob mice with C57BL/6 background were 

purchased form Jackson Laboratories. The two strains of mice were randomly selected as 

controls or administrated recombinant mouse leptin (R&D System) at 0.1 µg/g body 

weight, subcutaneously, 3 times/week, for 8 weeks. During the study, mice were 

maintained in the facility on an NIH-31-modified mouse sterilized diet and water ad 

libitum. Food intake was measured at baseline and at the end of the study.  

E.2.2 Primary cardiac fibroblast isolation and treatment 

Primary cardiac fibroblasts (CFs) were prepared from the heart of eight-week-old 

C57BL/6 mice (Jackson Laboratories, Bar Harbor, ME) and used at passage two. They 

were prepared with a protocol provided by Thomas Borg, PhD (University of South 

Carolina), which has provided fibroblasts with a greater than 90% purity using the 

cardiac fibroblast specific DDR2 antibody with FACS. The heart was minced and rinsed 

four times in warm sterile Krebs-Henslett buffer (KHB) from Sigma Aldrich (St. Louis, 

MO, USA) (K3753). A digestion preparation solution was made by dissolving 5.4 mg of 

Liberase 3 enzyme (Roche Biochemical Burlington, NC, USA) in 60 mL warm sterile 

KHB. The first two digestions were discarded while the subsequent 10-18 digestions 

were retained for panning of the CFs in culture flasks. The isolated fibroblast concentrate 

was plated in a T75 with 20 mL of DMEM/F12 (Sigma D-8900) with 10% fetal calf 

serum (FCS). After two hours, the adherent cells (CF) were retained and the floating cells 
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(non-CF) were discarded. The CFs were stimulated with either PBS or 5-500 ng/mL of 

leptin in DMEM/Hepes with 1% FCS for 24 h.  

E.2.3 Blood pressure measurement  

Systolic blood pressure (SBP) in unanesthetized mice was measured by the non-invasive 

tail-cuff method using a XBP1000 Computerized Mouse Tail Blood Pressure System 

(Kent Scientific, Torrington, CT) on days 53 to 56. Mice were restrained, and temperature 

was controlled at 31°C. After blood pressure readings stabilized, 3 consecutive readings 

were averaged.  

E.2.4 Microsurgical methods and in vivo hemodynamics measurements 

The Millar conductance catheter system was used, as previously described by our 

laboratory (Yang et al. 2001;Zibadi et al. 2007). Mice were pre-anesthetized using 3% 

inhaled isoflurane. After the onset of anesthesia, mice were endotracheally intubated, 

ventilated using an external respirator, and maintained with 1.5% isoflurane. The right 

external jugular vein was isolated and cannulated for volume administration. The apical 

portion of the heart and the inferior vena cava were exposed through a substernal-

transverse incision, and a high-fidelity 1.4 French transducer catheter (Millar Instruments 

Inc., Houston, Texas, USA) was inserted into the left ventricle through the apex. 

Pressure-volume loops were acquired and hemodynamic parameters were computed using 

PVAN Software, as reported previously (Zibadi et al. 2007).  
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E.2.5 Transthoracic echocardiographic assessment 

During echocardiographic imaging, the mice were anesthetized and maintained with 

1.5% isoflurane. ECHO images were obtained with a Vevo 700 high-resolution imaging 

system (VisualSonics, Toronto, Canada) using a high-frequency ultrasound probe (RMV-

707), composed of a fixed-focused transducer working at 30 MHz with a focal depth of 

12 mm, and the Vevo 770 system software version 2.3.0 (May 2007) designed for murine 

cardiac imaging. The transducer was mechanically rotated and real-time 2D images were 

acquired at a frame rate up to 60 Hz. The ultrasound probe was placed on the chest to 

obtain longitudinal, supracalvicular, and four-chamber views of the heart and B-mode, 

M-mode, and doppler imaging. 

