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ABSTRACT

Cardiomyopathy is defined as CVD affecting the gross structure of the 

myocardium and represents a significant portion of CVD.  Cardiomyopathies are 

often initiated by diastolic dysfunction which can be fatal, even in the absence of 

systolic dysfunction.  Currently, treatment of diastolic dysfunction remains 

empirical with an emphasis on prevention.  This dissertation is focused on the 

mechanism of cardiomyopathy and diastolic dysfunction during aging and 

immune dysfunction.  The governing hypothesis of this dissertation is that altered 

cytokine release such as that seen during aging and immune dysfunction is 

capable of causing diastolic dysfunction in the form of fibrosis and left ventricular 

stiffness.  We hypothesized that reversal of immune dysfunction is a potential 

therapeutic mechanism to reverse diastolic dysfunction.  Our first study examined 

the role of aging and immunosenescence on the cardiac extracellular matrix and 

left ventricular stiffness.  We demonstrated age-related immune dysfunction, 

myocardial fibrosis, and diastolic dysfunction.  We also found that exogenous 

dehydroepiandrosterone (DHEA), an adrenal steroid hormone popular due to its 

anti-aging effects, at least partially reversed each of these pathologies in aged 

mice.  In this model, fibrosis and its reversal were strongly associated with 

alterated regulation of matrix metalloproteinases and collagen cross-linking.  We 

proposed two mechanisms for the protective effects of DHEA: (1) a direct effect 

on cardiac fibroblasts, or (2) downstream effects of immune modulation. In the 

subsequent study on the effects of DHEA, we found that DHEA is capable of 
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directly altering cardiac fibroblast function, suggesting a mechanism for the 

effects of DHEA on cardiac function in vivo.  Interestingly, we also demonstrated 

age-related functional changes in cardiac fibrolasts.  Due to pleiotropic effects of 

DHEA, we then decided to specifically target the immune system using novel T-

cell receptor peptides during murine AIDS (mAIDS).  Mice with mAIDS suffer 

from cardiomyopathy in the absence of myocarditis and opportunistic pathogens.  

Further, these mice have dramatic immune dysfunction that can be reversed with 

these T-cell receptor peptides.  We demonstrated that reversal of immune 

dysfunction in mAIDS mice was associated with reversal of myocardial fibrosis 

and ventricular stiffness.  In conclusion, we have demonstrated age- and 

immune-related diastolic dysfunction that can be reversed by modulation of the 

T-cells of the immune system.  We feel that immune modulation should be further 

investigated as a therapeutic target to treat diastolic dysfunction during immune 

dysfunction.  We also found that MMPs and collagen cross-linking are highly 

involved in extracellular matrix regulation in the models used in this dissertation.

Key words: diastolic function, cardiomyopathy, aging, immune dysfunction, 

extracellular matrix, fibrosis
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CHAPTER ONE: INTRODUCTION
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1.1 Introduction

Cardiovascular disease (CVD) is responsible for killing more Americans 

than any other cause, and the estimated total cost of CVD is $360 billion (1).  Of 

the 64 million Americans suffering from CVD, more than 25 million are age 65 

and older (1).  Accordingly, the prevalence of CVD is less than 6% in those 

between ages 20-24 and increases to over 70% in persons over 75 (1).  The U.S. 

Census estimates that there will be 40 million Americans age 65 and older by the 

year 2010 (1), therefore research with regard to CVD and aging is crucial in 

preventing the increase in CVD.

Cardiomyopathy is defined as CVD affecting the morphological structure 

of the myocardium.  Cardiomyopathy represents a significant portion of CVD, and 

87% is in the form of dilated cardiomyopathy (1).  Only 50% of patients with DCM 

survive 5 years after their initial diagnosis, and only 25% are alive after 10 years 

(1).  The end-result of cardiomyopathy is remodeling, or a change in the size and 

geometry of the heart.  Cardiomyopathies are often initiated by diastolic 

dysfunction, which affects more than 4.6 million Americans and is associated 

with a 60% mortality rate within 5 years (1).  Currently, treatment of diastolic 

heart failure remains empirical with an emphasis on prevention, and there are 

currently few clinical data to support the efficacy of any particular class of drug 

for diastolic heart failure (2).  Diastolic dysfunction is increasingly recognized as a 

cause of congestive heart failure (CHF), although specific diagnosis is 

problematic.  Among CHF patients over age 65, up to 67% had normal systolic 
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heart function (3).  In these patients, histopathological analysis reveals 

maladaptive remodeling and fibrosis of the myocardium (3).

Myocardial remodeling is the process by which the size and geometry of 

the myocardium changes, often pathologically, in response to mechanical, 

pathophysiological, or genetic factors.  The myocardium consists of three main 

components: myocytes, the extracellular matrix (ECM), and the microcirculation.  

The ECM is a stress-tolerant scaffold of collagen that is responsible for coupling 

adjacent myocytes in order to promote efficient contraction.  Diastolic heart 

disease is associated with alterations in the myocardium which can lead to a 

fibrosis and a stiffening of the ventricular wall resulting in poor ventricular 

compliance and passive diastolic dysfunction (3-7). 

Altered ventricular compliance may be at least partially due to altered 

function of cardiac fibroblasts (CFb), which represent two-thirds of the non-

myocyte cells in the heart (8).  CFb perform three major functions related to the 

ECM (9): [1] synthesis and organization of the ECM, [2] synthesis and release of 

enzymes responsible for turnover of ECM components, and [3] generation of 

mechanical tension transmitted to myocytes.  CFb are largely responsible for 

production of ECM regulatory proteins, and therefore have received much 

attention for their hypothesized role in heart disease, particularly cardiac fibrosis.

Alterations in CFb function with aging may be responsible for myocardial fibrosis 

in aged individuals.
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As mentioned, it is clear from the literature that there are indeed 

pathological changes in diastolic heart function seen with aging.  Interestingly, it 

is also well documented that there are changes in the immune system with aging 

resulting in immunosenescence (10).  Immunosenescence is generally 

characterized by a shift from a Th1 (T-helper 1) to a Th2 (T-helper 2) pathway, 

which is likely directed by dendritic cells (11; 12) and is characterized by 

alterations in cytokine release (13).  The governing hypothesis of this dissertation 

is that immunosenescence and other types of immune dysfunction are capable of 

directly modulating cardiac function.  We believe that neuroendocrine function 

and dysfunction is ultimately related to heart function through a complex 

interaction of dendritic cells, T-helper cells, and CFb.  To our knowledge, we are 

the first to generate the hypothesis that the immune system, particularly that in 

immunosenescence, may play a major role in modulation of cardiac function.  

Immunosenescence and its potential relevance to cardiovascular dysfunction will 

be discussed in detail later in this dissertation.

1.2 Research objectives and format of dissertation

The overall goal of this dissertation is to determine the effects and aging 

and immune dysfunction on diastolic dysfunction, specifically changes in the 

collagenous network of the myocardial ECM.  Cardiac dysfunction with aging is 

largely due to changes in the ECM.  In this dissertation, we attempt to further 

characterize some of the alterations in cardiac structure and function during 
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aging and immune dysfunction.  The following pages of this dissertation consist 

of a detailed literature, followed by three distinct studies aimed to support our 

hypothesis.  Thee are the specific aims of each of the following studies:

Specific Aim #1 – Determine the effects of dehydroepiandrosterone (DHEA) on 

ventricular compliance and the cardiac ECM in young and old mice.

Specific Aim #2 – Determine the effects of DHEA on ECM-regulating factors in 

CFb isolated from young and old mice.

Specific Aim #3 – Determine the effects of immune dysfunction in the form of 

murine acquired immunodeficiency syndrome (murine AIDS, or mAIDS) on 

ventricular compliance and the myocardial collagen network.

The governing premise of this dissertation is shown in the figure 1.1.  This 

figure shows the hypothesis that neuroendocrine function and dysfunction is 

ultimately related to heart function through a complex interaction of dendritic 

cells, T-helper cells, and CFb.  By modulating various steps in this cascade, we 

can determine the validity of this hypothesis.
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Figure 1.1: Model of the hypothesis of this dissertation

Abbreviations: DC = dendritic cell
TH = T-helper cell
CFb = cardiac fibroblast
MMP = matrix metalloproteinase
LOXL3 = lysyl oxidase 3
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CHAPTER TWO: REVIEW OF LITERATURE
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2.1 Analysis of cardiac function

Measurement of cardiac function is very important for treatment and 

prevention of CVD.  In humans, the gold standard for diagnosis of overall heart 

function is echocardiography.  Unfortunately echocardiography is not reliable in 

rodents (14).  Cardiac function can be accurately quantified in mice as pressure-

volume loops using our established Conductance Catheter System (4; 15) which 

has been shown to be more accurate than echocardiography (14).  From the 

pressure-volume loops generated using this system, we can compute 28 load-

dependent and load-independent parameters to describe the ventricular systolic 

and diastolic function.

2.1.1 The Pressure-Volume Loop 

The cardiac cycle can be described in terms of the relationship between 

pressure and volume, or pressure-volume loops.  According to Figure 2.1, there 

are four distinct phases of the cardiac cycle: isovolumic contraction, ejection, 

isovolumic relaxation, and filling.  Each phase is important in determining overall 

function of the heart, and the hemodynamic parameters of the pressure-volume 

loops described in detail by Yang et al. (4; 15) are shown in Table 2.1. Systolic 

function of the heart is described in phases 1 and 2 of the pressure-volume loop, 

namely isovolumic contraction and ejection.  During isovolumic contraction, the 

left ventricle is generating pressure while both the mitral and aortic valves are 

closed.  This phase of the cardiac cycle is characterized by a rapid increase in
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Figure 2.1: Functional parameters of the cardiac cycle
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pressure in the left ventricle with no change in volume.  Isovolumic contraction is 

mainly determined by proteins involved in calcium regulation for actin-myosin 

interaction (16; 17).  Phase 2, or ejection, follows isovolumic contraction and is 

initiated by the opening of the aortic valve.  During ejection, blood is ejected from 

the left ventricle into the ascending aorta.  The hemodynamic properties of 

ejection are mainly determined by elastic properties of the aorta, and dramatic 

alterations in this phase are seen with hypertension (18). 

Diastolic function of the heart is divided into two phases: isovolumic 

relaxation and ventricular filling.  Isovolumic relaxation is an active process and is 

therefore also called active relaxation.  Isovolumic relaxation of the left ventricle 

is largely described by the intracellular mechanisms involved in shuttling calcium 

from the cytosol into the sarcoplasmic reticulum, particularly the sarcoplasmic 

reticulum ATPase (SERCA) as well as its regulatory protein phospholamban 

(19). 

Ventricular filling, or passive diastole, is represented as phase 4 of the 

cardiac cycle.  As the name implies, the filling is passive and therefore 

determined mainly by structural proteins of the left ventricle, specifically titin and

collagen (20; 21).  This dissertation is focused on this particular phase of the 

cardiac cycle because research has shown that the ECM is an important 

determinant of ventricular filling.  The studies done in this dissertation focus on a 

measure of ventricular stiffness (β), which is defined as the slope of pressure vs. 

volume during passive diastole (4; 15).  An increase in β indicates diastolic 
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Table 2.1 - Interpretation of parameters of cardiac function

Abbr.   Description Method of Calculation

HR Heart Rate (60 * sample rate) / (Pmax i+1 - Pmax i)
Vmax Maximum Volume Maximum volume during cardiac cycle
Vmin Minimum Volume Minimum volume during cardiac cycle
Ves End-systolic Volume Volume at maximum P/V ratio
Ved End-diastolic Volume Volume at the R wave
Pes End-systolic Pressure Pressure at maximum P/V ratio
Ped End-diastolic Pressure Pressure at the R wave
SV Stroke Volume Vmax - Vmin
EF Ejection Fraction (Stroke Volume / V@dP/dt max) * 100
CO Cardiac Output Stroke Volume * Heart Rate
SW Stroke Work Area of the pressure-volume loop

Parameters of LV Systolic Function

dP/dt max Maximum value of dP/dt during cardiac cycle
ESPVR End Systolic Pressure Volume Relationship; 

Regression of end systolic pressure vs. end 
systolic volume

Ees End Systolic Elastance (of Left Ventricle); The 
slope of end systolic pressure volume 
relationship

PRSW Preload Recruitable Stroke Work; Regression of 
Stroke Work vs. End Diastolic Volume

dP/dt max vs Ved The slope of the regression of dP/dt max vs. 
End Diastolic Volume

Parameters of LV Diastolic Function

dP/dt min Minimum value of dP/dt during cardiac cycle
tau Weiss Regression of log(pressure) vs. time 
tau(Glantz) Regression of dP/dt vs pressure
EDPVR End Diastolic Pressure Volume Relationship, 
ββββ Left ventricular stiffness, Slope of end diastolic 

pressure volume relationship
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stiffness, or a decrease in diastolic compliance.

2.2 The Aging Heart

Ancient Latin wisdom suggests that “senectus ipsast morbu” - that 

senescence is a disease in itself (Terentius Afer, Phormio, 575 A.D.).  This 

statement implies that aging in itself may lead to disease or a decline in bodily 

function in the absence of known disease.  It is now believed that this statement 

holds true with regard to the cardiovascular system, although the effects of aging 

are difficult to distinguish from dysfunction secondary to age-related changes 

such as endocrine and immune dysfunction, diabetes, and hypertension.

The incidence of CVD such as coronary artery disease, hypertension, and 

heart failure increases dramatically with aging (1).  In the study of aging, it is 

important to control for confounding factors such as underlying disease or 

environmental factors.  Alterations in cardiovascular structure and function with 

age have been studied extensively in both humans and animals.  While there are 

also definitive changes in the vascular system with aging, this review will focus 

on changes in myocardial and ventricular aspects of cardiovascular function.  

Table 2.2 shows the overall effects of aging on cardiovascular parameters in 

humans who do not routinely engage in strenuous physical activity.

2.2.1 Systolic Function and Aging

It has been shown that aging alone has no significant effect on systolic 
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Table 2.2: Changes in cardiac parameters between 20 and 80 years of age 
in healthy humans at seated rest.  Modified from Lakatta et al, 2002 (22)

Systolic Parameters
Cardiac Index

Heart Rate
Stroke Volume

Ejection Fraction

No change
Decrease
Increase

No change
Diastolic Parameters

End Diastolic Volume
Compliance

Increase
Decrease

function.  In fact, under resting conditions, ejection fraction, stroke volume, and 

cardiac index are largely maintained with aging in the absence of disease and 

diastolic dysfunction (23; 24).  There is, however, a significant decline in systolic 

capacity with exercise.  The decline in exercise capacity with aging is manifested 

as a decline in maximal oxygen uptake and maximum heart rate, and a 

decreased responsiveness to beta-adrenergic stimulation (23).  It is widely 

believed that any alterations in resting cardiac function with age are related to 

diastolic dysfunction.

2.2.2 Diastolic Function and Aging

Diastolic dysfunction is increasingly recognized as a cause of heart failure 

in the aged population.  It has been shown that left ventricular systolic function is 

preserved in up to 74% of patients with congestive heart failure (3), underlying 

the importance of diastolic dysfunction in heart failure.  Diastolic dysfunction with 
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aging is manifested as alterations in both early (25) and late (26) left ventricular 

filling which is likely associated with both active and passive diastolic function.

Active diastolic function is largely dependent on calcium cycling proteins  

SERCA2a and phospholamban.  It has been reported that there are alterations in 

the expression and activity of these proteins with age (27), and these alterations 

result in prolongation of active myocardial relaxation.  While the techniques used 

to measure myocardial relaxation in aging yield conflicting results in humans, 

animal studies using various techniques have identified a significant prolongation 

of myocardial relaxation with aging (28; 29).

Passive diastolic function is described as the filling phase of the cardiac 

cycle.  It has been shown extensively in both animals and humans that aging is 

associated with decreased ventricular compliance (3; 4).  The cause of 

decreased ventricular compliance with aging has been studied extensively, and it 

is widely believed that alterations in compliance are largely due to changes in the 

myocardial ECM (6; 30; 31) .

