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Title Cardiac Remodeling and Systolic Function in Response to Hypertension (HTN),

Diabetes (D). and Hypertension-Diabetes (H-D)

In the United States. heart failure (HF) affects more than 4.7 million people with
over halt a million new cases cach vear. Hvpertension (HTN) and Diabetes Mellitus (DM)
are both independent risk factors for the development HF. Both DM and HTN have a
deleterious effect on the heart muscle resulting in a steady decrease in the ability of the
heart to pump etficiently. The Extracellular Matrix (ECM) provides structural integrity
and defines the architecture of the myocardium regulating mechanical properties and
cardiac function. Changes in ECM homeostasis are affected by both DM and HTN
through alterations in its constituents such as collagen, fibronectin, and protecoglycans.
This study was designed to determine the differential temporal progression of LV
remodeling and cardiac function in response to DM, HTP and HTN-DM. evaluating
systolic function, LV geometry and cardiac ultrastructure. Our results showed that
hyperglvcemia caused a significant impairment in systolic function and adverse LV
remodeling at 4 and 12. In addition. there was an increase in interstitial collagen
deposition. HTN resulted in no significant changes in systolic function. However, LVH
was evident at 6 and 12 weeks in addition 1o a significant increase in interstitial collagen

deposition. Our results suggest that when HTH and DM were combined adverse

ili
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ventricular remodeling seemed to occur at a slower rate than that seen in the diabetic
hearts alone. However. systolic function remained impaired at 6 and 12 weeks. Also H-D
animals presented areas of replacement fibrosis in the endocardium.

We conclude that hypergivecemia caused a significant impairment in systolic
function with adverse LV remodeling. It also produced an increase in interstitial collagen
deposition at 4 and 12 weeks. HTN resulted in LVH and increase collagen deposition.
Additionally. the combination of DM and HTN produced the most severe degree of
interstitial fibrosis and replacement fibrosis. These results have led us to hypothesize that
the compensatory response trigger by high blood pressure and the activation of RAS may
play a role in preserving LV geometry in the diabetic heart. protecting against the adverse
LV dilatation seen during diabetic cardiomyopathy. These mechanisms appear to be carly

and transitory phenomenon.
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INTRODUCTION

[n the United States. heart failure (HF) aftects more than 4.7 million people with
over half a million new cases each vear'. Hypertension (HTN) and Diabetes Mellitus
(DM are both independent risk factors for the development of HF. It is estimated that 30
million people over the age of 60 have HTN or are taking antihvpertensive medication”.
In addition. DM alone is the fifth cause of death in the United States. Both DM and HTN
have a deleterious effect on the heart muscle. resulting in a steady decrease in the ability
of the heart to pump etficiently. This results in a wide spectrum of symptoms and
clinical signs that lead to poor quality of life and increased health care costs.

Whether heart muscle damage is secondary to myocardial infarction. chronic
ischemia. inflammation. pressure overload. or diabetes. there is a complex sequence of
compensatory events that ultimately result in an adversely remodeled mvyocardium and a

dilated. thin-walled. spherical ventricle. categorized into three stages as shown in Fig 1.

<

NORMAL (1) ACUTE (2) COMPENSATORY  (3) CARDIAC
' PR LOAD HYPERTROPHY FAILURE

Figure 1. Schematic representation of the gross morphological changes to the heart wall

during the progression to heart tailure.
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First. during acute preload. there is an increase in diastolic pressure with some
compensatory myocyte hypertrophy and dramatic changes in extracellular matrix (ECM).
Second. during compensatory hypertrophy. myocyte growth and ECM accumulation lead
to an increase in ventricular wall thickness and chamber diameter. Nevertheless. there is a
complex sequence of compensatory events resulting in a continual state ot remodeling
mediated by changes in myocyte morphology and in the ECM.

The ECM is in a dynamic state determined by matrix metalloproteinases (MNMP)
and their tissue inhibitors of metalloproteinases (TIMPs). NMMPs are proteolytic enzymes
that have been implicated in left ventricular (LV) dilatation in the progression to end-
stage HE. presumably by excessive degradation of ECM. Changes in ECM homeostasis
are affected by both DM and HTN? through alterations in its constituents. such as
collagen. tibronectin. and proteoglveans. This alters the interstitial network that provides
the scaftolding of the cardiac myocytes that serves to direct. propagate. and distribute the
contractile  force of the whole heart. Numcrous studies have documented that
uncontrolled activity of MMPs is a key clement in the abnormal ECM degradation
lcading to the development of severe [1F. suggesting that heightened ECM degradation
may contribute to the LV remodeling that occurs during the evolution of LV dilatation
and HF.

Collagens constitute 3% to 6% of the myvocardial weight and are produced
predominately by fibroblasts. The 2 major collagen subtypes found in the heart are: type |
and type 111 Type I collagen is arranged in thick parallel rod-like fibers and is tound in
large amount in tissues that require great tensile strength. such as bone and tendon. On

the other hand. type III collagen forms a network of {ibrils and is found in tissues where
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highly elastic properties are needed. such as skin. blood vesscls. and lungs. The
proportion between these 2 components in the myocardium varies throughout the course
of any hemodynamic stress and is considered to play a role in various pathological
conditions. such as dilated cardiomyopathy. with cardiac tibrosis being an end-stage
manifestation of HF in both HTN and DM.

Untreated. LV remodeling results in a progressive dilatation characterized by a
disproportionate decrease in the ratio of LV wall thickness to diameter ratio. increase in
myocardial wall stress. and development of HE. Therefore. it is of clinical importance to
diagnose individuals with HTP and DM as carly as possible in order to establish an
adequate therapy targeted to reduce the risk of developing HF. its symptomatology.
complications. and the number of cardiovascular events.

Consequently. an in vivo study ot the temporal progression of cardiac remodeling
and pertormance in response to HIN and DM. and the role of collagen changes on this
adaptation. might reveal carly alterations that modulate cardiac remodeling and might
aftect the initial adaptive response. that preserves a normal systolic function (Figure 2).

To investicate this response the current study was based upon the following
hypothesis:

1. There is a differential temporal progression of LV remodeling in response to

DM and HTP.

The combination of DM and HTN result in augmentation of adverse LV
remodeling and systolic dysfunction.

3. Inspite of the early difterences in remodeling. both HTN and DM result in a

progressive interstitial fibrosis.
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4. The combination of DM and HTN result in an earlier and greater degree of

interstitial tibrosis and modulation of LV remodeling compared to these stresses alone.
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Figure 2. Diagram representing the study design.
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BACKGROUND

Diabetes. DM is the most common chronic endocrine disease. [t is a chronic
disease characterized by metabolic derangements consisting of hyperglycemia.
hypoinsulinemia. and electrolvte imbalances. These metabolic derangements are
accompanied by such characteristic.  long-term  complications as  neuropathy.
nephropathy. and vasculopathy.