E.2.6 RNA extraction and real-time polymerase chain reaction (PCR)  

Expression difference of selected genes in isolated cardiac fibroblasts and cardiac tissues 

were analyzed according to the method we described (Zibadi et al. 2007). Briefly, 

purified RNA was converted into cDNA using the Superscript® protocol (Invitrogen, 

Carlsbad, CA). Diluted cDNA was used as the template to quantify the relative content of 

mRNA, using QuantiTect SYBR green PCR kit (Qiagen Inc, Valencia, CA, USA) and the 

Rotor-Gene RG-6000 with a 72-well rotor (Corbett Research, Brisbane, Australia). The 

candidate gene threshold cycle numbers were normalized by respective β-actin 

(BC040513) gene. Level of expressions was expressed as fold change in expression of 

candidate genes relative to the control mice gene expression. Custom primers were 

designed using the Primer3 and synthesized by Integrated DNA Technologies. The 

following candidate genes were investigated: collagen genes: pro-collagen Iα1 

http://ajpheart.physiology.org/cgi/external_ref?access_num=BC040513&link_type=GEN
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(NM_007742) and pro-collagen IIIα1 (AK079113); MMPs genes: pro-MMP-2 

(NM_008610), pro-MMP-8 (NM_008611.2), pro-MMP-9 (NM_013599), pro-MMP-13 

(NM_008607); and TIMPs genes: TIMP-1 (NM_011593) and TIMP-4 (NM_080639). 

E.2.7 Determination of MMPs activity 

Gelatin zymography assay was performed using cardiac tissue according to the method 

described by Zibadi et al (Zibadi et al. 2007). Briefly, 10 mg of cardiac tissue was 

homogenized in 0.5 mL of zymograph extraction buffer. The homogenates were 

centrifuged at 1100 x g for 10 min at 4°C, and the supernatants were applied to precast 

10% polyacrylamide gel Zymogram (Novex; Frankfurt, Germany). After electrophoresis 

at 125 V at 4°C for 120 min, the gels were washed twice with renaturing buffer at room 

temperature for 30 min. Zymograms were then transferred into activity buffer and 

developed at 37°C for 12 h. After fixation and being stained with Coomassie brilliant 

blue G-250 (0.25%), the zymograms were destained with 10% (vol/vol) acetic acid, and 

bands were quantified by image analysis (Bio-Rad GS-800).  

E.2.8 Determination of total myocardial collagen 

Hydroxylproline assay was performed as previously described (Zibadi et al. 2007). 

Hydroxylproline levels were quantified by comparison to a standard colorimetric curve of 

trans-hydroxyproline (Sigma, St. Louis). The data were expressed as microgram of 

collagen per milligram of dry heart weight, assuming that collagen contains an average of 

13.5% hydroxyproline.  

http://ajpheart.physiology.org/cgi/external_ref?access_num=AK079113&link_type=GEN
http://ajpregu.physiology.org/cgi/external_ref?access_num=NM_008610&link_type=GEN
http://www.ncbi.nlm.nih.gov/entrez/viewer.fcgi?db=nucleotide&val=6755794
http://www.ncbi.nlm.nih.gov/entrez/viewer.fcgi?db=nucleotide&val=31981527
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E.2.9 Cardiac tissue histology 

Cardiac fibrosis was evaluated by standard Picosirius red (PSR) staining procedures, 

performed by Department of Pathology lab at The University of Arizona.  

E.2.10 Statistics 

The data are expressed as means ± SEM. Statistical analyses were performed with SPSS 

software (SPSS, Chicago, IL). Differences between the experimental groups were 

determined using one-way ANOVA followed by post hoc Bonferroni test. Comparable 

nonparametric tests (Kruskal-Wallis and the rank sum test) were substituted when tests 

for normality and equal variance failed. A value of P <0.05 was used as a criterion for 

statistical significance. 

