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ABSTRACT

The general objective of this thesis was to examine whether or not hypertension
exacerbated the development of ‘diabetic cardiomyopathy. Previous reports in the
literature support the idea that hypertension and diabetes have an additive effect and
impair cardiac performance to a greater extent than does diabetes alone. However, recent
evidence suggests tilat the rodent model of hyperténsion used in these studies (the
Spontaneously Hypertensive Rat (SHR)) is more sensitive to the diabetogenic effects of
streptozotocin (STZ) than other strains. Because the same dose of STZ was used for both
hypertensive and control rats, the possibility exists that the increased cardiac dysfunction
reported in the diabetic-SHR was due to a more severe diabetic condition. To study this
possibility, the dose of STZ was titrated so that an equivalent level of diabetes could be
induced in both SHR and Wistar control rats, thereby allowing for the examinaiion of the
inﬂuencé of hypertension on the progression of diabetic cardiomyopathy.

In SHR Study #1, both SHR and Wistar rats received a dose of 45 mg/kg STZ and
were maintained for twelve weeks of diabetes before cardiacifunction waé studied using
the isolated working heart technique. The induction of diabeteé depressed weight gain in
the SHR while in the Wistar-diabetic (WD) group weight gain was not significantly
attenuated. Food and fluid consumption were elevated in both diabetic groups, but was
significantly higher in the SHR—diabetic (SD) animals. These data, coupled with the fact
that over 70% of SHR became diabetic compared to only 40% of the Wistar rats,
indicated that the SHR were more sensitive to the diabetogenic effects of STZ. Cardiac
contractile function was analyzed in terms of left ventricular developed pressure (LVDP),
rate of contraction (+dP/dt), and rate of relaxation (-dP/dt) when the rats were twenty

weeks of age. At the higher left atrial filling pressures, the SD had depressed cardiac
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function. However, the same dose of STZ in the WD group resulted in no impairment of
cardiac performance. Two main conclusions were made from this study. The first was
that SHR were more susceptible to the diabetogenic effects of STZ because, even at a low
dos¢, STZ induced diabetes in the méjority of SHR. In the Wistar rat, the same dose
results in diabetes in only a small percéntage of animals. .The study also confirmed that a
dose of 45 mg/kg in the SHR results in the development of cardiac dysfunction.

In SHR Study #2 and SHR Study #3, the objective was to examine the effect of

hypertension on the progression of diabetic cardiomyopathy. To that end, SHR were
injected with 45 mg/kg STZ either before (8 weeks of age) or after (12 weeks of age) the
development of hypertension and compared to normotensive Wistar rats made diabetic
with 55 mg/kg STZ. In both studies, the induction of diabetes resulted in depressed
weight gain and increased food and fluid consumptiqn. For the rats injected at eight
weeks of age, an oral glucose tolerance test (OGTT) demonstrated that tﬁe SD rats were
significantly less diabetic than the WD rats, yet the degree of cardiac dysfunction was
equivalent in both strains.

Injecting the SHR at twelve weeks of age increased the severity of the diabetic
- condition compared the rats injected at eight weeks of age. This was demonstrated by é
greater glucose area under the curve (AUC), lower insulin AUC and elevated plasma
lipid levels in the réts injected at the older age. Surpris}ingly, the heart function of the SD
rats was not significantly different from the non-diabetic SHR control rats. Injecting the
WD at the older age also increased the diabetic condition, but opposite to the SD animals,
still 'impairea cardiac performance. The development of LV hypertrophy at the time of
STZ injecfion may have prevented or compensated for the damaging effects of diabetes

on the myocardium, thereby enabling the heart to perform norrhally.
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INTRODUCTION

I.  DIABETES MELLITUS

A. THE PANCREAS AND THE HISTORY OF DIABETES MELLITUS
The pancreas, a large glandular organ located just beneath the stomach, is

responsible for the secretion of several important hormones and digestive enzymes. I.t is
composed éf two major types of tissues: 1) the acini, which secrete digestive juices into
the duodenum and forms approximately 98% of the organ, and 2) the islets of
Langerhans, small clusters of endocrine tissue dispersed throughout the acinar tissue. In
the human pancreas there are 1 to 2 million islets, each of which is composed of four
major types of cells. .The B-cell, making up 60% - 80% of all islet cells, secretes insulin
whereas the o-cell, about 15% - 25% of the total, secretes gluéagon. The &-cells (10% of
the total) release somatostatin whereas the PP-cell is present in small numbers and
releases pancreatic polypeptide (Guyton and Hall, 1996; Kloppel and In’t Veld, 1997).

| Within the laét century great strides have been made in understanding the role of
the pancreas and the pathophysiological consequences bf diseases associated with this
organ. The morphological characteristics of the pancreas were first documented in 1869
by the German medical student Paul Langerhans who noted that the pancreas was
composed of two distinct groups of cells. The connection between the pancreas and
diabetes was established by Minkowski and von Mering (1889) when they showed that
pancreatectomized dogs exhibited characteristics similar to human diabetes mellitus

(Pyke, 1997). The successful extraction of insulin from the pancreatic 3-cells by Banting

and Best in 1921 and the treatment of 14 year old Leonard Thompson (Banting et al,




1922) has proven to be one of the great medical triumphs of this century. What Was once
a slow, agonizing death could now be contrblled, so long as the patients regularly took
their daily injections of insulin. Interestingly, it was not until 1965 that newly diagnosed
ihsﬁlin-dependent diabetic patients were shown to have specific B-cell abnormalities
along with inflammatory cell infiltration (Gepts, 1965). Further investigations found that
Typé 1 diabetes was the result of complete and specific degradation and loss of the

pancreatic B-cells (Foulis and Stewart, 1984).

The existence of a second form of clinical diabetes (Type 2 diabetes, then termed
insulin-insensitive diabetes) was first documented in 1936 (Himsworth, 1936). The
ﬁajority of diabetic patients are grouped into this category, Which is characterized by
normal or elevated .levels of the circulating insulin (Yalow and Berson, .1960). It became
evident that diabetes exists in several forms that have a distinct clinical presentation,
etiology, and therapeutic requirement. Thus, diabetes mellitus is the name given to a
group of disorders characterized by hyperglycemia and the dysregulation of
carbohydrate, fat and protein metabolism due to either an absolute insulin deficiency

and/or lack of insulin action.

B. CLASSIFICATION OF DIABETES MELLITUS
In early 1995, the American Diabetes Association (ADA) revised the

classification scheme that Was 6riginally developed in 1979 by the National Diabetes
Data Group (NDDG). The new system is soundly based on the etiology of both major
forms of diabetes, and contains many of the concepts found in the original classification.

The two main categories are still a) Type 1, and b) Type 2 diabetes, although the

designations IDDM and NIDDM have been.eliminated. The three other categories:




gestational diabetes, other forms of diabetes, and impaired glucose tolerance (IGT) were
retained from the original classification. Table 1 presents the updated classification

scheme as well as the characteristics of each major group.

1. TYPE 1 DIABETES MELLITUS
Type 1 diabetes is characterized by absolute insulin deficiency due to pancreatic

B-cell destruction, requiring the subject to depend on exogenous insulin for survival.
There is a high degree of geographic variation in the incidence of this disease as well as
marked variation within racial groups (LaPorte er al, 1985; Karvonen et al, 1993;
Sekikawa and LaPorte, 1997). The development of Type 1 diabetes is the result of an

autoimmune process that selectively targets and destroys the pancreatic B-cells while

leaving the other islet cells intact (Eisenbarth, 1986). Autoantibodies directed against the
. B-cell (Bottazzo et‘ al, 1.980), insulin (Palmer et .al, 1983) and glutamic acid
decarboxylase (GAD) (Kaekkeskov et ql, 1990) are found in up to 90% of Type 1
patients (DeFronzo, 1998). The autoantibodies may exist several years prior to the
presentation of clinical diabetes (Ziegler et al, 1990). In addition, certain human
leukocyte antigens (HLA) are associated with an increased risk of developing Type 1
diabetes (Nerup et al, 1974). The HLA are molecules whose genes are encoded within
the major histocompatibility complex (MHC) on chromosome 6 (Cavan et al, 1997) and
are involved with the pfésentation of ahtigens to CD4+ (helper) T cells. It hés been
suggested that the HLA molecules may be more effective in binding a diabetogenic

aritigen or interacting with the T-cell receptor, thus increasing the probability of an



Table 1. Classification of Diabetes Mellitus

NEW
CLASSIFICATION

1) Type 1 Diabetes Mellitus
A) Autoimmune
B) Idiopathic

2) Type 2 Diabetes Mellitus
A) Nonobese
B) Obese

3) Other Specific Types
~ of Diabetes

4) Gestational Diabetes
" Mellitus (GDM)

5) Impaired Glucose
Tolerance (IGT)
and Impaired Fasting -
Glucose (IFG)

FORMER |
CLASSIFICATION

Type 1 Diabetes Mellitus
or

Insulin-Dependent
Diabetes Mellitus (IDDM)*

Type 1I Diabetes Mellitus
or
Non-Insulin-Dependent
Diabetes Mellitus (NIDDM)*
A) Nonobese
B) Obese

Other Types of Diabetes

Gestational Diabetes Mellitus

Impaired Glucose
Tolerance (IGT)

CHARACTERISTICS

10% of all Diabetics
Any age but mostly young
Requires exogenous
insulin injections
Ketosis prone
Autoimmune form
Genetic predispostion
HLA locus
Autoantibodies to
B-cell
Insulin
GAD,;
Idiopathic form
Strongly inherited
Not HLA associated

90-95% of Diabetics

Usually over 40 years of age

Endogenous insulin may be
normal or elevated

May require insulin

Insulin resistant

Rarely ketotic

Majority are obese at
diagnosis

Strong genetic predisposition

Genetic syndromes
Diseases of the pancreas
Chemical-induced diabetes

Glucose intolerance during
pregnancy

In most cases, tolerance
normalizes after birth

Blood glucose regulation
between normal and
diabetic

Many patients are euglycemic

with slight insulin
resistance

* Deleted in the updated classification
(Adapted from DeFronzo, 1998)




autoimmune response (Cavan et al, 1997; Nepom, 1990). Although the exact triggering
mechanism is unknown at this time, it is obvious that both genetic and immunological
factors are involved in predisposing an individual for the development of Type 1

diabetes.

2. TYPE 2 DIABETES MELLITUS
In Europid populations, Type 2 subjects account for 80-90% of the diabetic

popula‘tion' (Valle et al, 1997), but in certain ethnic groups it is virtually the only form of
diabetes (Zimmet et al, 1990). Obesity is prominent among 50-90% of all Type 2 patients
(Valle er al, 1997), although a vportion remains non-obese while exhibiting the clinical
symptoms of the disease. The primary defect is hepatic and peripheral insulin resistance
offset by compensatory hyperinsulinemia. The clinical presentation of overt Type 2

diabetes occurs when the pancreatic B-cell fails to secrete sufficient quantities of insulin to

overcome the existing insulin resistance (DeFronzo et al, 1997). Genetic factors play an
important role in predisposing an individual to Type 2 diabetes, although environmental
factors (such as nutrition and exercise) likély modulate the expression of the condition
(Taylor et ql, 1994; Harris and Zimmet, 1997). In .select cases single gene mutations have
been shown to cause Type 2 diabetes (Taylor ez al, 1994), but in the majority of patients
the primary causes have not been clearly established. Several celiular'defects have béen
identified in the insulin receptor and intracellular signaling pathways which may

contribute to insulin resistance and lead to overt Type 2 diabetes (see DeFronzo et al,

1997 for a comprehensive review).




C. CHRONIC DIABETES AND CARDIOVASCULAR COMPLICATIONS

Long term diabetes mellitus is associated with a number of chronic complications
that have a significant effect on the.morbidity and mortality of the patients. The presence
of diabetes increases the chance of developing cardiovascular complications by 2-3 fold
(Kannel and McGee, 1979a), and a recent study by Uusitupa et al (1993) showed that
diabetics have more than an eight fold higher cardiovascular mortality rate cbmpared to
non-diabetics. In fact, it has been suggested that cardiovascular disease may account for
up to 80% of all diabetic deaths (Kannel and McGee, 1979b). Clinical and
epidemiological studies have illustrated the fact that diabetes is a risk factor for the
development of numerous cardiovascular conditions (Stamler et al, 1993). Diabetics have
an increased risk of developing cardiovascular complications such as: retinopathy (Klein
and Klein, 1997), nephropathy (Sequist et al, 1989), neuropathy (Mayne, 1965),
peripheral vascular disease (Walters et al, 1992), coronary artery disease (CAD) (Nathan
et al, 1997), congestive heart failure (CHF) (Kannel et al, 1974), myocardial infarction

(MI) (Leitersdorf et al, 1986) and ischemic stroke (Chukwuma and Tuomilehto, 1993).

1. CLINICAL PRESENTATION OF DIABETIC
CARDIOMYOPATHY

It has been cléarly established that diabetes is associated in both men aﬁd women
with an increased incidence of Congestive heart failure (Kahnel et al, 1974). It was
originally believed that the increase was due to confounding factors such as micro- and
macroangiopathy (Ledet ez al, 1979), but within the last twenty-five years, compelling
evidence has demonstrated the existence of a cardiomyopathy distinct for the diabetic

condition. The initial report published by Rubler and colleagues in 1972 was based on

the postmortem findings of four adult diabetic patients with renal disease. These patients




had advanced cardiac failure without pronounced coronary atherosclerosis and, based on
the histological features of the hearts, the authors suggested the existence of a diabetic
cardiomyopathy secondary to microvascular disease (Rubler ez al, 1972).

