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In the United States, heart failure (HF) affects more than 4.7 m illion people with 

over ha lf a million new cases each year. Hypertension (HTN) and Diabetes M ellitus (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 ab ility  of the 

heart to pump efficiently. The Extracellular Matrix (ECM) provides structural integrity 

and defines the architecture o f 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 proteoglycans. 

This study was designed to determine the differential temporal progression o f LV 

remodeling and cardiac function in response to DM, HTP and HTN-DM. evaluating 

systolic function. L V  geometry and cardiac ultrastructure. Our results showed that 

hyperglycemia 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 to a significant increase in interstitial collagen 

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

in
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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 o f replacement fibrosis in the endocardium.

We conclude that hyperglycemia 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 o f DM  and HTN produced the most severe degree o f 

interstitial fibrosis and replacement fibrosis. These results have led us to hypothesize that 

the compensatory response trigger by high blood pressure and the activation o f RAS may 

play a role in preserv ing LV geometry in the diabetic heart, protecting against the adverse 

LV  dilatation seen during diabetic cardiomyopathy. These mechanisms appear to be early 

and transitory phenomenon.

iv
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INTRODUCTION

In the United States, heart failure (HF) affects more than 4.7 m illion people with 

over half a m illion  new cases each year1. Hypertension (HTN) and Diabetes Mellitus 

(DM ) are both independent risk factors for the development o f HF. It is estimated that 50 

m illion people over the age o f 60 have HTN or are taking antihypertensive medication". 

In addition. DM alone is the fifth cause o f  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 

ol the heart to pump efficiently. This results in a wide spectrum o f symptoms and 

clinical signs that lead to poor quality o f 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 o f 

compensatory events that ultimately result in an adversely remodeled myocardium and a 

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

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

Figure 1. Schematic representation o f the gross morphological changes to the heart wall 
during the progression to heart failure.

1
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First, during acute preload, there is an increase in diastolic pressure w ith 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. Nev ertheless, there is a 

complex sequence o f compensator) events resulting in a continual state o f remodeling 

mediated by changes in myocyte morphology and in the ECM.

The ECM is in a dynamic state determined by matrix metalloproteinases (MMP) 

and their tissue inhibitors o f metalloproteinases (TIMPs). MMPs are proteolytic enzymes 

that have been implicated in left ventricular (LV ) dilatation in the progression to end- 

stage HF. presumably by excessive degradation o f ECM. Changes in ECM homeostasis 

are affected by both D M -' and HTN4 through alterations in its constituents, such as 

collagen, fibronectin. and proteoglycans. This alters the interstitial network that provides 

the scaffolding o f the cardiac myocytes that serv es to direct, propagate, and distribute the 

contractile force o f the whole heart. Numerous studies have documented that 

uncontrolled activity o f MMPs is a key element in the abnormal ECM degradation 

leading to the dev elopment o f severe I IF. suggesting that heightened ECM degradation 

may contribute to the LV  remodeling that occurs during the evolution o f  LV dilatation 

and HF.

Collagens constitute 3% to 6% o f  the myocardial weight and are produced 

predominately by fibroblasts. The 2 major collagen subtypes found in the heart are: type I 

and type I I I5. Type I collagen is arranged in thick parallel rod-like fibers and is found 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 o f fibrils and is found in tissues where
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highly elastic properties are needed, such as skin, blood vessels, and lungs. The 

proportion between these 2 components in the myocardium varies throughout the course 

o f any hemodynamic stress and is considered to play a role in various pathological 

conditions, such as dilated cardiomyopathy, with cardiac fibrosis being an end-stage 

manifestation o f HF in both HTN and DM.

Untreated. LV  remodeling results in a progressive dilatation characterized by a 

disproportionate decrease in the ratio o f LV wall thickness to diameter ratio, increase in 

myocardial wall stress, and development o f HF. Therefore, it is o f clinical importance to 

diagnose individuals with HTP and DM as early as possible in order to establish an 

adequate therapy targeted to reduce the risk o f developing I IF. its symptomatology, 

complications, and the number o f  cardiovascular events.

Consequently, an in vivo study o f the temporal progression o f cardiac remodeling 

and performance in response to HTN and DM. and the role o f collagen changes on this 

adaptation, might reveal early alterations that modulate cardiac remodeling and might 

affect the initial adaptive response, that preserves a normal systolic function (Figure 2).

To investigate this response the current study was based upon the following 

hypothesis:

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

DM and HTP.

2. The combination o f D M  and HTN result in augmentation o f adverse LV  

remodeling and systolic dysfunction.

3. In spite o f  the early differences in remodeling, both HTN and DM result in a 

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

interstitial fibrosis and modulation o f LV  remodeling compared to these stresses alone.
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DM

EARLY EARLY

DM-HTN

LATE LATE

LV REMODELING 
IN  VIVO 

ULTRASTRUCTURE

Figure 2. Diagram representing the study design.
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BACKGROUND

Diahctcs. DM is the most common chronic endocrine disease. It is a chronic 

disease characterized by metabolic derangements consisting o f hyperglycemia, 

hypoinsulinemia. and electrolyte imbalances. These metabolic derangements are 

accompanied by such characteristic, long-term complications as neuropathy, 

nephropathy, and vasculopathy.

Clinically, the disease is classified into the fo llow ing four major groups. Type I 

Diabetes accounts for 5% to 10°o o f cases in the United States. It is characterized by the 

destruction o f the pancreatic B cell islets, .which produces insulin deficiency. The 

destruction o f these cells is either immune-mediated or idiopathic. Type 2 Diabetes 

accounts for 90° b to 95° o o f 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 specific typos, some o f which are 

drug- or infection-induced. Among the most significant long-term complications o f DM 

are retinopathy, nephropathy, neuropathy, and cardiomyopathy'’ . It is estimated that 10.4 

m illion Americans have DM. From those. 4.8 m illion  are males and 5.7 m illion are 

females'. The association o f  diabetes w ith other cardiovascular risk factors leads to 

increased morbidity, mortality, and costly consequences to the health system.