E.3 Results 

E.3.1 Effect of leptin on primary cardiac fibroblasts 

We exposed primary cardiac fibroblasts from 8-week-old female C57BL/6 mice to leptin 

at 0, 5, 50, 200, and 500 ng/mL for 24 h. As shown in Table E.1, the expressions of 

candidate genes known to be involved in cardiac collagen metabolism were determined at 

the transcriptional level using real-time PCR. Cardiac fibroblast stimulated at a 

concentration of 50 ng/mL, which is a serum concentration in obese patients (Sinha et al. 

1996), demonstrated a significant up-regulation of pro-collagen Iα1 gene expression, and 

a marked down-regulation of pro-MMP-9 gene expression in comparison with the 

controls (P <0.05). There was a dose-dependent decrease in pro-MMP-9 and increase in 

pro-collagen Iα1 mRNA levels. Moreover, at the highest concentration there was also a 
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decrease in pro-MMP-13 and TIMP-1 and an increase in pro-MMP-2 gene expressions. 

Thus 50 ng/mL leptin was sufficient to induce changes in gene expression, favoring the 

direct profibrotic effect of leptin on cardiac fibroblasts. However higher concentrations 

were associated with more profound profibrotic effect. 

E.3.2 In vivo effect of leptin 

To provide proof of concept that leptin can affect the cardiac ECM, we administrated 

exogenous recombinant leptin to C57BL/6 and leptin-deficient ob/ob mice for 8 weeks. 

Blood pressure was similar between leptin-treated mice and respective controls (Table 

E.2). Leptin deficiency in ob/ob mice was associated with significant increase of 23.5% 

in weekly food intake, as compared to the baseline, while leptin treatment in ob/ob mice 

resulted in marked suppression of food intake (-1.6 g/week vs. 7.2 g/week in ob/ob 

controls, data not shown).   

E.3.3 Effect of leptin on cardiac function 

Table E.2 summarizes the hemodynamic data based on in vivo analysis of pressure-

volume relationships. Significant increase in both heart weight (40.2%) and end-diastolic 

volume (37.9%) (P <0.05) was suggestive of eccentric hypertrophy in leptin-deficient 

ob/ob mice compared with C57BL/6 controls. The stroke volume and cardiac output 

increased by 50.0% (P <0.05) and 33.3% (P=NS) in ob/ob controls, respectively, which 

may have been related to increased volume loading. Leptin treatment in ob/ob mice was 

associated with partial reversal of eccentric hypertrophy by reducing heart weight and 

Ved. These findings coincided with 70.0% increase in β (P <0.05) as compared to ob/ob 



 

 

115

controls, suggesting increased end-diastolic stiffness. There was a significant increase in 

both ejection fraction and cardiac output in leptin-treated C57BL/6 mice. However, no 

significant changes in diastolic parameters were observed.  

Transthoracic echocardiogram further confirmed induction of diastolic dysfunction due to 

leptin treatment in ob/ob mice. There was a non-significant decrease in mitral flow 

doppler E/A ratio and E deceleration time in ob/ob controls compared with C57BL/6 

controls, implying impaired relaxation. Leptin treatment in ob/ob mice resulted in 

significant increase in E/A as well as a prolonged E deceleration time, which suggest 

passing from a reversed E/A ratio through a pseudo-normal diastolic filling pattern (Table 

E.3).  

E.3.4 Effect of leptin on cardiac gene expression 

Table E.4 represents the fold changes in cardiac gene expression levels. Leptin deficiency 

in ob/ob mice was associated with a 7-fold increase of the collagenase, pro-MMP-8, 

moderate increase in TIMP-1 and -3 and a decrease in gelatinase pro-MMP-9 gene 

expressions, all implicated in collagen degradation, compared with C57BL/6 controls. 

Upon treatment with leptin ob/ob mice displayed significant upregulation of pro-collagen 

type IIIα1, and a significant suppression of pro-MMP-8 and TIMP-1 and -3 compared 

with ob/ob controls, supporting the profibrotic effects of leptin. 