Numerous studies have examined the pathological changes that occur in the
diabetic myocardium (Fein and Sonnenblick, 1985; Fein, 1996). Hamby and colleagues
examined the hearts of three diabetic patients with congestive heart failure (but without
CAD) and found evidence of myocardial hypertrophy as well as microvascular changes
including interstitial and perivascular fibrosis and endothelial proliferation (Hamby et al,
1974). The authors suggeéted that the rnicrovascular changes in the myocardium rnight
be the cause of the éardiomyopathy. In a second study of diabetic subjects with heart
failure, the microvasculature was suggested to have little or no relation to the cardiac
pathology (Regan et al, 1977). Instead, the authors attributed the cardiac dysfunction to
decreased ventricular compliance brought about by the increased deposition of periodic
acid-Schiff (PAS)—pnsitive material in the fnyocardium (Regan ét al, 1977). The PAS-
positive material was believed to be collagen, which is increased in diabetic rat hearts
(Spiro and Crowley, 1993). The increase in PAS-positive material appears before the
development of clinicai heart failure, evidenced by the increase in PAS-positive vessels
in diabetics without CHF. Endothelial proliferation has been reported among diabetic
patients (Blumenthal, 1960), as well as a significant thickening of the capillary basement
membrane (Fischer er al, 1979). In addition, an autopsy study by Factor and colleagues
demonstrated the existence of capillary microaneurysms in diabetic hearts (Factor er al,
1980). Thus, the diabetic heart undergoes several morphological changes including
atherosclerosis, hypertrophy, fibrosis (perivascular, interstitial, and replacement),

glycoprotein deposition and vascular changes such as basement membrane thickening



and microaneurysms. Importantly, it has not been clearly determined which of these
changes have pathological consequences on the myocardium and are responsible for the

contractile dysfunction reported in the diabetic patient.

Numerous reports are available »in the literature chafacterizing the contractile
dysfunction in diabetic patients. Both systolic and diastolic dysfunction have been
reported (Tischler, 1996), and evidence of cardiomyopathy has been documented in
diabetics without overt heart failure (Ahmed. et al, 1975; Fisher et al, 1986). Using.
techniques such as systolic time interval (STI) measurement and M-mode
echocardiography, several authors have. documented changes in systolic function
including a longer pre-ejection period (PEP) and shorter left ventricular ejection time
(LVET) (Ahmed et al, 1975; Shapiro et al, 1980, 1981a, 1981b). The PEP/LVET ratio,
which corresponds to the LV ejection fraction and is reflective of decreased myocardial
contractility or left ventricular filling due to a higher degree of LV stiffness, is increased
in diabetics compared to non-diabetics even before the development of overt heart failure
(Ahmed er al, 1975). Diabetic subjécts have alsb been shown to have a decreased left
ventricular _ejection fraction (LVEF) as well as an increased end-systolic Volum_c
(Friedman et al, 1982).

In addition to abnormalities in myocardial contractile function, it is evident that
there are subsets of diabetic patients who have heart failure with normal systolic function
(Dougherty et al, 1984). Diastolic dysfunction refers to the impairment of ventricular |
relaxation and/or filling; and is one of the first signg of left ventricular dysfunction in

both Type 1 and Type 2 diabetics (Zarich et al, 1988; Takenaka et al, 1988). One of the

characteristics of diastolic abnormalities in diabetic patients is a prolonged isovolumic




relaxation time (Uusitupa et al, 1988; Paillole et al, 1989), which has been attributed to

an increase in interstitial collagen deposition (Regan et al, 1977).

2. CARDIOMYOPATHY IN EXPERIMENTAL DIABETES

Laboratory animals have been very useful in helping determine the etiology of ‘
diabetic cardiomyopathy because most of the morphological and functional abnormalities
documented in human diabetic patients. occur in animals with chfonic diabetes. An
increase in interstitial collagen deposition along with dimin'iéhed diastolic compliance has
been documented in several different animél species with diabetes (Regan et al, 1974;
Haider er al, 1981; Bhimji et al, 1985). In rats, chronic diabetes results in both systolic
and diastolic dysfunction. In insolated heart preparations, impaired left ventricular (LV)
function has been characterized as depressed LV pressure development (LVDP) and rates
of contraction (+dP/dt) and . relaxation (-dP/dt) compared to non-diabetic controls
(Penpargkul et al, 1980; Vadlamudi et al, 1982; Tahiliani et al, 1983). Isolated papillary
muscles an(i cardiomyocytes from diabetic rats also have impaired contraction and
relaxation (Fein et al, 1980; Ren and Davidoff, 1997), suggesting that intracellular
changes are involved in the contractile dysfunction. Thus, the development of diabetic
cardiomyopathy 1is likely multi-factorial in origin and fesults__ from both morphological

changes to the heart along with intracellular defects within the myocyte.

3. SUBCELLULAR DEFECTS IN THE DIABETIC HEART
Several subcellular defects, which may be causally related to the progression of

cardiac dysfunction, have been reported in the diabetic heart. These include changes to

the contractile proteins, sarcoplasmic reticulum (SR), mitochondria and sarcolemma, as

well as to several enzymes involved in the metabolism of glucose and fatty acids (Dhalla




et al, 1996). Dillmann (1980) was the first to report contractile protein defects in the
diabetic heart. In this study, the Ca™-ATPase activity of both actomyosin and myosin
were found to be depressed in diabetic hearts. This enzyme is responsible for the
cleavage of ATP into ADP and P, and provides the energy required for cross-bridge
formation and contractile force development. This change in Ca™-ATPase activity was
associated with changes in the myosin isoenzyme composition from V, (which has the
highest Ca™-ATPase activity) to V, (lowest Ca”-ATPase activirty) (Dillmann, 1980). The
regulatory protein Troponin T also undergoes 4an isoform.shi'ft from T, to T, during
diabetes (Akella et al, 1995); this isoform shift is related to altered length-dependent Ca™
sensitivity (Akella et al, 1995; Hoffman et al, 1995).

The regulation of intracellular .Ca““+ is critically .important for the precise control of
myocardial contractile performance, and alterations in Ca™ release and/or sequestration
have been implicated in the development of cardiac dysfunction (Yu et al, 1997). The
SR membrane system releases and sequesters Ca™ on a beat-by-beat basis to support the
contraction and relaxation of the myocardium. The SR Ca™-ATPase is the pump
responsible for the sequestratien of calcium into the SR and its activity has been shown to
be depressed in the hearts of diabetic rats (Lopaschuk et al, 1983). These alterations in
calcium regulation are correlated with a slower rate of relaxatien and may account for the
diastolic dysfunction described earlier (Penpargkul ez al, 1981). In addition, insuffic.ient
replenishment of the Ca™ stores limits the amount of Ca™ released from the SR for the
next contraction, thereby limiting foree development and consequentiy eystolic function.

The sarcolemma contains several important pumps and transporters that are either
directly or indirectly involved in intracellular Ca™ regulatien. Proteins such as the

sarcolemmal Ca™ -stimulated ATPase (Heyliger et al, 1987), the Na’/Ca™ exchanger

10




(Makino er al, 1987), Na'/K" ATPase (Pierce and Dhalla, 1983) and Na'-H" exchanger
(Pierce et al, 1990) have all been reported to be depressed in the diabetic heart. In
addition, there appears to be a decreased receptor density of L-type calcium channeis in
the sarcolemma (Lee et al, 1992). These proteins transport ions across the sarcolemmal
membrane to establish and maintain the electrochemical gradient between extra- and
intracellular compartments. When combined with altered SR function, decreased activity
of these pumps and exchangers may ultimately result in fhe inability to adequately
remove intracellular Ca™ from the cell, and thus lead to elevated intracellular Ca™ [Ca™].
levels. These alterations in [Ca"], regulation may result in a slower rate of relaxation due
to depressed removal of [Ca™], and provide an attenuated Ca"™ release for subsequent
contractions (Pierce'and Russell, 1997). Thus, both systolic and diastolic function may
be affected by impaired [Ca™], regulation. In addition, sustained elevafion of [Ca™], -
could result in Ca™ overload ;clnd activation of Ca"-sensitive proteases and enzyme
cascades that mediate the destruction of the cellular components (Orrenius et al, 1989).
Preceding the morphological, functional and subcellular changes described in thé
above sections are alterations in myocardial fuel supply and utilization br_dught about by
the lack of ‘insuliAn action on the heart. In uncontrolled diabetes, cardiac metabolism shifts
from a combination of glucose and fatty acid (FA) metabolism to the almost exclusive
use of FA as the fuel source (Lopaschuk, 1996). It appears that this alteration in
myocardial energy metabolism may be an important contributing factor to the depression
in contractile function seen in diabetics. High concentrations of FA have been associated.
with a depression of cardiac contractile function (Opie, 1970), while interventions which
correct the hyperlipidemia imprdve cardiéc function (Rodrigues et al, 1986; Rodrigues et

al, 1988). Elevated fatty acid oxidation can have a detrimental effect on the heart by
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increasing the oxygen requirement for catabolism (compared to glucose oxidation), and
by producing fatty acid intermediates (such as acylcarnitine and long chain acyl-CoA)
which are toxic to the cell (Rodrigues et al, 1995)', These intermediates may have
multiple effects on the heart, including: alteration of membrane structure, inhibition of
SR and sarcolemmal pumps and exchangers important in [Ca™]. regulation (described
above), and inhibition of glucose transport and metabolism (Rodrigues et al, 1995).
Increased fatty acid oxidation results in the inhibition of glycolytic enzymes such as
phosphofructokinase and the pyruvate dehydrogenase complex that are important in
gllucose metabolism (Rodrigues er al, 1995). Recently, compounds that either enhance
glucose oxidation or inhibit fatty acid oxidation have been shown to improve. diabetic
heart function (Wall and Lopaschuk, 1989; Nichol er al, 1991). This suggests that
improving glucose utilization, and therefore limiti'ng the toxic effects of elevated fatty
acid metabolism, may be a viable option in preventing the development of diabetic

cardiomyopathy.

. HYPERTENSION AND DIABETES MELLITUS

A. CLINICAL PRESENTATION OF HYPERTENSION IN DIABETIC
PATIENTS
High blood pressure is one of the most common diseases in developed countries

and exists in 15-25% of the adult population (WHO/ISHI, 1993). Elevated blood
pressure is associated with an increased risk of cardiovascular disease such as stroke and
coronary heart disease. This risk increases progressively throughout the entire range of

blood pressure values (WHO/ISH, 1993). Hypertensiori is also one of the leading causes

" Guidelines Subcommittee of the WHO/ISH Mild Hypertension Liaison Committee
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of CHF in humans. The Framingham study showed that 75% of all patients with CHF
| had a history of hypertension independent lof CAD (McGee et al, 1971).

It has been well established in both clinical and population-based studies that
hypertension is more prevalent in diabetic subjects than in the non-diabetic population
(Fuller, 1985). A recent study re-examined the prevalence of hypertensior1 in diabetics
using the updated blood pressure criteria proposed by the INC-V® and showed that, on
average, 51% of the Type 1 diabetics and 80% of the Type 2 diabetics were hypertensive
(Tarnow et al, 1994). The risk of cardiovascular disease (CVD)-related death is 2-3 fold
greater in patients wit_il- both hypertension and diabetes than subjects with either isolated
-hypertension (at all leyeis of -elevated systolic blood pressure) or diabetes (Fuller er cil,
1983; Stamler ez al, 1993). All of the CVD subclasses, which includes coronary heart
disease (CHD) (angina,' CAD, MI, CHF, siidden death), cerebrovascular disease (stroke)
and peripheral vascular disease, contribute to the increase risk of CVD morbidity and

mortality in diabetic hypertensive patients (Christlieb, 1982; Assmann and Schulte, 1988;
Mabhler, 1990; HDSG3, 1993; Hoy et al, 1995; Rossing et al, 1996). Microvascular

complications such as end-stage renal disease and retinopathy are also accelerated and
more frequently observed when diabetic patierits are hypertensive (Knowler ct al, 1980;
Krolewski et al, 1988). Conversely, in long-term diabetic patients free of any chronic
complications there is alow prevalence of hypertension (Oakley et al, 1974).

Early pathological studies on the hearts of diabetic patients showed that the co-
existence of both hypertension and diabetes resulted in morphological and pathological

changes that were more severe than when either condition existed in isolation (Factor et

? Joint National Committee on the Detection, Evaluation, and Treatment of High Blood Pressure — Fifth
Report, 1993. _ :
* Hypertension in Diabetes Study Group, 1993
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al, 1996). The initial report by Factor and colleagues was an autopsy study describing
the cardiac morphology of .nine diabetic patients with congestive 'heart failure and
hypertension (Factor et al, 1980). The hearts of these patients were compared to those of
normal individuals and to those with either diabetes’ or hypertension. Of the four groups,
patients with both hypertension and diabetes (H-D) had the greatest left ventricular wall
. thickness and the hea\./iest hearts. These hearts also had the greatest degree of
myocytolysis and focal scarring as well as areas of microscopic fibrosis. The most
prominent feature of the H-D hearts was the diffuse distribution of dense interstitial
connective tissue throughout the myocardium. A second autopsy. study using a larger
number of pafients confirmed and extended the observations described above and
implicated hypertension as an- important factor in -the progression of diabetic
cardiomyopéthy (van Hoeven and Factor, 1990).
Left ventricular anatomy and function hav¢ been studied in surviving patients
with hypertension and diabetes through the use of noninvasive techniques such as M-
mode echocardiography. Using this technique, it has been found that H-D patients have
an increased septal wall thickness and posterior wall thickness compared to patients with
either isolated hypertension' or. diabetes (Shapiro et al, 1981; Venco er al, 1987,
Grossman et al, 1992). I.nterestingly, the increase in left ventricular hypertrophy in the
H-D group has been reported to occur pn’orlto clinical signs of ischemic heart disease or
congestive heart failure (Grossman et al, 1992).
Paralleling the changes in LV thickness and mass in the H-D group is impaired
cardiac function. Decreased LV contractility (reflected by the ratio of end-systolic wall
stress to end-systolic volume index) was found in H-D patients compared to nondiabetic

hypertensive individuals (Grossman et al, 1992). In a study by Shapiro and coworkers
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(1981), left Ventﬁcular function was also significantly impaired in diabetic patients with
hypertension compared to diabetics with normal blood pressure. Venco and colleagues
(1987) reported impaired diastolic function in H-D characterized by a depressed velocity
of increase of the LV dimension in early diastole and reduced velocity of thinning of the
LV posterior wall. These abnormalities were presenf in all of the H-D patients monitored
in the study, whereas only nine of twenty patients with hypertension alone had abnoﬁnal
diastolic function (Venco ez al, 1987). In a group of Typé 1 diabetics with a wide range
of systolic blood pressures, there was a positive correlation” between diastolic
dysfunction, blood pressure and LV mass compared to normotensive, nondiabetic
subjects (Danielsen, 1988). The impairment of diastolic function was attributed to the
increased stiffness of the left ventricle brought about from the increase in LV mass,
fibrotic tissue and deposition of connective tissue.. Thus, the development of
hypertension in the diabetic individual is éssociated with an increased seveﬁty of

morphological and functional changes.