The Framingham study showed that the incidence o f  cardiov ascular disease, as 

well as the levels o f cardiovascular risk factors, were higher in diabetic than in non- 

diabetic individuals. Furthcnnore. the increase in m ortality and incidence o f HF seen in

6
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7

diabetic patients was higher in women than in men8. 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 w ithout it8"10.

Alterations in systolic function. Systolic function in diabetic animals has been 

evaluated in different in vivo and in vitro studies. In addition, population-based studies, 

have shown that DM alone is associated w ith an impaired systolic chamber function and 

is independent o f age. gender, body mass index, and heart rate11.

Studies in isolated myocytes have shown intrinsic contractile dysfunction in 

response to hyperglycemia1'. Myocytes from diabetic rats exhibited decreased 

shortening, reduced maximum rales o f  shortening and relengthening, and prolonged time 

to peak shortening1'. Likewise. Ca~* handling by the sarcoplasmic reticulum was 

impaired, with a delay in cardiac uptake and decreased ATPase activity14. These 

alterations modify Ca* stores and produce an overall alteration in chamber performance. 

Furthermore, alterations in K~ channel1'" 1'. Na~- Ca'~ exchanger activities18 and 

abnormalities in protein kinase C (PKC) metabolism14 have also been proposed as 

underlying mechanisms for these alterations.

Studies o f the effects o f the diabetic state on cardiac function in v ivo1'  or in 

isolated perfused heart preparations*0 have been contradictory. Losing 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 weeks after STZ administration21. Another study 

showed that after 5 weeks o f 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 d im in ished '1. 

Moreover, it has been proposed that the reduction in the number o f 31 receptors on 

cardiac tissue", as well as the impairment in the coupling o f  the receptor to the second

" Smessenger may underline the attenuation in the cardiac response to inotropic and 

chronotropic agents like dobutamine'4" '.

Structural changes. Structural changes in the heart have been postulated as the 

main determinants in the mechanisms underlying cardiac dysfunction in experimental 

diabetes as well as in diabetic individuals. Changes in collagen contribute in part to the 

deleterious effects o f this disease. Collagen is a major component o f the ECM that 

provides structural integrity and defines the architecture o f the nnocardiuin. and 

regulates both mechanical properties and cardiac function. Increases in total collagen 

deposition have been described in the hearts o f diabetic humans' and m ice'6. However, 

studies in STZ treated rats have shown no increase in total collagen deposition when 

compared to controls'0 s. These results clearly suggest a species variant response to 

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 o f advanced glycosylation end 

products (AGEs) cause an increase in collagen cross-linking and a reduction in so lubility  

that may also influence the passive-elastic properties o f the heart, leading to a stiffer 

myocardium'8. Accumulation o f AGEs in the vascular tissue has been proved to be
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related to the degree o f vascular disease seen in diabetic patients''*. These products induce 

vascular proliferation and protein synthesis 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 V I to Y3. which leads to a decrease in cardiac 

myosin-ATPase activity. These alterations in structural and functional proteins play an 

important role in the functional impairment seen in the development and complications o f 

diabetic cardiomyopathy

Alterations in cardiac metabolism. The myocardium is highly dependent on ATP 

production by the mitochondria. The substrates for this production include glucose, 

lactate, free fatty acids, and ketone bodies. Glycolysis provides a high percentage o f 

substrates for the production o f ATP. In addition, fatty acids also provide an important 

percentage o f substrates, especially in the rat. During diabetes, the alterations in lipid and 

glucose metabolism compromise the quality and quantity o f  energy supplies to the heart. 

First, there is a decrease in carbohydrate utilization via the glycolytic pathway, as well as 

an increased glycogen utilization '0. Second, there is a reduction in glucose transport, 

which is due to a reduction in the insulin-sensitive transporter (GLUT 4) in the 

myocytes^1

Finally, intracellular utilization o f glucose is reduced due to impaired 

phosphorylation mechanisms and the depression o f  the pyruvate dehydrogenase 

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 lor cardiovascular disease'4. Lipolysis is a metabolic pathway that 

provides fatty acids and glycerol. During diabetes the activity o f  the rate-lim iting enzyme 

is no longer under inhibition, leading to excessive lypolisis"''. Additionally, in DM the 

activity o f  the endothelial enzyme lipoprotein lipase is reduced due to the insulin 

deficiency in both rats and humans"'6"' . Thus, very low-dcnsity lipoproteins (YLD L) 

levels increase with subsequent alteration in the free fatty acid metabolism.

Intracellularly. the depletion o f carnitine seen in the diabetic hearts'* 

compromises not only f3 oxidation o f long chain fatty acids but also cellular integrity, due 

to the accumulation o f free fatty acids and their intermediates, leading to myocardial cell 

dysfunction'’1*'4".

Hypertension. HTN is a well-known risk factor in the development o f

cardiovascular disease (CYD)41. Amongst the most severe manifestations o f  CVD. HF is 

the major contributor to cardiovascular morbidity and mortality in the United States42. It 

is also a predisposing factor for the development o f peripheral vascular disease, stroke, 

and renal disease. Currently in the US. it is estimated that 50 m illion people over the age 

o f 60 have HTN or are taking antihypertensive medication2. However, the distribution 

varies w ith multiple factors, such as race. age. geographic patterns, gender, and 

socioeconomic status. HTN has classically been categorized into essential and secondary 

HTN. Secondary forms o f HTN are correctable forms o f high blood pressure, whereas in 

essential HTN the causes are often unknown. In addition, essential HTN is a polygenic 

disease in which overexpression and underexpression o f different genes have been
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identified over the last several decades'^. Mutations in at least 10 genes have been shown 

to affect blood pressure through a common pathway by affecting salt homeostasis and 

water balance44'4'. Among those, glucocorticoid-remediable aldosteronism (GRA). 