E.3.5 Effect of leptin on MMPs enzymatic activities 

Control ob/ob mice exhibited significantly higher cardiac pro-MMP-2 (72 kDa) activity 

when compared with C57BL/6 controls. In leptin-treated ob/ob mice a similar increasing 
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trend in pro-MMP-2 activity was detected, which was not significantly different 

compared with ob/ob controls (Fig. E.1). 

E.3.6 Effect of leptin on total myocardial collagen 

Leptin deficiency in ob/ob mice was associated with significant reduction in total 

myocardial collagen by 7.5% compared with C57BL/6 controls. No significant changes 

were observed in leptin-treated C57BL/6 mice. However leptin treatment in ob/ob mice 

resulted in significant increase in total collagen compared with ob/ob controls (Fig. 

E.2B). Correspondingly Picosirius red staining images confirmed the changes in 

interstitial collagen. Notably leptin treatment in ob/ob mice was associated with increased 

prevascular fibrosis (Fig. E.2A). These findings coincided with significant increase in 

pro-collagen type Iα1 and IIIα1 mRNA levels, and marked decrease in pro-MMP-8 gene 

expression in leptin-treated ob/ob mice, resulting in cumulative increase in myocardial 

collagen, ventricular stiffness and eventually diastolic dysfunction.  

E.4 Discussion 

Disproportionate accumulation of fibrillar collagen within the adventitia of 

intramyocardial coronary arteries and neighboring interstitial spaces results in structural 

distortion, which adversely increases myocardial stiffness and impairs diastolic function 

(Anversa and Nadal-Ginard 2002). Since adverse cardiac ECM remodeling contributes 

notably to cardiac functional and structural abnormalities, causing progressive cardiac 

dysfunction, it is critically important to investigate the potential mediators of obesity-

induced cardiac ECM remodeling as a therapeutic target. The importance of leptin, an 
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adipocyte-derived peptide, in the pathogenesis of cardiac remodeling is increasingly 

being recognized. Increases in plasma-leptin concentration have been observed in 

patients with ischemic heart disease (Wallace et al. 2001) and heart failure (Schulze et al. 

2003), with evidence that hyperleptinemia is an independent predictor of these conditions 

(Schulze and Kratzsch 2005;Soderberg et al. 1999). The major new finding of our study 

is that leptin contributes to the cardiac ECM remodeling. Our data support the concept 

that leptin might be involved in induction of cardiac interstitial fibrosis and early diastolic 

dysfunction of volume-overloaded hearts and progression toward heart failure. In this 

experiment, we also demonstrated a direct profibrogenic effect of leptin on primary 

cardiac fibroblasts, the predominant cellular mediator of fibrosis. 

Our data are in agreement with a previous report indicating that leptin deficiency in ob/ob 

mice is accompanied by eccentric hypertrophy (Barouch et al. 2003), possibly due to 

obesity-induced volume-overload. We demonstrated here that leptin deficiency in ob/ob 

mice is associated with up-regulation of genes involved in collagen degradation, 

increased gelatinase activity and a reduction in total cardiac collagen. Despite the in vitro 

evidence of a prohypertrophic effect of leptin on cardiomyocytes, a previous in vivo study 

suggested that leptin mediates antihypertrophic effects in ob/ob mice (Barouch et al. 

2003). Similarly we demonstrated that leptin partially reversed the eccentric hypertrophy 

in ob/ob mice. Our new finding is that leptin treatment in ob/ob mice resulted in 

induction of diastolic dysfunction, coincided with increase in ECM deposition as a 

consequence of the predominance of collagen synthesis over degradation compared with 

ob/ob controls. Fibrosis, a typical signature of pathological cardiac hypertrophy, was 
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absent in the hearts of leptin-deficient obese mice, which may help to explain the 

overstated eccentric remodeling in these mice. On the other hand, leptin-induced collagen 

accumulation might oppose progressive chamber dilation, leading to progressive diastolic 

dysfunction and ultimately cardiac failure.  