B. ANIMAL STUDIES IN COMBINED HYPERTENSION-DIABETES
Animal models of hypertension-diabetes have been very useful in helping confirm

these observations and in characterizing the effects of hypertension on the diabetic heart .
under experimental conditions. Using a model of renovascular hypertension (RVH)
superimposed with STZ-induced diabetes, Factor and colleagues found that the H-D
animals developed cardiac pathology very similar to that previously documented in their
human autopsy studies. The diabetic and hyber’tensive rats had cardiomegaly, extensive
interstitial and replacement fibrosis, and ‘myocytolysis significantly greater than what

occurred with either isolated condition (Factor er al, 1981). - Interestingly, these
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pathological changes océuned in both the left and right ventricle of rats with combined
hypertension and diabetes (Fein et al, 1989).A Similar morphological changes have also
been reported when alloxan was injected into spontaneously hypertensive rats
(Hashimoto, 1969). It had been hypothesized that the microvascular changes previously
documented in the hearts of diabetic patients (Factor et al, 1980) were intensified in the
hearts of H-D subjects and may be the underlying lesion responsible for increased
myocardial damage. Injecting a silicone rubber solution into fhe beating heart of H-D
rats revealed numerous areas of microvascular tortuosity, microaneurysms and focal
areas of luminal narrowing believed to be microvessels in spasm (Factor et al, 1984).
The frequency of these microvascular lesidns was much greater in rats with combined H-
D compared to rats with either hypertension or diabetes. Ultrastructural analysis of the
heart showed that the effect of combined hyperténsion and diabetes was not limited to
histopathological changes. Using the RVH-diabetic rat model, Mall and colleagues
(1991) found in the hearts of H-D rats an acceleration of abnormalities such as the
occurrence of small mitochondria and an increase in the volume ratio of mitochondria to
myofibrils. An ultrastructural study by Factor and coworkers (1983) also reported much
more extensive myofibrillar damage in the H-D. group.

Along with the increased severity of myocardial pathology in the hearts of H-D
rats is an impairment of contractile function.. Analysis of cardiac function using the
isolated working heart technique has shown that inducing diabetes in SHR results in more
severe cardiac dysfunction than that which occurs in a diabetic-normotensive rat
(Rodrigues and McNeill, 1986; Rodgers, 1986). At the higher LV fillihg pressures,
SHR-diabetic rat hearts exhibited depressed LVDP and rate of contraction as well as a

depressed rate of relaxation. Interestingly, depressed cardiac function has also been
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reported in renovascular hypertensive Wistar-Kyoto (WKY) rats made diabetic with STZ
(Rodgers er al, 1991). This finding is significant because WKY rats are relafively
resistant to the cardiodepressive effects of chronic diabetes even though they develop
hyperglycemia and hypoinsulinemia (Rodrigues and McNeill, 1986; Rodgers, 1986).
Superimposing hypertension in diabetic WKY rats impairéd cardiac performance
whereas either hypertension or diabetes alone had no detrimental effect (Rodgers et al,
1991). The depressed cardiac performance in rats with combined H-D has been linked to
the hypothyroid state of these animals and to a lower rate of intracellular calcium uptake
by the sarcoplasmic reticulum (Davidoff et al, 1990a; Davidoff et al, 1990b).

In vivo assessment of cardiac performance has shown a similar cardiac
dysfunction in H-D rats. Yamamoto and Nakai (1988) teéted cardiac function during
rapid blood infusion in moderately diabetic SHR (40mg/kg STZ) and found an attenuated
LVDP and dP/dt,,, response compared to the nondiabetic SHR control. These results

were confirmed in a.later study using 55mg/kg STZ (Dai et al, 1994). When taken

- together, there is strong evidence that the addition of hypertension has an additive or

synergistic effect on the development of diabetic cardiac dysfunction.

However, not all of the studies examining cardiac function in models of combined
H-D have reported a sYnergistic effect of these two conditions. A study of papillary
muscle mechanics from rats with renovascular hypertension and diabetes shpwed no
additional dysfunction in H-D rats compared to the diabetic, normotensive group (Fein et
al, 1990). Indices such as the duratién of contraction and relaxation were prolonged in

both diabetic and H-D groups compared to their respective controls, but no statistical

. difference was found between the two diabetic groups. Usihg the isolated working heart

technique, diabetic SHR have been shown to have depressed cardiac function that was of
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the same magnitude as the diabetic, normotensive group (Pijl et al, 1994; van Zwieten et
al, 1996). In male Sprague-Dawley rats macie hypertensive with deoxycorticosterone
acetate (DOCA), injection of STZ did not result in depressed cardiac function at the
higher atrial filling pressures (Dai and McNeill, 1992). There were also no significant
differences between the H-D group and diabetic groups.

Thus, although there is strong evidence supporting the additive effect of
hypertension on the development of diabetic cardiomyopathy, the results are equivocal at

this time.

lil. EXPERIMENTAL MODELS OF DIABETES AND
HYPERTENSION

A. Induction of Experimental Diabetes .
Induction of Type 1 diabetes is most commonly performed using one of two

compounds: alloxan 6r streptozotocin (STZ). Both compounds selectiVely destroy the
pancreatic B-cell and produce a state of hypoinsulinemia and hyperglycemia, the severity
of wtiich can be controlled by the dose of the compound. Alloxan was the first agent
reported to have a toxic B-cell effect (Dunn et al, 1943). However, STZ has replaced it as
the agent of choice due to its greater selectivity to the B-cells (Hoftiezer and Carpenter,
1973) and the lower mortality rate found in STZ-diabetic animals (Junod et al, 1969).

STZ is comprised of a glucose molecule connected to a highly reactive nitrosourea side

chain. The nitrosourea moiety is responsible for B-cell toxicity, while the glucose moiety

facilitates transport across the cell membrane by binding to a membrane receptor,

possibly GLUT2 (Schnedl et al, 1994). STZ’s B-cell toxicity is believed to be the result
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of two related processes: i) methylation of DNA, and ii) free radical production. When
inside the B-cell, the nitrosourea side chain decomposes to form carbonium ions (CH,")

that alkylate DNA bases and cause DNA strand breaks (Uchigata et al, 1982). In
addition, DNA stand breaks may be initiated by free radicals such as the hydroxyl radical
(OH®). The process of DNA repair requires activatibn of poly (ADP-ribose) synthase, an
enzyme that excises damaged DNA segments and which uses NAD as a substrate. The
depletion of cellular NAD due to the sudden increase in poly (ADP-ribose) synthase
activity results in the cessation of all NAD-dependent cellular functions and death qf the
B-cell (Okamoto, 1987). Recent evidence implicates nitric oxide (NO) productioﬂ in the
diabetogenic effects of STZ but at this time tﬁe precise.mechanism of action is unclear
(Tanaka ez al, 1995).

Rats injeqtgd with STZ exhibit similar acute and chronic symptoms as human
diabetic patients. These include polydypsia, polyphagia, polyuria, decreased weight gain,
~ hyperglycemia, hypoinsulinemia and cardiovascular complications. At an iv. dose of 55
mg/kg STZ, cardiac contractik;, function has been reported to be depressed within 6-8

weeks of STZ injection (Tahiliani et al, 1983).

B. THE SPONTANEOUSLY HYPERTENSIVE RAT
The spontaneously hypertensive rat (SHR) is a genetic animal model of

hypertension commonly used to study the pathogenesis of essential hypertension and to
test the effectiveness of potential therapeutic treatments. The strain was derived by
Okamoto and Aoki in 1963 by the selective inbreeding of Wistar rats and requires no
surgical or pharmacological interventions to initiate a rise in blood pressure. SHR begin

to develop hypertension between five to eight weeks of age and by fifteen weeks of age
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systolic blood pressure plateaus around 200 mrﬁHg. The most commonly used
normotensive cbntrol strain is the Wistar-Kyoto (WKY) rat originally bred from thé same
Wistar colény as the SHR. However, the SHR and WKY have a significant degree of
genetic divergence and differ in several physiological and biochemical characteristics
which must be kept in mind when comparing the two strains (Yamori, 1983; Kurtz and
Morris, 1987; St. Lezin et al, 1992).

Although there is a substantial base of knowledge, the physiological mechanisms
by which blood pressure is elevated in fhe SHR are not completely understood. It is
believed that the development of hypertension in the SHR is multifactorial in origin and
that several systems arelinvolved. The sympétﬁetic nervous system (SNS) has garnered
much attention and appears to be one of the main contributors to the development of
hypertension in this model. Direct examination of the SNS has shown that SHR have
increased sympathetic activity at rest (Judy et al, 1979) and neonatal sympathectomy
attenuated the blood pressure increase (Lee et al, 1987). In addition, there is an
exaggerated vasoconstrictor response to SNS stimulation (Lais and Brody, 1978) that
may be due to several alterations, including én elevated catecholamine release (Ekas and
Lokhandwala, 1981) and changes in adrenergic receptor density and intracellular
signalihg cascades on the responsive tissues (Takata and Kato, 1996).

The vasculature also plays a role in the development and maintenance of

hypertension in the SHR. The increase in sympathetic activity (via P-adrenergic

stimulation), along with the direct effect of elevated blood pressure, accelerates vascular
protein synthesis (Yamori, 1984). In addition, cultured vascular smooth muscle cells
(VSMC) from SHR show elevated rates of growth and proliferation compared to those

from WKY rats (Yamori ef al, 1981). The blood vessels that hypertrophy become
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irreversibly constricted and thuS maintain the elevation in blood pressure. Changes in
function of the Na"-K* cotransport, Na'-H" exchanger and Ca"* pump have all been
documented (Ferrari and Bianchi, 1995) but whether these alterations are an underlying
cause of fhe blood pressure increase or merely a secondary effect has not been clearly
established. |

The role of the kidney in the development and maintenance of hypertension was
illustrated when the transplantation of a kidney frém an SHR into a normotensive strain
produced sustained hypertension (Rettig et al, 1989). The mechanisms by which the
kidney exerts the pressor response are not exactly known, but may be related to increased
tone of the preglomgrular vessels (Ferrari and Eianchi, 1995). Thus, the role of the
kidney may be at least partly dependent on vchanges brought about by elevated SNS
activity. Sodium ahd water retention is exaggerated in the SHR during the early phase of
hypertension (Beierwaltes er al, 1982), but these changes are believed to be a
consequence of elevate‘d blood pressure and not the underlying factor responsible for the

development of hypertension (Dietz et al, 1984).

IV. RATIONALE OF THE PROPOSED EXPERIMENTS

‘Several recent studies using the STZ-injected SHR have shown that the addition
of hypertensioh exacerbates the development of diabetic cardiomyopathy. In these
studies, the same dose of STZ was used for both SHR and normotensive strains. The
validity of these results can be'questioned because there is uncertainty about whether or

not the SHR are more sensitive to the diabetogenic effects of STZ (Somani er al, 1979;
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Voss et al, 1989; Dai et al, 1994). Recently, Jian and colleagues (1996) examined this by
“injecting Wistar and SHR with 55 mg/kg STZ énd then determined the severity of
diabetes one week later in terms of plasma glucose, insulin, pahcreatic insulin and the
ability to handle a glucose load (OGTT). The results showed that thé same dose of STZ
resulted in lower pancreatic and plasma insulin levels as well as higher plasma glucose
levels in the SHR than Wistar rat. By tifrating the level of STZ, they showed that 45
mg/kg STZ in the SHR produced a similar level of diabetes as 55 mg/kg in the Wistar rat
(Jian et al, 1996). Since most of the literature has used the same dose of STZ to induce
diabetes in both hypertensive and normotensive groups of animals, the severity of
diabetes might have been different in the H-D group compared to the normotensive
diabetic group. The question that arises is whether the increased cardiac dysfunction
reported in the diabetic-SHR was due to the increased diabetogenic effect of STZ
(increased seﬁsitivity), or whether it was due to the additive effect of hyperte.nsion on the
diabetic conditiqn. In order to compare accurately the effect of hypertension on the
diabetic heart, the level of diabetes should be equivalent for both SHR and control rats.
By controlling the severity of diabetes, we would now be able to study the effect of

hypertension on the progression of diabetic cardiomyopathy.

Three separate studies were performed to determine the role of hypertension on
the development of diabetic heart disease. In SHR Study #1 both SHR and Wistar rats
received a dose of 45 mg/kg STZ and were maintained for twelve weeks before cardiac
function was studied using the isoiated working heart technique. The objectivé éf this
study was to confirm that the SHR were more susceptible than the Wistar rat to the

diabetogenic effect of STZ, as was suggested by several investigators (Somani er al,
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1979; Voss et al, 1989; Dai et al, 1994; Jian et al, 1996). Also important was to sh(;w
that the developm_ent of diabetes in the SHR resylted in cardiac dysfunction. Previous
reports comparing the cardiac function of diab¢tic SHR and Wistar rats have used-a dose
of at least 55 mg/kg STZ in both strains (Rodrigues and McNeill, 1986; Rodgers, 1986).
At this dose, a high mortality rate was reported in the diabetic-SHR group. Using a lower
dose of STZ in both strains eliminated the risk of mortality while allowing for the
analysis of diabetic state and cardiac function. -

Although fhe WKY is usuaily used as the normotensive control for the SHR, for
these studies the Wistar rat was used. -TlAlere are several reasons for this, including: i)
high degree of genetic variation between WKY ahd SHR, ii) the WKY are slightly
hypertensive compared to other strains, iii) the WKY require higher concentrations of
STZ to induce cardiomyopathy,‘ and iv) the Wistar is the predominant strain of rat used in
our laboratory and the effects of STZ in this strain have been well established.

In the next two studies, the concentration of STZ given to the rats was adjusted to

produce an equivalent level of diabetes in both SHR and Wistar. In SHR Study #2, the
SHR were injected with 45 mg/kg STZ and the Wistar with 55 mg/kg STZ before the
development of significant hypertension in fhe SHR. The diabetic state was maintained
for twelve weeks, after which cardiac function was studied. In SHR Study #3 the same
doses of STZ were injecfed ét twelve Weéks of age, after hypertension had been
established. By creating a similar degree of diabetes in both SHR and Wistar rats, the

effect of hypertension on diabetic cardiomyopathy could then be determined.
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SPECIFIC GOALS OF THE PRESENT INVESTIGATION

. To study the role of hypertension on the development of diabetic cardiomyopathy
using a model of genetic hypertension and experimental diabetes mellitus.

. To determine if the SHR are more susceptible than the Wistar rat to the diabetogenic
effect of STZ.