Liddle's Syndrome, and apparent mineralocorticoid excess arc the most studied.

Another important mechanism that contributes to the pathogenesis o f HTN 

involves alterations in RAS. Numerous experimental models o f  pressure overload have 

been used to study the effect o f  high blood pressure in the heart. As early as 193S. 

authors reported the use o f abdominal aortic constriction for the induction o f HTN. The 

major pathophysiologic mechanism underlying this model is the activation o f the RAS”*’. 

This model is characterized by a sustained elevation o f systolic blood pressure that 

appears approximately after 2 weeks and remains elevated for periods as long as 20 

weeks''4 . In addition to producing a sustained elevation in blood pressure, this model 

increases left ventricle body weight ratio (L Y B W ) ratio, and wall thickness in systole 

and diastole. One o f the most important applications o f this model has been its use in the 

study o f cardiovascular effects o f HTN and DM.

Alterations in systolic function. Early clinical studies showed that systolic 

dysfunction occurred very late in the course o f hypertensive heart disease4*'49. However, 

recent studies using more sophisticated methods have demonstrated that at least 15% o f 

hypertensive individuals showed an impaired LV  systolic function'". One o f the 

distinctions o f 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 f ill in g  patterns and these 

parameters was found' '.

Experimental models o f renal HTN in rats have shown that hemodynamic 

determinations o f maximal rate o f pressure generation (positive dp/dt) did not d iffer 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 o f left ventricular hypertrophy (L V H ) ''.  Investigators 

using the ascending aorta model have shown a hyperdynamic left ventricle when 

endocardial shortening was evaluated. However, when m idwall shortening was assessed. 

LV  systolic function was decreased after 6 weeks''.

Left ventricular hypertrophy. LV H  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 (hypertrophyf Ml. During the development of LVH , the 

collagen ratio undergoes constant changes. Procollagen type I I I  messenger ribonucleic 

acid (mRNA) can be detected early (4 weeks) after abdominal aortic coarctation and 

persists for a long period o f time (16 weeks), whereas the levels o f procollagen type I 

mRNA increased after 16 weeks o f chronic overload12.

LV H  plays a major role in the heterogeneous environment o f regulatory and 

compensatory mechanisms in which HF develops. Therefore, when compensatory 

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

complex interaction among multiple factors, including hemodynamic constituents,
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regulator)' systems such as RAS' catecholamines, and genetic determinants. As 

previously described, the development o f  LV H  has been classically characterized in 3 

stages. Clinical studies have shown that the prevalence o f LVH in populations with 

moderate essential HTN was 12-30%. as determined by echocardiography'4'61. In 

individuals with severe or malignant HTN the prevalence o f LVH may exceed 90%6"'6'. 

LVH has been clearly established to be a strong independent risk factor for 

cardiovascular morbidity and mortality6"'64. Several mechanisms have been described for 

this predisposition. These include a reduction o f coronary llow  reserve, secondary to 

increased demand and or altered microvascular function6' and the induction o f 

arrhythmias66'6'.

Combined effects o f  diabetes and hypertension. DM and HTN are both major 

causes o f morbidity and mortality w ith costly implications to the health system. It is 

estimated that more than 3 m illion Americans have this ominous combination6*. There is 

strong evidence that this combination has an additive detrimental effect on the 

cardiovascular system as well as other systems64" 1. It has been demonstrated that HTN 

occurs twice as frequently in individuals with DM as in individuals w ithout it '. 

Experimental studies examining the combined effect o f  renovascular HTN and diabetes 

have shown significant changes in myocardial function and structure "', among alterations 

in other systems. Characteristics o f this experimental animal model include the increase 

in mortality associated with circulatory congestion, ev idenced by an increase in  relative 

lung weight as well as liver weight'4. In addition, the distinctive effect o f  D M  on body 

weight is even more pronounced in animals w ith  a combined pathology '" '4.
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Alterations in cardiac function. The deleterious effects o f  this combination have 

been positively identified in the myocardium, whether manifested as systolic or diastolic 

dysfunction " '. Previous studies'1 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 clin ica l features o f hypertensive-diabetic individuals showed 

that these patients had long history o f  peripheral vascular disease and heart failure. 

Moreover, recent population-based studies11 have shown that LV  systolic function was 

decreased by I8°o in hypertensive-diabetic individuals when compared to non-aflected 

counterparts. However, cardiac output and cardiac index remained unchanged.

The prevalence o f diastolic dysfunction has been documented to be as high as 

44% when these two risk factors are present . Most importantly, these abnormalities 

have been positively correlated to the degree o f fibrosis seen in hypertensive-diabetic 

individuals' . Experimental s as well as clinical studies in hypertensive individuals have 

demonstrated that the regression o f cardiac fibrosis improves diastolic performance g.

Experimental models using isolated heart preparations have found that 

hypertensive-diabetic hearts had decreased contractility, w ith lower aortic output, 

coronary (low. and cardiac output (CO),,g. Additionally, functional studies using isolated 

papillary muscle showed that the contraction and relaxation times were increased in 

hypertensive diabetic hearts'4.

Eleetrophysiological abnormalities are 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

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



potential duration was increased significantly in hypertensive-diabetic (H-D) anim als4. 

In addition to presented during diabetes alone, in the hypertensive-diabetic hearts. Ca'~ 

myosin ATPase activity decreases. In addition, the V I myosin isoenzyme was also 

decreased. These changes in functional proteins have been found to have a good 

correlation with the degree o f  dysfunction seen in an isolated papillary muscle study '4.