We selected a model of obesity that is normotensive, the ob/ob mouse, to isolate the 

direct effects of leptin from those of hemodynamic load. As leptin infusion at 1 

µg/kg/min caused a sustained increase in blood pressure (Shek et al. 1998) and 

hypertension can induce cardiac ECM remodeling by itself, we examined the 

profibrogenic effect of leptin on the heart at lower concentration (0.1 µg/g body weight, 

sc, 3 times/week, for 8 weeks). Treatment with leptin at this concentration did not cause 

any changes in systolic blood pressure in any of two strains studied, compared to 

respective controls. Leptin treatment resulted in significant weight loss in both strains, 

due to reduced appetite and food intake. However, previous study has shown that the 

effect of leptin on cardiac remodeling is not attributable to weight loss alone (Barouch et 

al. 2003).  

An in vitro study on human pediatric cardiomyocytes showed that leptin increases the 

expression of MMP-2 and collagen type III and IV and decreases collagen type I mRNA 

without affecting total collagen synthesis, suggesting that leptin selectively regulates 

different forms of collagen (Madani et al. 2006). However, this experiment was done 

with cardiomyocytes, while in present study we examined cardiac fibroblasts, the primary 

cells involved in ECM maintenance. Our 2009 literature review found that no study has 
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been carried out to evaluate the effect of exogenous leptin on cardiac fibroblasts and 

ECM components. However, there is strong evidence demonstrating the profibrotic effect 

of leptin in hepatic, renal and cutaneous tissues. Leptin-deficient ob/ob mice are 

relatively protected from developing cirrhosis (Honda et al. 2002;Leclercq et al. 2002). 

However, leptin replacement therapy increased liver fibrogenesis in ob/ob mice exposed 

to hepatotoxins (Honda et al. 2002;Leclercq et al. 2002). Leptin stimulated collagen 

(Saxena et al. 2002a) and TIMP-1 gene expression (Ikejima et al. 2007) and repress 

MMP-1 mRNA level (Cao et al. 2007) in hepatic stellate cells. Moreover, leptin 

stimulated rat renal glomerular collagen type IV mRNA and protein expression (Wolf et 

al. 1999). Three-week infusion of leptin into normal rats fostered development of 

glomerulosclerosis. However, ob/ob mice were relatively protected from developing 

tubulointerstitial fibrosis following exposure to the unilateral ureteral obstruction 

(Kumpers et al. 2007). Leptin can also promote rat cutaneous fibroblast proliferation and 

collagen synthesis in vitro (Li P et al. 2005), supporting the profibrotic effects of leptin.  

The pathogenesis of cardiac fibrosis is multifactorial. Although leptin receptors are being 

expressed in cardiac fibroblasts (data not shown), the precise cardiac signaling 

mechanism activated by leptin remains to be established. Despite a direct profibrogenic 

effect of leptin on primary cardiac fibroblasts, leptin stimulation of the sympathetic 

nervous system (Haynes et al. 1997) and interaction with other profibrotic factors such as 

transforming growth factor-ß (Kumpers et al. 2007) could also contribute to ECM 

modification. Increased collagen crosslinking, mediated by the enzyme lysyl oxidase, 

contributes to increased ventricular stiffness and reduced compliance by increasing 
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fibrillar strength and stability (Burlew BS and Weber KT 2000). Therefore, future studies 

need to assess lysyl oxidase enzyme and collagen crosslinking to further define 

alterations of the ECM. Additional studies are warranted to confirm the key role of leptin 

in the development of cardiac fibrosis and to establish the underlying mechanisms. In 

contrast, it is also tempting to hypothesize a therapeutic role for leptin-modulators to 

prevent/lessen adverse cardiac ECM remodeling and diastolic dysfunction in obese and 