. To determine whether hypertension or diabetes is the driving force behind the
increased myocardial contractile dysfunction reported in combined hypertensive-
diabetic animals.

. To examine the effect of pre-existing hypertension on the progression of diabetic
cardiomyopathy. :

. To determine whether or not the use of a moderate doses of STZ in the SHR produ'(':ed
a stable-'model for studying the effects of combined hypertension and diabetes.
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MATERIALS AND METHODS

. MATERIALS

A. CHEMICALS

The following chemicals were purchased from Sigma Chemicals Co. (St. Léuis,
Mo.): sodium chloride, calcium chlo_ride, potassium chloride, magnesium chloride, D-
glucose, sodium bicarbonate, and streptozotocin. Halothane was purchased from
Halocarbon Laboratories (North Augusta, S.C.) and heparin (heparin sodium) was
acquired from Organon Teknika (Toronto, Ont). Sodium pentobarbital was purchased

from MTC Pharmaceuticals (Cambridge, Ont).

B. ASSAY KITS

Plasma glucose levels were analyzed using the glucose oxidase method
(Boehringer Mannheim GmbH Diagnostica, Germany) while plasma and pancreatic
insulin levels were quantified using RIA kits purchased from Linco Research Inc. (St.
Charles, Mo.). Plasma triglyceride and cholesterol levels were measured using

colourimetric kits from Boehringer Mannheim GmbH Diagnostica.
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il. METHODS

A. EXPERIMENTAL PROTOCOLS

SHR STUDY #1:  INJECTION OF 45 mg/kg STZ IN BOTH
SHR AND WISTAR RATS BEFORE THE
DEVELOPMENT OF HYPERTENSION

The goal of the first study was to confirm that the SHR were more susceptible to
STZ and that the increased level of diabetes resulted in more sev.ere cardiac dysfunction.
Male SHR and Wistar rats were acquired at five weeks of age from Charles River
(Montreal, Canada) and randomly assigned to four experimental groups: Wistar Control_
(WC, n=10), SHR Control (SC, n=10), Wistar Diabetic (WD, n=13), and SHR Diabetic
(SD, n=14). At seven weeks of age, systolic blood pressure was measured using the
indirect tail cuff techni(jue to verify the pre-hypertensive state of the SHR groups.
Experimental diabetes was induced via a single tail vein injection of 45 mg/kg STZ to
both SD and WD groups, Wﬁile the control groups received an eduivalent volume of
isotonic saline. Rats from each group were housed two per cage aﬁd given food and
water ad libitﬁm. Body weight and food and fluid consumption was measured on a
weekly basis throughout the study while systolic blood pressure was measured at fbur,
eight and eleven weeks post-STZ. At week eight, the rats were five-hour fasted and a
blood sample collected for plasma insulin and glucose analysis. After twelve weéks of
diabetes, the rat was anesthetized with an overdose of sodium pentobarbital and tail bled
for a termination blood sample. Once ihe rat was unconscious, the heart was quickly

excised and mounted on the working heart apparatus for the study of contractile function.
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Upon the completion of these measurements, the whole heart, right ventricle (RV) and
left ventricle (LV) (including the septum) were weighed to give an index of cardiac

hypertrophy.

SHR STUDY #2: INJECTION OF 45 mg/kg STZ IN SHR AND‘
' 55 mg/kg STZ IN WISTAR RATS PRIOR TO
THE DEVELOPMENT OF HYPERTENSION

The objective of this study was to examine the influence of hypertension on the
development of diabetic cardiomyopathy by p'roducing a similar diabetic state in both
hypertensive and normotensive animals. Male SHR and Wistar rats were procured at 5
weeks of age from Charles River, Montreal, Canada and randomly assigned to. four
experimental groups: Wistar Control (WC, n=10), SHR Control (SC, n=10), Wistar
Diabetic (WD, n=10), and SHR Diabetic (SD, n=13). At eight weeks of age the SD
group was injected with 45 mg/kg STZ while the WD group received 55 mg/kg STZ in
order to induce an equivalerlt degree of diabetes. Both WC and SC groups received an
equivalent volume of the saline vehicle. The rats in each of the four groups were housed
two per cage and given water and food ad libinlm. Food and fluid consumption as well
as changes in body weight were measured biweekly. At six weeks post-STZ injection,
the animals were fasted for five hours and tail bled to acquire a plasma sample for
glucose and insulin analysis. At week eleven, the‘ralts were fasted overnight (14 hours)
and an oral glucose telerance test (OGTT) performed to accurately determine the severity
of diabetes. Systolic blood pressure was measured using the indirect tail cuff method
before the injection of STZ and at week six and eleven to ensure the development of
hypertension in the SHR groups. At termination, the rat was aneéthetized with_ an

overdose of sodium pentobarbital and the heart quickly excised for the study of
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contractile function. In addition, whole blood was immediately céllected from the chest
cavity for the measurement of termination (non-fasted) plasma glucose, insulin,
cholesterol, and triglyceride levels. The pancreas was also dissected from the carcass for
the measurement of pancreatic insulin content. Cardiac contractile function was
measured using the isolated working heart technique and upon the completion of these
measurements the whole heart, right ventricle (RV) and left ventricle (LV) (including the

septum) were weighed.

SHR STUDY #3: INJECTION OF 45 mg/kg STZ IN SHR AND
55 mg/kg STZ IN WISTAR RATS AFTER THE
DEVELOPMENT OF HYPERTENSION

In the final study, the goal was to examine cardiac function in diabetic and
diabetic-hypertensive fats after the development of hypertension. For this study, SHR
and Wistar rats were acquired at nine weeks of age from Charles Rive; (Montreal,
Canada) and raﬁdomly assigned to four experimehtal groups:. Wistar Control (WC,
n=10), SHR Control (SC, n=10), Wistar Diébetic (WD, n=11), and SHR Diabetic (SD,
n=14). At twelve weeks of age, systolic blood preissure was measured using the indirect
tail cuff method to énsure the hypertensive state of the SHR groups. Experimental
diabetes was induced via a single tail vei.n injection of STZ dissolved in isotonic saline.
Ina sfmilar fashion to SHR STUDY #2, the SD group received 45 mg/kg STZ whereas
the WD group received 55 mg/kg STZ and the control groups were injeéted with an
equivalent volume of isotonic saline. Rats from eacﬁ group were housed two per cage
and given food and water ad libitum. Body weight and food and fluid consumption was

measured on a weekly basis throughout the study while systolic blood pressure was
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measured at three and six weeks post-STZ injection. At week 1, an OGTT was |
performed on each rat in the study and at week six, a second OGTT performéd on six rats
from -each group. Left ventricular function was studied using the isolated working heart -
technique after eight weeks of diabetes. A termination blood sample was acquired by tail

bleed for plasma measurements and the ventricular weights were documented.

B. INDUCTION OF DIABETES

Experimental diabetes was induced by a single tail vein injection of STZ -
dissolved in isotonic saline (0.9% NaCl). Control rats were injected with the saline
vehicle alone. Prior to the injection, each animal was lightly anesthetized by halothane

inhalation. Rats with blood glucose levels greater than 13 mM were considered diabetic.

C. BLOOD PRESSURE MEASUREMENT
Systolic blood pressure was measured in conscious rats using the indirect tail cuff

method without external preheating (Bunag, 1973; Bunag and Butterfield, 19%32). This
method has been shown to record systolic blood pressures Withiﬁ 5mmHg compared to
direct intra-arterial cannulation and thus provides an accurate but nbn—invasive pressure
measurement (Bunag and Butterfield, 1982; Hwang et al, 1989).' Prior to the actual blood
press.ure measuréments, the rats were acclimatized to the plexiglass animal holders for 30
minutes on three consecutive days. »The equipment .used included a tail sensor/cuff, an
automatic cuff pump (Model 20NW), a multi-sensor manual scanner (Model 65‘—120 and‘
blood pressure amplifier with an analog/digital recofder/printer (Model 179) from IITC

Inc. (Woodland Hills Ca., USA). Using this setup the various parameters, such as
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maximal inflation pressure, deflation rate and cycling interval were kept constant. As the
inflated cuff gradually deflated, the reappearance of pulsations in the tail were detected

by the photoelectric sensor and amplified and digitally recorded as the systolic BP. The

~systolic BP value for each animal was the mean of 3 or 4 separate tracings.

In order to, verify that the systolic blood pressure measurement acqhired using the
indirect tail cuff method was a close approximation of the actual blood pressure, direct
blood pressure was measured in two SC rats and one SD rat each from SHR Exp’s 2, 3
and 4. ‘All rats were twenty-one weeks of age at the time of the direct blood pressure

measurement. The rats were anesthetized with sodium pentobarbital at a dose of

- 60mg/kg of body weight, given intraperitoneally. When the rat became unconscious, a

medial incision was made in the ventral surface of the neck and the left carotid artery was ‘
isolated and catheterized with a polyethylene cannulé (PE-50). The catheter was secured
in place with suture thread and the free end was tunneled subcutaneously and
externalized at the interscapular region. Patency was maintained by periodic flushing of
small volumes of a heparinized saline solutién. The incision was closed with surgical
staples and the rat was allowed to recover from the procédure for five hours. The arterial
cannula was connected to a pressure transducer (Model DT-XX, Viggo-Spectramed,
Oxnard, Ca.) and a pressure processor amplifier (Gould 13-4615-52). Direct systolic.and

diastolic pressure tracings were obtained with a chart recorder (Gould TA2000).

D. WORKING HEART PERFUSION AND
ANALYSIS OF CARDIAC CONTRACTILE FUNCTION

Animals were weighed and deeply anesthetized by an i.p. injection of 100 mg/kg
sodium pentobarbital. Once unconscious, the heart was quickly removed and placed in

cold, dxygenatéd Chenoweth-Koelle (C-K) buffer. The millimolar concentrations of
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solutes in the buffer were as follows: NaCl 120; KCl1 5.6;v CaCl, 2.18; MgCl, . 2.1; -
NaHCO, 19.2; glucose 10 mM. Once aerated, the buffer had a pH of 7.4. The aortic
stump was located and tied to a 16 gauge stainless steel perfusion cannula connected to
the working heart apparatu.s. At this point the heart was perfused in the Langendorff
(retrograde) manner with aerated (95:5 0,:CO,) buffer warmed to 38°C. Thé heart was
cleaned of any extraneous tissue and a second perfusion caﬂnula was inserted into the
pulmonary vein and tightly secured with suture thread. Perfusion of the isolated heart
was then iswitched from Langendorff mode to working heart mode so that buffer paSsed
through the pulmonary cannula and required contraction of the left ventricle to perfuse
the cardiac tissue. In SHR Experiments 1 and 3, a slight modification was made to the
working heart procedure in Qrder to collect the lipoprotein lipase (LPL) enzyme from the
endothelial cell surface éf the myocardial blood véssels. Briefly, when the isolated heart
had been cleaned and mounted in Langendorff mode, the perfusion medium was switched
from C-K Buffer to C-K buffer éontaining 0.1% bovine serum albumin (BSA) (Fraction
V) and heparin (5 U/mL). The flow rate of perfusate from the apex of the heart Was
maintained at 9-10 mL per minute. After four rﬂinutes of perfusion, during which time
the peffusate was‘collected from the apex of the heart, the retrograde perfusion was
switched back to the original C-K buffér so that the an;ﬂysis of cardiac function could be
performed. The analysis of LPL enzyme activity is not discussed in this Fhesis. Once the
pulmonary cannula was inserted and seéured into the pulmonary vein heart perfusion was
switched to working heart mode.

After a brief equilibration period at a prelbad of 6.3 mmHg, the heart was
maximally stimulated af 300 beats/minute at twice threshold voltage by square wave

pulses of 5 msec duration using a Grass SD9. Intraventricular pressufe was measured by
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inserting a 20 gauge needle connected to a Statham pressure into the apex of the heart.
Aortic outflow was subjected to a constant afterload of a 13 cm water column (PE 160
tubing) and arterial compliance was mimicked by a sealed chamber containing air and a
fixed height of buffer. When the heart was stable, left ventricular functibn was analyzed'
by vé.rying the pump speed (and therefore the preload) in a range of 3-11 mmHg using a
peristaltic pump (Masterflex pump with a Model 47016 pump head). Changes in
ventricular pressure were recorded by a Grass Model 79D polygraph and by computer
which analyzed left ventricular function in terms of +dP/dt (rate of pressure increase),
-dP/dt (rate of pressure décrease) and LVDP (maximum ventricular pressure). When the
experiment was cbmpleted, the heart was blotted dry and weighed along with the isolated
right ventricle (RV) and left ventricle (including septum) (LV) to give an index of cardiac
hypertrophy. The working heart procedure waé originally described by Neely (1967,
1975) and further modified by investigators in our laboratory (Vadlamu_di et al, 1982;

Verma and McNeill, 1994).

E. ORAL GLUCOSE TOLERANCE TEST (OGTT)
In order to verify the severity of diabetes, an oral glucose tolerance test was

conducted on overnight (14 hour) fasted rats. All blood samples were acquired from the |
nicked tail vein and collected in heparinized capillary tubes. Follow_ing a basal blood
sample, each rat was given a 1 g/kg glucose solution by oral gavage and blood sdmples
acquired at 10, 20, 30 and 60 minutes post-gavage. The blood samples were spun atv
15,000 rpm for 15 minutes at 4°C and the plasma removed and stored at —70°C until

assayed for insulin and glucose. The area under the curve (AUC) was calculated for both
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insulin (AUC)) and glucose (AUC) and included the basal (t=0) time point. The AUC
value was calculated based on the trapezbid method using the formula:

*30)

60

T, + (T, * 10) + (T,, * 10) + (T,, * 10) + (T

F. PANCREATIC INSULIN CONTENT
During the termination procedure, the pancreas was dissected from the rat

intestine and cleaned of fat and any lymph nodes. The pancreas was blotted and weighed
before being placed in 5 mL of chilled 5M acetic acid and homogenized using a polytron
(position 5) for 5 seconds. The homogenate wés boiled for 10 minutes and centrifuged at
15,000 rpm for 10 minutes at 4°C. The supernatant was aliquoted into microceﬁtrifﬁge
tubes and frozen at —70°C until assayed for insulin content.
G. STATISTICAL ANALYSIS

-All data are reported as mean + SEM unless otherwise noted. Two-way analysis
of variance (ANOVA), followed by a Newman-Keuls multiple-comparison test was usgd
to detérmine differences between multiple group mean valﬁes. Comparing the means of
two samples was performed by Student’s t-test. Changes in contractile function between
groups over time were analyzéd by General Linear Model (GLM) ANOVA followed by a
Newman-Keuls test dsing the Number Crunchgr Statistical System (NCSS). The level of

statistical significance was set at p < 0.05.
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RESULTS

. SHR STUDY #1: INJECTION OF 45 mg/kg STZ IN BOTH
SHR AND WISTAR RATS BEFORE THE
DEVELOPMENT OF HYPERTENSION

Injecting 45 mg/kg STZ into the SHR and Wistar rats had differing‘ effects on the .
development of diabetes. In the SHR, inducing diabetes resulted in depressed weight
gain, whereas in the diabetic Wistari rats there was no significant difference in body
weight compared to their control group (Figure 1). Food and fluid consumption was
significantly elevated in both diabetic groups versus the control animals (Figure 2).
However, the diabetic SHR (SD) animals consumed significantly more food and fluid
compared to the Wistar diabetic group (WD). There was no mortaiity in either of the
diabetic groups during the twelve—v;/eek study period. i

Figure 1 illustrates the changes in systolic blobd pressure that occurred during the
study. Prior to STZ injection, the SHR had a slight elevation in blood pressure compared
to the Wistar rats, and this dramatically increased in the weeks following the induction of
diabetes to a plateau close to 200 mmHg. Systolic blood pressure did not increase
significantly as the Wistar rats aged. The induction of diabetes did not have any effect on
blood pressﬁre in the Wistar rats, but in tﬁe' SD group the development of hypertension
was sigriificantly attenuated.