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 

left ventricle relative wall thickness (RWT). and with HTN inducing a significant 

increase in LV mass11. These modifications translate into the presence o f LVH . with a 

consequent increase in the number o f cardiovascular events. In addition to severe 

geometry changes, the presence o f fibrosis is also evident. Myocardial fibrosis and 

scarring in H-D individuals were significantly increased when compared to patients with 

diabetes or HTN alone. In addition, there was the presence o f frequent myocytolytic 

areas '’. Likewise. DM has summative effects by not only augmenting cardiac fibrosis and 

cardiac hypertrophyxo. but also by accelerating the development o f  LVH  in patients with 

HTNm. Post-mortem studies examined the hearts o f diabetic, hypertensive, and H-D 

patients8'  have demonstrated that the greatest increase in mean HW  and interstitial 

fibrosis was in the H-D patients. More recent studies have shown that HTN and diabetes 

act additively on LV wall thickness and total mass11.
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Anatomical and functional effects on the vascular bed. Even though diabetic 

cardiomyopathy has been identified in the absence o f coronary artery disease, alterations 

in the microvasculature have been demonstrated to play a role in the pathophysiology o f 

this combination.

First, animal studies ha\e shown that H-D rats presented pronounced areas o f 

microvascular tortuosity, arteriolar constriction, and microaneurysm formation*-'. Second, 

impaired vascular relaxation and increased vasoconstriction are major functional 

abnormalities observed in microvasculature o f hypertensive diabetic patients. Normal 

endothelium function is impaired during HTN as a response to the increasing shear forces 

and dysregulation o f homeostatic mechanisms that control relaxation, platelet 

aggregation, and cell growth. Additionally, high glucose concentrations decrease 

endothelium-derived factor relaxation and increase vasoconstriction and vascular smooth 

muscle cell proliferation*4"*'. Furthermore, the increased vascular leakiness seen in the 

diabetic microcirculation might be enhanced by the increased permeability seen in the 

dilated microeirculatory segments o f  hypertensive animals*'. These alterations in 

permeability result in leakage o f eells and plasma components into the extravascular 

compartment, which results in the release o f various cytokines and growth factor leading 

to abnormal accumulation o f ECM components*' *8'* .

Abnormalities seen in platelet aggregation have striking effects on the m orbidity 

and mortality o f  patients w ith DM and HTN. During normal platelet function, the 

homeostasis between Ca2* and Mg"* is critical for adequate platelet aggregation. Both 

DM  and HITs elevate Ca'~ and decrease M g2*, producing an ionic imbalance that might 

contribute to enhanced platelet aggregation*8'*4. In addition, when diabetes and HTN are
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associated with high levels o f  factor V III and P A I-I. the coagulation cascade diverts 

towards the procoagulant state.
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M ATERIALS AN D  METHODS

Animals. Male. W is tar Kyoto rats (W KY). 250-300 gm. were used for all studies. 

Animals were purchased from Harlan breeding laboratories and bred at the University o f 

Alabama at Birmingham Animal Research Center. Twenty-seven female and nine male 

W KY were bred per year. Breeders were replaced at 4-6 month intervals. Animals were 

maintained and handled in accordance w ith the National Research Council Guide for the 

Care and Use o f Laboratory Animals, and experiments were approved by the L’niversity 

o f 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 gm. the\ were 

randomly selected into four different groups: Sham (S). Hypertensive (H). Diabetic (D) 

and Hypertensive Diabetic (H-D).

HTN was induced by abdominal aortic coarctation (AAC). and DM was induced 

by STZ injection. Animals were studied at 4. 6. and 12 weeks alter AAC and/or STZ 

injection and S intervention. Hemodynamic measurements, cardiac function, 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 

from that previously described40. This model is characterized by an early and sustained

18
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elevation in mean arterial pressure (M AP) in which the RAS plays an important role in 

triggering the development o f  LV H 4 .

W KY rats between 250-275 g were anesthetized with ketamine (80-100 mg kg) 

plus xyalazine (5 mg kg) ip. l :nder sterile conditions, the abdominal cavity was opened 

via a midline incision. The abdominal aorta and both renal arteries were exposed. Partial 

constriction o f the abdominal aorta between the renal arteries was made using a Small 

Hemoclip (Week. Inc.) set to an internal diameter o f 0.45 mm. The peritoneal cavity was 

closed with coated V IC R YL (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 ?7: C heating pad for the duration o f  the surgery and were 

allowed to recover, while the researcher monitored movement, water, and food intake.

Diabetes induction. Animals were given a single ip injection o f STZ 60 mg kg 

(Sigma. St Louis) dissolved in citric buffer pi I 4.6. STZ is an antibiotic extracted from 

Streptomyces achromoyenes. which causes 13-cell degranulation and necrosis-producing 

chronic hyperglycemia and hypoinsulenimia. When intermediate doses (55-65 mg kg) 

are used, no insulin is required for survival. Injected animals were fasted for 12 hours, 

and blood glucose was determined 1 week after STZ injection. Sham-animals were 

injected citric acid buffer 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 

days and obtained from tail vein samples using a blood glucose meter, equipped with 

Prestige Smart System (HDI. Home Diagnostics. Inc.). In animals receiving AA C . STZ 

injection was given 2 weeks after AAC. Animals were monitored every week using
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glucose reagent strips tor urine. Keto-Diastix (Bayer. Elkhart. IN). Animals w ith  urine 

glucose levels above 250 mg dl were allowed to continue in the experiment. Blood 

glucose was last measured at time o f sacrifice.

Hemodynamic measurements. Blood pressure and LV pressure were measured in 

anesthetized animals. Animals received ketamine (80-100 m gkg) plus Xyalazine (5 

mg kg) ip. When adequate anesthesia was achieved, a M illar catheter model SPR-671 

was placed in the right common carotid artery for direct measurement o f carotid mean 

arterial pressure (CMAP). After hemodynamic stabilization, the M illar catheter was 

advanced to the LV cavity in order to obtain direct measurements o f LV pressures. An 

electrocardiogram (ECG) was recorded simultaneously. Data acquisition was performed 

using the MP 100 system from BIOPAC Systems. Inc.. and analyzed using 

AcqKmowledge software.