Clinically. the discasc is classified into the following four major groups. Type |
Diabetes accounts for 3%6 to 10% of cases in the United States. It is characterized by the
destruction of the pancreatic B cell islets. .which produces insulin deticiency.  The
destruction of these cells is either immune-mediated or idiopathic. Tyvpe 2 Diabetes
accounts for 90°6 to 95%¢ of cases in the United States. During its development. insulin
sensitivity ranges from insulin resistance to insulin deficiency. The third major group is
gestational diabetes mellitus. Fourth. there are other specitic types. some of which are
drug- or infection-induced. Among the most significant long-term complications of DM
are retinopathy. nephropathy. neuropathy. and cardiomvopathy®. It is estimated that 10.4
million Americans have DM. From those. 4.8 million are males and 3.7 million are
females’. The association of diabetes with other cardiovasenlar risk factors leads to
increased morbidity. mortality. and costly consequences to the health system.

The Framingham study showed that the incidence of cardiovascular disease. as
well as the levels of cardiovascular risk factors. were higher in diabetic than in non-

diabetic individuals. Furthermore. the increase in mortality and incidence of HF scen in
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diabetic patients was higher in women than in men’. Indeed. cardiovascular
mortality is two or three times higher in men with DM and three to five times higher in

women with DM than in counterparts without it*".

Alterations in systolic function. Systolic function in diabetic animals has been
evaluated in different inz vivo and in vitro studies. In addition. population-based studies.
have shown that DM alone is associated with an impaired systolic chamber function and
is independent of age. gender. body mass index. and heart rate'.

Studies in isolated mvocyvtes have shown intrinsic contractile dvstunction in
response 1o h_\'pcrgl_\'ccmial:. Mvocyvtes  from  diabetic rats  exhibited  decreased
shortening. reduced maximum rates of shortening and relengthening. and prolonged time
to peak shortening". Likewise. Ca” handling by the sarcoplasmic reticulum was
impaired. with a delay in cardiac uptake and decreased ATPase activity'™. These
alterations modity Ca™ stores and produce an overall alteration in chamber performance.
Furthermore. alterations in K~ channel'™"". Na™= Ca™ exchanger activities'™ and
abnormalities in protein kinase C (PKC) metabolism'” have also been proposed as
underlyving mechanisms for these alterations.

Studies of the effects of the diabetic state on cardiac function in vivo's or in
isolated perfused heart preparations™ have been contradictory. Using Streptozocitin
(STZ) to induce pancreatic B cell destruction and hyperglycemia. several studies have
shown that systolic function determined by maximal dp/dt and LV peak systolic pressure

remained within normal limits at 8 wecks after STZ administration™. Another study

showed that after 5 weeks of STZ injection these indexes were decreased when compared
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to control'*. In addition. others have shown that the cardiac response to sympathetic
stimulation by norephinephrine (NE) administration was significantly diminished™'.
Moreover. it has been proposed that the reduction in the number of B1 receptors on
cardiac tissue™. as well as the impairment in the coupling of the receptor to the second
messenger™™ " may underline the attenuation in the cardiac response to inotropic and

. - L2408
chronotropic agents like dobutamine™™".

Structural changes. Structural changes in the heart have been postulated as the
main determinants in the mechanisms underlving cardiac dystunction in experimental
diabetes as well as in diabetic individuals. Changes in collagen contribute in part to the
deleterious eftects of this discase. Collagen is a major component of the ECM that
provides structural integrity and defines the architecture of the myocardium. and
regulates both mechanical properties and cardiac function. Increases in total collagen
deposition have been described in the hearts of diabetic humans® and mice™. THowever.
studies in STZ treated rats have shown no increase in total collagen deposition when
compared to controls™ =%, These results clearly suggest a species variant response o
multiple stimuli-inducing collagen synthesis. Insulin. insulin growth factor 1 (IFG-1). and
the renin angiotensin system (RAS) have been proposed to regulate in some extent these
collagen changes.

In addition to interstitial fibrosis. the accumulation of advanced glvcosylation end
products (AGEs) cause an increase in collagen cross-linking and a reduction in solubility
that may also influence the passive-clastic properties of the heart. leading to a stiffer

myocardium™. Accumulation of AGEs in the vascular tissue has been proved to be
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related to the degree of vascular discase seen in diabetic paticnts:‘). These products induce
vascular proliferation and protein svnthesis by acting through a membrane-associated
macrophage receptor that consequently releases tumor necrosis factor and interleukin-1".

Another important structural change occurring in the diabetic myocardium results
from a shift in myosin isoenzyme from V1 to V3. which leads to a decrease in cardiac
myosin-ATPase activity. Thesc alterations in structural and functional proteins play an

important role in the functional impairment scen in the development and complications of

diabetic cardiomyopathy

Alterations in cardiac metabolism. The myocardium is highly dependent on ATP
production by the mitochondria. The substrates tor this production include glucose.
lactate. free fauy acids. and ketone bodies. Glyeolysis provides a high percentage of
substrates for the production of ATP. In addition. fatty acids also provide an important
percentage of substrates. especially in the rat. During diabetes. the alterations in lipid and
glucose metabolism compromise the quality and quantity of energy supplics to the heart.
First. there is a decrease in carbohydrate utilization via the glveolyvtic pathway. as well as
an increased glycogen utilization™. Seccond. there is a reduction in glucose transport.
which is duc to a reduction in the insulin-sensitive transporter (GLUT 4) in the
myocytes’ '

Finally. intracellular utilization of glucose is reduced due to impaired

phosphorylation mechanisms and the depression of the pyruvate dehvdrogenase

pathway™" with an overall decrease in glucose oxidation.
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Lipid metabolism is also compromised in diabetic patients and. most importantly.
is a strong predictor for cardiovascular disease™. Lipolysis is a metabolic pathway that
provides fatty acids and glvcerol. During diabetes the activity of the rate-limiting enzyme
is no longer under inhibition. leading to excessive Ivpolisis™. Additionally. in DM the
activity of the endothelial enzyme lipoprotein lipase is reduced due to the insulin

b

deficiency in both rats and humans™". Thus. very low-density lipoproteins (VLDL)

levels increase with subsequent alteration in the free fatty acid metabolism.
[ntracellularly. the depletion of carnitine seen in the diabetic hearts™

compromises not only B oxidation of long chain fatty acids but also cellular integrity. due

to the accumulation of tree fatty acids and their intermediates. leading 1o myocardial cell

~ . 3040
dysfunction

Hyvpertension. HTN is a well-known risk tactor in the development of
cardiovascular discase (CVDY''. Amongst the most severe manitestations of CVD. HF is
the major contributor 10 cardiovascular morbidity and mortality in the United States™. It
1s also a predisposing factor for the development of peripheral vascular discase. stroke.
and renal disease. Currently in the US. it is estimated that 30 million people over the age
of 60 have HTN or are taking antihvpertensive medication®. However. the distribution
varies with multiple factors. such as race. age. geographic patterns. gender. and
socioeconomic status. HTN has classically been categorized into essential and secondary
HTN. Secondary forms of HTN are correctable forms of high blood pressure. whereas in
essential HTN the causes are often unknown. In addition, essential HTN is a polygenic

discase in which overexpression and underexpression of different genes have been
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identified over the last several decades™. Mutations in at least 10 genes have been shown
to aftect blood pressure through a common pathway by atfecting salt homeostasis and
water balance™**. Among those. glucocorticoid-remediable aldosteronism (GRA).
Liddle’s Syndrome. and apparent mineralocorticoid excess are the most studied.