2.2.3 Heart structure and aging

While there seem to be differences between animals and humans with 

regard to changes in left ventricular structure with aging, both animals and 

humans undergo some degree of pathological hypertrophy with aging.  

Senescent rats develop moderate left ventricular hypertrophy in the form of 

chamber dilation with no increase in wall thickness (22).  In healthy aged 
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humans, however, ventricular hypertrophy is seen as an increase in relative wall 

thickness with little or no change in ventricular mass (32).  The structural 

changes in the heart with aging can also be seen at the cellular level.  Cardiac 

myocytes of both animals and humans are enlarged when compared to their 

younger counterparts (33).  This is likely a compensatory response to the loss of 

myocytes with age as approximately 35% of left ventricular myocytes are lost 

between 30 and 70 years of age (33).  It has been hypothesized that the 

structural changes in the myocardium with age results from a cascade of 

pathological changes, and the lack of capillary density increases despite left 

ventricular hypertrophy may be an important factor leading to these downstream 

effects (22).  Interestingly, mild ventricular hypertrophy is present even in 

subjects free of hypertension or other causes of increased afterload (34).

Possibly the most problematic change in the structure of the heart with 

aging is alteration of the ECM.  The effects of aging on the myocardial 

extracellular matrix have been well characterized.  Aging generally results in 

increased expression of extracellular matrix proteins as well as altered 

organization of these proteins.  These alterations will be discussed in detail later 

in this review.

2.3 The Myocardial Extracellular Matrix

Development of both systolic and diastolic heart failure is associated with 

remodeling of the myocardium.  There are several types of cardiomyopathy 
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leading to heart failure including dilated, hypertrophic, viral, and idiopathic 

cardiomyopathy, and each of these diseases is associated remodeling of the 

heart.  Although initially remodeling of the heart was believed due to solely 

changes in myocyte structure, it is now known that the extracellular matrix is a 

dynamic network capable of adapting to physiological or pathological stress that 

is also important in ventricular remodeling.

2.3.1 Structure of the ECM

Myocardial collagen, synthesized mainly by CFb, plays an important 

structural role in the myocardium.  Collagen is the most abundant extracellular 

matrix protein in the heart, and both increased (35) and decreased (36) levels of 

collagenous proteins in the myocardium are associated with cardiac remodeling.  

More than 18 subtypes of collagen have been identified, and five of these 

subtypes (types I, III, IV, V, and VI) have been found in the myocardium.  

Approximately 85% of the total collagen in the heart is collagen type I, while type 

III makes up the majority of the remainder of myocardial collagen (37).  Collagen 

type I is a stiff, fibrillar heterotrimeric protein, while type III is an elastic, fibrillar 

homotrimeric protein.  Collagen type IV, V, and VI are found in very low levels in 

the heart, primarily in the basement membrane.

The main function of collagenous proteins in the ECM is to serve as a 

structural network for transmitting force from cardiac myocytes into muscle 

shortening, or in the case of the heart, chamber contraction.  The collagen matrix 
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is a complex mesh of collagen fibrils encompassing cardiac myocytes and 

capillaries.  Each individual muscle fiber is surrounded by a layer of collagen 

called the endomysium, while the perimysium weaves around groups of muscle 

fibers and attaches to the outermost layer of collagen, the epimysium.  There are 

also collagen struts between myocytes that may be important in preventing side-

to-side myocyte slippage.

2.3.2 Degradation of the ECM

Like many proteins, collagen protein levels can be regulated by either 

synthesis or degradation.  CFb are responsible for the majority of collagen 

synthesis in the heart.  These cells are capable of responding to their 

surroundings and altering protein synthesis and release.  The capacity of cardiac 

fibroblasts to create or respond to changes in the ECM will be discussed later.  

Importantly, CFb also synthesize and secrete collagen-degrading enzymes called 

matrix metalloproteinases (MMP) into the extracellular space.

Myocardial collagen, especially highly cross-linked collagen, is highly 

resistant to degradation by all proteinases other than MMPs.  MMPs are a family 

of more than 20 zinc- and calcium-dependent proteolytic enzymes responsible 

for myocardial ECM degradation and the normal and pathological turnover of 

myocardial collagen.  Table 2.3 shows the characteristics of some well-

characterized myocardial MMPs.  MMP subgroups include collagenases that 
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Table 2.3: Matrix metalloproteinases identified in human myocardium.  
Modified from Spinale et al, 2002 (38).

SUBGROUP NAME MW SUBSTRATES
Collagenases Intersitial 

collagenase 
(MMP-1)

55 
kd

Collagen I, II, III, VII
Basement membrane components

Collagenase 3 
(MMP-13)

Collagen I, II, III

Gelatinases Gelatinase A 
(MMP-2)

72 
kd

Collagen I, IV, V, VII
Basement membrane components
Gelatin

Gelatinase B 
(MMP-9)

92 
kd

Collagen IV, V, XIV
Basement membrane components
Gelatin

Stromelysins Stromelysin 1 
(MMP-3)

Fibronectin and laminin
Collagen III, IV, IX
MMP activation

Membrane-
type MMPs

MT1-MMP 
(MMP-14)

Collagen I, II, III
Fibronectin and laminin
proMMP-2 and proMMP-13

degrade mainly collagen I and III, the gelatinases which degrade mainly type IV 

collagen in the basement membrane as well as partially degraded collagen, and 

the stromelysins which have broad substrate specificity.  There is also a 

 membrane-bound MMP (MMP-14) that is responsible for activating other 

secreted MMPs.  MMPs are secreted in a latent, or proenzyme, form which must 

be activated by serine proteases such as plasmin or typsin to be  capable of 

proteolysis.  There exists a pool of latent MMPs in the myocardium that provides 

a means of rapid induction and proteolysis. In the normal myocardium the activity 

of MMPs is relatively low, therefore the half-life of collagen is approximately 100 

days (39).
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Tissue inhibitors of MMPs (TIMP) are capable of inhibiting the activity of 

MMPs, and alterations in TIMP activity may also be important in understanding 

myocardial remodeling (40).  Four different TIMP species have been identified 

which bind to and inhibit active MMPs in a 1:1 stoichiometric ratio.  TIMP-4 

seems to be predominately distributed in the myocardium (40).  While the 

significance of TIMP-4 is not well understood, it is likely involved in the regulation 

of myocardial remodeling in both normal and diseased states.

2.3.3 Alterations in the ECM

In hearts with myocardial damage a complex sequence of compensatory 

effects occurs eventually resulting in adverse left ventricular remodeling which is 

characterized by altered MMP activity, progressive myocyte necrosis, and 

resulting collagen deposition.  The net effect is a shift in the balance between 

collagen synthesis and degradation, leading to left ventricular fibrosis.  Altered 

MMP activity has been associated with many types of heart disease (38; 41; 42).  

Decreased activity of MMPs has been shown to cause fibrosis and ventricular 

stiffness (42), and increased MMP activity has been shown to cause a decreases 

in myocardial collagen that can even lead to ventricular rupture (43).  Alterations 

in the ECM can be seen in several forms, including altered level of ECM 

accumulation, an altered ratio of collagen I/III, or altered cross-linking.  It is well 

established that while excess levels of collagen can result in fibrosis and 
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ventricular stiffness, decreased levels of collagen can also lead to pathologies 

such as chamber dilation or rupture (44).    

While a change in total collagen concentration can be problematic, so can 

a change in the ratio of collagen I/III.  As stated earlier, collagen I represents a 

stiff protein with a very high tensile strength, collagen III is an elastic protein that 

may provide elastic recoil in the myocardium.  An increase in the ratio of collagen 

I/III has been associated with increased stiffness that is likely more pronounced 

than that seen with an overall increase in collagen alone (35; 45).  However, 

there is a lack of reports suggesting that any specific cardiac-related disease is 

associated with a decreased ratio of collagen I/III, but this alteration would likely 

to be associated with increased myocardial compliance.

Collagen cross-linking, mediated by lysyl oxidase (LOX) and LOX-like 

proteins (LOXL), is another important factor in regulation of the extracellular 

matrix.  LOX and LOXLs are copper-containing extracellular enzymes that 

oxidize and deaminate lysine and hydroxylysine residues into aldehyde groups.  

These reactive aldehydes then form covalent cross-links between adjacent 

chains, strengthening the collagen fibrils and the collagen network.  Currently, 

one LOX and four LOXL isoenzymes have been identified.  The LOX genes have 

been found in numerous tissues throughout the body, and LOXL3 seems to be 

the predominant form in the myocardium (46).  Increased levels of LOX activity 

and cross-linking have been associated with increased left ventricular stiffness 

and fibrosis (47; 48).  Interestingly, inhibition of LOX with BAPN in adult pigs 
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causes decreased collagen levels, decreased collagen cross-linking, and 

decreased left ventricular stiffness when compared with controls (49).  Collagen 

cross-linking, therefore, may be crucial in understanding the association between 

myocardial collagen and ventricular stiffness.

2.3.4 Collagen Accumulation – Types of Fibrosis

Alterations in the balance between collagen synthesis and degradation 

can lead to myocardial fibrosis which can encompass up to 28% of the 

myocardium.  There are three different types of fibrosis in diseased heart: 

segmental, replacement, or interstitial fibrosis (50).  Segmental fibrosis describes 

an area of fibrosis caused by a myocardial infarct and comprises an area greater 

than 1 cm2.  Replacement fibrosis describes a discreet area of myocardial 

scarring due to replacement of necrotic myocytes with scar tissue.  Interstitial 

fibrosis corresponds to widening of the interstitial space with collagen 

accumulation in the absence of myocyte necrosis.  Each of these types of fibrosis 

is seen in many types of cardiomyopathy.

2.3.5 Other extracellular matrix proteins

In addition to collagens, there are other proteins that make up the ECM, 

and although their importance in the organization of the myocardium is 

understood than collagen, they are likely involved in myocardial remodeling.  The 

ECM proteins are divided into four groups based on their roles: structural 
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proteins, adhesive proteins, matricellular proteins, and proteoglycans.  The 

structural proteins collagens I and III have been discussed in detail.  The 

structural role of cardiac elastin is not well understood.  The primary structure of 

cardiac elastin, however, is quite similar to collagen with unmodified amino acid 

residues, suggesting that elastin may play a similar role to myocardial collagen.  

Interestingly, elastin is also degraded by MMPs (51), and it has been shown that 

increased MMP-2 activity and decreased elastin/collagen ratio may cause 

decreased ventricular tensile strength (41).

Adhesive proteins of the ECM are responsible for tethering the myocytes 

to the extracellular matrix.  Fibronectin, laminin, collagens IV and VI, and 

integrins are important adhesive proteins in the heart.  These proteins are 

described in more detail by Bendall et al (52).  Fibronectin exists in either a 

soluble form found in the bloodstream, or an insoluble form secreted locally by 

fibroblasts.  Fibronectin is a glycoprotein homodimer that couples myocytes to 

collagen via the RGD binding sequence which is common to many collagen-

binding proteins.  Laminins and integrins are responsible for linking the ECM to 

the cytoskeleton.  As previously mentioned, collagen IV, V, and VI, are 

components of the basal lamina that contain the RGD sequence that allows 

interaction with integrins. Alterations in laminins, integrins, and basal laminar 

collagens have all been found in DCM and cardiac hypertrophy (52).

Osteopontin, osteonectin, thrombospondin, and tenascin are all 

matricellular proteins within the extracellular matrix that modulate cell function but 
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do not appear to have a direct structural role (53).  The expression of these 

proteins is high during development and very low or absent in the normal adult 

although they are re-expressed during periods of tissue injury (53).  The absence 

of matricellular proteins results in abnormal wound healing (53).  These proteins 

have also been defined as anti-adhesive proteins due to their role in cell 

migration and tissue remodeling (54).  Most of these matricellular proteins show 

an increased expression in response to myocardial injury or stress, suggesting 

an indirect role in remodeling (55).

Cell-surface proteoglycans are believed to be involved in cell-signalling 

and organization of the ECM (56).  These proteins also may be involved in the 

hydration of the ECM, providing lubrication for movement of myocardial tissue.  

The role of proteoglycans in heart disease is not well-understood.

2.4 Determinants of ventricular stiffness

Diastolic dysfunction is often preceded by structural changes in the 

myocardium resulting in ventricular stiffness, or decreased compliance.  Diastolic 

properties of the myocardium influence ventricular filling, and increased 

ventricular stiffness results in poor filling of the ventricles and can eventually limit 

cardiac output.  Ventricular stiffness is determined by a combination of several 

factors, the most important of which are ECM and the sarcomeric protein titin (20; 

21).  Table 2.4 shows the determinants of diastolic stiffness.
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Myocardial collagen, specifically collagens I and III, is largely responsible 

for determining myocardial stiffness.  There are three distinct features of the 

collagenous network that may contribute to changes in diastolic stiffness: [1] total 

collagen accumulation, [2] the ratio of collagen I/III, and [3] collagen crosslinking.  

Total collagen has been found to be very important in determining ventricular 

stiffness in cardiac muscle in various disease states such as dilated 

cardiomyopathy (57), senescence (31), and isolated muscle trabeculae (20; 21).  

However, in the intact myocardium the impact of total collagen is difficult to 

separate from the ratio of collagen type I/III because most fibrotic states including

senescence and dilated cardiomyopathy, are also associated with an increase in

the ratio of collagen type I/III (35; 37; 45; 58).  When considering that collagen I 

normally represents approximately 85% of total myocardial collagen (37), it is 

likely that total collagen alone is very important in determining diastolic stiffness, 

at least under normal conditions.

Collagen cross-linking has been studied for decades, but its importance in 

the heart has gained attention in recent years.  An early report on collagen cross-

linking used BAPN to inhibit LOX, the enzyme responsible for forming covalent 

collagen cross-links (49).  This study found that a 6-week treatment regimen with 

BAPN resulted in decreased collagen accumulation, decreased collagen 

integrity, and decreased collagen cross-linking.  These changes in the collagen 

network were accompanied by decreased chamber stiffness and decreased 

myocardial stiffness.  Since this report, other reports have characterized the
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Table 2.4: Determinants of ventricular stiffness

Extracellular Collagen
• Degree of accumulation
• Ratio of type I/III
• Cross-linking

Intracellular Cytoskeletal proteins
• Desmin and tubulin

Sarcomere
• Titin
• Actin-myosin interaction

importance of collagen cross-linking on ventricular stiffness in various models of 

left ventricular dilatation (47), hypertension (48), and beta-adrenergic activation 

(59).  Current research on collagen cross-linking is focused on experimental and 

clinical studies involving collagen cross-link breakers (60).

Titin is a giant protein that spans half the sarcomere, from the Z-band to 

the M-band, and functions as a molecular spring that extends reversibly at 

normal sarcomere lengths (61).  Titin has been shown to be highly involved in 

determining myocardial stiffness (20; 21; 62).  There are two isoforms of titin that 

have varying I-band regions.  Interestingly, muscle stiffness exerted by N2B titin 

is greater than that of N2BA, further demonstrating the role of titin on muscle 

mechanics (20).  The relative contributions of collagen and titin to cardiac muscle 

stiffness have been compared in isolated cardiac muscle, and it was found that 

collagen-based stiffness was similar following removal of titin, indicating that titin 

is not necessary for collagen-based stiffness (20).  Further, a study by Granzier 

et al (21) compared four potential contributors of passive stiffness in cardiac 
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muscle and found that titin is the predominant contributor to passive tension at 

shorter sarcomere lengths, and collagen at longer lengths (21).  This same study 

determined that microtubules and intermediate filaments such as desmin may be 

involved in determining passive stiffness, but to a much lesser degree.

Actin-myosin interaction is responsible for contractile function, and 

efficient calcium cycling is necessary for relaxation of myocytes.  Studies have 

shown that cross-bridge interaction can occur even at low levels of diastolic 

calcium producing some degree muscle tone during diastole (63; 64).  It is likely 

that deficiency or dysfunction of calcium cycling proteins could exacerbate the 

diastolic tone during diastolic, causing increased ventricular stiffness.  