Echocardiogruphic-dopplcr studies. Echocardiography with simultaneous 

monitoring o f the arterial pressure was performed in anesthetized animals. Animals were 

anesthetized ip with ketamine (80-100 mgTtg) plus Xyalazine (5 mg;kg) and placed on a 

37° C heating pad on left lateral decubitus. After hemodynamic stabilization, 

echocardiography was performed w ith a Sonos 5500 echocardiogram (Agilent 

Technologies. M A). equipped with a high-frequency intraoperative linear array 

transducer (21390 Agilent Technologies). Echocardiographic determinations were 

performed based upon the previously described technique41.
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Left ventricular end-diastolic dimension (LVEDD). left ventricular end-systolic 

dimension (LVESD), septal ( IVS) and posterior wall thickness (PWT) were measured by 

2-dimension guided Nl-mode echocardiography from the parasternal long axis view 

obtained at the level o f the papillary' muscles. In addition. Doppler o f 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 o f endocardial fractional 

shortening and rate-corrected velocity o f circumferential shortening (VCFr). First, 

endocardial fractional shortening was calculated using the following equation:

<LVEDD -LVESD)/LYED Dx 100 

In addition. LV  systolic chamber function was assessed from the rate-correeted (VCFr) 

using the following equation:

(LVEDD-L VESD /LVED D )/(E jT-R R °s)

The assessment of the circumferential systolic stress was performed with the 

simultaneous recording o f the mean arterial pressure in the right carotid artery. It was 

calculated using the following equation:

P. (LVESD/2)2 [ 1+ (LV E S D /2+P W j2 /  (LVESD/2+PWV2): ] 

(LVESD/2+PW J 2-  (LV E S D /2):

Where P = Mean Arterial Pressure and PWS = Posterior wall in systole 

We used MAP for P. because MAP correlates closely w ith  end-systolic pressure91. VCFr 

was normalized to circumferential stress by comparison w ith a stress-VCFr curve 

generated by linear regression o f VCFr versus circumferential stress in control animals.
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In addition to functional evaluation o f the heart, echocardiography was used for 

calculation o f left v entricular mass (LV M ) and relative wall thickness (RW T).

LV M  was calculated using a standard cube formula that assumes a spherical LV 

geometry'' using the following equation:

1.04 x [LVEDD+PW'T+rVSK'-LVEDD3].

In addition, relative wall thickness (RWT) was calculated as follows:

2PW7LVEDD

Determination o f  volume percent collagen. A fter hemodynamic and 

echocardiographic evaluation animals were sacrificed, then perfused with 0.9°0 saline for 

10 minutes followed by buffered fonnalin or. in some experiments, immersion-fixed. 

The hearts were then dissected and right ventricular. LV *  septum weights, and total 

heart weight (H \V) were recorded. Both total and regional HW were normalized to body 

weight and the ratios compared among groups. Sections o f the left ventricles were 

dehydrated through an ethanol series and embedded in paraffin. Serial sections (5u) were 

stained with hematoxylin-eosin for general morphology and picric acid-sirius red for 

collagen determination. LV cross-sections were digitized using a lOx objective o f an 

IM T-2 inverted microscope (Olympus. Tokyo. Japan) equipped with a SPOT digital 

camera (Diagnostic Instruments). Images were after analyzed 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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Immimohistochemistty. Hearts from S. D. H. and H-D animals were frozen. LV 

sections were prepared and fixed in acetone for 10 minutes at -20° C. After blocking w ith 

10% BSA for 30 minutes, slides were incubated w ith primary antibodies in 5% goat 

serum in PBS overnight at 4'’ C. followed by 3 stringent washes in PBS. The fo llow ing 

primary antibodies was used: Collagen type I and type III (1:1000 and 1:150. 

respectively. AbCam). Sections were detected with ALEX44S-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 uni 

resolution) attached to an Olympus epifluorescent microscope.

Statistical Analysis. Results were expressed as mean ± SEM. Differences among 

groups were evaluated by Statistical analysis performing one- or two-way analysis o f 

variance (ANOVA). When F values are significant at a 95%  confidence lim it, differences 

among group means w ill be evaluated using Student Newman-Kueis or Bonferroni post­

test procedure with a p<0.05 considered significant.

Correlations between continuous parameters were determined from linear 

regression. A ll statistics were calculated by using SigmaStat statistical software (Jandel 

Scientific).
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RESULTS

General characteristics o f  the animal groups. D was confirmed by the finding o f 

scrum glucose levels above 250mgdl after 7 days post-STZ injection. Both D and H-D 

animals at 6 and 12 weeks had significant elevations (p < 0.005) o f serum glucose when 

compared to S and or II. There were no significant differences in the H group (Tables 1 

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 o f  the experiment when compare to S and H animals. 

However, body weight did not differ among the STZ-injeeted groups.

In addition. D animals had lower H\V when compared to S and H animals at 6 and 12 

weeks. MW also was reduced in H-D animals when compared to S and HTN' animals 

(Tables 3 and 4).