Another important mechanism that contributes to the pathogenesis of HTN
involves alterations in RAS. Numerous experimental models of pressure overload have
been used to study the effect of high blood pressure in the heart. As early as 1938.
authors reported the use of abdominal aortic constriction for the induction of HTN. The
major pathophysiologic mechanism underlving this model is the activation of the RAS™.
This model is characterized by a sustained clevation of systolic blood pressure that
appears approximately after 2 weeks and remains elevated tor periods as long as 20
weeks™ . In addition to producing a sustained elevation in blood pressure. this model
increases left ventricle /body weight ratio (LV/BW) ratio. and wall thickness in systole
and diastole. One of the most important applications of this model has been its use in the

study of cardiovascular effects of HTN and DM.

Alterations in systolic function. Early clinical studies showed that systolic
dyvsfunction occurred very late in the course of hypertensive heart disease™ . However.
recent studies using more sophisticated methods have demonstrated that at least 13% of
hypertensive individuals showed an impaired LV systolic function™. One of the
distinctions of the hypertrophied heart is its inability to increase end-diastolic volume
during exercise. Hence. an increase in load. such as that seen during exercise. may reveal

systolic abnormalities in hypertensive patients whose systolic performance at rest was
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normal™'*~. [n addition. when decreased ejection fraction and fractional shortening were
present. a positive correlation between abnormal diastolic filling patterns and these
parameters was found™.

Experimental models of renal HTN in rats have shown that hemodynamic
determinations of maximal rate of pressure generation (positive dp/dt) did not differ from
the control groups during a 30-week observation period™. On the other hand. other
authors have reported that LV peak pressure as well as dp/dt was increased after 4 and 8
weeks during the development of left ventricular hypertrophy (LVH)™. Investigators
using the ascending aorta model have shown a hyperdvnamic left ventricle when
endocardial shortening was evaluated. However, when midwall shortening was assessed.

LV systolic function was decreased after 6 weeks™.

Left ventricular hypertrophy. LVH develops in response to high blood pressure. It
involves an increase in the extracellular matrix components (myocardial fibrosis) as well
as an increase in myocyte size (hypertrophy)™™. During the development of LVH, the
collagen ratio undergoes constant changes. Procollagen type III messenger ribonucleic
acid (MRNA) can be detected early (4 weeks) after abdominal aortic coarctation and
persists tor a long period of time (16 wecks). whereas the levels of procollagen type |
mRNA increased after 16 weeks of chronic overload'”.

LVH plays a major role in the heterogeneous environment of regulatory and
compensatory mechanisms in which HF develops. Therefore, when compensatory

mechanisms saturate, manifestations of HF occur. The development of LVH involves a

complex interaction among multiple factors. including hemodynamic constituents,
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regulatory systems such as RAS . catecholamines. and genetic determinants. As
previously described. the development of LVH has been classically characterized in 3
stages. Clinical studies have shown that the prevalence of LVH in populations with

39.6] In

moderate essential HTN was 12-30%. as determined by cchocardiography
individuals with severe or malignant HTN the prevalence of LVH may exceed 90° o=,
LVH has been clearly established to be a strong independent risk tactor for

. .y . 6264 . . ~
cardiovascular morbidity and mortality™ ™", Several mechanisms have been described for

this predisposition. These include a reduction of coronary tlow reserve, secondary to

increased demand andor altered microvascular function™ and the induction of

. (X
arrhythmias™*

Combined cffects of diabetes and hyvpertension. DM and HTN are both major
causes of morbidity and mortality with costly implications to the health svstem. It is
estimated that more than 3 million Americans have this ominous combination™. There is
strong evidence that this combination has an additive detrimental eftect on the

"' It has been demonstrated that HTN

cardiovascular system as well as other systems”
occurs twice as trequently in individuals with DM as in individuals without it "
Experimental studies examining the combined effect of renovascular HTN and diabetes

have shown significant changes in myocardial function and structure’

-
2

. among alterations
in other systems. Characteristics of this experimental animal model include the increase
in mortality associated with circulatory congestion. evidenced by an increase in relative
lung weight as well as liver weighl”. [n addition. the distinctive ctfect of DM on body

weight is even more pronounced in animals with a combined pathology™ ™.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

'l



Alterations in cardiac function. The deleterious effects ot this combination have
been positively identified in the myocardium. whether manifested as systolic or diastolic
dvsfunction . Previous studies”' have found that LV diastolic abnormalities arc more
frequent and greater in diabetic patients with HTN than in those without it. Early
studies . focusing on the clinical features of hypertensive-diabetic individuals showed
that these patients had long history of peripheral vascular discase and heart failure.
Moreover, recent population-based studies'' have shown that LV systolic function was
decreased by 18% in hypertensive-diabetic individuals when compared to non-atfected
counterparts. However. cardiac output and cardiac index remained unchanged.

The prevalence of diastolic dystunction has been documented to be as high as
44% when these two risk factors are present . Most importantly. these abnormalitics
have been positively correlated to the degree of fibrosis seen in hypertensive-diabetic
individuals™ Experimental * as well as clinical studies in hypertensive individuals have
demonstrated that the regression of cardiac fibrosis improves diastolic performance .

Experimental models  using isolated heart preparations have found that
hypertensive-diabetic hearts had decreased contractility. with lower aortic output.

I Additionally. tunctional studies using isolated

coronary tlow. and cardiac output (CO
papillary muscle showed that the contraction and relaxation times were increased in
hypertensive diabetic hearts™.

Electrophysiological abnormalities arc also potential mechanisms affecting

cardiac function and stability when these two diseases are combined. Studies have shown

that the resting membrane potential and amplitude were decreased. Furthermore. action
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potential duration was increased significantly in hypertensive-diabetic (H-D) animals *.
In addition to presented during diabetes alone. in the hypertensive-diabetic hearts. Ca™
myosin ATPase activity decreases. In addition. the VI myosin isoenzyme was also
decreased. These changes in functional proteins have been found to have a good

correlation with the degree of dystunction seen in an isolated papillary muscle study ™.