2.5 Cardiac Fibroblasts and the Extracellular Matrix

CFb represent approximately 90% of all non-myocyte cells in the heart (8).  

The primary role of CFb is maintenance of the extracellular matrix, including 

synthesis of collagens, elastin, fibronectin, and MMPs.  The interaction of these 

fibroblasts with the collagen network, capillaries, and myocytes is important for 

the function and gross morphology of the heart.  Fibroblasts perform three major 

functions related to the ECM (9): (1) synthesis and organization of the 

extracellular matrix, (2) synthesis and release of enzymes responsible for 

turnover of extracellular matrix components, and (3) transmission of mechanical 

signals from the extracellular matrix to a biological response.  CFb produce 

predominately collagen type I and III, although elastin, fibronectin, MMPs, and 
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other proteins are also synthesized.  The fibroblasts within the myocardium 

produce and release cytokines, chemokines, and growth factors that are 

responsible for the synthesis and arrangement of the extracellular matrix.

CFb are capable of responding to and adapting to mechanical forces of 

the ECM, largely via surface integrins that provide feedback to the cells (9).  In 

vitro studies have shown that mechanical forces may alter the release of specific 

chemical factors that result in remodeling (65).  The role of these chemical 

factors will be discussed in the following paragraphs, but it is important to note 

that CFb play an important role in cardiac remodeling via “inside-out” signaling 

(i.e., mechanical stretch inducing release of factors) or “outside-in” signaling (i.e., 

angiotensin II-induced collagen synthesis).

The role of many chemical factors (cytokines, chemokines, growth factors) 

involved in regulation of the ECM can be described simply as having pro-fibrotic 

and hypertrophic effects or anti-fibrotic and atrophic effects.  Angiotensin II, for 

example, is considered important in the fibrosis and hypertrophy associated with 

cardiac remodeling.  Accordingly, it was found that conditioned media from 

cultured fibroblasts treated with angiotensin II resulted in a 40% increase in 

myocyte size (66), suggesting a paracrine effect on adjacent myocytes .  It is now 

believed that TGF-β is the key factor involved in this mechanism.  TGF-β is 

known to stimulate hypertrophy and fibrosis (67), and it’s mRNA is detectable in 

CFb (68).  Interestingly, TGF-β receptors have been found on CFb (69), 

suggesting both a paracrine and autocrine effect.  Angiotensin II, like TGF-β, is 
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also known to be a pro-fibrotic factor as it increases collagen and fibronectin 

synthesis independent of afterload, or high blood pressure (70).

Tumor necrosis factor-α (TNF-α) is another cytokine that participates in 

myocardial remodeling, and increased expression of TNF-α is seen in heart 

disease in both myocytes and fibroblasts (71).  Unlike TGF-β and angiotensin II, 

TNF-α has direct anti-fibrotic effects during the remodeling process.  

Sivasubramanian et al (72) investigated the progression of remodeling in 

transgenic mice overexpressing TNF-α.  This study showed that during the early 

stages of remodeling, an increase in MMP activity was seen with a concomitant 

decrease in myocardial collagen content.

2.5.1 Evidence that cardiac fibroblast function changes with age

There are very few reports regarding age-related differences in CFb 

function.  However, each of these reports clearly indicate altered function of CFb 

with aging.  For example, Siwik et al (73) examined inflammatory cytokines 

including TNF-α and described their role in remodeling in vitro.  They found that 

treatment of neonatal CFb with TNF-α reduced collagen by 43%.  The same 

treatment in adult CFb reduced collagen synthesis by 32%, suggesting a role of 

aging on fibroblast function.  Other studies have shown that fibroblasts isolated 

from the ventricles of aged mice had a diminished response to angiotensin II, 

particularly in terms of collagen synthesis (24).  The authors of this report 

concluded that “age-related modification of the response of cardiac fibroblasts to 
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angiotensin II may counteract the augmented intracardiac angiotensin II 

production in the senescent heart, limiting fibrogenesis”.  Despite limited reports 

on this topic, it seems likely that aged cardiac fibroblasts have an altered 

response and capacity to respond to many regulatory factors.

2.6  Relationship between cardiovascular and immune function

This dissertation hypothesizes that age-related diastolic dysfunction is 

directly related to immune dysfunction such as immunosenescence.  Recently, 

there have been a number of reports describing the immune-modulating 

properties of a number of cardiovascular therapeutics including the lipid-lowering 

statins (74), calcium channels blockers (75), and beta-blockers (76).  While these 

reports do not necessarily indicate a direct role of immune modulation on heart 

function, it is logical to hypothesize that the immune-modulating properties of 

these agents may contribute to their therapeutic effects based on these findings.  

There are also several disease states that suggest a relationship between 

immunological diseases and cardiac function, including AIDS and HIV (77; 78), 

rheumatic disease (79), and other autoimmune diseases (80).  Therefore, the 

possibility exists that the immune system may modulate cardiovascular structure 

and function. We have identified that subsets of T-lymphocyte helper cells (Th1 

vs. Th2) can direct the fibroblast function and collagen composition of the 

cardiovascular system and selective modulation of the T-helper subsets modifies
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cardiovascular fibroblast gene expression, structure, and cardiovascular function.  

We believe that this effect is possible in the whole animal.

2.7  Overview of immunological principles

The immune system is divided into two components: adaptive and innate.  

The adaptive immune system is characterized by B and T cell activity, known as 

humoral immunity.  In contrast, the innate immune system is a nonspecific 

defense system against foreign materials characterized by cytotoxicity.

2.7.1 Basic components of the immune system

All cellular elements of the blood involved in immunology arise from 

hematopoietic stem cells in the bone marrow that give rise to common lymphoid 

or myeloid progenitors.  Lymphoid progenitors are precursors to B and T 

lymphocytes which are involved in adaptive immunity.  B lymphocytes, when 

activated, are capable of secreting antibodies while T lymphocytes can kill cells 

infected with viruses (cytotoxic T cells) or activate other cells such as B cells and 

macrophages (T helper cells).  Myeloid progenitors give rise to 

polymorpholeukocytes which are mainly involved in cellular, or innate, immunity.

2.7.2 Adaptive vs. innate immune response

The innate immune system provides a fast-acting first line defense against 

many common microorganisms.  The innate immune system, however, cannot 



42

always eliminate infectious organisms and the second line of defense, the 

adaptive immune system, provides a versatile system of defense that controls 

infections not recognized by the adaptive immune system.

Macrophages and neutrophils of the innate immune system have surface 

receptors that bind common motifs on many common bacterial surfaces which 

explains the diversity and non-specific nature of the innate immune system.  

Binding of immune cells to these receptors triggers phagocytosis of the bacteria 

and induces cytokine release.  Release of cytokines from macrophages and 

neutrophils cause the downstream effects known as inflammation, resulting in 

further phagocytic activity in the infected tissues.  Late inflammation can also 

involve lymphocytes of the adaptive immune system that have meanwhile been 

activated during the initial innate response.

Many bacteria have adaptive over time to become unrecognizable to the 

cells of the innate immune system.  In contrast to cells of the innate immune 

system, each naïve lymphocyte of the adaptive immune system contains a 

binding sequence specific to a single antigen.  Only those lymphocytes that 

encounter their specific antigen are subsequently activated to proliferate and 

differentiate into effector cells.  The process of activation and proliferation takes 

several days so that the adaptive immune response is generally most active 4-6 

days after initial infection.  The adaptive immune response is further divided into 

two components: humoral or cytotoxic.  Following antigen binding, activated 

lymphocytes then differentiate into either a B cell that is capable of secreting 
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antibodies against the foreign antigen, cytotoxic T cells that destroy infected 

cells, or T helper cells that release cytokines in order to activate other immune 

cells.  This dissertation focuses on T helper cells of the adaptive immune system 

due to their altered cytokine release with aging.

Lymphocyte activation is a somewhat complicated process that requires 

accessory immune cells in a two-step process.  The first step in this process is 

antigen-receptor binding, followed by presentation of antigen to the 

lymphocyte/antigen complex.  Dendritic cells, macrophages, and B cells are 

antigen presenting cells that, as the name implies, process and present antigen 

to lymphocytes.  In the case of B lymphocytes, antigen is presented by T helper 

cells which cause proliferation and differentiation of B cells.  For T cytotoxic cells, 

dendritic cells are considered the most important antigen presenting cell, but 

macrophages and B cells are also capable of activating T cytotoxic cells.

2.8 Immunosenescence and T-helper cells

Immunosenescence involves the slow and long-lasting modification of 

morphological and functional integrity of all organs including cellular (T-

lymphocyte) and humoral (B-lymphocyte) immunity (10).  As the numbers of B-

and T-cells are largely unchanged in aged humans and animals (81), 

immunosenescence is necessarily due to functional alterations. 

It is clear from the literature that there is a shift in the immune system with 

aging from a Th1 pathway to a Th2 pathway.  The characteristics of Th1/Th2 
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balance are discussed in detail by Kidd et al (13).  Briefly, the Th1/Th2 

categorization rests largely on the patterns of cytokine release from T-helper 

cells (see Table 2.5).  The Th1 pathway is heavily dependent on interferon-

gamma, and to a lesser extent, interleukin-2 and interleukin-12 (13).  Th2 cells, 

on the other hand, are associated with mainly interleukin-4 (IL-4) and sometimes 

interleukin-5 release.  The Th1 pathway is often portrayed as being more 

aggressive than Th2, and when it is overactive it can actually generate 

autoimmune disorders.  While the effector mechanisms of Th1/Th2 balance are 

only partially defined, they include excessive antigen stimulation and hormonal 

regulation converting Th0 cells into Th2 cells.  Accumulating evidence suggests 

that microbes drive the development of protective Th1 or Th2 cells through their 

effects on antigen presenting dendritic cells (82)

Changes in the levels of expression of some growth factors and cytokines 

with aging in immune cells are established (83).  Our collaborators have shown in 

vitro that splenocytes isolated from old mice produce significantly less IL-2, but 

higher levels of IL-6, IL-10, and TNF-α (84; 85).  Interestingly, treatment of 

animals before splenocyte harvest with a specific T-cell receptor peptide 

reversed immunosenescence as shown by normalization of these cytokines to 

normal levels.  Other studies have shown that immunosenescence is associated 

with a 6-fold decrease in T-cell function, 2-fold decrease in B-cell function, and a 

shift in cytokines to that of a Th2 pathway (84; 86; 87).  A recent review
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Figure 2.5: Th1 and Th2-related cytokines

concluded that “the altered cytokine production during aging may explain the 

changes of the immune system, particularly the deficient T-cell responses” (10).

2.8.1 Endocrinology and Immunosenescence

The communication of endocrine and immune systems is important in 

normal human physiology as well as disease states.  Research has 

demonstrated age-related changes in endocrine function that may be a causative 

factor of immunosenescence.  There are several hormones whose expression is 

altered with aging while the majority of hormone levels remain unchanged.

Melatonin, produced by enzymatic conversion of serotonin via N-

acetyltransferase (NAT), is a sleep-inducing hormone that is decreased with 

aging leading to age-related insomnia (88).  Interestingly, melatonin has been 

implicated in immunosenescence after studies showed that melatonin receptors 

are found on both B and T lymphocytes (89), and that inhibition of NAT leads to a 

decrease in IL-2 secretion (90).  Our collaborators have also shown that 

melatonin effectively modulates suppressed Th1 cytokine and elevated Th2 

cytokine production in vitro (85).  Growth hormone release from the anterior 
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pituitary also demonstrates attenuation with age as its secretion falls 14% per 

decade in humans (91).  Interestingly, mice suffering from growth hormone 

deficiency exhibit enhanced longevity that is likely due to delayed 

immunosenescence (92).

Dehydroepiandrosterone and its sulfated derivative (DHEA-S) are 

abundant adrenal steroid hormones that have recently gained attention due to 

potential anti-aging effects (93; 94).  While the role of DHEA is still not completely 

clear, it seems that DHEA acts as a precursor for sex steroid hormones while 

DHEA-S acts as a reservoir for DHEA.  Interestingly, in humans there is clearly 

an age-related decline in DHEA while other adrenal hormones are unchanged.  

DHEA has been studies extensively in humans in a variety of different disease 

states.  In particular, exogenous DHEA supplementation seems to be effective in 

the treatment of diseases associated with aging including osteoporosis, cancer, 

diabetes mellitus, atherosclerosis, rheumatoid arthritis, and systemic lupus 

erythematosus (95; 96).  The role of DHEA in aging and disease, however, is still 

unclear in laboratory animals.  In fact, it has been suggested that DHEA levels in 

most laboratory animals are so low that detection of a significant decrease with 

aging is not possible (96).  However, DHEA supplementation regularly restores 

immune function in aged animals, shifting the immune system from a T-helper 1 

(Th1) pathway to a T-helper 2 (Th2) pathway (85; 86; 97; 98).  DHEA is also 

capable of restoring immune function in age-advanced men (99). DHEA was 

used in the studies presented in this dissertation as a means to normalize the 
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age-related shift in the adaptive immune system.  The role of DHEA on cardiac 

function has yet to be determined.

2.9 Immune dysfunction leads to cardiac dysfunction

Viral infections associated with cardiomyopathy are similar in the disease 

course (100-102) suggesting that common cellular or molecular pathways occur 

which lead to cardiomyopathy.  The study of both the mutations responsible for 

familial dilated cardiomyopathy and viral activity in the heart clarified the 

understanding of these pathways and suggested the extracellular matrix as 

common ground.

Our laboratory has recently investigated the LP-BM5 retrovirus that mimics 

human AIDS.  Mice treated with LP-BM5 are referred to as mAIDS.  Our 

collaborators (103-106) and others (107; 108) have found that mAIDS produces 

T-lymphocyte dysfunction which resembles that seen in humans with AIDS.  Our 

laboratory investigated the effects of mAIDS on cardiac function and found that 

end-diastolic volume was increased and ventricular stiffness was decreased, 

consistent with dilated cardiomyopathy (109).  Further, it was shown that this 

remodeling took place in the absence of inflammatory infiltrates or myocarditis.  

This may be the most direct evidence so far of a link between dysfunctional T-

cells and cardiomyopathy.

2.10.  Immune modulation via T-cell receptor peptides
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The β variable (V) region of the T-cell receptor (TCR) has been 

extensively studied due to its involvement in autoimmune disease.  Modulation of 

these diseases can be accomplished with specific TCR peptides, namely 

peptides Vβ5.2 and Vβ8.1, that modulate T-cells without directly affecting other 

types of cells.  These TCR peptides binds in association with the major 

histocompatibility complex (MHC) in an orientation that positions the 

complimentary determining regions (CDR1 and CDR2 loops) over the MHC and 

the CDR3 loop over peptides present on TCR α and β variable (V) domains 

(110).  Our collaborators have proven that modulation of T-cells with these 

peptides selectively directs the T-cells towards either a Th1 or Th2 response (84; 

106; 111).  Interestingly, the in vivo treatment of mice with these TCR peptides 

reversed age-related immune dysfunction (84) and mAIDS-related T-cell 

dysfunction (106).  

Although the detailed molecular mechanism of TCR peptide treatment 

remains unknown, two mechanisms have been proposed.  First, TCR peptides 

may interact with MHC molecules, altering the antigen presentation process.  