Hemodynamic 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, there were significant elevations (p < 0.001) o f MAP in the HTN.’ 

animals at 6 and 12 weeks. Conversely. H-D animals did not present an elevation in MAP 

when compared to S. However, there was a statistically significant increase in MAP 

when compared to D at 4 and 12 weeks.
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^ b l^ ^ ^ c h o c a rd i^ ra iT h k ^ e a s u i^ m c n t^ ^ ^ I^ j^ n ^ ^ ^ ^ n im a l^ ^ ^ n ^ ^ ^ c k ^
S D H H-D

Time point 6 weeks 4 weeks 6 weeks 6 weeks
Echocardiography, n 10 16 15 9

MAP. mmHg 123=3 96=4*g 151±5*p6 122.1=52o6
PW. mm 1.2=0.01 1.1=0.01*ct 1.4±0.05 1.2=0.05
I VS. mm 1.2=0.02 l.l=0 .01o 1.4=0.05 l.l±0 .05o

LVEDD. mm 7.2±0.17 7.7=0.12 7.3=0.13 6.87±0.l9p
LVESD. mm 3.0=0.19 4.3±0.12*o2 3.3=0.06 3.2=0.066

RWT 0.3=0.37 0.2=0.31 *oy2 0.3=0.46 0.3=0.38
VCFr 3.1=0.11 2.2=0.09*026 2.9=0.08 2.5=0.09*o

VCFdif 0.0=0.04 -0.3=0.0*o62 0.0=0.07 -0.3=0.06*o62
Glucose, mu dl 151=7 370=20*o 162=7 522=30*o52

Values are mean = SEM. * (p < 0.005) vs. S at 6 weeks. 5 (p < 0.005) vs. S 12 weeks, a  

(p < 0.005) vs. 11 at 6 weeks. 4 (P < 0.005) vs H at 12 weeks, (j) (p < 0.05) vs. D at 4 weeks.'/ 
(p < 0.005) vs. H-D at 6 weeks.

Table 2. Eehocardiuraphie Measurements ol'S.D. H. and H-D Animals at 12 weeks.
S D H H-D

Time point 12 weeks 12 weeks 12 weeks 12 weeks
Echocardiography, n 6 9 6 9

MAP. mmHg 117±7 96=3* 145=86<? 120=6;6c7
PW. mm 1.3=0.05 1.1=0.032 1.5=0.126 1.3=0.09
I VS. mm 1.2=0.04 1.1=0.032 1.5=0.16 1.2=0.082

LVEDD. mm 7.7=0.2 7.6=0.06 7.2±0.16 7.8=0.3y
LVESD. mm 3.7=0.34 4.6=0.19*o26y 3.4=0.2 4.3=0.2*2o-/

RWT 0.3=0.01 0.3=0.02 0.4=0.08 0.3±0.022
VCFr 2.9=0.2 2.2=0.11*62o 2.8=0.1 2.3±0.10*52o

VCFdif 0.1=0.12 -0.3=0.05*o5 0.0±0.10 -0.16=0.1*
Glucose, ma dl 160=9 429=29*x5 164=10 461±25*52a

Values are mean = STM. * (p < 0.005) vs. S at 6 weeks. 5 (p < 0.005) vs. S 12 weeks, a  
(p < 0.005) vs. H at 6 weeks. 4 (P < 0.005) vs H at 12 weeks. <j) (p < 0.05) vs. D at 4 weeks.y 
(p < 0.005) vs. H-D at 6 weeks.
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Left ventricular remodeling. Measurements corresponding to posterior wall 

thickness (PWT). (1VS). LVEDD, and LVESD are summarized in Tables 1 and 2. The 

calculated RWT (2PW7LVEDD) showed that H animals presented an increase in this 

ratio when compared to S at 6 and 12 weeks, suggesting the presence o f LV H  as a 

compensatory mechanism in response to the AAC. In addition, RWT was decreased in 

the D group, suggesting the presence o f cardiac dilatation, being significant at 4 and 12 

weeks. However. RWT did not d iffer 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 
v^eksT^N^m c^^Aua^Tonnalize^tojTod^W M uh^LV^To^ilUrnHJj^^^^^^

S D H H -D
Time point 6 weeks 4 weeks 6 weeks 6 weeks

n 9 8 10 6
BW. sr 393±2 309±1* 337.8±2 226±1*G
HV ms 1.1 ±0.03 1.0±0.04 1,3±0.1 0.7±0.05*G

HW /BW  ms/s 2.9±0.1 3.3±0.09 3.9±0.2:i: 3 .4±0.1
LV /BW  ms/s 2.1 ±0.08 2.3±0.06 2.9±0.2* 2 .4±0.1

Values are mean ± SEM. * (p < 0.005) vs. S at 6 weeks. 5 fp < 0.005) vs. S 12 

weeks, a  (p < 0.005) vs. H at 6 weeks, c, (p <  0.005) vs H at 12 weeks.

Furthermore. RWT in the HD did not d iffer from the S groups at 4 and 12 weeks. 

In addition, postmortem determination o f HW /BW  and LV/HW' ratios showed the 

following results: First. D animals alone did not d iffer from 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 o f LV H  (Table 1 and 2).
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Table 4. Body and heart w e igh ts obatined from  S.D. H. and H -D  animals at 12 
weeks. H\V and L V  were norm alized to hodv weight (B W ) for a ll groups.

S D H H-D
Tim e point 12 weeks 12 weeks 12 weeks 12 weeks

n 5 19 6 6
BW . ar 418=4 288=162 423=2 261±162
H V ma 1.4=0.1 0.9=0.062 1.5=0.07* 0.9=0.052

HW  BW  ma a o It o 3.2±0.1 3.7±.2 3.9=0.2* 6
L V  BW  ma o 2 .2 = 0 .1 2.3=0.06 2.7=0.1 2.8=0.2

Values are mean = SE M . * (p < 0.005) vs. S at 6 weeks. <5 (p < 0.005) vs. S 
12 weeks, c  (p < 0.005) vs. H at 6 weeks. 2 (p < 0.005) vs II at 12 weeks.

fable 5. Interstitial collagen deposition in the endocardium and epicardium o f S.D.H.
and H-D animals at 4 and 6 weeks.

s D H H-D
l ime point 6 weeks 4 weeks 6 weeks 6 w eeks

n 8 9 8 8
Endocardium volume0 o 1.03:=0.09 1.8=0.1 3.1=0.5* 4.1 =0.6*6
Epicardium volume0 o 1.02:=0.1 1.78=0.1 2.2±0.4 3.8=0.5*6

Total volume °u 1.04:=0.1 1.7=0.1 2.7=0.4* 3.9=0.5*6

Values are mean = SEM. * (P < 0 .005 )vs. S at 6 weeks . 6 (p < 0.005 ) vs. S 12
weeks.