Alterations in cardiac structure. Changes in LV geometry produce devastating
deleterious effects on normal cardiac physiology and function. In humans. both HTN and
diabetes have effects on LV geometry. with diabetes producing a significant increase in
feft ventricle relative wall thickness (RWT). and with HTN inducing a significant
increase in LV mass''. These modifications translate into the presence of LVH. with a
consequent increase in the number of cardiovascular events. In addition to severe
geometry changes. the presence of fibrosis is also cvident. Myocardial fibrosis and
scarring in [-D individuals were significantly increased when compared to patients with
diabetes or HTN alone. In addition. there was the presence of frequent myocytolytic
arcas’®. Likewise. DM has summative effects by not only augmenting cardiac fibrosis and
cardiac hypertrophv*’. but also by accelerating the development of LVH in patients with
HTN®. Post-mortem studies examined the hearts of diabetic. hyvpertensive. and H-D
patients™ have demonstrated that the greatest increase in mean HW and interstitial
tibrosis was in the H-D patients. More recent studies have shown that HTN and diabetes

act additively on LV wall thickness and total mass''.
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Anatomical and functional cftects on the vasculur bed Even though diabetic
cardiomyopathy has been identified in the absence of coronary artery discase. alterations
in the microvasculature have been demonstrated to play a role in the pathophysiology of
this combination.

First. animal studies have shown that H-D rats presented pronounced areas of
microvascular tortuosity. arteriolar constriction. and microaneurysm formation®'. Second.
impaired vascular relaxation and increased vasoconstriction are major functional
abnormalitics observed in microvasculature ot hypertensive diabetic patients. Normal
cndothelium function is impaired during HTN as a response to the increasing shear forces
and dysregulation of homeostatic mechanisms that control relaxation.  platelet
aggregation. and cell growth. Additionally. high glucose concentrations  decrease
cndothelium-derived factor relaxation and increase vasoconstriction and vascular smooth
muscle cell proliteration™*. Furthermore. the increased vascular leakiness scen in the
diabetic microcirculation might be enhanced by the increased permeability seen in the
dilated microcirculatory segments of hypertensive animals®’. These alterations in
permeability result in leakage of cells and plasma components into the extravascular
compartment. which results in the release of various cvtokines and growth factor leading
to abnormal accumulation of ECM components®*%",

Abnormalities seen in platelet aggregation have striking eftfects on the morbidity
and mortality of patients with DM and HTN. During normal platelet tunction. the
homeostasis between Ca*” and Mg~ is critical for adequate platelet aggregation. Both
DM and HTN elevate Ca™™ and decrease Mg producing an ionic imbalance that might

88.89

contribute to enhanced platelet aggregation™ ™. In addition. when diabetes and HTN are
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associated with high levels of factor VIII and PAI-1. the coagulation cascade diverts

towards the procoagulant state.
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MATERIALS AND METHODS

Animals. Male. Wistar Kvoto rats (WKY). 250-300 gm. were used for all studies.
Animals were purchased trom Harlan breeding laboratories and bred at the University of
Alabama at Birmingham Animal Research Center. Twentyv-seven female and nine male
WRKY were bred per year. Breeders were replaced at 4-6 month intervals. Animals were
maintained and handled in accordance with the National Research Council Guide for the
Carc and Use of Laboratory Animals. and experiments were approved by the University
of Alabama at Birmingham Institutional Animal Care and Use Committee. Animals were
housed 4 per cage in temperature-controlled rooms on a 12-hour light-dark cycle and
were given food and water ad libitum. When animals reached 250-300 ¢m. they were
randomly selected into four ditferent groups: Sham (S). Hypertensive (H). Diabetic (D)
and Hypertensive Diabetic (1-D).

HTN was induced by abdominal aortic coarctation (AAC). and DM was induced
by STZ injection. Animals were studied at 4. 6. and 12 wecks after AAC and.or STZ
injection and S intervention. Hemodynamic measurements, cardiac tunction. and cardiac
collagen analysis were evaluated at 6 weeks after AAC and AAC + STZ injection. after 4
weeks for STZ injection alone. and after 12 weeks for AAC. STZ injection alone. and

AAC - STZ.

Abdominal Aortic Coarctation. AAC was performed using a modified method

- . . GO peq - . . .
from that previously described™. This model is characterized by an early and sustained

18
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clevation in mean arterial pressure (MAP) in which the RAS plays an important role in
triggering the development of LVH? .

WKY rats between 230-275 ¢ were anesthetized with ketamine (80-100 mg'kg)
plus xyalazine (3 mg kg) ip. Under sterile conditions. the abdominal cavity was opened
via a midline incision. The abdominal aorta and both renal arterics were exposed. Partial
consiriction of the abdominal aorta between the renal arteries was made using a Small
Hemoclip (Weck. Inc.) set to an internal diameter of 0.43 mm. The peritoneal cavity was
closed with coated VICRYL (Ethicon. Inc.). and the skin was closed with metallic clips.
Sham-animals experienced the same surgical procedure without the clip placement.
Animals were placed on a 377 C heating pad for the duration of the surgery and were

allowed 1o recover. while the rescarcher monitored movement. water. and tood intake.

Diubetes induction.  Animals were given a single ip injection of STZ 60 mg-kg
(Sigma. St Louis) dissolved in citric bufter plI 4.6. STZ is an antibiotic extracted tfrom
Strepromyees achromogenes. which causes B-cell degranulation and necrosis-producing
chronic hyperglveemia and hypoinsulenimia. When intermediate doses (35-65 mg'kg)
are used. no insulin is required for survival. Injected animals were fasted for 12 hours.
and blood clucose was determined 1 week after STZ injection. Sham-animals were
injected citric acid bufter pH 4.6 alone. Only animals that had glucose levels above 250
mg-dl were included in the D group. Initial blood glucose determination was done after 7
dayvs and obtained from tail vein samples using a blood glucose meter. cquipped with
Prestige Smart System (HDI. Home Diagnostics. Inc.). In animals receiving AAC. STZ

injection was given 2 weeks after AAC. Animals were monitored every week using
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¢lucose reagent strips for urine. Keto-Diastix (Bayver. Elkhart. IN). Animals with urine
glucose levels above 250 mg’dl were allowed to continue in the experiment. Blood

alucose was last measured at time of sacrifice.

Hemodynamic measurements. Blood pressure and LV pressure were measured in
ancsthetized animals. Animals received ketamine (80-100 mg'kg) plus Xvalazine (3
mg ke) 1p. When adequate anesthesia was achieved. a Millar catheter model SPR-671
was placed in the right common carotid artery for direct measurement of carotid mean
artenial pressure (CMAP). After hemodynamic stabilization. the Millar catheter was
advanced to the LV cavity in order to obtain direct measurements of LV pressures. An
electrocardiogram (ECG) was recorded simultaneously. Data acquisition was performed
using the MP 100 system from BIOPAC Systems. Inc.. and analvzed using

AcgKnowledge software.