Second, autoantibodies against the TCRVβ region induced by treatment with this 

peptide may slow the selective expansion of T cell clones by obstructed binding 

of the antigen to the TCRVβ.  Regardless of mechanism, due to the specificity of 

this TCR peptide and its immune-modulating capacity, this peptide may be useful 

in determining the direct effects of T-cell dysfunction on cardiac function. 
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CHAPTER THREE: EFFECTS OF DHEA ON VENTRICULAR COMPLIANCE 

AND THE EXTRACELLULAR MATRIX IN YOUNG AND AGED MICE
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3.1 Background and Introduction

Diastolic heart failure, which includes aging as a risk factor, has been 

reported to have a mortality rate of 23% during a 3.1 year follow-up with 

optimized medical therapy (112).  Maladaptive cardiac remodeling occurs during 

the aging process and is associated with diastolic dysfunction and diastolic heart 

failure (4; 7; 113; 114).  Remodeling during aging results in progressive 

increased diastolic stiffness due to alterations in the ECM (30), mediated mainly 

by the CFb (115).  This increased stiffness has been linked to increased collagen 

I and III, increased collagen I/III ratios (31; 58; 116; 117), and collagen cross-

linking (47; 47; 59).  Age-related remodeling of the ECM implies alteration of CFb 

function thereby affecting: [1] the rate of collagen synthesis, [2] the level of 

collagen degradation by MMPs, and [3] the extent of collagen cross-linking 

mediated by the enzyme LOXL3.  

DHEA and its sulfated derivative DHEA-S are abundant adrenal steroid 

hormones that are extensively studied due to potential anti-aging effects (93; 94; 

118).  While direct physiological role of DHEA is unclear, it acts as a precursor to 

estradiol and testosterone while DHEA-S serves as a reservoir for DHEA.  In 

humans there is clearly an age-related decline in DHEA levels while other 

adrenal hormones remain unchanged (93), suggesting that DHEA may be an 

important contributory factor in the aging process. However, DHEA levels in non-

primates are at non-detectable levels thus preventing an association with aging 

(93).  Interestingly, DHEA-S supplementation in rodents is effective in the 



51

treatment of age-related immune deficiency and systemic lupus erythematosus 

(96; 119).  We and others have shown that DHEA-S supplementation also 

restores immune function in the aged, skewing the Th2 pathway to a Th1 

pathway (85; 86; 97; 98).  Immune modulation induced by DHEA-S has also 

been reported in aged humans (99).  Due to the reported beneficial effects of 

DHEA-S supplementation in aging, we hypothesized that DHEA-S may provide a 

beneficial effect on cardiac function in aged mice. 

The effect of DHEA-S supplementation on cardiac function has not been 

investigated.  Androgen receptors are expressed by dendritic cells and 

fibroblasts (120; 121), suggesting that androgens may directly affect immune 

function and CFb function.  DHEA-S has been shown to enhance CFb function in 

premenopausal women and conversely inhibit CFb activity in postmenopausal 

women (122). Also, reversal of immunosenescence results in dramatic 

alterations in cytokine release from T-helper cell which may affect cardiac 

fibroblast function.  Therefore, we hypothesized that DHEA supplementation in 

vivo would affect the cardiac ECM composition, resulting in altered diastolic 

function.  The study contained herein supports an affect of DHEA-S on 

myocardial gene expression, collagen composition, and age-dependent diastolic 

dysfunction.

3.2  Materials and Methods

3.2.1 Animals.
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Female C57BL/6 mice, 4-5 and 20-22 months of age, were obtained from 

Harlan (Indianapolis, IN).  Both young and old mice were divided into two groups: 

Group 1, controls, and Group 2, 60-day treatment regimen with DHEA-S.  Mice 

treated with DHEA-S were given water supplemented with 0.1 mg/ml DHEA-S 

(Sigma-Aldrich, St. Louis, MO) for 60 days.  Before the study, mice were 

conditioned for one week in the animal facility.  All animal studies were 

performed after approval by our animal review committee.  Guidelines for the 

Care and Use of Laboratory Animals [DHEW 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 Animal Research) were followed in this study.  

3.2.2 Analysis of left ventricular Function.

The Millar Conductance Catheter System (CCS; Millar Corporation; 

Houston, TX) was used to generate pressure-volume loops as has been 

previously described by our laboratory (4; 15; 18).  Mice were anesthetized with 

urethane in saline (1000 mg/Kg, i.p.) and α-chloralose in propylene glycol (50 

mg/Kg, i.p.).  The mice were ventilated through a tracheostomy connected to a 

Pressure Controlled Respirator (RSP 1002; Kent, CT) at a rate of 120 times/min 

and FiO2 of 1.0.   The mice were placed on a surgical table maintained at 37.5oC.  

The external jugular vein was cannulated with a #23 gauge butterfly and volume 

administration was limited to 300 µL of hetastarch (6% hetastarch in 0.9% saline, 
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Abbott Laboratories; Abbott Park, IL). The apical portion of the heart and the 

inferior vena cava were exposed through a substernal-transverse incision.  A 

Millar Conductance Catheter 1.4 Fr (Millar Corporation; Houston, TX) was 

inserted into the apex of the left ventricle with the distal electrode in the aortic 

root and the proximal electrode in the apex of the heart.  The volume calibration 

line and parallel conductance were determined as described previously (15).   

Dynamic changes in pressure-volume relationships were determined by altering 

preload by briefly partially occluding the inferior vena cava with a nonmetallic 

occluder.  In vivo pressure- volume relationships were digitized with BioBench 

software (National Instruments; Austin, TX) and analyzed with Pvan version 2.7 

(Conductance Technologies Inc; San Antonio, TX and Millar Corporation, 

Houston, TX).

3.2.3 Determination of hydroxyproline and collagen cross-linking. 

Hydroxyproline is an amino acid found exclusively in connective tissues 

used as a means to quantify collagen concentrations in different types of 

samples.  For measurement of total myocardial hydroxyproline, dried left 

ventricular samples were rehydrated in PBS for 3 hours, followed by hydrolysis in 

1 mL of 6 N HCl for 24 hours at 120°C.  Following hydrolysis, 50 µL of 0.02% 

direct red was added to each sample to detect changes in pH.  Samples were 

then neutralized with 2.5 M NaOH until samples turned pale yellow.   These 

samples were then analyzed for total hydroxyproline according to the methods of 
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Stegeman and Stadler (123).  Briefly, 1 mL of chloramine-T was added to 2 mL 

samples of hydrolyzed and neutralized tissue for 20 minutes.  This reaction was 

neutralized with 3.15 M perchloric acid for 5 minutes.  Next, samples were 

incubated in 1 mL of Ehrlich’s reagent for 30 minutes at 60°C.  Samples were 

compared to a colorimetric curve of hydroxyproline standards from 0-20 µg at a 

wavelength of 557 nm.  Hydroxyproline was converted to collagen, assuming that 

collagen consists of 13.5% hydroxyproline.

Collagen cross-linking was determined using cyanogen bromide (CNBr) 

digestion according to Woodiwiss et al (48) which is a modification of that 

originally described by Mukherjee (124).  Dried left ventricular samples were 

weighed then hydrated in PBS for 3 hours.  These samples were then 

homogenized in PBS and centrifuged at 4,000 g for 10 minutes.  The resulting 

pellet was then washed in 2% SDS three times to remove non-collagenous 

proteins, each time followed by centrifugation at 4,000 g for 10 minutes.  The 2% 

SDS was removed by three successive washes in PBS followed by two washes 

in acetone with each wash followed by centrifugation at 4,000 g for 10 minutes.  

After the second acetone wash, the resulting pellet was air-dried and 

resuspended in 70% formic acid containing 20 mg/ml CNBr and incubated at 

25°C for 24 hours.  After incubation, the suspension was centrifuged at 4,000 g 

for 20 minutes.  The resulting supernatant removed and placed in an incubator at 

50°C until dry, followed by measurement of hydroxyproline as described above.  
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Percent collagen cross-linking was determined by subtracting the amount of 

CNBr-soluble hydroxyproline from total hydroxyproline and multiplying by 100%. 

3.2.4 Histological Analysis of Myocardial Collagen.

We used two methods of qualitative analysis of myocardial collagen in 

ventricular tissue sections.  Briefly, hearts to be used for histological analysis of 

collagen content were harvested by in situ fixation by which the hearts were fixed 

in diastole under a constant pressure of 80 mmHg and perfusion fixed with zinc-

buffered formalin.  Hearts were then paraffin embedded, cut at 8 microns, and 

stained with either Trichrome and Picrosirius Red stain using standard staining 

techniques.

3.2.5 Semi-quantification of mRNA expression using real-time RT-PCR.

Left ventricular tissues were homogenized and stored in TRIZOL reagent 

(Invitrogen; Carlsbad, CA).  The mRNA was extracted using standard techniques 

and concentrations were determined using an Eppendorf biophotometer 

(Brinkman Instruments; Westbury, NY).  mRNA was reverse-transcribed into 

cDNA using Superscript RNase reverse transcriptase (Invitrogen; Carlsbad, CA).  

The cDNA was diluted to 8 ng/ml and two microliters of diluted cDNA were run in 

triplicate for each sample.  The total reaction volume for each tube was 10 µl and 

included 0.4 µl 25 mM MgCl2, 0.25 µl 1X SYBR green, 0.35 µl RNAse free water, 

2 µl forward and reverse primers, and 5 µl of SYBR master mix (Qiagen, 
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Quantitect Sybr green PCR kit; Valencia, CA).  The reactions were detected by 

Rotor-Gene RG-3000 (Corbett Research; Sydney, AUS) in a 72-well rotor.  The 

reactions were denatured at 95°C for 15 minutes, followed by 45 cycles of 15 

seconds at 95°C, 15 seconds at 58C°, and 20 seconds at 72C°.  This was 

followed by a melting curve analysis from 72-99°C to determine primer 

specificity.  The results were analyzed by setting a threshold value on the melting 

curves for each primer and averaging the cycles for the triplicates.  For each 

gene analyzed, primers were designed using the Primer3 program and were 

designed within approximately 300 bp from the 3’ end of the gene.  Products 

were designed to be 100-200 bp in length, and to have a Tm greater than 10°

than the primer Tm.  Sequences of the primers used are found in Table 3.1.

Table 3.1: Real-time RT-PCR primer sequences

Target Gene Sequence (sense/antisense)
ββββ-actin 5’-TTGCTGACAGGATGCAGAAG-3’

5’-TGATCCACATCTGCTGGAAG-3’
Collagen  Iαααα1 5’-GCGTACCTGGATGAGGAGAC-3’

5’-GTCTTGCCCCATTCATTTGT-3’
Collagen  IIIαααα1 5’-TTCTGCTGTTGCTGGTGAAC-3’

5’-TGGCTTGAATGAAGGTACCAA-3’
MMP-1 5’-GACTCTGAACTCTTCTACCTCTGATTC-3’

5’-AGTATCAAATACTTTCGGACAGGAA-3’
MMP-2 5’-AAAGGACTCGGGTTGTCTGA-3’

5’-CAAGAAGGCTGAGCAGGAAG-3’
MMP-9 5’-ACCAGACCCCAGACTCCTCT-3’

5’-CATCTCACCTGGAGGACACA-3’
MMP-13 5’-CCAGCTAAGACACAGCAAGC-3’

5’-CGCTAAGGAAAGCAGAGAGG-3’
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3.2.6 Purification and characterization of T-helper cells.

We analyzed the effects of aging and DHEA on T-helper cells following 

isolation and flow cytometry.  Mice were sacrificed by cervical dislocation and 

spleens were removed and rinsed in PBS.  Next, spleens were minced and 

passed through a nylon mesh filter, liberating a single cell suspension.  The 

resulting cell suspension was centrifuged and the pellet was resuspended in 

culture media.  This suspension was then added to lymphocyte separation media 

and centrifuged at 3,000 g for 20 minutes.  The resulting interface containing 

mostly lymphocytes was removed and centrifuged at 3,000 g for 10 minutes.  

The cell pellet was resuspended in PBS.  Subsets of T-cells were isolated using 

a Mouse T-cell CD4 Subset Column Kit (R&D Systems; Minneapolis, MN).  

Briefly, lymphocyte suspensions were incubated with a mixture of monoclonal 

antibodies and then loaded onto T cell subset columns.  B cells, non-selected T 

cells, and monocytes binded to glass beads coated with anti-IgG.  The resulting 

eluate contained a highly enriched T cell subset population with virtually no B 

cells, monocytes, or non-selected T-cells.  Next, lymphocytes were treated with 

PMA and iononmycin to stimulate cytokine synthesis, and with the addition of 

brefeldin A, restrict the secretion of cytokines.  This mixture potentiates the 

cytokine synthesis for interferon-gamma and interleukin-4 in 5 hours, and 

maximizes the cellular content by preventing secretion.  After 5 hours of this 

treatment, lymphocytes were permeated and fixed.  Next, immunostaining with 
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antibodies to interferon-gamma and interleukin-4 permitted quantification with 

flow cytometry.

3.3. RESULTS

3.3.1. Cardiac ECM.

Figure 3.1 shows that total cardiac collagen, measured as hydroxyproline, 

was predictably increased in the aged by 69% (p = <0.05) compared to the 

younger mice.  DHEA-S supplementation caused a 13% decrease in total 

collagen (p = <0.05) in the aged mice compared to the non-treated aged group 

and a 12.5% (ns) increase in cardiac collagen in the young supplemented group 

compared to young controls.  Moreover Figure 3.2 shows that the percentage of 

collagen cross-linking was increased by 3-fold (p = <0.05) in the aged compared 

with the young control groups.  Most striking was that DHEA-S supplementation 

decreased collagen cross-linking by 70% (p = <0.05) in the aged and increased 

cross-linking in the young by 40% (p = <0.05).

We also used two methods of qualitative analysis of myocardial collagen 

in ventricular tissue sections (figures 3.3 and 3.4).  Trichrome staining results in a 

blue staining of all collagen types while muscle stains red.  Picrosirius red is 

specific to types I and III collagen and under polarized light, picrosirius red is 

birefringent and appears to illuminate on a dark background (see figure 3.4).  

These images appear to support the quantitative assays on collagen levels, 

indicating increased collagen in aged mice and a paradoxical effect of DHEA.
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Figure 3.1:  Effect of DHEA on myocardial collagen.  This figure shows the 

left ventricular collagen content (± SE) of young and old control mice as well as 

young and old mice treated with DHEA. a = significantly different from young 

controls, b = significantly different from old mice, c = significantly different from 

young DHEA-treated mice, d = significantly differenet from old DHEA-treated 

mice.  Signficant difference is defined as p = <0.05)
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Figure 3.2:  Effect of DHEA on collagen cross-linking.  This figure shows the 

left ventricular collagen cross-linking (± SE) of young and old control mice as well 

as young and old mice treated with DHEA. a = significantly different from young 

controls, b = significantly different from old mice, c = significantly different from 

young DHEA- treated mice, d = significantly different from old DHEA-treated mice.  

Signficant difference is defined as p = <0.05)
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Figure 3.3: Trichrome staining of myocardial collagen. This figure shows 

Trichrome staining 8 micron myocardial samples.  Using this stain, normal 

muscle stains red and collagenous tissue stains blue.  Young and old controls 

are shown in the top left and right panel, respectively.  Sections from DHEA-

treated mice are shown in the lower panels.
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Figure 3.4: Picrosirius red staining of myocardial collagen.  This figure 

shows Picrosirius red staining 8 micron myocardial samples under polarized light.  

Using this stain, normal muscle stains red and collagenous tissue stains blue.  

Young and old controls are shown in the top left and right panel, respectively.  

Sections from DHEA-treated mice are shown in the lower panels.
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3.3.2. Cardiac Function

Table 3.2 shows that DHEA-S supplementation increased the cardiac 

index by 18% (ns) and PRSW by 26% (p = <0.05) in the aged group but had no 

demonstrated effect on these parameters in the young group.  The ventricular 

end-diastolic volume increased by 33% (p = <0.05) in the treated aged group 

which coincides with the decreased ventricular collagen and cross-linking. Table 

3.2 also shows an increase in heart weights only in the aged mice supplemented 

with DHEA-S, however the heart weight to body weight ratios were not different 

when compared to controls due to a parallel increase in body weight.