Eight weeks after the STZ injection, a five-hour fasted plasma sample was
analyzed to determine the severity of diabetes in each group. The diabetic rats were
hyperglycemic compared to the controls, but the plasma insulin levels were significantly

lower only in the SD group (Table 2). The plasma insulin levels of the SC were two-fold
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higher than the WC group, suggesting that the SHR required more insulin to maintain
eugly"cemia.

Based on a fasted plasma giucose value greater than 13 mM, only 40% of the WD
rats remained diabetic whereas teﬁ of fourteen (70%) SHR animals developed diabetes
(Table 3). Figure 3 is the distribution of plasma glucose concentrations of the WD
animals and clearly illustrates the dichotomy within the group. Taken together with the
general charactefistics described earlier, these reéults show that the SHR were more
sensitive to STZ than the Wistar strain.

At termination, a plasma sample was acquifed to measure the concentrations of
glucose, insulin and plasma lipids‘(Table 4). Similar to the five-hour fasted samples, the
WD rats were hyperglycemic even though there was not a significant decrease in plasma
insulin levels. In the SD animals, the hyperglycemia was associated with a decrease in
the plasma insulin concentration (SC, 3.14 £ 0.3 ng/mL vs. SD, 2.1 + 0.2 ng/mL; P<0.05
by t-test). Surprisingly, the insulin concentrations were not significantly different when
all four' treatment groups were compared by ANOVA.  Plasma triglycerides and
cholesterol were elevated in both diabetic SHR and Wistar groups compared to their
respective controls. However, the difference in' triglyceride levels between control and
diabetic SHR rats was only Significant by t-test, even though there was a three fold
increase in the SD group (SC, 0.3 £ 0.0 mM vs. SD, 0.9 £ 0.1 mM).

The physical characteristics of the diabetic and control rats at termination are
described in Table 5. In the SHR, diabetes resulted in lower body and heart weights
compared to théir controls, whereas in the WD there was no significant décrease. The
ratio of heart weight (or ventricular weight) to body weight corrects for differences in

body mass and is thus a measure of relative cardiac hypertrophy. In both SHR groups the
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heart:body and LV:body ratios were significantly greater than in the Wistar groups. The
induction of diabetes did not affect the ratios in either SD or WD groups, indicating that
the lower weight of cardiac tissue in the SD rats was due to an overall decrease in body
weight.

After twelve weeks of diabetes, cardiac performance was examined in terms of
left ventricular developed pressure (LVDP), rate of contraction (+dP/dt), and rate of
relaxation (.-dP/dt) using the isolated working heart technique. For all three parameters,
cardiac function in the SD rats was depressed at the higher lef_t atrial filling pressure‘s
(Figure 4). However, in the WD group cardiac performance was not significantly
different than the WC controls. At any giyen filling pressure, the SHR had a higher
developed pressure and rate of contraction, which can be explained by the presence of
léft ventricular hypertrophy. Expressing the data in ferms of percent increase (from the
lowest left atrial filling. pressure) showed that the magnitude of pressure development in
both SHR and Wistar strains was equivalent (Figure 5). It also supported the idea that

SD heart function was depressed while the WD hearts was not.

il. SHR STUDY #2 INJECTION OF 45 mg/kg STZ IN SHR
and SHR STUDY #3: AND 55 mg/kg STZ IN WISTAR RATS

In the following two studies diabetes wag induced in SHR and Wistar rats before
and after the developmeﬁt of hypertension in the SHR. In both cases, the SHR received
45 mg/kg STZ while the Wistar received 55 mg/kg STZ. To clarify the terminology used
in the text, SD and WD rats injected after the development of hypertension (in the SHR)

are also described as: the older rats, or rats injected at twelve weeks of age. "
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Measurement of systolic blood pressure at eight weeks of age confirmed that the
SHR were normotensive compared to the Wistar rats (Figure 6). The SHR became
hypertensive over the following weeks and maintained a systolic blood pressure close to
200 mmHg. At twelve weeks of age, the SHR had statistically higher blood pressure than
the Wistars, and it was at this age that the second group of animals was injected with STZ
to induce diabetes. The induction of diabetes did not have any sighificant effect on blood
preésure in either strain of rat.

To confirm that the systolic blood press‘uvre méasurements acquired by the indirect
tail-cuff method were an accurate representation of the real blood pressure value, two
SHR control and two diabetic SHR were examined using both indirect tail-cuff and direct
cannulation techniques. Comparison of the two techniques showed that the indirect tail-
cuff method does not measure systolic blood pressure exactly (T.able 6). However, with
the exception of the SHR Control #1 values, the indirect tail-cuff values were a close
representation of the blood pressure and were accurate enough to detect the trends in
blood pressure. The SHR control rats had a systolic blood pressure of about 200 mmHg,
whereas the induction of diabetes attenuated the development of hypertension to about
160 mmHg.

Diabetes depressed weight gain, in both SHR and WD groups, compared to their
respective controls (Figi]re 7). Furthermore, inducing diabe‘tes at a. later age (.after the
development of hypertension) resulted in a greater degree of weight loss, especially in the
diabetié Wistars. Food and fluid consumptiqn was significantly elevated in both diabetic
groups versus the control rats and injecting the rats with STZ at different ages did not
substantially alter the amount of food and fluid consumed for either strain (Figures 8 and

9).
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One week before the termination of the rats, an oral glucose tolerance test
(OGTT) was performed to assess tfle diabetic state of the animals. In the rats injected
before the development of hypertensibn, 45 mg/kg STZ in the SHR produced a diabetic
state that was less severe than 55 mg/kg STZ produced in the Wistars (Figure 10). This
was shown by the significantly higher plasma glucose concentrations of the WD group
throughout the time course of the OGTT, as well as glucose area under the curve (AUC)
value. Béth diabetic groups had lower plasma insulin levels versus the control groups
and were unable to release any insulin reserves in response to the gluéose challenge.
However, the SD animals had significantly higher insulin AUC value than the WD rats,
supporﬁng fhe idea that the WD rats were more diabetic than the SD group. |

Injecting the rats after the development of hypertension increased the severityv of
diabetes in both groups of animals. In the SHR, injecting the rats with STZ at twelve
weeks of age compared to eight resulted in significantly decreased plasma insulin
concentration and higher plasma glucose level (P<0.05, t-test, comparing AUC’s) (Figure
11). A similar drop in the plasma insulin levels (based on the OGTT AUC, by 2-sample
t-test) was measured in the older WD animals. Although the plasma glucose
concentration was not significantly different from those injected at the earlier age, the
WD rats injected at the older age continually lost weight and weré very emaciated. Thus,
the drop in the plasma insulin levels could explain the increased severity of the diabetic
symptoms. There Was' no significant difference in glucose or insulin OGTT values
between the older WD and SD rats, 'indicating‘ that the severity of diabetes was
equivalent.

The age of the rat at the time of STZ injection affected the number‘ of rats that

developed diabetes. In the SHR, injection of 45 mg/kg STZ at eight weeks of age
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induced diabetes in nine of thirteen animals (69%), while the same dose injected at
twelve weeks of age induced diabetes in 93% of the animals (thirteen of fourteen) (Table
7). A dose of 55 mg/kg STZ in the Wistar resulted ;n diabetes in 90% of the animals at
eight weeks and 100% of the rats ét twelve weeks of age.

Table 8 describes the non-fasted plasma insulin, glucose and iipid levels of the
animals at termination. For SHR and‘Wistar animals, the induction of diabetes in both
younger and older rats resulted in a significanf devcrease in plasma insulin concentration
and increase in plasma glucose levels. In the rats'injected before hypertension, the WD
group had a signifiéantly greater degree of hyperglycemia than the SD rats, which
correlated with a lower plasma insulin concentration. There was no difference in either |
plasfna glucose or insulin levels for the WD and SD groups injected after the
development of hypertension. For plasma triglycerides, there was a dramatic increase in
both SD and WD groups injected at the older age comparéd to both SC and WC controls
and the diabetic groups injected before the development of hypertension.

For the rats injected with STZ before hypertensibn development in the SHR, the
pancreatic insulin content was measured at termination. As expected, the injection of
STZ severely decfeased thé pancreatic insulin content of both SHR and Wistar groups
(Figuré 12). However, there was no difference in insulin content between the SD and
WD groups. Comparison between the‘ SHR and Wistar strains showed that the pancreatic
insulin content of the SHR was lower than fhe Wistar when expressed in terms of per
gram of pancreatic tissue (2-sample t-test).

The induction of diabetes resulted in lower heart and left ventricular weights in
both Wistar and SHR diabetic animals compared to the control groups (Table 9). There

was no significant difference between the heart:body, RV:body, and LV:body ratios
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between the SC and SD groups, indicating that the lower heart weights in the SD group
was not due to a specific loss of heart mass. The heart ratios of both control and diabetic
SHR animals were significantly higher than the comparable Wistar groups, suggesting
that the hearts of the SHR were hypertrophied. Unlike the SHR, the inducﬁon of diabetes
in the Wistar rats increéséd the heart:body and LV:body ratios.

At twenty weeks of age,r the effect of increasing left atrial filling pressures on
cardiac contractile function Was studied in terms of left ventricular developed pressure
(LVDP), rate of contraction (+dP/dt) and rate of relaxation (-dP/dt). In the rats injected

with STZ at the earlier age (before hypertension), left ventricular function of both WD

| and SD groups failed at the higher filling pressures compared to their respective controls

- (Figure 13). Of the two diabetic groups, the WD rats had significantly depressed left

ventricular pressure development and rate of relaxation. However, when the contractile
curves were expressed in terms of percent increase, there was no difference between WD
and SD groups (Figure 14). Thus, the magnitude of dysfunction was similar in both
diabetic groups, even though the actual contractile curves of the SD were higher.

| Figure 15 shows the contractile curves of the rats injected after the dévelopment
of hypertension. The hearts of WD rats showed lower LVDP and. +dP/dt Valués
compared to the Wistar control group at filling pressures greater than 8 mmHg.
However, in the SbD rats there was no depression of LVDP or rate of contraction. The
rate of relaxation was significantly lower than the SHR controls at the highest filling
pressure and was confirmed when the curves Were_expressed in terms of percent increase

(Figure 16).
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Figure 1. Effect of diabetes on A) weight gain, and B) systolic blood pressure in SHR
and Wistar rats injected with 45mg/kg STZ. @ Wistar Control (n=10), O SHR
Control (n=10), A Wistar Diabetic (n=13), WV SHR Diabetic (n=14).
“n" denotes the number of rats in each group. Values are expressed as mean +/- SEM.
* P<0.05 vs. same strain control. # P<0.05 vs. WD group. + P<0.05 vs. WC group.

% P<0.05 vs. both Wistar groups. '
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Figure 2. Effect of diabetes on: A) food, and B) fluid consumption in SHR and Wistar rats
injected with 45mg/kg STZ. @ Wistar Control (n=10), U SHR Control (n=10),

Wistar Diabetic (n=13), V SHR Diabetic (n=14). "n" denotes the number of rats
in each group. Values are expressed as mean +/- SEM. * P<0.05 vs. same strain control.
# P<0.05 vs. WD group.




Table 2. Week-Eight Fasted Plasma Glucose and Insulin Concentrations in
Animals in SHR Study #1

WC SC WD SD
(n=10) (n=10) (n=13) (n=14)
Plasma Glucose 75402 76+03 134+18% 138+14%*
(mM)
Plasma Insulin 19+0.1 43+04%  17+02 14+01%*
(ng/mL) :

Both SHR and Wistar rats were injected with 45 mg/kg STZ before the
development of hypertension. Rats were fasted for five hours before the blood
was collected by tail bleed into heparinized capillary tubes. WC = Wistar Control,
SC = SHR Control, WD = Wistar Diabetic, SD = SHR Diabetic. “n” indicates the
number of rats in each group. Values are expressed as mean + SEM.

* P < 0.05 vs. Same Strain Control
T P < 0.05 vs. WC Group
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Figure 3. Distribution of glucose concentrations in the WD group after

a five-hour fast. The blood was collected via the tail vein into heparinized
capillary tubes. The plasma glucose concentration was determined by the
glucose oxidase method and is expressed as millimoles per litre.




Table 3. Percentage of SHR and Wistar Rats Diabetic after
Receiving 45 mg/kg STZ

Number Number Percentage
Injected Remaining Diabetic
Diabetic
SHR Diabetic 14 10 71 %
Wistar Diabetic 13 5 38 %

Both SHR and Wistar rats were injected with 45 mg/kg STZ before the
~ development of hypertension. Rats were maintained for twelve weeks before
termination. :
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Table 4. Termination Plasma Values for the Rats in SHR Study #1

WC SC WD SD
(n=10) (n=10) (n=10) (n=10)
Plasma Glucose * %
7.31+0.2 74+04 164+ 2.5 174£19

(mM)

Plasma Insulin

1 : $

Plasma Triglycerides

- 4 " 1 +06% $
(mM) 0.8+0.1 0.3+0.04" 22+0.6 0.9+0.1

Plasma Cholesterol

+01t * " *
(mM) 1.0+0.1 0.7+0.1 1.4+0.1 0.9+£0.03

Both SHR and Wistar rats were injected with 45 mg/kg STZ before the
development of hypertension. Rats were maintained for twelve weeks before
termination. Plasma was acquired by tail bleed immediately prior to sacrifice.
WC = Wistar Control, SC = SHR Control, WD = Wistar Diabetic, SD = SHR
Diabetic. “n” indicates the number of rats in each group. Values are expressed
as mean £ SEM.