Echocardiographic-doppler  studies.  Echocardiography  with  simultaneous
monitoring of the arterial pressure was performed in ancsthetized animals. Animals were
ancsthetized ip with Ketamine (80-100 mg/kg) plus Xyalazine (5 mg’kg) and placed on a
37° C heaung pad on left lateral decubitus. After hemodyvnamic stabilization.
echocardiography was performed with a Sonos 3500 echocardiogram (Agilent
Technologics. MA), equipped with a high-frequency intraoperative linear array
ransducer (21390 Agilent Technologies). Echocardiographic determinations were

performed based upon the previously described technique®.
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Left ventricular end-diastolic dimension (LVEDD). left ventricular end-svstolic
dimension (LVESD), septal (IVS) and posterior wall thickness (PWT) were measured by
2-dimension guided M-mode cchocardiography from the parasternal long axis view
obtained at the level of the papillary muscles. In addition. Doppler of the LV outflow at
the aortic valve level was also obtained in order to measure ejection time (EjT) and the
RR interval.

Systolic function was evaluated by the calculation of endocardial fractional
shortening and rate-corrected velocity of circumferential shortening (VCFr).  First,
endocardial fractional shortening was calculated using the following equation:

(LVEDD-LVESDYLVEDD x 100
In addition. LV systolic chamber function was assessed from the rate-corrected (VCFr)
using the following equation:
(LVEDD-LVESD/LVEDD/(EjT-RR"?)
The assessment of the circumferential systolic stress was  performed with the
simultaneous recording of the mean arterial pressure in the right carotid artery. It was
calculated using the following equation:

P.(LVESD/2)’[ 1+ (LVESD/2+PW,) / (LVESD/2+PW /2)* |
(LVESD/24PW,) > = (LVESD/2)*

Where P = Mcan Arterial Pressure and PW, = Posterior wall in systole
We used MAP for P, because MAP correlates closely with end-systolic pressure”!. VCFr
was normalized to circumferential stress by comparison with a stress-VCFr curve

gencrated by linear regression of VCFr versus circumferential stress in control animals.
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In addition to functional evaluation of the heart. echocardiography was used for
calculation of left ventricular mass (LVM) and relative wall thickness (RWT).
LVM was caleulated using a standard cube formula that assumes a spherical LV
geometry™ using the following equation:
1.04 x [LVEDD+PWT+IVS)*-LVEDD".
[n addition. relative wall thickness (RWT) was calculated as follows:

2PW/LVEDD

Determination  of  volume — percent  collugen.  After  hemodynamic  and
echocardiographic evaluation animals were sacrificed. then perfused with 0.9% saline for
[0 minutes followed by buffered formalin or. in some experiments. immersion-tixed.
The hearts were then dissected and right ventricular. LV - septum weights. and toual
heart weight (HW) were recorded. Both total and regional HW were normalized to body
weight and the ratios compared among groups. Sections of the lefi ventricles were
dehydrated through an ethanol serics and embedded in paraftin. Serial sections (Su) were
stained with hematoxylin-cosin for general morphology and picric acid-sirius red for
collagen determination. LV cross-sections were digitized using a 10x objective of an
IMT-2 inverted microscope (Olympus, Tokyo. Japan) cquipped with a SPOT digital
camera (Diagnostic Instruments). [mages were after analvzed using Image Pro Plus
(Media Cybernetics. Silver Springs. MD). The volume percent collagen was determined
for 20-30 fields for each transmural region (subendomyocardial. subepimyocardial) and

the mean value was calculated for each region. as well as for total myocardium.
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Immunohistochemistry. Hearts from S. D. H. and H-D animals were trozen. LV
sections were prepared and fixed in acetone for 10 minutes at -20" C. After blocking with
10% BSA for 30 minutes. slides were incubated with primary antibodics in 30 goat
serum in PBS overnight at 4° C. followed by 3 stringent washes in PBS. The following
primary antibodies was used: Collagen tvpe [ and tvpe [II (1:1000 and 1:150.
respectively. AbCam). Sections were detected with ALEX448-conjugated. secondary
antibodies (1:300. Molecular Probes). Measurements were performed on TIFF images
obtained from representative photographs taken with a Spot Jr. digital camera (10 um

resolution) attached to an Olympus epitluorescent microscope.

Statistical Analvsis. Results were expressed as mean = SEM. Differences among

groups were evaluated by Statistical analysis performing one- or two-way analvsis of

variance (ANOVA). When F values are significant at a 95%6 confidence limit. differences
among group means will be evaluated using Student Newman-Kuels or Bonferront post-
test procedure with a p<0.05 considered significant.

Correlations between continuous parameters were determined from linear
regression. All statistics were calculated by using SigmaStat statistical software (Jandel

Scientilic).
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RESULTS

General characreristics of the animal groups. D was confirmed by the finding of
scrum glucose levels above 250mg dl after 7 days post-STZ injection. Both D and H-D
animals at 6 and 12 wecks had significant clevations (p < 0.003) of serum glucose when
compared to S and or H. There were no signiticant ditferences in the H group (Tables |
and 2).

D animals failed to gain weight after STZ injection. D and H-D groups had lower
body weights (p < 0.005) at the end of the experiment when compare to S and H animals.
However. body weight did not differ among the STZ-injected groups.

In addition. D animals had lower HW when compared to S and H animals at 6 and 12
weeks. HW also was reduced in H-D animals when compared to S and HTN animals

{Tables 3 and 4).

Hemodvnamic measurements. Anesthetized measurements showed that MAP was
significantly decreased (p < 0.001) in D group at 4 and 12 weeks when compared to S
and H. In addition. therc were signiticant elevations (p < 0.001) of MAP in the HTN
animals at 6 and 12 weeks. Conversely. H-D animals did not present an ¢levation in MAP
when compared to S. However, there was a statistically significant increase in MAP

when compared to D at 4 and 12 wecks.

24
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Table 1. Echocardieraphic Measurements ot S.D. H. and H-D Animals at 4 and 6 wecks.

S D H H-D
Time point 6 weeks 4 weeks 6 weeks 6 weeks
Echocardiography. 10 16 13 9
MAP. mmHg 123=3 9%6=4"c 1531£5%66 122.1=3264¢
PW. mm 1.2=0.01 1.1=0.01*c 1.4£0.05 1.2£0.05
IVS. mm 1.2=0.02 1.120.01c 1.4=0.05 1.120.05¢
LVEDD. mm 7.2+0.17 7.7=0.12 7.3=0.13 6.87£0.196
LVESD. mm 3.0£0.19 4.32£0.12%¢2  3.3=0.06 3.2=0.060
RWT 0.5£0.57 022031y 0.5=0.46 0.3=0.38
VCFr 3.1=0.11 2.220.09"6256  2.9=0.08 2.320.09%c
VCFdit 0.0=0.04 -0.3=0.0¥céz  0.0=0.07 -0.3=0.06"c0z
Glucose. mg d! 1517 370=20"G 162+7 322=30%6aZ
Values are mean = SEM. * (p <0.005) vs. S at 6 weeks. 0 (p <0.005) vs. S 12 weeks. 6
(p <0.005) vs. Hat 6 weeks. S (p <0.005) vs Hat 12 weeks. ¢ (p <0.05) vs. Dat 4 weeks.y

(p <0.003) vs. H-D at 6 weeks.