Figure 3.5 shows that DHEA-S supplementation significantly increased the 

ventricular stiffness (β) of the young mice by 41% (p = <0.05) whereas β
decreased in the supplemented aged group by 56% (p = <0.05).  β correlated

Table 3.2.  Left Ventricular Hemodynamic Function

Young Old
Control DHEA(S) Control DHEA(S)

BW (g) 24.6 ± 0.6 25.7 ± 0.9b 31.7 ± 2.6a 36.4 ± 3.4a.c

HW (mg) 138 ± 2 132 ± 8 141 ± 6 185 ± 6 a,b,c

HW/BW (mg/g) 5.6 ± 0.1 5.1 ± 0.2 4.5 ± 0.2a 5.3 ± 0.5
EF (%) 63.8 ± 2.9 63.8 ± 4.1 65.1 ± 6.5 70.8 ± 3.8

CI (µµµµl/min/g) 253 ± 24 238 ± 21 185 ± 15a 219 ± 33
PRSW (mmHg) 97.4 ± 7.0 95.0 ± 12.2b 77.3 ± 4.6a 97.7 ± 6.6b

Ved (µµµµL) 17.4 ± 1.7 18.2 ± 1.8 15.3 ± 0.8 a 20.3 ± 1.8 b

a = significantly different from young controls (p = <0.05)
b = significantly different from old controls (p = <0.05)
c = significantly different from young DHEA mice (p = <0.05)
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Figure 3.5: Effects of DHEA on ventricular stiffness.  This figure shows the 

left ventricular stiffness (± SE) in young and old control mice as well as young 

and old mice treated with DHEA. a = significantly different from young controls, b 

= significantly different from old mice, c = significantly different from young 

DHEA-treated mice, d = significantly different from old DHEA-treated mice.
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This table shows that IL-4 and interferon-gamma were affected by aging and 

DHEA-S.  In particular, the number of T-helper cells expressing IL-4 increased

with the degree of collagen cross-linking of all four groups with r2=0.57 (p= <0.05, 

figure 3.6).  

3.3.3 Analysis of Relative mRNA Expression.   

Because the cardiac ECM largely reflects the balance among collagen I 

and III synthesis, degradation by MMPs, and crosslinking, we analyzed the

mRNA levels of these genes relative to β-actin and expressed their changes 

relative to the young untreated control group gene expression.  Table 3.3 shows 

that the relative collagen Iα1, collagen IIIα1, MMP-1 and -13 mRNA levels were 

significantly decreased in the untreated aged mice (p<0.05) compared to 

untreated controls. 

DHEA-S supplementation significantly decreased collagenases MMP-1 

and –13 gene expression by 3-fold in the young group while significantly 

increasing these collagenases plus gelatinase MMP-9 genes by greater than 5-

fold in old group compared to the young controls.  

3.3.4 Analysis of cytokines in T-helper cells.

We confirmed reversal of age-related immune dysfunction of T-helper 

cells in this study using flow cytometry of intracellular cytokines.  Table 3.4 shows 

the percentage of T-helper cells expressing interleukin-4 and interferon-gamma.  
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Figure 3.6: Correlation of collagen cross-linking and ventricular stiffness.  

This figure shows the relationship of the percentage of cross-linked collagen to 

ventricular stiffness of mice in the current study.  We found a significant 

correlation between these parameters (p = <0.05).
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Table 3.3: Myocardial gene expression

a = significantly different from young controls (p = <0.05)
b = significantly different from old controls (p = <0.05)
c = significantly different from young DHEA mice (p = <0.05)

Table 3.4: Characterization of T-helper cells

from 0.87% in young mice to 4.1% in aged mice.  The number of T-helper cells 

expressing interleukin-4 in aged mice (4.1%) was normalized by DHEA-S to 

0.93%.  A similar trend was found with interferon-gamma expression.  The 

number of cells expressing interferon-gamma was increased from 6.4% to 34.4% 

with aging, and this was partially normalized to 13.8% with DHEA-S treatment.  

Interestingly, while DHEA-S caused a decreased expression of interferon-gamma 

in aged mice, a paradoxical effect was shown in young mice from 34.4% in 

controls to 4.84% following DHEA-S treatment.  

Young Old
Control DHEA-S Control DHEA-S 

Collagen Iαααα1 1.0 -1.1 ± 0.07 -1.5 ± 0.04a -3.1 ± 0.28a

Collagen IIIαααα1 1.0 -1.9 ± 0.08 -3.4 ± 0.15a -1.1 ± 0.04
MMP-1 1.0 -3.2 ± 0.04a,b -11.5 ± 0.28a 5.9 ± 0.34b,c

MMP-13 1.0 -3.0 ± 0.06a -8.0 ± 0.01a 5.4 ± 0.34 a,b,c

MMP-2 1.0 -1.1 ± 0.01 -1.3 ± 0.06 -1.4 ± 0.03a

MMP-9 1.0 1.5 ± 0.08 1.7 ± 0.08 5.4 ± 0.22a

Young Old
Control DHEA(S) Control DHEA(S)

Interleukin-4 0.87% 1.06% 4.1% 0.93%
Interferon-gamma 34.4% 4.84% 6.4% 13.76%
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3.4  DISCUSSION

The primary focus of this study was to compare the effects of DHEA-S 

supplementation on cardiac gene expression, ECM composition, and left 

ventricular stiffness in young and old mice. The importance of this study is two-

fold, demonstrating changes in diastolic heart function and the ECM with aging, 

and also showing the effects of DHEA-S on young and aged mice.  

In the control groups we demonstrated an age-related increase in left 

ventricular stiffness (β) and ventricular collagen in mice which is consistent with 

our previous work and the work of others (4; 31; 113).  This increased β is 

supported by a decrease in end-diastolic volume.  Moreover, DHEA-S improved 

age-related diastolic dysfunction as determined with β and Ved.  In contrast, 

DHEA-S decreased diastolic function in the younger group.  The hemodynamic 

parameters in all groups, with or without DHEA-S, were consistent with induced 

changes the levels of collagen cross-linking and total collagen.  We report that 

there is an age-related response to DHEA-S where DHEA-S appeared to 

decrease cardiac diastolic function in the young and increase diastolic function in 

the aged.  This age-dependent finding was also found in the immune function 

from T-lymphocytes harvested from the mice contained in this study. 

We identified in the current study that collagen cross-linking is correlated 

with ventricular stiffness (r2 = 0.57).  Other reports confirm this relationship 

through the use of chronic administration of the collagen cross-linking inhibitor 
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BAPN (49), and the suggestion that reductions in myocardial collagen cross-

linking is an important mechanism contributing to left ventricular dilatation in 

heart disease (125).  In summary, DHEA-S treatment in aged mice caused a 

70% decrease in ventricular collagen cross-linking  with only a 13% decrease in 

total hydroxyproline and 2-fold decrease in ventricular stiffness.  

The major difference in ventricular gene expression between the young 

and aged groups was a significantly decreased expression of the collagenases 

(MMP-1 and –13) in the aged compared with the younger group which was 

consistent with previous reports (42).   This was consistent with increased 

cardiac collagen content in the aged mice.  The gene expression for MMPs was 

markedly increased with DHEA-S treatment in the aged mice.  Moreover, the 

collagenase genes were markedly increased with DHEA-S treatment in aged 

mice with minor decreases in the collagen Iα1 and collagen IIIα1 gene 

expression.  Our findings that collagen I and III gene expression is decreased in 

the fibrotic aged heart supports previous research (117; 126)  of cardiac fibrosis.  

Our study therefore supports previous reports that collagen accumulation in the 

aged in mainly due to decreased MMP activity, and not increased collagen 

synthesis (117; 126).  Woodiwiss et al has reported that despite increases in the 

activity of MMPs, collagen concentrations can still increase (125).  It is likely that 

the concentration of cross-linked collagen, which is highly resistant to 

degradation by MMPs, is responsible for the overall concentration increase. 
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Interest in the role of DHEA-S during aging was stimulated by evidence 

that its level falls dramatically with age in humans, and low plasma (127) levels in 

middle-aged adults are associated with increased risks of heart disease (128)

and breast cancer (129).  Also, DHEA administered to humans has recently been 

shown to affect abdominal visceral fat and protect against insulin resistance 

(130).  However, DHEA-S is virtually absent in most mammals except primates 

and an age-related effect is not evident in rodents (131).  

Is has been shown extensively that DHEA-S is capable of restoring 

regulation of otherwise immunocompromised mice (85; 97; 98; 132).  Our 

immunological data in the current study supports a role of DHEA-S in reversal of 

immunosenescence of T-helper cells.  Specifically, our data indicates that 

interferon-gamma, a Th1 cytokine, is decreased in T-helper cells isolated from 

aged mice while IL-4, a Th2 cytokine associated with immunosenescence, is 

increased in T-helper cells from aged mice.  As expected, DHEA-S reversed the 

effects of immunosenescence in terms of IL-4 and interferon-gamma in the 

current study.  

We recognize that oxidants increase in the aged mice, enhanced PGE2 

and thus Th2 cytokines, which are lowered by DHEA in aged mice (133; 134).  

Thus, previous studies showing that DHEA-regulated cytokine polarization in 

retrovirus infected (86; 135; 136) as well as aged (85; 118) C57Bl/6 female mice 

support the role of restored Th1 cytokines in protecting heart structure.  The fact 

that we showed increased survival in very old mice whose cytokines were 
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polarized towards Th1 (118) may be explained by the improved heart function 

shown in this study, helping explain the loss of heart function and premature 

death in aged humans.  

Another potential mechanism for the effects of DHEA found in this study 

could be a direct effect on CFb.  It has been shown that DHEA is capable of 

directly modulating collagenase activity in dermal (137) and cardiac fibroblasts 

(138).  Interestingly, while DHEA has been shown to cause decreased collagen 

production and increased MMP activity in cardiac fibroblasts (138), the opposite 

effects have been shown in dermal fibroblasts (137).  This suggests that the 

response of fibroblasts to DHEA treatment may depend on the phenotypic 

subtype of fibroblast.  The observation that not all fibroblasts respond similarly to 

DHEA may explain the paradoxical effects on young and aged CFb in this study.

In conclusion, we found that treatment with exogenous DHEA(S) 

increased left ventricular diastolic function in old mice and conversely reduced 

diastolic function in young mice.  This cardiac effect appears to be related to the 

percentage of ventricular collagen cross-linking and total collagen in addition to 

MMP activity.  Due to the pleiotropic activities of this androgen precursor, a 

defined mechanism for these activities may not be clearly defined.  Future 

studies must be done to determine the mechanism of DHEA(S) activity on the 

ECM and determine its therapeutic effect in models of diastolic heart failure.  
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CHAPTER FOUR: EFFECTS OF DHEA ON EXTRACELLULAR MATRIX

REGULATION IN YOUNG AND AGED CARDIAC FIBROBLASTS



73

4.1  BACKGROUND AND INTRODUCTION

Dehydroepiandrosterone (DHEA) and its sulfated derivative DHEA-S are 

abundant adrenal steroid hormones that are extensively studied due to potential 

anti-aging effects.  Previous work in this dissertation demonstrated that 

exogenous DHEA-S supplementation caused alterations in ventricular 

compliance, myocardial collagen content, and collagen cross-linking in both 

young and aged mice.  Interestingly, while DHEA-S reversed maladaptive 

remodeling and diastolic dysfunction seen in aged mice, DHEA-S caused a 

paradoxical fibrotic effect on young mice.  In the same study, we found that 

alterations in the ECM following treatment with DHEA-S were associated with 

dramatic alterations in MMP gene expression.   

Based on the findings of the previous study, we proposed two potential 

mechanisms for the changes in the heart following treatment with DHEA-S: [1] 

immune modulation of the T-helper cells, or [2] a direct effect on CFb.  In the 

previous study, the paradoxical changes in the heart in young vs. aged mice 

were mirrored by a similar paradoxical effect on Th1 and Th2 cytokine expresion 

in T-helper cells, suggesting a role of the immune system in modulation of 

cardiac structure and function.  However, it is plausible that DHEA-S has a direct 

effect on CFb.  

CFb represent two-thirds of the non-myocyte cells in the heart (8), and 

changes in these cells with aging may lead to pathological changes associated 

with heart disease.  Fibroblasts perform three major functions related to the ECM 
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(9): (1) synthesis and organization of the ECM, (2) synthesis and release of 

enzymes responsible for turnover of ECM components, and (3) generation of 

mechanical tension transmitted to myocytes.  CFb produce predominately 

collagen type I, although collagen type III and other proteins are also synthesized 

(35; 37; 45).

The current study was designed to determine whether a direct effect of 

DHEA on CFb is a potential mechanism involved in the effects of DHEA 

supplementation on cardiac structure and function.  The current study, therefore,

hypothesizes that DHEA exerts a direct effect on CFb resulting in altered 

regulation of the ECM in young and old mice.

. 

4.2  Materials and Methods

4.2.1 Animals.

Female C57BL/6NHsd mice, 4-5 and 20-22 months of age, were obtained 

from Harlan (Indianapolis, IN).  Before the study, mice were conditioned for one 

week in the animal facility.  All animal studies were performed after approval by 

our animal review committee.  Guidelines for the Care and Use of Laboratory 

Animals [DHEW 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 Animal Research) 

were followed in this study.  

4.2.2 Cardiac fibroblast isolation. 
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Mice were sacrificed using cervical dislocation and the heart was quickly 

removed and rinsed with PBS.  The heart was minced and rinsed in 4 washes of 

warm sterile Krebs-Hensleit buffer (KHB; Sigma-Aldrich, St. Louis, MO). Heart 

tissue was then placed in a 50 ml conical tube with 10 ml of digestion solution 

containing Liberase 3 blendzyme (Roche Biochemical, Indianapolis, IN) in 60 mL 

warm sterile KHB. Samples were placed on a rotator in an incubator for 15 

minutes.  The tube was then vortexed for 30 seconds and the supernatant 

(containing fibroblasts) was centrifuged at 1000 rpm for 10 min, resuspended, 

then plated. This process was repeated several times to increase the yield of 

cells.  After 2 hours the adherent fibroblasts were retained and nonadherent cells 

discarded.  Cells were grown in Dulbecco’s modified Eagle’s medium (DMEM, 

Sigma; St. Louis, MO) supplemented with 10% fetal calf serum, 100 U/ml 

penicillin, 100 µg/ml streptomycin, and 1 µg/ml of amphotericin B.  

4.2.3 Treatment of cardiac fibroblasts.  

CFb isolated from both young and aged mice were harvested and plated 

in culture flasks.  Cells were grown to 70% confluence then serum-starved for 48 

hours.  After serum starvation, cells were treated with control serum or serum 

containing DHEA solubilized in 95% ethanol at concentrations of 10-7, 10-6, or 10-

5 M DHEA.  After 48 hours of treatment, cells were harvested for measurement of 

mRNA levels and the supernatants were collected for measurement of MMP 

activity and hydroxyproline concentrations.
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4.2.4 Cell proliferation assay

Isolated CFb were grown to 70% confluence in DMEM/10% fetal calf 

serum then plated in 96-well plates at a density of 10,000 cells per well in serum-

free media for 24 hours.  Next, cells were treated with control serum or serum 

containing DHEA solubilized in 95% ethanol at concentrations of 10-7,  10-6, or 

10-5 M DHEA for 24 hours.  During treatment, 10 µl of AlamarBlue dye 

(Biosource; Camarillo, CA) was added to the culture media to yield a final 

concentration of 10%.  The AlamarBlue assay is based upon the colorimetric 

determination of a blue dye that changes color to red after being taken up by 

cells, and can therefore be used to measure cell numbers.  Absorbance of the 

dye was measured at 570 and 600 nm and percent of dye reduced was 

calculated according to the manufacturers instructions. 

4.2.5 Gelatin zymography assay.

Conditioned media from DHEA-treated cardiac fibroblast cultures was 

centrifuged at 2000 g for 10 minutes and the supernatant was normalized for 

protein content using the bicinchoninic acid assay (Pierce Biotech; Rockford, IL).  