Table 6. Interstitial collagen depostion in the endocardium and epicardium o f S.D.H. 
and H-D animals at 12 weeks._______________________________________________

S D H H-D

Time point 12 weeks 12 weeks 12 weeks 12 weeks
n 5 9 7 8

Endocardium volume°o 1.3=0.1 2.3±0.2 3.4±0.9 4.1=2.8*
Epicardium volume% 1.4=0.04 i j u p 2.5=0.5 3.0=0.4*6

Total volume % 1.3=0.07 2.2=0.1 2.9=0.1 3.6=0.7*

Values are mean = SEM. * (p < 0.005) vs. S at 6 weeks. 6 (p < 0.005) vs. S 12 
weeks.
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Figure 3. Temporal progression o f 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. <J(p < 0.005) vs. H at 
6 weeks, q (p < 0.005) vs. H at 12 weeks, y (p < 0.005) vs. H-D at 6 weeks.
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Figure 4. Relation o f the velocity o f  circumferential shortening corrected for rate (VCFr) 
and circumferential stress. VC Fr 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 o f circumferential stress.
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S 6W  D 4 W  H 6W
(n=10) (n=16) (n=15)

H-D6W S12W  
(n=9) (n=6)

D 12W  H 12W  H-D12W  
(n=9) (n=6) (n=9)

Figure 5. Calculated vertical distance (VD) from the regression line. VD was calculated 
for each rat and the mean fo r each group was determined. Values are mean ± SEM.
* (p < 0.005) vs. S at 4 weeks, cr (p < 0.005) vs. H at 6 weeks.
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However. H-D animals did not show a greater increase in HW’ BW and LV'BVV 

ratios when compared to HTN and D alone at both 6 and 12 weeks. Figure 3 shows the 

time-progression on RWT for each group.

Systolic function. Measurements corresponding calculated VCFr. VCFr corrected 

for stress vertical distances are summarized in Tables 1 and 2.

LV  systolic function was decreased (p < 0.005) in D and H-D groups when 

compared to S and 11 at 6 and 12 weeks, as evidenced by a decreased echocardiographic 

VCFr. In addition, the VCFr was normalized to circumferential stress by comparison with 

a stress-VCFr 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 < 0.005) 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 decreased LV systolic function when compared 

to S at 6 and 12 weeks. However, there seems to be a moderate improvement in the H-D 

group at 12 w eeks. There w ere no differences between D and H-D animals at any o f the 2 

time points studied. There were no differences between HTN animals and S at any time 

point.

Figure 4 shows the VCFr-stress curve generated by linear regression o f  VCFr 

versus circumferential stress in control animals and the VCFr observed for each rat. 

Figure 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 o f 

interstitial collagen accumulation when compared to S (Figure 6). However, this 

difference did not reach statistical significance.

In addition, the presence o f reactive fibrosis predominately in the endocardium 

was evident in the H and H-D groups at 4 and 12 weeks (Figure 7). On the other hand. H 

animals presented a significant 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. FI. and H-D groups at 6 and 12 weeks (Figure 8).

Figure 9 shows the temporal progression o f total interstitial collagen deposition in 

all groups.

Imnninoliistochemistry. Qualitative evaluation o f 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 w ith an apparent 

thickening o f the collagen fibers (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 found in the diabetic hearts 
Photomicrographs o f cross section o f endocardium. Paraffin-embedded sections o f fixed 
left ventricles were stained w ith picric acid Sirius red and v iewed at lOx magnification. 
A: S at 6 weeks. B: S at 12 weeks. C : D animals at 6 weeks. D: D animals at 12 weeks.
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Figure 7. Focal fibrotic areas in the endocardium o f M and H-D animals. 
Photomicrographs o f cross section o f endocardium. Paraflin-embeddcd sections o f 
perfusion-fixed left ventricles were stained with picric acid Sirius red and viewed at lOx 
magnification. A: H animals at 6 weeks. B: H animals at 12 weeks. C: H-D animals at 6 
weeks. D: II-D  animals at 12 weeks.
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Figure 8. Total interstitial collagen deposition in the myocardium. Volume percent (% ) o f 
collagen was calculated from photomicrographs taken from paraffin-embedded cross 
section o f left ventricular tissue stained with picric acid Sirius red. Photomicrographs 
were taken at lOx magnification and dig ita lly 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. 5 (p < 0.005) vs. S at 12 weeks.
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Figure 9. Temporal progression o f interstitial collagen deposition in the myocardium. 
Volume percent (%) o f interstitial collagen was calculated from photomicrographs taken 
from paraffin-embedded cross section o f  left ventricular tissue stained w ith picric acid 
Sirius red. Photomicrographs were taken at lOx magnification and dig ita lly analyzed. 
Values are mean ± SEM. * (p < 0.005) vs. S at 6 weeks. 5(p  < 0.005) vs. S at 12 weeks.
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Figure 10. Immunohistochemicai staining o f rat myocardium for collagen type 1. Cardiac 
tissue was frozen, fixed with acetone, and stained with collagen type I primary antibody. 
Sections were detected with ALEX448-eonjugated. 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 11. Immunohistochemical staining o f rat myocardium for collagen type III. 
Cardiac tissue was frozen, fixed with acetone, and stained w ith collagen type III primary 
antibody. Sections were detected u iih  ALEX448-conjugated. secondary antibodies. 
Slides were analyzed at 40x magnification. A: S animal. B: D animal. C: FI animal. D: H- 
D animal.
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DISCUSSION

Our results show ed that hyperglycemia 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 produeed an increase in interstitial collagen deposition at 4 and 12 weeks. In 

hypertensive animals, systolic function was unchanged after 6 and 12 weeks. However. 