Table 2. Echocardieraphic Measurements of S.D. H. and H-D Animals at 12 weeks.

S D H H-D
Time point 12 weeks 12 wecks 12 weeks 12 weeks
Echocardiography. n 6 9 6 9
MAP. mmHg 1177 96=3* 145=86c 120=6Zdc
PW.mm 1.320.03 1.1=0.032 1.50.12¢ 1.3=0.09
IVS. mm 1.2=0.04 1.1=0.032 1.5=0.1¢ 1.2=0.082
LVEDD. mm 7.7=0.2 7.6=0.06 7.2+0.18 7.8=0.3y
LVESD. mm 3.7=0.34 4.6=0.19"cZoy 3.4=0.2 +4.3=0.2*Z57
RWT 0.3=0.01 0.5=0.02 0.4=0.08 0.5£0.022
VCFEr 2.9=0.2 2.2=0.11"3Zc 2.8=0.1 2.320.10%0zc
VCFEdif 0.1=0.12 -0.3=0.05*¢56  0.0+0.10 -0.16=0.1*
Glucose. mg/dl 160+9 429229%x§  64=10 461=25%5320

Values are mean = SEM. * (p <0.005) vs. Sat 6 weeks. 8 (p <0.005) vs. S 12 weceks. 6
(p <0.003) vs. Hat 6 weeks. § (p <0.005) vs Hat 12 weeks. ¢ (p <0.05) vs. D at 4 weeks.y
(p <0.003) vs. H-D at 6 weeks.
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Left ventricular remodeling. Measurements corresponding to posterior wall
thickness (PWT). (IVS). LVEDD, and LVESD are summarized in Tables I and 2. The
calculated RWT (2PW/LVEDD) showed that H animals presented an increase in this
ratio when compared to S at 6 and 12 weeks. suggesting the presence of LVH as a
compensatory mechanism in response to the AAC. In addition, RWT was decreased in
the D group. suggesting the presence of cardiac dilatation, being significant at 4 and 12

weeks. However. RWT did not differ between D animals at 4 and 12 weeks.

Table 3. Body and heart weights obtained from S.D. H. and H-D animals at 4 and 6

weeks. HW and LV were normalized to bodv wetght ( BW) for all groups.
H-D
. |

S D H
Time point 6 weeks 4 weeks 6 weeks 6 weeks
n 9 8 10 6
BW. er 39342 309+1* 337.8+2 226+1"0c
HV mg 1.1£0.03 1.0£0.04 1.3£0.1 0.7£0.05c
HW/BW mgge  2.9+0.1 3.3x0.09 3.9+0.2% 3.4+0.1
LV/BW mg/¢ 2.1+0.08 2.3+0.06 2.9+0.2%* 2.4+0.1

Values are mean = SEM. # (p < 0.003) vs. S at 6 weeks. 8 (p <0.005) vs. S 12
weeks. 0 (p <0.005) vs. H at 6 weeks. & (p < 0.005) vs Hat 12 weeks.

Furthermore. RWT in the HD did not differ from the S groups at 4 and 12 weeks.
In addition, postmortem determination of HW/BW and LV/HW ratios showed the
following results: First. D animals alone did not differ trom S at 4 or 12 weeks. Second,
both ratios were significantly increased in the HTP group at 6 weeks when compared to

S. suggesting the progression of LVH (Table 1 and 2).
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Table 4. Body and heart weights obatined from S.D. H. and H-D animals at 12
weeks. HW and LV were normalized to bodv weight (BW) for all eroups.

S D H H-D
L ]

Time point 12 weeks 12 weeks 12 weeks 12 weeks
n 5 19 6 6
BW.gr 418=4 288=162 42322 261+152
HV mg 1.4=0.1 0.9=0.062 1.5=0.07" 0.9=0.052
HWBWmgg 3.0=0.1 3.220.1 3.7=.2 3.9£0.2% 3
2.7=0.1 2.8=0.2

LV-BWmge  22=0.1 2.3=0.06
Values are mean = SEM. * (p < 0.005) vs. Sat 6 weeks. o (p < 0.005) vs. S
12 weeks. o (p < 0.003) vs. H at 6 weeks. 2 (p <0.005) vs H at 12 weeks.

Table 3. Interstitial collagen deposition in the endocardium and epicardium ot S.D.H.

and H-D animals at 4 and 6 weceks.
S D H

=
=

‘Time point 6 weeks 4 weeks 6 weeks 6 weeks
I3 8 9 S 8
Endocardium volume®s  1.03=0.09 1.8=0.1 3.1=0.5* 4.1=0.6%5
Epicardium volume®o 1.02=0.1 1.78=0.1 2.2+04 3.8=0.5*%*3

Total volume 1.04=0.1 1.7=0.1 2.7=0.4% 3.9=0.5%3

Values are mean = SEM. * (p < 0.003) vs. S at 6 weeks. o (p <0.003) vs. S 12

weeks.

Table 6. Interstitial collagen depostion in the endocardium and epicardium of' S.D.H.

and FH-D animals at ]2 weeks.

S D H H-D

Time point 12 weeks 12 weeks 12 weeks 12 weeks
n 5 9 7 8
Endocardium volume®e  1.3=0.1 2.3+0.2 3.4£0.9 4.1=2.8*%
Epicardium volume®o 1.4=0.04 2.1=0.1 2.53=0.5 3.0=0.4%5
Total volume % 1.3=0.07 2.2=0.1 2.9=0.1 3.6=0.7*

Values are mean = SEM. * (p <0.003) vs. S at 6 weeks. o (p <0.003)vs. S 12

weeks.
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Figure 3. Temporal progression of RWT. RWT was calculated from (2PW/LVEDD).
Values corresponding posterior wall (PW) and left ventricular end-diastolic dimension
(LVEDD) were determined by echocardiography at 4. 6, and 12 weeks in S. D. H. and H-
D animals. Values are mean + SEM. * (p < 0.005) vs. S at 6 weeks. o(p < 0.005) vs. H at

6 weeks. & (p <0.005) vs. H at 12 weeks. Yy (p < 0.005) vs. H-D at 6 weeks.
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Figure 4. Relation of the velocity of circumferential shortening corrected for rate (VCFr)
and circumterential stress. VCFr was determined form echocardiographic measurements.
Circumferential stress was calculated using mean arterial pressure (MAP). Observed
VCFr in each animal was compared to the VCFr predicted from the regression line for
that level of circumterential stress.
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Figure 3. Calculated vertical distance (VD) from the regression line. VD was calculated
for each rat and the mean for each group was determined. Values are mean = SEM.
*(p<0.005) vs. S at 4 weeks. o (p <0.003) vs. H at 6 weeks.
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However. H-D animals did not show a greater increase in HW'BW and LV'BW
ratios when compared to HTN and D alone at both 6 and 12 weceks. Figure 3 shows the

time-progression on RWT tor each group.