Protein samples were added to an equal volume of 2x Tris-SDS running buffer 

and applied to a pre-cast 10% polyacrylamide gelatin zymography gel 

(Invitrogen; Carlsbad, CA).  The gel was ran at 120 volts for approximately 90 

minutes in Tris-glycine SDS buffer, then incubated in 2.7% Triton X-100 for 30 
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minutes at room temperature.  Next, the gel was incubated with zymogram 

developing buffer (Invitrogen; Carlsbad, CA) for 30 minutes at room temperature 

followed by another incubation in developing buffer overnight at 37 degrees.  The 

gel was then washed with deionized water three times for five minutes each, 

followed by incubation in 0.1% coumassie brilliant blue for 60 minutes then 

washed with deionized water.  Gelatinase activity is represented by clear bands 

on a dark background, and the molecular weights were determined by 

comparison to molecular weight markers.  The gel was then photographed using 

a Bio-Rad (Hercules, CA) densitometer.    

4.2.6 Measurement of hydroxyproline. 

Hydroxyproline is an amino acid found exclusively in connective tissues 

such as collagen and has been used for decades to measure levels of collagen.  

Hydroxyproline levels were measured in conditioned media from DHEA-treated 

cardiac fibroblast cultures.  Conditioned media was centrifuged at 2000 x g for 10 

minutes, then added to two volumes of 100% ethanol.  Proteins were precipitated 

in ethanol at  -20°C for 24 hours then centrifuged at 30,000 x g for 30 minutes.  

Protein pellets were then air dried and hydrolyzed in 1 mL of 6 N HCl for 24 

hours at 120°C.  Following hydrolysis, 50 µL of 0.02% direct red was added to 

each sample to detect changes in pH.  Samples were then neutralized with 2.5 M 

NaOH until samples turned pale yellow.   These samples were then analyzed for 

total hydroxyproline according to the methods of Stegeman and Stadler (123).  
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Briefly, 1 mL of chloramine-T was added to 2 mL samples of hydrolyzed and 

neutralized tissue for 20 minutes.  This reaction was neutralized with 3.15 M 

perchloric acid for 5 minutes.  Next, samples were incubated in 1 mL of Ehrlich’s 

reagent for 30 minutes at 60°C.  Samples were compared to a colorimetric curve 

of hydroxyproline standards from 0-20 µg at a wavelength of 557 nm.  

Hydroxyproline was converted to collagen, assuming that 13.5% of collagen is 

hydroxyproline.

4.2.7 Semi-quantification of mRNA expression using real-time RT-PCR.

Left ventricular tissues were homogenized and stored in TRIZOL reagent 

(Invitrogen; Carlsbad, CA).  The mRNA was extracted using standard techniques 

and concentrations were determined using an Eppendorf biophotometer 

(Brinkman Instruments; Westbury, NY).  mRNA was reverse-transcribed into 

cDNA using Superscript RNase reverse transcriptase (Invitrogen; Carlsbad, CA).  

The cDNA was diluted to 8 ng/ml and two microliters of diluted cDNA were run in 

triplicate for each sample.  The total reaction volume for each tube was 10 µl and 

included 0.4 µl 25 mM MgCl2, 0.25 µl 1X SYBR green, 0.35 µl RNAse free water, 

2 µl forward and reverse primers, and 5 µl of SYBR master mix (Qiagen, 

Quantitect Sybr green PCR kit; Valencia, CA).  The reactions were detected by 

Rotor-Gene RG-3000 (Corbett Research; Sydney, AUS) in a 72-well rotor.  The 

reactions were denatured at 95° for 15 minutes, followed by 45 cycles of 15 

seconds at 95°, 15 seconds at 58°, and 20 seconds at 72°.  This was followed by 
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a melting curve analysis from 72-99° to determine primer specificity.  The results 

were analyzed by setting a threshold value on the melting curves for each primer 

and averaging the cycles for the triplicates.  For each gene analyzed, primers 

were designed using the Primer3 program and were designed within 

approximately 300 bp from the 3’ end of the gene.  Products were designed to be 

100-200 bp in length, and to have a Tm greater than 10° than the primer Tm.  

Sequences of the primers used are found in table 4.1.

4.3  Results

4.3.1. Cardiac Fibroblast Proliferation. 

The effects of DHEA on proliferation of young and aged CFb are shown in 

figure 4.1.  The rate of proliferation was 11% higher in CFb from old mice when 

compared with young (p = <0.05).  DHEA exhibited a mitogenic effect on CFb 

isolated from both young and aged mice.  Young CFb did not respond to the 

lowest concentration of DHEA, but proliferation rate was increased in these cells 

by 16% and 35% following DHEA treatment at concentrations of 10-6 and 10-5 M, 

respectively (p = <0.05).  Aged CFb responded to DHEA in a dose-dependent 

manner with increases of 16%, 17%, and 29% (p = <0.05).  

4.3.2 Gelatinase Activity. 

MMP-2 and MMP-9 zymographic activity is shown in Figure 4.2.  

Zymography gels were done in triplicate with a similar trend in each trial.  MMP-9 

is seen as a clear band on a dark background at 92 kd.  Basal MMP-9 activity is 
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Table 4.1: Real-time RT-PCR primer sequences

Target Gene Sequence (sense/antisense)
ββββ-actin 5’-TTGCTGACAGGATGCAGAAG-3’

5’-TGATCCACATCTGCTGGAAG-3’
Collagen Iαααα1 5’-GCGTACCTGGATGAGGAGAC-3’

5’-GTCTTGCCCCATTCATTTGT-3’
MMP-1 5’-GACTCTGAACTCTTCTACCTCTGATTC-3’

5’-AGTATCAAATACTTTCGGACAGGAA-3’
MMP-2 5’-AAAGGACTCGGGTTGTCTGA-3’

5’-CAAGAAGGCTGAGCAGGAAG-3’
MMP-9 5’-ACCAGACCCCAGACTCCTCT-3’

5’-CATCTCACCTGGAGGACACA-3’
MMP-13 5’-CCAGCTAAGACACAGCAAGC-3’

5’-CGCTAAGGAAAGCAGAGAGG-3’
LOXL3 5’-ATGGCTCATGCCTGTAATCC-3’

5’-TTCCTTCCTTCCTTCCTTCC-3’

dramatically higher in young CFb compared with old.  Interestingly, DHEA 

treatment of young and aged CFb causes a paradoxical effect on MMP-9 activity.  

In young CFb, DHEA inhibits MMP-9 activity at each concentration used in this 

study.  In contrast, MMP-9 activity is stimulated at the highest concentrations of 

DHEA used in this study.  MMP-2 activity is seen at 72 kd, and basal activity 

does not appear to be different between young and aged CFb.  Young and aged 

CFb also responded similarly to DHEA.  Interestingly, MMP-2 activity was 

stimulated in each group at DHEA concentrations of 10-7 and 10-6 M, but a further 

increase in concentration to 10-5 M caused inhibition of MMP-2 activity.
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Figure 4.1: Effect of DHEA cardiac fibroblast proliferation.  This figure shows 

the effects of different concentrations of DHEA on cell proliferation (± SE) in 

young and aged cardiac fibroblasts (significant differences discussed in text)
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Figure 4.2: Effects of DHEA on gelatinase activity.  This figure shows the 

effects of different concentrations of DHEA on gelatinase (MMP-2 and –9) activity 

in young and aged cardiac fibroblasts.
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4.3.3 Hydroxyproline levels.  

Detection of hydroxyproline in conditioned media was used to measure 

collagen secretion from isolated CFb cultures (figure 4.3).  The current study 

shows that CFb isolated from aged mice secrete 14% less collagen than young 

mice(p = <0.05).  Collagen secretion was inhibited by DHEA in young CFb at 

each concentration of DHEA treatment in a dose-dependent manner with a 20% 

inhibition at the highest concentration.  Interestingly, collagen secretion by aged 

CFb was unaffected by DHEA treatment.

4.3.4 Relative mRNA expression.

Real-time RT-PCR was used to analyze relative changes in ECM-

regulating genes compared to beta-actin.  Treatment did not seem to alter 

relative levels of beta-actin as evidenced by insignificant changes in threshold 

cycle of beta-actin in response to treatment.  The relative changes in mRNA 

levels of ECM-regulating genes are seen in table 4.2.  

Collagen Iα1 mRNA expression was 1.98-fold lower in aged CFb when 

compared with young (p = <0.05).  Treatment of CFb with DHEA did not effect 

relative levels of collagen Iα1 mRNA with the exception of a small but significant 

(p = <0.05) increase in aged CFb following treatment with the highest 

concentration of DHEA. Relative levels of MMP-2, -9, and –13 were unaffected 

by aging or treatment with DHEA.  Interestingly, while mRNA levels of MMP-1 

were not significantly different between young and aged CFB, MMP-1 
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Figure 4.3: Comparison of collagen secretion.  This figure shows the effects 

of different concentrations of DHEA on cell proliferation (± SE) in young and aged 

cardiac fibroblasts. (significant differences discussed in text)
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expression was significantly decreased following DHEA treatment in both young 

and aged CFb (p = <0.05). In particular, the degree of MMP-1 inhibition was 

greatest at 10-6 M DHEA in both groups, with a -4.53 and -10.39-fold change in 

young and aged CFb, respectively.

Relative levels of lysyl oxidase-like 3 (LOXL3), an enzyme involved in 

collagen cross-linking, were not significantly different between young and aged 

CFb, but expression was altered by DHEA.  LOXL3 mRNA expression was 

increased 3.67 and 2.20-fold in young mice (p = <0.05) in response to treatments 

of 10-7 and 10-6 M, respectively, an was unaffected by the highest concentration 

of DHEA.  Interestingly, mRNA levels of LOXL3 in old CFb were unaffected by 

DHEA at lower concentrations, but treatment with 10-5 M resulted in a 2.95-fold 

increase in LOXL3 mRNA (p = <0.05).

4.3 DISCUSSION

The results of the current study are two-fold.  First, we have definitively 

shown functional differences in CFb isolated from young and aged mice.  We 

have also shown that DHEA is capable of modulating CFb function, and that 

DHEA causes differential effects in young and aged mice.  The results from this 

study offer a mechanism for changes in cardiac structure and function in 

response to treatment of young and aged animals with exogenous DHEA.

In the current study, cardiac fibroblasts isolated from aged mice 

proliferated at a higher rate than young cardiac fibroblasts.  This finding was not
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Table 4.2: Changes in myocardial gene expression.

Fold Change Relative to beta-actin

Young Fibroblasts Old Fibroblasts
0 M 10-7 M 10-6 M 10-5 M 0 M 10-7 M 10-6 M 10-5 M

Collagen Iαααα1 1.0 -1.38 -1.53 -1.42 -1.98 a -1.87 -1.53 -1.58 b

MMP-2 1.0 -1.26 -1.23 -1.12 -1.43 -1.46 -1.14 -1.41
MMP-9 1.0 1.23 1.13 1.06 1.00 1.11 -1.01 1.04
MMP-1 1.0 -2.94 a -4.53 a -2.38 a -1.61 -3.52 b -10.39b -4.36
MMP-13 1.0 -1.11 -1.32 -1.58 -1.84 -1.67 -1.14 -2.92

LOX3 1.0 3.67 a 2.20 a 1.79 1.13 1.38 1.61 2.95 b

a = significantly different (p = <0.05) from young controls
b = significantly different (p = <0.05) from old controls

unexpected because fibrosis is well documented in aged mice.  This finding 

suggests that fibrosis with aging may be partially due to the increased capacity of 

aged CFb to proliferate.  DHEA stimulated proliferation in CFb isolated from both 

young and aged mice.  While young and aged CFb elicited a similar dose-

response to DHEA in terms of proliferation, young CFb responded at the lowest 

concentration of DHEA whereas aged CFb did not.  We speculate that this may 

be due to lower levels of cell-surface receptors responsible for initiating the 

response to DHEA in old mice.  The fact that DHEA stimulated CFb proliferation 

supports our hypothesis of a direct effect of DHEA on CFb, and also that there 

may be a cell-surface receptor capable of recognizing DHEA.  Currently, a 

surface receptor for DHEA on CFb has not been identified. 

Determination of hydroxyproline was used in vitro as a measure of 

collagen secretion from CFb.  In the current study, hydroxyproline secretion was 
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decreased in aged CFb compared with young.  This is an interesting finding of 

the study because it is well documented that aging is associated with myocardial 

fibrosis (31; 117).  However, our finding that collagen synthesis is decreased with 

aging is supported by previous studies (39; 126), suggesting that fibrosis with 

aging is primarily due to altered MMP activity.  Our results also indicate a 

differential response of collagen secretion in young and aged CFb to DHEA.  In 

young CFb, DHEA inhibited collagen secretion at each concentration used in this 

study.  Collagen secretion from aged CFb was slightly inhibited by DHEA, but 

these changes were not significant.  Previous studies concerning the effects of 

DHEA on fibroblasts have shown that DHEA is capable of altering collagen 

synthesis (137; 138).  Interestingly, while in human dermal fibroblasts DHEA 

causes an increase in collagen production (137), the opposite is seen in rat CFb 

(138).  This suggests that there are phenotypic differences in fibroblasts based 

on their tissue distribution.  It has also been shown that CFb isolated from young 

and senescent rats exhibit a differential response to chemical factors such as 

TNF-α (73), IGF-1 (139), and angiotensin II (24).  Our study provides further 

evidence that CFb function is altered with aging.

MMPs are zinc-dependent ezymes capable of degrading ECM proteins 

and these enzymes are highly involved in myocardial fibrosis with aging (42).  

We analyzed MMP activity in young and aged CFb in response to treatment with 

DHEA.  Because of the difficulties associated with directly measuring 

collagenase activity, we used gelatinase (MMP-2 and -9) activity as an indirect 
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measure of collagen degradation because gelatinases are involved in the 

secondary breakdown of collagen.  MMP-2 activity is seen at 72 kd and MMP-9 

at 92 kd.  MMP-2 activity was slightly higher in untreated young and aged CFb, 

but demonstrated a similar response to DHEA.  Interestingly, DHEA 

concentrations of 10-7 and 10-6 M stimulated MMP-2 activity in both groups, but a 

further increase in concentration to 10-5 M caused a decrease in MMP-2 activity 

compared to lower concentrations of DHEA.  

Possibly the most striking finding of this study was regarding MMP-9 

activity.  The current study showed that MMP-9 activity was substantially higher 

in young CFb than old.  This suggests that MMP-9 may be important in regulation 

of the ECM with aging, leading to fibrosis.  As previously mentioned, collagen 

synthesis from CFb is decreased with aging, however, myocardial fibrosis 

occurs.  This implies that collagen levels are regulated largely by MMP activity 

during aging, and decreased MMP activity with aging has been shown in 

previous studies (42).  A decrease in MMP activity with aging, as seen with 

MMP-9 in the current study, could result in fibrosis due to decreased collagen 

degradation.  

Another critical finding of this study was the differential response of MMP-

9 to DHEA treatment.  In young CFb, high basal activity of MMP-9 activity was 

inhibited following treatment with DHEA.  A paradoxical effect of DHEA was seen 

on aged CFb where lower basal activity of MMP-9 was stimulated by DHEA.  The 

cause for this paradoxical effect is unknown.  However, Xie et al (140) showed 
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that MMP-2 and MMP-9 are regulated by different signaling pathways in adult rat 

CFb, and it is possible that DHEA evokes a differential effect on each of these 

pathways.  Future studies should be done to investigate the effects of DHEA on 

these pathways.

The findings of this study are consistent with a previous study from our 

laboratory on the effects of DHEA on cardiac fibrosis in vivo.  In the previous 

study, treatment of young and aged mice caused modulation of the ECM leading 

to changes in diastolic function.  In particular, DHEA caused a normalization of 

myocardial fibrosis and diastolic dysfunction in aged mice.  Conversely, in 

response to DHEA young mice had increased myocardial collagen levels and 

decreased ventricular compliance compared with young controls.  Based on 

those findings, we hypothesized that DHEA-induced modulation of cardiac 

fibrosis in these mice could may be attributed to either immune modulation 

induced by DHEA, or a direct effect of DHEA on CFb.  The current study may 

provide the mechanism of a direct effect on CFb.  The differential regulation of 

DHEA treatment in vitro on young and aged fibroblasts supports the findings from 

the previous study.