H also resulted in L V II and increased collagen deposition that was evident at 6 and 12 

weeks. The combination o f D and H produced a significant impainnent in systolic 

function at 6 and 12 weeks. However, no significant difference in systolic function was 

found between H-D animals and D animals. In addition. H-D animals presented the 

greatest degree o f interstitial fibrosis, as well as replacement fibrosis at 6 and 12 weeks.

These results partia lly coincide with previous studies" '' that also reported that 

the combination o f both diseases caused the greatest degree o f cardiac fibrosis. However, 

this is the first study to evaluate in vivo the temporal progression o f  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 /B W  and HW/BW ratio as early as 4 weeks. These 

results coincide w ith previous studies using the same experimental model, in which an 

increase in LY7BW ratio and wall thickness were also reported4'. These findings could be 

explained by the fo llow ing pathophysiological mechanisms underlying LVH.

44
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First, there is considerable increase in myocyte size, mainly cell diameter, 

resulting in cardiac hypertrophy42. 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 ;4. which has been linked to the 

degree o f diastolic dysfunction. 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 o f RAS and the 

increased secretion o f Ang II in this experimental model using A A C W. The hemodynamic 

and non-hemodynamic effects o f  angiotensin II are mostly mediated by the angiotensin II 

type I (A T j) receptor, and it  has been proposed that tissue growth factor B (TGF-I3) 

mediates Ang II-induced fibrosis*14. Furthermore, there is now evidence that this fibrotic 

response is independent o f  the pressure effect and is mediated via neurohormonal 

mechanisms such as the RAS*1'.

In addition, changes in the ECM components play an important role in maintaining 

chamber shape and myocyte alignment during LVH%4/. ECM changes are regulated by 

MMPs which degrade fib rilla r collagen and TIMPs maintaining an adequate balance 

between synthesis and degradation.

Previous studies have reported that the combined effects o f  DM  and HTN in LV 

geometry result in a greater degree o f LV hypertrophy and systolic dysfunction in 

indiv iduals11 and experimental models27. 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 weeks, hut became significantly different at 12 weeks. 

However. LV systolic function remained impaired in both H-D hearts and diabetic hearts 

alone. Possible mechanisms underlying this systolic dysfunction w ill be discussed later.

We believe that this is a temporary response that would eventually progress to a 

more severe form o f  remodeling. leading to HP. In fact, it is possible that the 

hypertrophic response and subsequent increase in myocyte size counteract the myocyte 

apoptosis seen in the diabetic heart1''4.

However, cardiac responses to hyperglvcemia are still unclear. Our results 

showed that acute hyperglycemia resulted in an early (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 I.V  chamber dilatation. 

Interestingly, this adv erse dilatation and reduced svstolic performance was ev ident in the 

absence o f an increased afterload. Several mechanisms can be proposed for these 

changes.

Previous studies have reported that during acute hyperglycemia, there is an early 

increase in the apoptotic rate without evidence o f cell neerosis',s. We believe that these 

changes in myocyte number and mass might have accounted for the adverse LV 

remodeling seen in the diabetic hearts. We also suspect that the reduction in the number 

o f  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 o f  dilated
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cardiomyopathy00. 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 glycosylation o f collagen can affect its 

interaction w ith cells, and other matrix components, and alter its cross-linking, thereby 

reducing collagen turnover and degradation1"0.

Fibrosis development during DM . especially in the kidneys, has been closely 

related to the increased expression o f TGF-B. In addition, our qualitative assessment of 

collagen subtypes suggested an increase in collagen type I in the diabetic and H-D heans. 

On the other hand, collagen type III appeared to decrease in these two groups. These 

changes imply an imbalance between the flex ib ility  and rigidity o f  the myocardial 

scaffolding, affecting I.V  geometry and. therefore, systolic chamber function. Although 

these prelim inary results were obtained using qualitative techniques, other studies support 

these changes that occur during the progression o f dilated cardiomyopathies, in which 

collagen type III decreases, collagen type I increases, and there is an alteration in 

collagen cross-linking"0. 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. leading to an unbalanced synthesis-degradation process. This may 

result in  an increase in the resistance o f  mature collagen to degradation, w ith  lack of 

newly synthesized collagen. This might have accounted in part for the early interstitial 

fibrosis seen in the diabetic heart, at both early and late time points. In addition, it is 

possible that the fibrotic effects o f TGF-B affect not only affect renal tissue101 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 o f  TGF-B. as elevated TGF-B levels 

have been found in late stages o f dilated cardiomyopathy1"'.

Additionally, and consistent with previous reports '. 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 o f replacement fibrosis areas predominately 

in the endocardium o f  H and H-D animals. It has been previously reported that 

hypertrophic hearts have an abnormal endocardium blood flow during acute stress 

events1"'', increasing the vulnerability o f the endocardial to ischemia during 

hypoperfusion. Thus, it is like ly that during the presence o f hyperglycemic stress, 

reduced endocardial blood tlow  might affect tissue perfusion and oxygenation, resulting 

in necrosis and later replacement fibrosis. On the other hand, studies have suggested that 

chronic hyperglycemia results in eardioprotection after ischemic-reperfusion injury, by 

making myocytes resistant to hypoxia-induced apoptosis and necrosis by preventing 

accumulation o f Ca'* '"4.

We conclude that hyperglycemia 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 o f  DM and HTN produced the most severe degree o f 

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 o f RAS may play a role in preserving LV 

geometry in the diabetic heart, protecting against the adverse LV dilatation seen during

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



diabetic cardiomyopathy. These mechanisms appear to be early and transitory 

phenomenon.

Our further studies should be focused on the following: First, identification o f 

the fibrotie pathways underlying 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 o f collagen subtype changes 

and collagen cross-linking in the cardiac remodeling and systolic function. We believe 

that by identifying changes in collagen expression via mRN'A we can elucidate some o f 

our preliminary results.
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