Svstolic function. Measurements corresponding calculated VCFr. VCFr corrected
for stress vertical distances are summarized in Tables | and 2.

LV systolic function was decreased (p < 0.003) in D and H-D g¢roups when
compared to S and H at 6 and 12 weeks. as evidenced by a decreased echocardiographic
VCFr. In addition. the VCFr was normalized to circumterential stress by comparison with
a stress-VCEFr curve generated by linear regression from control animals. When VCFr
was corrected for differences in wall stress. the D group at both 4 and 12 weeks showed a
significant reduction (p < 0.003) in systolic function when compared to S. However. there
was no difference between the D group at 4 and 12 weeks (Figure 4).

On the other hand. H-D showed a decrcased LV systolic tunction when compared
o S at 6 and 12 weeks. However. there scems to be a moderate improvement in the H-D
group at 12 weeks. There were no differences between D and H-D animals at any of the 2
time points studied. There were no difterences between HTN animals and S at any time
point.

Figure 4 shows the VCFr-stress curve generated by linear regression of VCFr
versus circumferential stress in control animals and the VCFr observed for each rat.

Figurc 5 shows the mean VD calculated for each group.
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Interstitial - collagen  deposition. Measurements corresponding to  interstitial
collagen deposition. including total. epicardium and endocardium. are summarized in
Tables 5 and 6.

Total interstitial collagen was evaluated using picric acid-sirius red stain.
Qualitative analysis indicated that the D group seemed to have a noticeable degree of
interstitial collagen accumulation when compared to S (Figure 6). However. this
ditference did not reach statistical significance.

In addition. the presence of reactive tibrosis predominately in the endocardium
was evident in the H and H-D groups at + and 12 weeks (Figure 7). On the other hand. H
animals presented a signiticant increase in total collagen deposition when compared to S
at 6 and 12 weeks. Furthermore. H-D animals presented the greatest increase in total
collagen deposition at both 6 and 12 weeks (p < 0.005). However. there was no
significant difference between D, H. and H-D groups at 6 and 12 weceks (Figure 8).

Figure 9 shows the temporal progression of total interstitial collagen deposition in

all groups.

Immunohistochemistry. Qualitative evaluation of changes in collagen subtype
deposition was performed by immunostaining. Results indicate that collagen I deposition.
might be increased in the H and H-D group at 6 and 12 weeks. Additionally. there seems
to be a change in collagen pattern throughout the myocardium with an apparent
thickening of the collagen tibers (Figure 10). On the other hand. Collagen III changes

suggest that there might be a reduction in collagen III in the D and H-D animals when
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compared to S and H animals. In addition. alterations in the vascular bed appear to be

present in the D and H-D animals at 4 and 12 weeks (Figure 11).
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Figure 6. Changes in interstitial collagen deposition tound in the diabetic hearts
Photomicrographs of cross section of endocardium. Paraftin-embedded sections ot tixed
feft ventricles were stained with picric acid Sirius red and viewed at 10X magnification.
A: Sat6 weeks. B: Sat 12 weeks. C: D animals at 6 weeks. D: D animals at 12 weeks.
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Figure 7. Focal fibrotic arcas in the endocardium of H and H-D animals.
Photomicrographs of cross section of cndocardium. Paraffin-embedded sections of
perfusion-fixed left ventricles were stained with picric acid Sirius red and viewed at 10x
magnification. A: H animals at 6 weeks. B: I animals at 12 weceks. C: H-D animals at 6
weeks. D: H-D animals at 12 weeks.
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Figure 8. Total interstitial collagen deposition in the myocardium. Volume percent (°o) of
collagen was calculated from photomicrographs taken from paratfin-embedded cross
scction of left ventricular tissue stained with picric acid Sirius red. Photomicrographs
were taken at 10x magnification and digitally analyzed. Collagen deposition was
calculated for S. D. H. and H-D animals at 4. 6. and 12 weeks. Values are mean = SEM.

* (p <0.005) vs. S at 6 weeks. 8 (p <0.005) vs. S at 12 wecks.
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Figure 9. Temporal progression of interstitial collagen deposition in the myocardium.
Volume percent (%) of interstitial collagen was calculated from photomicrographs taken
from parattin-embedded cross section of left ventricular tissue stained with picric acid
Sirius red. Photomicrographs were taken at 10x magnification and digitally analyzed.
Values are mean £ SEM. * (p <0.005) vs. S at 6 weeks. 8 (p < 0.005) vs. S at 12 weeks.
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Figure 10. Immunohistochemical staining of rat myocardium for collagen type I. Cardiac
tissue was trozen. fixed with acctone. and stained with collagen type I primary antibody.
Scctions were detected with ALEN448-conjugated. secondary antibodies. Slides were
analyzed at 40x magnification. A: S animal. B: D animal. C: H animal. D: H-D animal.
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Figure 1. Immunohistochemical staining of rat mvocardium for collagen type IIl.
Cardiac tissue was frozen. fixed with acetone. and stained with collagen type 11 primary
antibody. Sections were detected wiin ALENX448-conjugated. secondary antibodies.
Shides were analyzed at 40x magnification. A: S animal. B: D animal. C: H animal. D: H-
D animal.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



-

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



DISCUSSION

Our results showed that hyperglyeemia caused a significant impairment in systolic
function at 4 and 12 weeks as evidenced by the significant reduction in the VCFr. In
addition. adverse LV remodeling was evident at 4 weeks and persisted at 12 weeks.
Diabetes produced an increase in interstitial collagen deposition at 4 and 12 weceks. In
hypertensive animals. systolic function was unchanged after 6 and 12 weeks. However.
H also resulted in LVI and increased collagen deposition that was evident at 6 and 12
weeks. The combination of D and H produced a significant impairment in systolic
function at 6 and 12 weeks. However. no significant ditterence in systolic tunction was
found between H-D animals and D animals.  [n addition. H-D animals presented the
ercatest degree of interstitial fibrosis. as well as replacement fibrosis at 6 and 12 weeks.

These results partially coincide with previous studies™ " that also reported that
grce of cardiac fibrosis. However.

=

the combination of both discases caused the grcatest de
this is the tirst study to evaluate inn vivo the temporal progression of cardiac remodeling
and systolic function in response to HTN. DM. and H-D.

Our results indicated that H animals underwent LVH. as evidenced by an increase
in RWT (2PW/LVEDD) and LV/BW and HW/BW ratio as early as 4 weeks. These
results coincide with previous studies using the same experimental model. in which an
increase in LV/BW ratio and wall thickness were also reported*’. These findings could be

explained by the following pathophysiological mechanisms underlying LVH.