In conclusion, this study support previous studies and offers new 

information on the role of CFb with aging.  Our results support previous studies in 

showing that cardiac fibrosis with aging is likely due to decreased MMP activity 

leading to decreased degradation of collagen, and not increased synthesis of 

collagen.  Further, our results specifically show that MMP-2 and MMP-9 activity 
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are decreased in CFb isolated from old mice when compared with young.  We 

have also shown that DHEA, an abundant adrenal steroid hormone implicated in 

aging, has direct effects on the extracellular matrix-regulating capacity of CFb.  

Interestingly, DHEA elicited a differential response in young and aged CFb.  

Future studies should focus on the mechanism responsible for this differential 

response and identification of a specific receptor for DHEA on CFb.
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CHAPTER FIVE: EFFECTS OF MURINE AIDS AND IMMUNE MODULATION 

ON VENTRICULAR COMPLIANCE AND THE EXTRACELLULAR MATRIX
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5.1 Background and Introduction

Previous studies within this dissertation demonstrated that DHEA 

supplementation in young and aged mice caused alterations in diastolic function 

and the ECM.  In particular, while DHEA reversed diastolic dysfunction and 

remodeling in aged mice, a paradoxical effect was demonstrated in young mice.  

We proposed two mechanisms for the effects of DHEA on young and 

aged mice: [1] downstream effects of immune modulation, or [2] a direct effect of 

DHEA on CFb.  To test the proposed hypothesis that DHEA exerts a direct effect 

on CFb, we treated isolated CFb from young and aged mice with DHEA in vitro 

and demonstrated that DHEA is capable of directly altering CFb function.  More 

specifically, DHEA treatment of CFb had paradoxical effects on MMP activity, 

supporting our proposed hypothesis of a direct effect on CFb.  This was an 

important finding of this dissertation because the overall goal of this dissertation 

was to determine whether immune modulation is capable of altering cardiac 

function.  Because CFb are directly affected by DHEA, we cannot definitively 

conclude that immune modulation was involved in the modulation of cardiac 

function following DHEA treatment.  However, the fact that CFb were directly 

affected by DHEA treatment does not disprove our hypothesis regarding immune 

modulation.  However, due to the pleiotropic effects of DHEA on the systems of 

the body, we decided to shift our focus from DHEA and instead specifically target 

the T-cells of the adaptive immune system during immune dysfunction in the form 

of murine AIDS (mAIDS).
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Highly active antiretroviral therapy (HAART) regimens have significantly 

improved survival rates and the quality of life in patients infected with HIV (141).  

Due to increased survival in these patients, retrovirus-induced cardiomyopathy is 

becoming more prevalent.  Currently the prevalence of cardiomyopathy in 

humans with HIV is approximately 15%, and studies have confirmed that the 

development of DCM or acute left ventricular dysfunction carries a poor 

prognosis in AIDS patients (142; 143).  Unfortunately, the exact mechanism 

responsible for DCM in patients with AIDS has been elusive.  

Infection of mice with the LP-BM5 retrovirus induces many of the 

pathologies that accompany human AIDS, including alterations in immune 

function, cytokine production, T-cell differentiation, oxidative stress, and reduced 

resistance to infectious challenges (144).  Previous studies by our collaborators 

have shown that LP-BM5 infection causes dramatic immunomodulation (106; 145)

and impaired resistance to the opportunistic parasite cryptosporidium (111).  In 

addition, our laboratory has shown that LP-BM5 infection causes DCM in mice 

(109).  

The β variable (V) region of the T-helper cell receptor (TCR) has been 

extensively studied due to its involvement in autoimmune disease (145; 146).  

Modulation of these diseases can be accomplished with specific TCR peptides, 

namely peptides Vβ5.2 and Vβ8.1 (111; 147-149).  These peptides modulate T-

cells without directly affecting other types of cells.  Previous studies have 

established that retrovirally infected mice produced autoantibodies to these 
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peptides, and their administration during retrovirus infection diminished many of 

the cytokine abnormalities induced by the virus (111), and restored resistance to 

opportunistic pathogens (111) .  Interestingly, these peptides are also capable of 

reversing age-related immunosenecence (84).   

Cytokines have been shown to play key roles in the pathogenesis of 

congestive heart failure in general populations (150).  In AIDS, dendritic cells can 

initiate the primary immunological response and present the antigen to T-

lymphocytes.  The interaction between dendritic cells and T-lymphocytes could 

promote alterations in cytokine release that we believe directly results in 

cardiomyopathy.

As previously mentioned, our laboratory has shown that LP-BM5 retrovirus 

infection in mice causes DCM in the absence of an inflammatory response 

indicative of myocarditis (109).  The current study hypothesizes that LP-BM5-

induced DCM is due to downstream effects of immune modulation.  To 

investigate this hypothesis we used specific TCR peptides shown to polarize T-

cells towards a Th1 pathway.  Because mAIDS is associated with a dramatic shift 

in cytokines towards a Th2 pathway (111), we proposed that the TCR peptides 

are capable of normalizing the altered cytokine release, causing downstream 

normalization of cardiac structure and function.

5.2 Materials and Methods

5.2.1 Animals.
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Female C57BL/6 mice were obtained from Harlan (Indianapolis, IN).  Both 

young and old mice were divided into four groups: Group I, controls; Group II, 

LP-BM5 treatment; Group III, TCR peptide treatment; and Group IV, LP-

BM5+TCR peptide treatment.  Before the study, mice were conditioned for one 

week in the animal facility.  All animal studies were performed after approval by 

our animal review committee.  Guidelines for the Care and Use of Laboratory 

Animals [DHEW 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 Animal Research) 

were followed in this study.  

5.2.2 Treatment of animals

Mice were randomly assigned to each group.  At 5 weeks of age, mice in 

group II received an intraperitoneal injection of 100 µL of minimum essential 

medium containing LP-BM5 murine retrovirus with an esotropic titer of 4.5 log10 x 

10-3 PFU/L, a dose that consistently produced a disease state previously (151).  

Mice were evaluated at 12 weeks post-infection as this time point allowed for full 

presentation of the disease.  Age-matched mice in group III were given an 

intraperitoneal injection of 200 µg of TCR peptides Vβ5.2 and Vβ8.1 on day 0 

and given a booster on day 15.  Mice in group IV were treated with LP-BM5 

retrovirus in the same manner as group II.  Four weeks after LP-BM5 retrovirus 

infection, mice were injected with TCR peptides in the same manner as group III.  
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5.2.3 Analysis of left ventricular function.

The Millar Conductance Catheter System (Millar Corporation; Houston, 

TX) was used to generate pressure-volume loops as has been previously 

described by our laboratory (4; 15; 18).  Mice were anesthetized with urethane in 

saline (1000 mg/Kg, i.p.) and α-chloralose in propylene glycol (50 mg/Kg, i.p.).  

The mice were ventilated through a tracheostomy connected to a Pressure 

Controlled Respirator (RSP 1002, Kent, CT) at a rate of 120 times/min and FiO2

of 1.0.   The mice were placed on a surgical table maintained at 37.5oC.  The 

external jugular vein was cannulated with a #23 gauge butterfly and volume 

administration was limited to 300 µL of hetastarch (6% hetastarch in 0.9% saline, 

Abbott Laboratories; Abbott Park, IL). The apical portion of the heart and the 

inferior vena cava were exposed through a substernal-transverse incision.  A 

Millar Conductance Catheter 1.4 Fr (Millar Corporation, Houston, TX) was 

inserted into the apex of the left ventricle with the distal electrode in the aortic 

root and the proximal electrode in the apex.  The volume calibration line and 

parallel conductance were determined as described previously (152).   Dynamic 

changes in pressure-volume relationships were determined by altering preload 

by briefly partially occluding the inferior vena cava with a nonmetallic occluder.  

In vivo pressure-volume relationships were digitized with BioBench software 

(National Instruments, Austin, TX) and analyzed with Pvan version 2.7 

(Conductance Technologies Inc., San Antonio, TX and Millar Inc., Houston, TX). 
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5.2.4 Determination of hydroxyproline and collagen cross-linking. 

Hydroxyproline is an amino acid found exclusively in connective tissues 

used as a means to quantify collagen concentrations in different types of 

samples.  For measurement of total myocardial hydroxyproline, dried left 

ventricular samples were rehydrated in PBS for 3 hours, followed by hydrolysis in 

1 mL of 6 N HCl for 24 hours at 120°C.  Following hydrolysis, 50 µL of 0.02% 

direct red was added to each sample to detect changes in pH.  Samples were 

then neutralized with 2.5 M NaOH until samples turned pale yellow.   These 

samples were then analyzed for total hydroxyproline according to the methods of 

Stegemann and Stadler (123).  Briefly, 1 mL of chloramine-T was added to 2 mL 

samples of hydrolyzed and neutralized tissue for 20 minutes.  This reaction was 

neutralized with 3.15 M perchloric acid for 5 minutes.  Next, samples were 

incubated in 1 mL of Ehrlich’s reagent for 30 minutes at 60°C.  Samples were 

compared to a colorimetric curve of hydroxyproline standards from 0-20 µg at a 

wavelength of 557 nm.  Hydroxyproline was converted to collagen, assuming that 

collagen is 13.5% of collagen.

Collagen cross-linking was determined using cyanogen bromide (CNBr) 

digestion according to Woodiwiss et al (125) which is a modification of that 

originally described by Mukherjee (124).  Dried left ventricular samples were 

weighed then hydrated in PBS for 3 hours.  These samples were then 

homogenized in PBS and centrifuged at 4,000 g for 10 minutes.  The resulting 
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pellet was then washed in 2% SDS three times to remove non-collagenous 

proteins, each time followed by centrifugation at 4,000 g for 10 minutes.  The 2% 

SDS was removed by three successive washes in PBS followed by two washes 

in acetone with each wash followed by centrifugation at 4,000 g for 10 minutes.  

After the second acetone wash, the resulting pellet was air-dried and 

resuspended in 70% formic acid containing 20 mg/ml CNBr and incubated at 

25°C for 24 hours.  After incubation, the suspension was centrifuged at 4,000 g 

for 20 minutes.  The resulting supernatant removed and placed in an incubator at 

50°C until dry, followed by measurement of hydroxyproline as described above.  

Percent collagen cross-linking was determined by subtracting the amount of 

CNBr-soluble hydroxyproline from total hydroxyproline and multiplying by 100%.

.       

5.2.5 Semi-quantification of mRNA expression using real-time RT-PCR.

Left ventricular tissues and spleens were homogenized and stored in 

TRIZOL reagent (Invitrogen; Carlsbad, CA).  The mRNA was extracted using 

standard techniques and concentrations were determined using an Eppendorf 

biophotometer (Brinkmann Instruments; Westbury, NY).  mRNA was reverse-

transcribed into cDNA using Superscript RNase reverse transcriptase (Invitrogen; 

Carlsbad, CA).  The cDNA was diluted to 8 ng/ml and two microliters of diluted 

cDNA were run in triplicate for each sample.  The total reaction volume for each 

tube was 10 µl and included 0.4 µl 25 mM MgCl2, 0.25 µl 1X SYBR green, 0.35 µl 

RNAse free water, 2 µl forward and reverse primers, and 5 µl of SYBR master 
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mix (Qiagen, Quantitect Sybr green PCR kit; Valencia, CA).  The reactions were 

detected by Rotor-Gene RG-3000 (Corbett Research; Sydney, AUS) in a 72-well 

rotor.  The reactions were denatured at 95°C for 15 minutes, followed by 45 

cycles of 15 seconds at 95°C, 15 seconds at 58C°, and 20 seconds at 72C°.  

This was followed by a melting curve analysis from 72-99°C to determine primer 

specificity.  The results were analyzed by setting a threshold value on the melting 

curves for each primer and averaging the cycles for the triplicates.  For each 

gene analyzed, primers were designed using the Primer3 program and were 

designed within approximately 300 bp from the 3’ end of the gene.  Products 

were designed to be 100-200 bp in length, and to have a Tm greater than 10°

than the primer Tm.  Sequences of the primers used are found in Table 5.1.

5.3 Results

5.3.1 Cardiac Function

Left ventricular hemodynamic parameters of the mice analyzed in this 

study are shown in table 5.2.  In this table we see characteristics of DCM 

following retrovirus infection as we have previously reported (109).  β, a measure 

of ventricular stiffness, was decreased by 60% (p = <0.05) following LP-BM5 

treatment and was associated with a 39% increase (p = <0.05) in end-diastolic 

volume.  Treatment of LP-BM5 infected mice with TCR peptides reversed DCM. 

In particular, treatment of infected mice with TCR peptide caused a normalization
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Table 5.1: Real-time RT-PCR primer sequences

of both ventricular stiffness and end-diastolic volume to normal levels which were 

statistically different from LP-BM5 infected mice (p = <0.05), and not statistically 

different from controls.  Ejection fraction and preload recruitable stroke work were 

decreased by 17% and 31% (p = <0.05), respectively following LP-BM5 infection, 

and these effects were reversed by treatment with TCR peptides.  Interestingly, 

while ejection fraction and preload recruitable stroke work were altered in LP-

BM5 infection, cardiac index was not statistically different between any of the 

groups.

Target Gene Sequence (sense/antisense)
ββββ-actin 5’-TTGCTGACAGGATGCAGAAG-3’

5’-TGATCCACATCTGCTGGAAG-3’
Collagen Iαααα1 5’-GCGTACCTGGATGAGGAGAC-3’

5’-GTCTTGCCCCATTCATTTGT-3’
Collagen IIIαααα1 5’-TTCTGCTGTTGCTGGTGAAC-3’

5’-TGGCTTGAATGAAGGTACCAA-3’
MMP-1 5’-GACTCTGAACTCTTCTACCTCTGATTC-3’

5’-AGTATCAAATACTTTCGGACAGGAA-3’
MMP-9 5’-ACCAGACCCCAGACTCCTCT-3’

5’-CATCTCACCTGGAGGACACA-3’
MMP-13 5’-CCAGCTAAGACACAGCAAGC-3’

5’-CGCTAAGGAAAGCAGAGAGG-3’
LOXL-3 5’-ATGGCTCATGCCTGTAATCC-3’

5’-TTCCTTCCTTCCTTCCTTCC-3’
IL-4 5’-CCACCATGAATGAGTCCAAG-3’

5’-AAGTTAAAGCATGGTGGCTCA-3’
Interferon-

gamma
5’-CTGCTGATGGGAGGAGATGT-3’
5’-GGAAGCACCAGGTGTCAAGT-3’
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Table 5.2: Left ventricular hemodynamic parameters

Groups I II III IV

Treatment Control LP-BM5 TCR-P LPBM5 + 
TCR-P 

N 20 9 20 9
Age months 4 4 4 4
BW g 3.52 ± 1.3 30.1 ± 0.8 33.4 ± ±

Spleen/BW mg/g 4.2 ± 0.6 61.8 ± 2.8 4.2 ± 0.6 57.8 ± 7.2
Left Ventricular Functional Parameters

HR BPM 552 ± 11 483 ± 18 518 ± 25 498 ± 36

SVI µµµµL/g 0.37 ± 0.02 0.53 ± 0.07 0.40 ± 0.03 0.47 ± 0.03
EF % 55.8 ± 2.6 46.4 ± 3.1 58.8 ± 3.0 57.3 ± 5.3
CI µµµµL/min/g 204 ± 11 254 ± 36 207 ± 16 237 ± 22

SWI mmHg⋅⋅⋅⋅µµµµL/g 28.1 ± 1.6 31.9 ± 4.6 28.3 ± 1.5 31.6 ± 2.0
ββββ mmHg/µµµµL 0.184 ± 0.02 0.074 ± 0.02 0.269 ± 0.02 0.227 ± 0.05

Ved µµµµL 23.8 ± 1.0 33.1 ± 2.9 21.4 ± 1.1 23.6 ± 3.1
Ves µµµµL 11.0 ± 0.7 19.4 ± 1.5 9.8 ± 0.9 11.7 ± 2.7

dP/dtmax mmHg/s 9095 ± 454 6849 ± 827 8527 ± 622 7848 ± 994
dP/dtmin mmHg/s -6711 ± 369 -5024 ± 606 -6275 ± 372 -5375 ± 417
PRSW mmHg 104 ± 3 72 ± 3 98 ± 4 93 ± 5

Tau Weiss ms 6.0 ± 0.3 8.1 ± 0.6 6.4 ± 0.3 7.2 ± 0.6

5.3.2 Cardiac ECM

To assess the involvement of the cardiac ECM on left ventricular 

remodeling, we measured the levels of collagen and collagen cross-linking in left

ventricular tissues (figures 5.1 and 5.2).  Consistent with the functional 

characterization of dilated cardiomyopathy, total collagen was decreased by 22% 

following LP-BM5 infection (p = <0.05), and treatment of the infected mice with 

TCR peptides caused an increase in collagen content to levels even higher than 
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Figure 5.1: Effects of LP-BM5 and TCR-P on myocardial collagen.  This 

figure shows the left ventricular myocardial collagen levels (± SE) in controls, LP-

BM5-treated mice, TCR-P-treated mice, and combined treatment.  a = 

significantly different from young controls, b = significantly different from LP-BM5 

mice, c = significantly different from TCR-P mice, d = significantly different from 

combined treatment mice.
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Figure 5.2: Effects of LP-BM5 and TCR-P on collagen cross-linking.  This 

figure shows the left ventricular myocardial collagen levels (± SE) in controls, LP-

BM5-treated mice, TCR-P-treated mice, and combined treatment.  a = 

significantly different from young controls, b = significantly different from LP-BM5 

mice, c = significantly different from TCR-P mice, d = significantly different from 

combined treatment mice.