other hyperleptinemic populations.   
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Figure E.1. Zymographic analysis of pro-MMP-2 and MMP-9 activities in the 
cardiac tissue. A: Representative gelatin zymogram showing changes in pro-MMP-2 and 
MMP-9 activities. B: The corresponding densitometric analyses of lytic bands. (n/group 
= 3) Values are presented as means ± SEM. *P <0.05 compared with C57BL/6 controls. 
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Figure E.2. Myocardial collagen characteristics. A: Picosirius red staining image of 
cardiac tissue, B: Cardiac total collagen, as determined by hydroxylproline assay. Data 
are expressed as micrograms of collagen per milligram dry heart weight, assuming that 

collagen contains an average of 13.5% hydroxyproline. (n/group = 4) Values are means ± 
SEM. *P <0.05 compared with C57BL/6 controls, † P <0.05 compared with ob/ob-
controls.  
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Table E.1. Comparison of cardiac fibroblast gene expression 

Gene 
Relative mRNA expression (fold change) 

Control 5 ng/mL 50 ng/mL 200 ng/mL 500 ng/mL 
Pro-Col Iα1 1.0 1.05 ± 0.25 1.35 ± 0.06* 1.30 ± 0.07* 1.44 ± 0.15* 
Pro-Col IIIα1 1.0 1.06 ± 0.30 0.88 ± 0.08 1.02 ± 0.08 0.90 ± 0.02 
Pro-MMP-2 1.0 1.05 ± 0.27 1.10 ± 0.04 1.11 ± 0.09 1.31 ± 0.05* 
Pro-MMP-8 1.0 1.02 ± 0.09 0.81 ± 0.33 0.97 ± 0.06 0.69 ± 0.12* 
Pro-MMP-9 1.0 1.12 ± 0.40 0.75 ± 0.02* 0.57 ± 0.16* 0.04 ± 0.08† 

Pro-MMP-13 1.0 0.93 ± 0.27 1.06 ± 0.01 0.66 ± 0.09* 0.11 ± 0.13† 

TIMP-1 1.0 0.91 ± 0.36 0.84 ± 0.07 1.18 ± 0.12 0.36 ± 0.05† 

TIMP-3 1.0 0.98 ± 0.17 1.30 ± 0.12 1.33 ± 0.13 1.26 ± 0.24 

Primary cardiac fibroblasts have been exposed to leptin at concentration of 0 (control 
group), 5, 50, 200, and 500 ng/mL for 24 h. Level of expression is expressed as fold 
change in expression of candidate cardiac fibroblast genes relative to the control gene 
expression, as determined by RT-PCR. Col: collagen; MMP: matrix metalloproteinase; 
TIMP: tissue inhibitor of metalloproteinase. (n/group = 4) Values are presented as means 
± SEM. *P <0.05 and † P <0.001 compared with controls. 
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Table E.2. Left ventricular hemodynamic parameters (Millar Conductance) 

Parameter (unit) C57BL-
Control 

C57BL-
Leptin 

ob/ob-
Control 

ob/ob-
Leptin 

Body weight (g) 27.2±0.6 24.1±0.7* 78.6±1.4* 63.8±1.7*† 
Heart weight (mg) 104.2±1.4 99.0±2.1 146.1±2.7* 129.9±3.3*† 
HR (beats/min) 485.0±12.0 526.3±11.9* 471.0±6.3 468.4±9.1  
SBP (mmHg) 130.6±1.4 129.6±2.1 134.5±1.4 134.9±0.9* 
Ved (µL) 14.0±0.4 14.4 ± 0.9 19.3±0.5* 17.3 ± 0.7*† 
Ves (µL) 5.3±0.5 3.7±0.5* 6.5±1.1 5.9±0.8 
SV (µL) 9.0±0.9 11.3±0.7 13.5±1.2* 12.4±1.2* 
EF (%) 64.0±4.3 76.6±2.8* 67.5±5.2 68.9±4.9 
CO (L/min) 4.5±0.5 6.0±0.5* 6.0±0.6 5.7±0.5 
dP/dtmax (mmHg/s) 7123±826 8967± 385 9083±743 7732± 544 
PRSW (mmHg/s) 91.2±2.8 97.2±3.5 91.7±4.7 87.4±3.8 
β (mmHg/µL) 0.13±0.01 0.16±0.02 0.10±0.01 0.17±0.02*† 
dP/dtmin (mmHg/s) -6346±309 -5776±291 -6405±522 -5798±447 