P < 0.05 vs. Same Strain Control
P < 0.05 vs. WC Group

*

1-

# P <0.05vs. WD Group

$ P < 0.05 vs. SC Group, by t-test
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Table 5.

Physical Characteristics of the Rats in SHR Study #1 at

Termination .
e sC WD SD
(n=10) (n=10) (n=10) (n=10)
Body Wt (g) 521 + 11 353+8" 475+26  285+10**
Heart Wt (mg) 1494 + 32 1408 £25  1423+40 1172+44**
RV Wt (mg) 246 + 7 193+51 241 +10 170 + 8 *#
LV+Septum Wt (mg) 1041 + 21 1067 + 23 981+26  869+33**#
Heart : Body (mg:g) 2.9+0.04 40+0.1" 3.0+ 0.1 41+01°
RV : Body (mg:g) 05+001 05+001" O.S‘i 0.02 0.6+0.02"*
LV : Body (mg:q) 2.0 £0.02 30+0.1" 2.1+0.1 30+0.1%
LV : RV (mg:g) 42+0.1 5.5?_r 02f 41+0.1 52+0.2*

Both SHR and Wistar rats were injected with 45 mg/kg STZ before the

development of hypertension.

Rats were maintained for twelve weeks before

termination. WC = Wistar Control, SC = SHR Control, WD = Wistar Diabetic, SD
= SHR Diabetic. ~ “n” indicates the number of rats in each group. Values are
expressed as mean = SEM.

* P < 0.05 vs. Same Strain Control

t P < 0.05 vs. WC Group
# P < 0.05 vs. WD Group
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Figure 6. Systolic blood pressure of SHR and Wistar rats injected with STZ: A) before
and B) after the development of hypertension. Blood pressure was measured using the
indirect tail cuff method without external preheating. @ Wistar Control (n=10),0 SHR
Control (n=10), A Wistar Diabetic (n=9-11), ¥  SHR Diabetic (n=13). "n" denotes
the number of rats in each group. Values are expressed as mean +/- SEM. % P<0.05 vs.
both Wistar groups. 50




- Table 6. Comparison of Systolic Blood Pressure in SHR Using Direct

Cannulation and Indirect Tail-Cuff Methods

Direct Indirect Tail-Cuff
Cannulation (mmHg)
(mmHg)
SHR Control
#1 ' - 184 | 205
#2 214 210
SHR Diabetic — 45 mg/kg STZ
Before Hypertension 165 157
After Hypertension 146 ' 148

Rats were Twenty-one Weeks of Age at Time of Blood Pressure Measurement
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Figure 7. Body weight of SHR and Wistar rats injected with STZ at: A) eight weeks of
age, and B) twelve weeks of age. @ Wistar Control (n=10),(1  SHR Controf (n=10),

A \\istar Diabetic (n=9-11), ¥V SHR Diabetic (n=13). "n" denotes the number of rats
in each group. Values are expressed as mean +/- SEM. * P<0.05 vs. same strain control.
# P<0.05 vs. WD group. + P<0.05 vs. SC group.
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Figure 8. Food consumption per kilogram of body weight of SHR and Wistar rats
injected with STZ at: A) eight weeks of age, and B) twelve weeks of age. @  Wistar
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Diabetic (n=13). "n" denotes the umber of rats in each group. Values are expressed
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Figure 10. Plasma A) glucose and B) insulin levels of overnight-fasted SHR and
Wistar rats injected with STZ at eight weeks of age. SHR received 45mg/kg STZ

and Wistar received 55mg/kg STZ. The rats were given the oral glucose load (1g/kg)

one week prior to termination (19 weeks of age). The figures represent the plasma profile
over the time course of the OGTT as well as the integrated area under the curve (AUC)
over 60 minutes. @ Wistar Control (n=10), O SHR Control (n=10), A Wistar
Diabetic (n=9), ¥V SHR Diabetic (n=13). "n" denotes the number of rats in each group.

Values expressed as mean +/- SEM. * P<0.05 vs. same strain control. # P<0.05 vs.
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Figure 11. Plasma A) glucose and B) insulin levels of overnight-fasted SHR and
Wistar rats injected with STZ at twelve weeks of age. SHR received 45mg/kg STZ
and Wistar received 55mg/kg STZ. The rats were given the oral glucose load (1g/kg)
one week prior to termination (19 weeks of age). The figures represent the plasma profile

over the time course of the OGTT as well as the integrated area under the curve (AUC)
over 60 minutes. @ Wistar Control (n=6), [ SHR Control (n=6), A  Wistar

Diabetic (n=6), ¥V  SHR Diabetic (n=6). "n" denotes the number of rats in each group.
Values expressed as mean +/- SEM. * P<0.05 vs. same strain control.
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Table 7.  Percentage of SHR and Wistar Rats Remaining Diabetic At

Termination
Number Number Percentage
Injected Remaining Diabetic
Diabetic
Eight Weeks of age
SHR Diabetic 13 -9 69 %
Wistar Diabetic 10 9 90 %
Twelve Weeks of age
SHR Diabetic 14 13 93 %
Wistar Diabetic 10 10 100 %

SHR were injected with 45 mg/kg STZ and Wistar rats received 55 mg/kg
STZ. Rats injected at eight weeks of age correspond to SHR Study #2,
which were injected before hypertension. SHR Study #3 corresponds to
the rats injected at twelve weeks of age, after the development of
hypertension in the SHR.
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Figure 12. Pancreatic insulin content of diabetic and hypertensive rats

injected with STZ before the development of hypertension. SHR received
45mg/kg STZ while the Wistar rats were injected with 55mg/kg STZ. Rats were
eight weeks of age at the time of injection. Values are expressed as mean +/-
SEM. * P<0.05 vs. same strain control. % P<0.05 vs. WC group (by t-test).
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DISCUSSION

The objective of this thesis was to examine whether or not hypertension
exacerbated the development of diabetic cardiomyopathy. Previous reports' in the
literature have suggested that this was likely the case, but the possibility existed that the
increased dysfunction reported in the diabetic SHR was due to the increased
susceptibility of this strain to STZ and not because of any additive or synergistic effect of
the two disease states. To answer this queétion, diabetes was induced in the SHR using a
dose of 45 mg/kg STZ Whereas the Wistar were given 55 mg/kg of the diabetogen.
Because the doses were modified to produce a closer level of diabetes, the efféct of
hyperten-sion on diabetic cardiomyopathy could be examined.

The spontaneously hypertensivé rat (SHR) was used as the model of hypertension
for a number of reasons (Doggrell and Brown, 1998). The first reason was the genetic
composition of the SHR. Within each breeding colony, the SHR have a uniform genetic
makeup, and it is this lack of inter-animal variation that makes this strain so appealing to
researchers. 'The increase in blood: pressure develops in 100% of the animals within two
months of birth and continually rises to a plateau of about 200 mmHg. And because this
is a genetic model of hypertension, there is no treatment required, either surgical or
chemical, to induce the increase in blood pressure. This is an important advantage
compared to-models such as renovascular hypertension (RVH) which requires a surgical
procedure to restrict renal blood flow. Another advantage of the SHR ié that it follows
the same progression of hypertension as the human condition, which includes pre-

hypertensive, developmental and sustained hypertensive phases. One final advantage of
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the SHR is the fact that it is the most common model of hypertension and has been much
more extensively studied than other genetic or experimental models.

Although the SHR has many advantages over other models of hypertension, there
are a few drawbacks. One problem with the SHR is the lack of a normotensive control.
The WKY strain was bred from the same colony of Wistar rats as the SHR but the large
degree of genetic variation and resulting phenotypic differences limit their use for
comparative studies (Kurtz and Morris, 1987; St. Lezin et al, 1992). Secondly, it is not
known exactly which mechanisms are involved in the development of hypertension in the
SHR. It has been eétimated that up to éix genes cdntribute to the elevation in blood
pressure but they have not been positively identified at this time. Several quantitative
trait loci have been identified for hypertension, but the actual genes involved and the role
they play in the development of high blobd pressure is not known (vaacs et al, 1997,
Kren et ai, 1997). Thirdly, the lack of genetic variation between individual animals
means that the SHR can be a model for only one of many possible causes of human

hypertension.

Insulin and Hypertension in the Spontaneously Hypertensive Rat

An area that has garnered a lot of attention recently is the association between
hyperinsu],inemia, insulin resistance and hypertension. Patients with Type 2 diabetes and
obesity show an increased risk of developing hypertension (Duston, 1985; Tarnow et al,
1994), whereas many patients with essential hypertension are hyperinsulinemic and
insulin resistant (Ferrannini et .al, 1987; Reaven, 1991). Insulin resistance and/or
hyperinsulinemia have also been documented in several models of hypertension including

the SHR (Mondon and Reaven, 1988), the Dahl rat (Kotchen et al, 1991) and the
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fructose-fed hypé'rtensive rat (Hwang et al, 1987). Our reéults confirm that the SHR are
hyperinsulinemic compared to the Wistar rats because, in both non-fasted and five-hour
fasted states, plasma insulin leveis wete higher ‘in the SHR comparéd to the Wistars
(Tables 2 and 4). At the same time, plasma glucose levels were equivalent for both
strains. Numerous other reports have documented the hyperinsulinemic state of SHR
compared to both Wistar and WKY controls in fasted and non-fasted conditions (Bhanot
and McNeill, 1994a; Dai et al, 1994; Verma et al, 1994a). These results suggest that the
SHR require a greater plasma insulin concentration t0 maintain euglycemia than do fhe
Wistars and are resistant to the glucose-disposing effects of insulin. HoWever, there are
conflicting reports in the literature as to whether or ﬁot the SHR exhibit impaired glucose
tolerance. In euglycemic clamp studies performed during general anesthesia, the SHR
demonétrated insulin' resistance compared to WKY rats (Hulman et al, 1991). On the
other hand, several other investigators have demonstrated that the SHR were not insulin
resistant when the clamp study was performed in conscious, unstr_essed animals (Frontorﬁ
et al, 1992; Buchanan ef al, 1992a; Bhanot e} al, 1994c). SHR show a more enhanced
response of the sympathetic nervous system (SNS) to stress than WKY which could lead
to a greater impairment of glucose metabolism in the former strain when they are
anesthetized or restrained (McMurtry and Wexler, 1981). Although the evidence
indicates that the SHR are not insulin resistant compared to WKY rats, Buchanan and
colleagues (1992b) showed that SHR had an exaggerated insulin re_spbnsé to a glucose
challenge. The insulin response to'a glucose load in SHR was 2-3 fold greater than in

WKY animals and it was suggested that the reason for the greater insulin release was B-

cell hyperfunction in the absence of insulin resistance. The lack of insulin resistance was

further confirmed when the authors showed that the 3-O-methylglucose transport rates
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into isolated skeletal muscle were similar for both SHR and WKY rats (Buchanan et al,
1992b). In SHR Studies #2 and #3, an OGTT was performed one weék before
termination and the data support the argument that the SHR were not insulin resistant
(Figures 10 and 11). In fact, the lower AUC, value of the SC group in Study #2 suggest
that SHR may be insulin sensitive compared to Wistar rats (Figure 10). Unlike the results
from Buchanan and colleagues (1992b), who demonstrated postprandial
hyperinsulinemia in SHR 2-3 fold greater than the WKY, our results showed that the
insulin surge in SHR was lower than in the Wistar controls. These results are consistent
with the belief that SHR were not insulin resistant because, if insulin resistance was
present, a greater insulin concentration would be required to dispose of the glucose load
and maintain euglycerhia. A‘lower' insulin surge in response to a glucose load has also
been demonstrated by other authors who compared SHR to both WKY and Wistar
control groups (Dai et al, 1994; Jian et al, 1996). Thus, SHR have fasted and non-fasted
hyperinsuiinemia but are not insulin resistant compared to their normotensive controls.
Although the reason for the elevated plasma insulin concentration has not been identified,
several investigétors have demonstrated a reduced insulin clearance in the SHR (Mondon
and Reaven, 1988; Mdndon et al, 1989; Buchanan et al, 1992a) which may explain the

hyperinsulinemia we and other investigators have reported.