C
o

lla
g

en
 C

ro
ss

-l
in

ki
n

g
(%

)

Control         LP-BM5          TCR-P       LP-BM5 + 
TCR-P 

    b,d

       b

   a,c,d



104

controls (p = <0.05).  The affects of LP-BM5 and TCR peptides on collagen 

cross-linking were even more dramatic.  In control mice, 61% of myocardial 

collagen was cross-linked, and this fell to 18% following retrovirus infection (p = 

<0.05).  Treatment of infected mice caused a complete normalization of cross-

linking to 67% (p = <0.05).

5.3.2 Myocardial gene expression

We used real-time RT-PCR to analyze levels of genes involved in

the composition of the extracellular matrix relative to beta-actin.  The levels of the 

genes are shown in table 5.3, and are expressed as fold-changes compared with 

controls.  Following infection with LP-BM5, we demonstrated a 6.4-fold decrease 

in collagen Iα1 (p = <0.05), as well as increased levels of MMP-1, -9, and –13 

mRNA (p = <0.05).  These findings are consistent with decreased levels of 

hydroxyproline in ventricular tissue.  Treatment of infected mice with TCR 

peptides caused a therapeutic decrease in MMP mRNA levels without affecting 

collagen mRNA levels.  Interestingly, relative mRNA levels of LOXL3, the 

enzyme involved in collagen cross-linking, were highest following LP-BM5 

infection when cross-linking was very low.  Treatment of infected mice with TCR 

peptides partially reversed the mRNA levels of LOXL3.

In order to characterize immune modulation induced by LP-BM5 and the 

TCR peptides, we measured the relative mRNA levels of interferon gamma (Th1)
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Table 5.3

I II III IVHeart
Tissue Control LP-BMP5 TCR-P LP-BM5 + 

TCR-P 
ββββ-actin 1 1 1 1

Collagen Iαααα1 1 -6.4 -0.6 -6.2
Collagen IIIαααα1 1 2.1 -2.3 -0.5

MMP-1 1 7.5 -7.5 -2.5
MMP-9 1 6.7 -5.2 -0.5

MMP-13 1 2.9 -5.4 -4.7
LOXL3 1 11.2 -2.6 6.7

I II III IVSplenic 
Tissue Control LP-BMP5 TCR-P LP-BM5 + 

TCR-P 
Interleukin-4 1 5.1 -3.5 4.2

Interferon-gamma 1 -2.1 12.6 2.0

and IL-4 (Th2) in splenic tissue from control and treated mice.  As expected, we 

demonstrated that TCR peptides polarized splenocytes towards Th1, with a 3.5-

fold decrease in IL-4 and a 12.6-fold increase in interferon-gamma.  In contrast,

LP-BM5 polarized splenocytes towards Th2, with a 2.1-fold decrease in 

interferon-gamma and a 5.1-fold increase in IL-4.  In addition, the Th2 shift in 

following LP-BM5 was attenuated by injection with TCR peptides.  Based on our 

measurement of Th1 and Th2 cytokines, we have confirmed that immune 

modulation was present in this model as previously reported.  

5.4 Discussion
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Implications of HIV-induced cardiomyopathy are becoming more 

prominent due to the efficacy of HAART, and the pathological mechanism has 

been elusive.  The current study investigated the role of immune modulation on 

DCM induced by LP-BM5 infection, which has been shown to mimic human 

AIDS.  Consistent with previous studies, the current study demonstrated that 

mice infected with the LP-BM5 retrovirus suffer from DCM (109).  Previous 

studies using this model have shown that this form of DCM occurs in the 

absence of opportunistic pathogens and myocarditis (109).  The current study 

also shows that DCM induced by LP-BM5 infection can be prevented by reversal 

of immune dysfunction seen with this infection, suggesting an immune-related 

mechanism of DCM in this model.

A number of hypotheses regarding the pathological mechanism of 

retrovirus-induced cardiomyopathy have been suggested.  Myocarditis has 

received much attention in HIV-related cardiomyopathy (153), and inflammatory 

markers such as TNF-alpha and iNOS are found in high levels in myocardial 

biopsies from patients with HIV-associated cardiomyopathy (154).   In contrast, 

our laboratory has previously shown that mAIDS mice demonstrate 

cardiomyopathy in the absence of increased levels of TNF-alpha and iNOS 

(109).  Other studies also suggest only a loose correlation between left 

ventricular dysfunction and histological evidence of myocarditis.  

Infection from opportunistic pathogens during AIDS has also been 

considered a mechanism of retrovirus-induced cardiomyopathy (155), but in our 
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studies the animals are protected from these opportunistic pathogens yet still 

develop cardiomyopathy (109).  Yet others propose that retroviruses are capable 

of directly infecting cardiac myocytes (156; 157), leading to cardiomyopathy.  In 

fact HIV can be detected in cardiac tissue from 27% of patients who died of AIDS 

(156), although it unclear how the virus would enter CD4 negative cells.  It is 

possible that the HIV detected in these studies is not found in myocardial cells 

themselves, but in infiltrating lymphocytes.  In addition, no clear association has 

been made between infection of the cardiac myocyte and subsequent myocyte 

dysfunction .   

We hypothesized in the current study that retrovirus-induced 

cardiomyopathy is due to alterations in the immune system that lead to 

dramatically altered cytokine production.  Previous studies by our collaborators 

have shown that LP-BM5 infection causes dramatic immunomodulation (106; 

145).  Specifically, LP-BM5 causes reduced B- and T-cell proliferation, reduced 

Th1 cytokines including IL-2 and interferon-gamma, and increased levels of the 

Th2 cytokines IL-6 and –10 (111; 145).  These immune responses were largely 

blocked by specific TCR peptides (111; 145).  These specific TCR peptides also 

restored the resistance to the opportunistic parasite cryptosporidium (111).  We 

decided to use this mouse model to study the effects of LP-BM5 on cardiac 

function which has been largely unexplored.  

First, in order to characterize the immunomodulation of LP-BM5 and the 

TCR peptides, we measured the relative mRNA levels of interferon gamma (Th1) 
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and IL-4 (Th2) in splenocytes from control and treated mice.  Consistent with 

previous studies, we showed that the TCR peptides polarized splenocytes 

towards Th1 while LP-BM5 polarized splenocytes towards Th2.  In addition, the 

Th2 shift in following LP-BM5 was attenuated by injection with TCR peptides.  

Based on our measurement of Th1 and Th2 cytokines, we have definitively 

confirmed that immune modulation was present in this model as previously 

reported.  The fact that DCM occurred in this model in the absence of 

opportunistic pathogens and myocarditis suggests that cytokine regulation may 

be important in the progression of DCM.  By specifically targeting T-cells we 

demonstrated a reversal of DCM, convincingly supporting our hypothesis.  

To further describe the cardiac pathology associated with LP-BM5 

infection in mice, we investigated the collagenous network of the myocardium.  

Alterations in collagen types I and III and collagen cross-linking are important in 

determining diastolic stiffness (20; 48), and these alterations have been 

documented in various cardiomyopathies (35; 37; 125).  In the current study, we 

found that alterations in both total collagen and collagen cross-linking were 

associated with DCM and its reversal.  In particular, LP-BM5 mice had decreased 

total collagen levels compared to controls, consistent with decreased ventricular 

stiffness and increased end-diastolic volume.  Treatment of LP-BM5 infected 

mice with TCR peptides caused an increase in total collagen with a concomitant 

normalization of ventricular stiffness and end-diastolic volume.  While total 
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collagen is likely important in DCM in this model, a greater changes were seen in 

collagen cross-linking.  

Inhibition of lysyl oxidase, the enzyme involved in cross-link formation, has 

been shown to cause ventricular dilatation and increases in end-diastolic volume 

in rats (125).  Our laboratory, using beta-aminoproprionitrile to inhibit lysyl 

oxidase, has demonstrated that decreased collagen cross-linking causes 

ventricular dilatation in the absence of significant changes in total collagen 

(unpublished data).  Clearly, collagen cross-linking is highly important in 

determining ventricular dilatation.  Interestingly, mRNA levels of the cardiac 

isoform of lysyl oxidase (LOXL3) did not mirror collagen cross-linking.  For 

example, mRNA levels of LOXL3 increased 11.2-fold following LP-BM5 infection 

while collagen cross-linking was decreased.  This trend held true throughout the 

study.  This paradox may be explained by the fact that mRNA levels do not 

necessarily indicate enzyme activity, and it is possible that as LOXL3 activity 

increased, mRNA levels were decreased due to negative feedback.  Regardless, 

LOXL3-induced collagen cross-linking seems to be of significant importance in 

this model.

MMPs are zinc-dependent proteolytic enzymes responsible for 

degradation and turnover of the ECM.  Maladaptive remodeling of the myocardial 

ECM is often due to altered degradation of ECM components, and not 

necessarily altered synthesis (42).  In the current study, we found that mRNA 

levels of MMPs –1, -9, and –13 were dramatically increased during ventricular 
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dilatation following LP-BM5 treatment.  Treatment of LP-BM5 infected mice with 

TCR peptide at least partially normalized the upregulation of MMPs.  

Interestingly, collagen Iα1 was also dramatically altered in the treatment groups 

in this study, further contributing to extracellular matrix remodeling. 

In conclusion, the current study found that LP-BM5 retrovirus infection 

leads to DCM, and that retrovirus-induced DCM can be reversed by specifically 

targeting the T-lymphocyte.  We believe that DCM, in this model and others, may 

be directly due to altered cytokine release from T-lymphocytes during immune 

dysfunction.  This study suggests that the immune system may be a therapeutic 

target when diastolic dysfunction is accompanied by immune dysfunction.  



111

CHAPTER SIX: CONCLUSION
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6.1 Highlighted conclusions of this dissertation

The goal of this dissertation was to determine the role of aging and 

immune dysfunction on cardiac function, specifically diastolic function.  Because 

age is a risk factor for CVD, we investigated a novel mechanism that may be 

involved in fibrosis and left ventricular stiffness during aging.  In particular, we 

proposed that altered cytokine release may directly modulate cardiac function.  

The following paragraphs will highlight the conclusions of each study in this 

dissertation.  

In this first specific aim used DHEA, a known immune modulator, as a 

means to study the effects of immune modulation on cardiac function during 

aging.  DHEA has become a popular research tool, especially in humans, due to 

its anti-aging effects.  DHEA has been shown to reverse immunosenescence, 

that is, the age-related shift in cytokine release from T-helper cells.  We found in 

this dissertation that reversal of immunosenescence in aged mice was 

associated with a normalization of myocardial fibrosis and diastolic dysfunction.  

Interestingly, however, DHEA was detrimental in young mice, causing abnormal 

myocardial collagen accumulation and ventricular stiffness.  The mechanism for 

this paradoxical effect is unknown, and we proposed two mechanisms: (1) 

differential direct effects on cardiac fibroblasts, or (2) a result of the imbalance of 

Th1/Th2 cytokine release.  In this study we also made several important 

conclusions regarding the regulation of ventricular stiffness.  First, we found that 

age-related fibrosis and its reversal are associated mainly with alterations in 
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MMP expression and collagen cross-linking.  While mRNA levels of collagen 

types I and III were not significantly altered in this model, we found dramatic 

changes in MMP expression, indicating that fibrosis in this model is mainly due to 

decreased degradation of collagen.  Also, we found that collagen cross-linking 

was dramatically altered during age-related fibrosis and its reversal. 

Our first study provided us with interesting information regarding the 

effects of DHEA on cardiac structure and function, however, based on these 

studies we did not identify a mechanism for these effects.  Specific aim 2, 

therefore, was designed to examine this mechanism.  We proposed that DHEA 

may have a direct effect on CFb function which may have been involved in 

modulation of cardiac structure and function.  Our first interesting finding in this 

study was that aging causes functional changes in CFb.  Aged CFb had an 

increased proliferative capacity as well as altered collagen and MMP secretion 

when compared with aged mice.    This was an expected finding based on the 

fact that aging causes myocardial fibrosis.  We also found in this study that 

DHEA is capable of modulating CFb function in vitro.  In particular, DHEA was 

shown to modulate CFb proliferation as well as gelatinase activity, collagen 

secretion, and gene expression in cardiac fibroblasts.  Interestingly, DHEA 

differentially affected MMP activity in young and aged mice, suggesting a 

mechanism for the paradoxical effects in the previous study.  The direct effect of 

CFb in this study supports our proposed hypothesis of the mechanism involved in 

modulation of cardiac function by DHEA.  Unfortunately, due to the direct effect 
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on CFb we did not prove or disprove our hypothesis that immune modulation is 

capable of altering cardiac function.  

Due to the pleiotropic effects of DHEA, we decided to shift our focus to a 

new model in which we could specifically target the immune system.  In this final 

study, we investigated the effects of immune dysfunction in the form of murine 

AIDS on ventricular compliance and the myocardial collagen network.  We then 

modulated the immune dysfunction in this model using specific T-cell receptor 

peptides shown to reverse immune dysfunction in this model.  Using these 

specific peptides, we found that we could reverse immune and cardiac 

dysfunction in these retrovirus-infected mice.  This is the strongest evidence yet 

that specific modulation of the immune system is capable of modulating cardiac 

function.  The alterations in cardiac function in this study were consistent with 

previous studies in this dissertation in that ventricular stiffness and its reversal 

was associated mainly with alterations in MMPs and collagen cross-linking.
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ABBREVIATIONS

AIDS =  acquired immune deficiency syndrome

BAPN =  β-aminoproprionitrile

CDR =  complementary determining regions

CFb =  cardiac fibroblasts

CNBr =  cyanogen bromide

CVD =  cardiovascular disease

DCM = dilated cardiomyopathy

DHEA = dehdroepiandrosterone

DHEA-S =  dehdyroepiandrosterone-sulfate

ECM =  extracellular matrix

HIV =  human immunodeficiency virus

LOX = lysyl oxidase

LOXL = lysyl oxidase-like enzyme

MAIDS =  murine acquired immune deficiency syndrome

MHC =  major histocompatibility complex

MMP =  matrix metalloproteinase

NAT = N-acetyl transferase

SERCA =  sarcoendoplasmic reticulum calcium ATPase

TCR =  T-cell receptor
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