Data represent cardiac functional parameters after 8 wks of treatment. HR: heart rate; 
SBP: systolic blood pressure obtained by tail cuff plethysmography; Ved: end-diastolic 
volume; Ves: end-systolic volume; SV: stroke volume; EF: ejection fraction; CO: cardiac 
output; dP/dtmax: maximum derivative of change in systolic pressure over time; PRSW: 
preload recruitable stroke work; β: slope of end-diastolic pressure-volume relationship 
plotted against Ved; dP/dtmin: maximum derivative of  change in diastolic pressure over 
time. (n/group=8) Values are presented as means ± SEM. *P <0.05 compared with 
C57BL-controls, † P <0.05 compared with ob/ob-controls. 
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Parameter (unit) C57BL/6-
Control 

C57BL/6-
Leptin 

ob/ob-
Control 

ob/ob- 
Leptin 

Peak E (cm/s) 80.86±7.19 88.00±6.16 60.30±7.13 65.69±11.22 

Peak A (cm/s) 53.10±4.93 58.41±10.10 58.26±5.36 28.57±3.69*† 

E/A ratio 1.56±0.17 1.64±0.18 1.07±0.17 2.32±0.32*† 

E-Dec time (ms) 20.50±1.95 25.67±2.26 16.80±1.62 28.50±4.01† 

IVRT (ms) 23.50±1.20 20.00±2.32 19.30±1.14* 20.25±0.63 

Table E.3. Diastolic function based on transthoracic echocardiogram  
 

 

 

 

 

 

 
 

E: early mitral inflow velocity; A: late mitral inflow velocity; E-Dec time: E deceleration 
time; IVRT: isovolumic relaxation time. (n/group = 4-5) Values are presented as means ± 
SEM. *P <0.05 compared with C57BL/6 controls, † P <0.05 compared with ob/ob-
controls.  
 

 

 

 

 

 

 

 

 

 
 
 
 
 
 



 

 

129

Table E.4. Comparison of cardiac gene expression 

Gene 
Relative mRNA expression (fold change) 

C57BL-
Conrol 

C57BL-
Leptin ob/ob-Control ob/ob- 

Leptin 
Pro-Col Iα1 1.0 ± 0.02 1.04 ± 0.09 0.96 ± 0.10 1.16 ± 0.03 

Pro-Col IIIα1 1.0 ± 0.12 1.18 ± 0.18 0.87 ± 0.10  1.35 ± 0.15† 

Pro-MMP-2 1.0 ± 0.06 1.11 ± 0.11 1.16 ± 0.05 1.29 ± 0.12* 

Pro-MMP-8 1.0 ± 0.59 2.82 ± 0.16* 6.95 ± 0.22* 2.59 ± 0.05*† 

Pro-MMP-9 1.0 ± 0.14 0.81 ± 0.26 0.65 ± 0.13* 0.72 ± 0.23 

TIMP-1 1.0 ± 0.31 1.05 ± 0.17 1.88 ± 0.13* 1.35 ± 0.05† 

TIMP-3 1.0 ± 0.16 1.19 ± 0.15 1.54 ± 0.12* 1.32 ± 0.05† 

Level of expression is expressed as fold change in expression of candidate cardiac genes 
relative to the C57BL/6 control gene expression, as determined by RT-PCR. Col: 
collagen; MMP: matrix metalloproteinase; TIMP: tissue inhibitor of metalloproteinase. 
(n/group = 4) Values are presented as means ± SEM. *P <0.05 compared with C57BL/6-
controls, †P <0.05 compared with ob/ob-controls. 
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