+4
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First. there is considerable increase in myvocyvte size. mainly cell diameter.
resulting in cardiac h_\'pertroph_qu. This adaptive response normalizes wall stress and
preserves cardiac function. Our results showed a preserved systolic function in
hypertensive animals at 6 and 12 weeks.

Second. there is a progressive myocardial fibrosis °. which has been linked to the

degree of diastolic dvsfunction. Myocardial fibrosis was evident in our study as the
hypertensive animals presented an increase in interstitial collagen deposition at 6 and 12
weeks. These results can be partially explained by the activation of RAS and the
increased secretion of Ang [[ in this experimental model using AAC”. The hemodynamic
and non-hemodynamic effects of angiotensin Il are mostly mediated by the angiotensin [I
tvpe | (AT;) receptor. and it has been proposed that tissue growth tactor 8 (TGF-B)
mediates Ang I-induced fibrosis™*. Furthermore. there is now evidence that this tibrotic
response is independent of the pressure effect and is mediated via neurohormonal
mechanisms such as the RAS™.
In addition. changes in the ECM components play an important role in maintaining
chamber shape and myocyte alignment during LVH**’. ECM changes are regulated by
MNMPs which degrade fibrillar collagen and TIMPs maintaining an adequate balance
between synthesis and degradation.

Previous studies have reported that the combined effects of DM and HTN in LV
geometry result in a greater degree of LV hypertrophy and systolic dysfunction in
individuals'' and experimental models®”. Conversely. our results suggest that when HTH
and DM were combined adverse ventricular remodeling seemed to occur at a slower rate

than that seen in the diabetic hearts alone. Indeed. RWT (2PW/LVEDD) in H-D animals
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did not differ from S at 6 wecks. but became significantly different at 12 wecks.
However. LV systolic function remained impaired in both H-D hearts and diabetic hearts
alone. Possible mechanisms underlying this systolic dvstunction will be discussed later.

We believe that this is a temporary response that would eventually progress to a
more severe form of remodeling. leading to HF. In fact. it is possible that the
hypertrophic response and subsequent increase in myocyte size counteract the myocyte
apoptosis seen in the diabetic heart'™.

However. cardiac responses to hyperglyeemia are still unclear. Our results
showed that acute hyperglyveemia resulted in an carly (4 weeks) adverse LV remodeling
that remained constant after 12 weeks. This adverse remodeling was evident by a
significant LV wall thinning as well as a simultaneous 1V chamber  dilatation.
Interestingly. this adverse dilatation and reduced systolic performance was evident in the
absence of an increased afterload. Several mechanisms can be proposed for these
changes.

Previous studies have reported that during acute hyperglycemia. there is an carly
increase in the apoptotic rate without evidence of cell necrosis™. We believe that these
changes in myocyvte number and mass might have accounted for the adverse LV
remodcling seen in the diabetic hearts. We also suspect that the reductior in the number
of contractile units could partially explain the decreased systolic performance seen in the
diabetic. as well as H-D hearts. as early as 4 weeks.

Additionally. as previously described. ECM components are indispensable in
maintaining chamber architecture and myocyte alignment. In addition. it has been shown

that MMPs and TIMPs are determinant factors during the progression of dilated
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cardiom_\'opath_\'qo. However. little is known about the MMPs and TIMPs changes
occurring in the diabetic heart. Furthermore. in cardiac fibrosis. changes in collagen type
I and III ratio and collagen cross-linking in the diabetic heart are not well understood. It
has been demonstrated that the non-enzymatic glveosvlation of collagen can affect its
intcraction with cells. and other matrix components. and alter its cross-linking. thereby
reducing collagen tumover and degradation'™.

Fibrosis development during DML especially in the Kidneys. has been closely
related to the increased expression of TGE-8. In addition. our qualitative assessment of
collagen subtypes suggested an increase in collagen type [ in the diabetic and H-D hearts.
On the other hand. collagen wpe I appeared to decrease in these two groups. These
changes imply an imbalance between the tlexibility and rigidity ot the myocardial

v

scatfolding. aftecting L.\" geometry and. therefore. systolic chamber function. Although
these preliminary results were obtained using qualitative technigues. other studies support
these changes that oceur during the progression of dilated cardiomyopathies. in which
collagen type I decreases. collagen type [ increases. and there is an alteration in
collagen cross-linking™. Taken together. it is possible that changes in the collagen ratio
and reduced solubility due to DM may affect the modulation. activation. and action of
MMPs and TIMPs. lcading to an unbalanced synthesis-degradation process. This may
result in an increase in the resistance of mature collagen to degradation. with lack of
newly synthesized collagen. This might have accounted in part for the early interstitial
fibrosis seen in the diabetic heart. at both carly and late time points. In addition. it is

possible that the fibrotic effects of TGF-B affect not only affect renal tissue'”' but also the

myocardium in the diabetic heart. Furthermore. the adverse cardiac remodeling evidenced
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in our study could be associated with high levels of TGF-8. as clevated TGF- levels

have been found in late stages of dilated cardiomyopathy'™~.

Additionally. and consistent with previous rcpons~': . the present study confirmed
that the most dramatic increase in interstitial collagen deposition was seen in the H-D
animals.

Our study also showed the presence of replacement tibrosis areas predominately
in the endocardium ot H and H-D animals. It has been previously reported that
hypertrophic hearts have an abnormal endocardium blood flow during acute stress
events'™. increasing the vulnerability of the endocardial to ischemia during
hypopertusion.  Thus. it is likely that during the presence of hyperglveemic stress.
reduced endocardial blood flow might aftect tissue pertusion and oxygenation. resulting
in necrosis and later replacement tibrosis. On the other hand. studies have suggested that
chronic hyperglveemia results in cardioprotection after ischemic-reperfusion injury. by
making myocytes resistant to hypoxia-induced apoptosis and necrosis by preventing

accumulation of Ca~" "™,

We conclude that hyperglyveemia caused a significant impairment in systolic
function with adverse LV remodeling. [t also produced an increase in interstitial collagen

deposition at 4 and 12 weeks. HTN resulted in LVH and increase collagen deposition.

48

Additionally. the combination of DM and HTN produced the most severe degree of

interstitial fibrosis. as well as replacement fibrosis.
These results have led us to hypothesize that the compensatory response triggered
by high blood pressure and the activation of RAS may play a role in preserving LV

geometry in the diabetic heart. protecting against the adverse LV dilatation seen during
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diabetic cardiomyopathy. These mechanisms appear to be early and transitory
phenomenon.

Our further studies should be tocused on the following: First. identitication of
the tibrotic pathways underlving collagen accumulation in the diabetic heart. We believe
that TGF-B might be a potential factor regulating collagen deposition in the diabetic
hearts. Therefore. it is important to evaluate changes in TGF-B expression and its relation
to collagen accumulation. Second. we must identify the role of collagen subtype changes
and collagen cross-linking in the cardiac remodeling and systolic tunction. We believe
that by identifving changes in collagen expression via mRNA we can elucidate some of

our preliminary results.
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