A strong association between hyperinsulinemia and hypertension was shown in a
seriecs of experiments using cbmpounds that decreased plasma insulin levels and
improved 'glucose tolerance. The main coﬁcept behind these studies was that if
hyperinsulinemia was ianlved in the development of hypertension, then compounds that

improved insulin sensitivity and lowered plasma insulin levels would decrease the blood
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pressure. In both SHR and frucfose-hypertensive rats, insulin sensitizers such as vanadyl
sulphate and metformin decreased the plasma insulin concentration and lowered systolic
blqod pressure (Bhanot and McNeill, 1994a; Bhanot er al, 1994b; Verma et al, 1994a;
Verma et al, 1994b). Adding further support for the link between hyperinsulinemia and
blood pressure was the fact that, while maintaining treatment with the drug, restoring the
plasma insulin level back to pre-treatment levels with exogenous insulin reversed the
lowering of blood pressure. In addition, it has been shown that maintaining a chronic
elevation of plasma insulin in the conscious rat caused an increase in systolic blood
pressure (Brands et al, 1991). However, it is importaht to note that improving insulin
_sensitivity in the SHR did not decrease blood pressure completely down to normotensive
levels, indicating that other mechani:sms likely contribute to blood. pressure elevation.
There are several possible mechanisms by which hyperinsulinemia may result in
the development of high blood pressure, including SNS overactivity, vascular smooth
muscle growth and proliferation, and renal sodium and water reabsorption (Bhanot and
McNeill, 1996). It has been well documented that'acute, short-term insulin infusion and
carbohydrate consumption in both humans and animals stimulates sympathetic nerve
activity (RoWe et al, 1981; Anderson et al, 1991; Berne et al, 1992; Lembo et al, 1992).
More recently, Vollenweider and colleagues (1993) showéd that sympathetic activation
was the result of hyperinsulinemia per se and was not due to insulin-induced stimulation
of carbohydrate metabolism.” Confirmation that insulin’s éympathoexcitatory action was
due to central mechanisms occurred when local administration of insulin in the forearm
failed to stimulate any NE release, thus indicting Fhat local stimulation of the SNS was
not involved (Lembo et al, 1992). The action of insulin on the SNS has been linked to

the ventro-medial neurons of the hypothalamus (Landsberg and Young, 1985). In these
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neurons, insulin-mediated glucose uptake and metabolism results in the suppression of an
inhibitory pathway acting on tonically active sympathetic neurons. The end result is an
increase in sympathetic activity. Consequently, the development of hyperinsulinemia
increases sympathetic activity and could contribute to hypertension by several
mechanisms, such as increasing cardiac output, vasoconstriction and volume expansion.
The SNS has been shown to play an important role in the development of
hypertension in the SHR. As mentioned in the introduction, resting sympathetic nerve
activity has been reported to be elevated in the SHR, and SNS stimulation results in an
augmented norepinephrine release (Judy et al, 1979; Ekas and Lokhandwala, 1981).
Confirmation of the role of the SNS on the development of hypertension in the SHR was
shown when neonatal sympathectomy prevented the blood pressure increase (Lee et al,
1987). Similar to these results, in fructose-hypertensive rats, chemical sympathectomy
. (via adrenal medullectomy, followed by weekly 6—hydroxy-dopamine injections)
prevented the developmenf of hypertension (Verma, 1997). In addition, there is evidence
that insulin also causes an exaggerated sympathetié neural response in SHR (Morgan et
al, 1990). Since the SHR has been shown to be hyperinsulinemic compared to WKY or
Wistar rats, it is possible that the elevated plasma insulin levels increase SNS activity and
increase systolic blood pressure through the actions on the heart, vasculature and kidney.
Even though there is ample evidence that insulin increases sympathetic nervous
system activity and vasocoristriction, recent evidence indicates that insulin decreases
vascular resistance and increases skeletal muscle blood flow. This notion was supported
by studies in both humans and animals showing that euglycemic hyperinsulinemia at high
physiological concentrations stimulatéd the SNS but also increased skeletal muscle

‘bloodflow without any rise in blood pres.sure-(Anderson et al, 1991; Lembo et al, 1992;
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Lembo et al, 1993a; Pitre et al, 1996). In the fructose-hypertensive rat, a model of
insulin resistance, insulin’s vasodilatory effects are blunted which may be important in
the devélopment of hypeftension in this model (Verma et al, 1997). The vasorelaxant
effect of insulin has been shown to be mediated through both é direct action on the
vascular smooth muscle (Kahn et al, 1993) and an indirect endothelium.—mediated (nitric
oxide) effect (Steinberg et al, 1994). The mechanism by which insulin increases nitric
oxide production in not known at this time, but may be related to increasing
tetrahydrobiopterin (BH,) availability (Verma et al, 1998). In the SHR, Lembo and
colleagues (1995) demonstrated that insulin was unable to decrease norepinephrine-
induced vasoconstriction in aortic rings. In addition, they also showed that the defect was
present in the pre-hypertensive stage and thus was not acquired with the hypertensive
condition. Resistance to insulin’s vascular effect has been reported in several conditions
such as Type 2 diabetes (Laakso et al, 1992), essential hyperten;ion (Lembo et al, 1993b)
and obesity (Laakso ez al, 1990) and may be involved in the development of high blood
pressure in these conditions. This has led to the concépt-that resistance to insulin’s
vasorelaxant effect may imbalance the regulation of vascular tone. The hyperinsulinemié
state of the SHR would lead to elevated sympathetic activity and vascular tone, but the
lack of insulin-induced vasorelaxation might likely result in an imbalance of vascular
regulation and thereby increase blood pressure.

A second mechanism by which hyperinsulinemia could- increase blood pressure is
through its direct actions on the vasculature. In cultured vascular smooth muscle cells
(VSMC) from both humans (Pfeifle and Ditschuneit, 1981) and rats (Pfeifle et al, 1980),
the addition of physiological concentrations of insulin to the culture medium resulted in

an increased rate of proliferation. Supporting the in vitro data were experiments in intact
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animals using a model of arterial iﬁjury induced by de-endothelialization with a balloon
catheter. Using this model, Ridray (199_5) showed that hypeﬁnsulinemia of a short
duration (2-4 days) did not increase smooth muscle proliferation, but that chronic
hyperinsulinemia (30 days) increased the smooth muscle mitogenesis. The author found
that aortie'thickness was higher in the hyperinsulinemic group and that this increase was
due to a greater number of smooth muscle cells within the intimal layer.

Because the ‘SHR are hyperinsﬁlinemic compared their normotensive controls, it
is possible that the elevated insulin levels may increase the growth and proliferation of
VSMC and increase vascular resistance. This notion is supported by studies
demonstrating an elevated insulin effect on VSMC grewth from SHR compared to WKY
rats (Begem et al, 1998). In addition, cultured vascular smooth muscle cells from SHR
have been shown to grow faster than those from WKY rats (Yamori er al, 1981).

The final mechanism by which insulin can influence blood pressure development
is by its action on the kidney to increase sodium and water retention. In normal humans,
it has been reported that insulin infusion during an euglycemic clamp decreased the rate
of urinary sodium excretion (Gans et al, 1991)1 These results were later confirmed in
hypertensive patients, where insulin infusion was shown to directly increase sodium
reabsorption in _the pfoximal and distal tubules (Endre et al, 1994). Sodium and water '
retention has been shown to be elevated in young SHR, but normalized during the
develoi)ment of hypertension (Beierwaltes et al, :1982). In addition, the authors showed
that restricting sodium intake in SHR attenuated the rate of blood pressure development
but ultimately did not prevent the hypertension. These results indicate, at least in the
SHR, that sodium and water retentioﬁ do not play an impoftant'role in the development of

high blood pressure.
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In the literature, there are numerous reports documenting a hypertensive,
hypotensive, or no effect of STZ on blood pressure when using the. tail-cuff method (see
Tomlinson et al, 1992 for a list). HoWever, direct measurement of blood pressure using
an inter-arterial catheter has consistently shown that STZ treatment causes a decrease in
blood pressure (Hebden et al, 1987; Tomlinson et al, 1992). The hypotensive effect of
STZ has been documented in SHR and shown to be dose-dependent (Somani et al, 1979;
Davidoff and Rodgers, 1990b; Sato et al, 1991). In our resu.lts, measurement of systolic
blood pressure using the indirect tail—cuff method demonstrated that the .induction of
diabetes in the SHR attenuated the blood pressure increase in one study (SHR Study #1)
but not in the other two (SHR Study #2 and #3) (Figures 1 and 6). The reason for this
discrepancy.is not known at this tjme. Comparing systolic blood pressure in the same rat
using both indirect tail-cuff and direct ¢annulation showed that STZ-injected SHR had
lower blood pressure than the SHR control rats. In addition, it also showed that the tail-
cuff method provided a close approximation of actual systolic blood pressure, with three
of the four indirect measuremeﬁté being within 10 mmHg of the direct value (Table 6).

Following the injection of STZ, several hemodynamic altgrations take place that
could underlie the changes in blood pressure;‘ These changes include a decrease in
peripheral resistance, cardiac co‘ntra‘ctility and heart rate, along with an increase in blood
volume and cardiac output (Carbonell er al, 1987). It has been suggested that the
underlying cause of systolic hypotension vin STZ-treated rats may be a reduction in
sympathetic activity. This notion was suppbrted by studies demonstraiing that ganglion
blockadevin control rats decreased systolic blood pressure to a significantly greater extent
than in STZ-diabetic rats, indicating that the SNS was less active in the diabetic animals

(Hebden er al, 1987). In addition, a decrease in plasma insulin levels due to caloric
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restriction has been associated with low sympathetic activity and blood pressure (Young
and Landsberg, 1977). Consequently, a lower sympathetic drive in the STZ-diabetic rat

would result in decreased vascular tone and lower blood pressure. -

Sensitivity of the SHR to STZ

The motive behind the experiments in this thesis was baséd on several recent
studies using the STZ-injected SHR which demonstrated that the addition of hypertension
exacerbated the development of diabetic cardiomyopathy and resulted in more severe
cardiac dysfunction (Rodrigpes and McNeill, 1986; Rodgérs, 1986). However, recent
evidence has shown the SHR to be more sensitive to the diabetogenic effects of STZ than
different normotensive strains (Somani et al, 1979; Voss et al, 1989, Jian er al, 1996).
Thus, it is possible that the increased cardiac dysfunction reported in the diabetic-SHR
animals could be due to an increased severity ‘of the diabetic condition and not to the
additive effect of hypertension and diabetes. Confirmation that SHR were more |
susceptible to STZ was provided in Study #1 when both SHR and Wistar rats were
‘injected with the same dose (45 mg/kg) of STZ. At this dose, several indices used to
demonstrate the development of diabetes, such as body weight, food and fluid
consumption and plasma insulin concentration indicated that the SHR were more diabetic
than the Wistar fats (Figures 1 and 2; Tables 2 and 3). Our results are in agreement with
previous reports in the literaturé that have examined the sensitivity of SHR to STZ-
induced diabetes. Somani and colleagues (1979) injected three doses of STZ (25, 37.5,
and 50 mg/kg) in SHR and WKY rats and showed that, at a given dose of STZ, the SHR
had a greater degree of hypoinsulinemia along with a greater depletion of pancreatic

insulin content. Other investigators have confirmed that STZ causes a greater depletion
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of pancreatic insulin content aﬁd destruction of pgnéreatic islets in the SHR compared to
normotensive control strains (Voss et al, 1989; Jian et al, 1996). By titrating the dose of
STZ, Jian and others (1996) showed that 45 mg/kg STZ in thé SHR produced a level of
diabetes equivalent to 55 mg/kg STZ in the Wistar. The increased sensitivity to STZ may
be related to the lower number and smaller mass of islet tissue found in the pancreas of
the SHR (Postnov et al, 1976). Since approximately 90% of fhe B-cells need to be
dgstroyed before the characteristics of diabetes appear (Bonnevie-Nielsen et al, 1981),
the dose necessary to produce diabetes in the SHR should be lower because of the lower
islet number and mass inlthis strain. However, not all reports agree that B-cell mass in
the SHR pancreas is lower than in other strains (Iwase ef al, 1989). It has been suggested
that the SHR have an impaired ability t(".) regenerate pancreatic B-cells, and that this may
be a cause for the increased sehsitivity to STZ. Tanigawa and colleagues (1996)
demonstrated in rats subjected to 90% pancreactectomy that SHR had an impaired ability
to regenerate [3-cells compared to WKY rats. Although this may be a factor in the.
continuance of lbng—term. diabetes, a more severe diabetic coﬁdition has been
demonstrated in the SHR within days of STZ—injgctidn (Reaven and Ho, 1991; Jian ef al,
1996), which suggests that -cell regeneration may not be the primary reason for the
increased sensitivity.

In the final two experiments, 45 mg/kg STZ was injected in SHR and 55 mg)kg
STZ was given to Wistars, both before (eight weeks of age)v and after (twelve weeks of
age) the development of arterial hypertension in the SHR. In both studies, the induction
of diabetes resulted in depressed weight gain and increased food and fluid consumption.
These are common symptoms associatéd with .the diabetic state and have been

documented in numerous studies examining the complications of diabetes (Rodrigues and
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McNeill, 1986; Yu and McNeill, 1991; Jian et al, 1996). In both SHR and Wistar fats,
the severity of the diabetic condition increased when the STZ injection was given at
twelve weeks of age. This was demonstrated during the OGTT by the significantly lower
insulin release in‘ response to the glucose challeﬁge (Figufe 11). Fuﬁhemore, the lower
insulin levels coincided with an elevation in the plasma triglyceride concentration (Table
8). Although the plasma triglyceride levels of the SD group were significantly lower than
those in the corresponding WD animals, this was due to the fact that the SHR strain ilad
lower triglyceride levels compared to the Wistar strain. = The reason for the
‘hypotriglyceridemia in the SHR is unclear but has been documehted in other recent
reports (Jian et al, 1996; Sambandam ei al, 1997).

Our results are consistent with other studies demonstrating an increasing
s_énsitivity to STZ as the rat ages (Masiello et al, 1979). It has been reported that as the
rat ages the number and volume of islets increase less rapidly than body weight so that in
older rats there is less islet tissue per unit of body weight (Hellman, 1959). Furthermore,

the ability of residual (-cells to regenerate after STZ injection may be impaired in older
rats (Masiello et al, 1979), which could result in a more severe diabetic condition when

coupled W-ith the overtaxing of the remaining [-cells.

Diabetes, Hypertension, and Cardiac Dysfunction

For all three studies in this thésis, cardiac performance of co ntrol, diabetic and -
hypertensive rats was evaluated using the isolated working heart technique at twenty
weeks of age. The advantage of this technique was that left ventricular function could be
studied under normal and stressful conditions simply by varying the filling pressure of

the left atria. Furthermore, by analyzing heart function in vitro instead of in vivo using a
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whole body preparation, the influence of sympathetic, parasympathetic and hormonal
activity on the heart could be avoided. |

Several factors including the dose of STZ, age of the rat at the time of injection
and the development of hypertension had effects on contractile function at the higher left
atrial fiiling pressures. In the diabetic Wistar rats, injection of 55 mg/kg STZ resulted in
| depre‘ssed cardiac functionv whereas the lower dose of 45 mg/kg STZ caused no
significant depression (Figures 4 and 13). The lack of dysfunction at the lower dose of
STZ was due to the fact that only 40% of the Wistar rats were diabetic and that, as a
group, .the plasma inéulin concentration was not significantly lower than the Wistar
controls (Table 2). The impaired cardiac functibn documented in the Wistar rats at 55
mg/kg STZ and the ‘SHR at both 45 and 55 mg/kg STZ was accompanied by a significant
decrease in insulin in all caées. The biochemical alterations which caused the cardiac
dysfunction developed because of the STZ—indﬁced hypoinsulinemia and not because of a
direct effect of STZ on the heart (Fein et al, 1981; Tahiliani et al, 1983).

The age at which the rats were injected with STZ had a significant effect on the
contractile function of the heart. Using the same dose of STZ, Wistar ratslinjected at the
older age (twelve weeks oid) developed more severe cardiéc problems compared to the
Wistars injected at eight Weeks of age (Figures 13 and 15). The increase in cardiac
dysfunction was likely due to the more severe diabetic condition that developed when
older rats were injected with STZ. A previous section has already discussed the
increased sensiti.vity of older rats to the diabetogenic effects of STZ. Evidence that the
older rats were more diabetic included significantly depressed weight gain, severe
emaciation of skeletal muscle and adipose tissue, lower plasma insulin release during the

OGTT, and increased plasma lipid levels (see pages 38-40 fbr more details).
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The effects of chronic diabetes on the myocardium are numerous and include

micro- and macroangiopathy, increased fibrosis and collagen deposition, altered

contractile, SR and sarcolemmal protein function, and changes in the intracellular

enzyme function (Table 10). Although the prevention of these changes has been shown

to .improve cardiac function (Tahiliani et al, 1983; Heyliger et al, 1985; Verma and
McNeill, 1994), the underlying causes of the changes are not entirely clear. In recent
yeafs, increasing evidence has suggested that changes in carbohydrate and lipid
metabolism, brought about by the diabetic condition, may be the underlying factor
responsible for the development of diabetic cardiomyopathy (Rodrigues er al, 1995).
Under normal conditions, an estimated 60-70% of myocardial energy is derived from
fatty acid metabolism, with the other '20;30% derived from carbohydrates (Neely and
Morgan, 1974). However, during diabetes carbohydrate metabolism decreases to the
point where the heart is almost exclusively dépenderit on fatty acid oxidation for ATP
production (Wall and Lopaschuk, 19.89). An increase in fatty acid metaboiism- could

have a detrimental effect on myocardial function by several mechanisms. First of all, -

oxidation of fatty acids has a greater oxygen fequirement per mole of ATP produced than
does glucbse‘oxidation. This could have a c}etrimeﬁtal effect on the contractile function
of the heart, especially in times of heavy exercise or stress when the oxygen requirements
of the muscle are higher. Secondly, elevated fatty acid oxidation may result in the
accumulation of metabolic intermediates such as long chain acyl-CoA and acylcarnitine
that could disrupt cellular function (Rodrigues et al, 1995). Many of these alterations,

such as disruption of the sarcolemmal and SR membranes, and inhibition of enzyme
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- systems such as the Ca™-ATPase, Na'/K'-ATPase, Na’/Ca"- exchanger and Ca™ pump
ultimately affect intracellular calcium [Ca™], regulation (Rodrigues et al, 1995). Because
the regulaﬁon of the [Ca™]; is important in the beat-to- beat control of contraction and
relaxation, any disruption in the ability to release or sequester calcium would have an
effect on cardiac function. The final mechanism by which fatty acid metabolism could
impair cardiac function is through inhibition of glucose ﬁsage. Fatty acid oxidation can
inhibit glﬁcose metabolism by inhibiting ‘both the pyruvate dehydrogenase (PDH)
complex (involved in the mitochondrial oxidation of glucose) and phosphofructokinase,
the rate-limiting step in glycolysis (Randle et al, 1963; Kerbey et al, 1985). Inhibition of
PDH occurs due to an increase in the intramitochondrial acetyl COA/COA ratio, which
activates pyruvate dehydrogenase kinase to phosphorylate and inhibit PDH (Kerbey e al,
1985). Phosphofructokinase activity is decreased due to elevated citrate leveis. The fact
that improving glucose oxidation improves diabetic heart function (Lopaschuk and
Spafford, 1989; Nicholl er al, 1991), coupled with the fact that not all lipid lowering
compounds correct the cardiac dysfunction (Rodrigues et al, 1994), suggests that the
development of diabetic cardiomyopathy may be due to depressed glucose oxidation.
Regardless of the actual mechénisms involved in the impairment of diabetic heart.’
fuﬁction, there is ample evidence showing that correction of substrate metabolism by
either inhib'i-ting fatty acid oxidation or stimulating glucose usage improves cardiac

contractile function.

As discussed in the introduction, the majority of studies examining the
combination of hypertension and diabetes have demonstrated increased cardiac

dysfunction in the H-D group compared to control, diabetic or hypertensive animals.

80




Isolated papillary muscle from H-D rats exhibit depressed ratés of tension development
and relaxation along with slower shortening and relaxation velocities (Fein et al, 1984;
Siri et al, 1997). Analysis of heart function using the isolated working heart preparation
shows depressed left ventricular developed pressure and rates of contraction and
relaxation (Rodrigues and McNeill, 1986).

In SHR Study #2, diabetes was induced using a dose of 45 mg/kg STZ in SHR
and 55 mg/kg STZ in Wistar rats at eight weeks of age with the goal of producing an
equivalent severity of diabetes in both strains of rat. In an acute study of two weeks
duration, these doses have been previously reported to produce a similar level of diabetes
in SHR and Wistar rats (Jian et al, 1996). However, in our study the OGTT performed
after eleven weeks of diabetes indicated that the SD rats were less diabetic tﬁan the WD -
group (Figure le. This fact is important because it makes it more difficult to draw solid
conclusions concerning the effect of hypertension on diabetic cardiomyopathy. In the
study by Rodrigues and McNeill (1986), a dose of 55 mg/kg STZ was injected into both
strains of rats and caused more cardiac dysfunction in the SHR than Wistar rats. Because
~ the SHR have been shown to bé more sensitive to STZ, it was hypothesized the SD rats in
that study were more diabetic than the corresponding WD animals. However, this could
not be confirmed because there was no OGTT data assessing the diabetic staté of the
animals. Termination plasma glucose and insuﬁn levels showed no significant difference
between SD and WD groups (Rodrigues and McNeill, 1986) but these are not reliable
indices to assess the severity of the diabetic conditioﬁ. Our OGTT results showed that a
dose of 45 mg/kg STZ in the SHR, expected to induce a diabetic state equivalent to 55
mg/kg STZ in the Wistar, actually resulted in a less severe diabetic state. Therefore, it is |

possible that the SD animals in the study by Rodrigues and McNeill were not more
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diabetic than the WD rats. If thét was the case, then the increased cardiac dysfunction in
tﬁeir SD animals was due to the interaction between hypertension and the diabetic
condition and not to a more severe diabetic condition. Furthermore, since our SD group
was less diabetic than the WD rats but had the same degree of cardiac dysfunction, the
addition of hypertension may be further hindering cérdiac performance.

To examiﬁe this possibility, both SHR and Wistar rats could be injected with a
dose of 55 mg/kg STZ and the diabetic state determined by OGTT prior to stﬁdying heart
function. If our theory is correct, there will be no significaht difference in the OGTT
values between diabetié SHR and Wistar rats but cardiac dysfunction §vill be more
pronounced in the SD group. |

Both genetic and renovascular models of hypertension have demonstrated
impaired cardiac performance when combined with diabetes (Rodrigues and McNeill,
1986, Rodgers, 1986; Rodgers et al, 1991) which suggests thai depressed cardiac

function in H-D rats is likely not a strain-related phenomena.

Although the interaction between hypértension and diabetes on the heart has been
well documented, the underlying mechanisms are nof clear. One possible mechanism is
the alteration of cardiac sﬁbstrate metabolism. As a strain, the SHR heart relies on
glucose oxidation to a greater extent than do the hearts_from normotensive strains such as
Sprague—Dawléy rats (Christe and Rodgers, 1994). It was suggested by the authors that
the increased reliance on glucose use was an adaptation of the hypertfophic heart to
maintain efficient energy production, because glucose oxidation requires less oxygen
than do fatty acids (Christe and Rodgers, 1994). In the previous section, it was dis‘cussed

how diabetes altered myocardial fuel consumption to an almost exclusive dependence on
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fatty acid metabolism, the opposite of the hypertensi_ve heart. Thus, the induction of
diabetes may disrupt the shift in substrate utilization necessary for efficient ATP
production in the hypertensive heart ahd accelerate the development of heart failure
(Christe and Rodgers, 1995).

Both diabetes and hypertension alter the lipid composition of the cellular
membranes, which could disrupt the activity of membrane-bound enzyme sysfems that
regulate intracellular ion concentrations (Pétkov et al, 1988; Kuwahara et al, 1997).
These changes could impair the regulation of intracellular Ca™ and pH and tﬁerefore
contribute to the contractile dysfunction reported in the diabetic—hypertensi.ve heért.

Another possible way in which the combination of hypertension and diabetes
could result in more severe cardiac dysfunction is through impairment of the blood
supply to the myocélrdiufn. Both diabetes and hypertension are associated with decreased
cardiac cbronary flow reserve and patients with either condition are more susceptible to
ischemic injury (Strauer, 1979; Strauer et al, 1997). The changes in coronary flow have
been attributed to the coronary microvasculature and are likely the result of structural
alterations théxt ultimately increase vascular resistance and perfusion pressure of the blood
vessels. In a series of experiments examining the effect of hypeftension and diabetes on
the microvasculature, Factor and colleagues demonstrated an increased cardiac pathology
in the hearts of H-D patients or rats compared ‘to hearts with either condition alone
(Factor et al, 1981; Factor et al, 1983; Factor et al, 1984).‘ Specifically, these alterations
included areas of microvascular tortuosity, microaneurysms and focal areas of luminal
narrowing believed to be microvessels in spasm (Factor et al, 1984). Based on these
changes, the authofs suggested that the microvascular spasms caused localized areas of

ischemia and reperfusion that contributed to myocardial necrosis (Factor et al, 1984). In
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addition, H-D hearts exhibit greater vascular permeability than SHR control, diabetic and
non-diabetic normotensive rats; which could be another cause of the cardiac pathology
(Kubota et al, 1990). The cardiac pathology of H-D hearts has been well documented
and includes cardiomegaly, extensivevinterstitial, replacement, and perivasculér fibrosis
and myocytolysis as well as ultrastructural changes to the myocardium (Factor et al,

1981; Factor et al, 1983).

In SHR Study #3, injection of 45 fng/kg STZ into the SHR after the development
of hypertension (at 12 weeks of age) increased the severity of diabetes but did not depress
cardiac function (Figures 15 and 16). These results do not agree with those of Rodgers
(1986), who injected 50 mg/kg STZ into 15 weeks old SHR' and demonstrated impaired
left ventricular pulse pressure compared to normotensive Sprague-Dawley and WKY
rats. Possible reasons for the different results 'b'etween our study and the study by
Rodgers include the dose of STZ used and the age at time of injection. In the final study,
we injected the SHR at twelve weeks of age whereas in the study by Rodgers, the SHR
were injected at fifteén weeks of age. In addition, a dose of 50 mg/kg STZ was used in
that study compared toa dose of 45 mg/kg STZ for our study. Because the diabetogenié
effects of STZ are age- and dose-dependent (Masiello et al, 1979), it is bossible that the
diabetic-SHR rats in the study by Rodgers were ‘more severeiy diabetic than ours. The
higher plasma glucose concentration, along with lower body and heart weights in the
diabetic-SHR in his study, support this idea.  Thus, it is possible that the cardiac
dysfuhction in the study by Rodgers rhay be due to a more severe diabetic condition.

The reason why cardiac performance was impaired.in the H-D rats injected at the

younger age but not at the older age is a matter of speculation. In the case of
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hypertension, sustained increases in systolic blood pressure cause the left ventricle to
hypertrophy in an attempt.to maintain adeq;late cardiac output in the face of increasing
peripheral resistance. In the SHR, the development of LVH has been shown to parallel
the increase in systolic blood pressure (Adams et al; 1989). Therefore, in the rats injected
at twelve weeks of age the LV had already begun adapting to the elevated peripheral
resistance by increasing myofibrillar growth. The increased LV strength at the time of
STZ injection may have prevented or compensated for the damaging effects of diabetes
on the myocardium, thereby enabling sufficient cardiac performance in light of the
intracellular and ultrastructural changes to the myocardiu.m. For the younger rats, the
induction of diabetes at a time when myocardial growth would be just beginning rﬁay
have hindered the heart’s ability to adapt to the rise in peripheral resistance. ‘Howcver,
this possibility cannot be confirmed because morphological and ultrastructural analysis of
the myocardium was not performed. It is interesting to note that not all of the literature
has documented increased cardiac dysfunction in the hypertensive-diabetic rat. Using a
model of renovascular hypertension with STZ—induced diabetes, Fein and colleagues
(1990) showed no additional dysfunction in the functional properties of isolated papillary
muscles from H-D hearts. Additionally, Dai and McNeill (1992) demonstrated using the
isolated working heart technique that the hearts of STZ-injected, DOCA-hypertensive
rats had no cardiac dysfunction ét the higher atrial filling pressures when compared to the
hypertensive control group.

It is also important to note that for the rats injected with STZ after the
development of hypertension (SHR Study #3), diabetes was maintained for only eight
weeks before cardiac berformance was assessed. This is different than the rats injected

before hypertension had developed because they were diabetic for twelve weeks (cardiac
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function was measured for all rats at twenty weeks of age). Since diabetic
cardiomyopathy takes about six weeks to develop in the Wistar rat (Vadlamudi ez al,
1982), it i1s possible that cardiac ‘performance would deteriorate if the rats were
maintained for twelve weeks of diabetes. The fact thth ventricular relaxation was
depressed at the highest filling pressure suggests)that'.the other indices of heart function
may have begun to deteriorate if the diabetic condition was maintained for a longer

period of time.

The purpose of this project was to determir;e whether hypertension éxacerbated
the development of diabetic cardiomyopathy. The objective was to create a similar level
of diabetes in both hypertensive and normotensive rats, and then determine if the addition
of hypertension resulted in increased cardiac dysfunction. In the first study 45 mg/kg
STZ was used in both SHR and Wistar rats to confirm that the SHR Were more sensitive
to STZ and ensure that cardiac dysfunction developed in the SHR at that dose. A greater
percentage of SHR became diabetic and cardiac.dysfun_ction was apparent at the higher
atrial filling pressures. These results enabled the use of 45 mg/kg STZ in the SHR and 55
mg/kg in Wistar rats, dosés previously shown to produce. an equivalent level of diabetes
one week after STZ administration (Jian et al, 1996). Inducing diabetes before the
development of hypertension resulted in a similar degrée of cardiac dysfunctioh in both
SHR énd Wistar rats. However, after twelye weeks of diabetes the SHR were not as
diabetic as the Wistar (based on an OGTT), suggesting that hypertension was
exacerbating the cardiomyopathy. injecting the rats after hypertension had developed in
the SHR magnified the diabetic state in these animals, but surprisingly, cardiac

dysfunction did not develop. The development of left ventricular hypertrophy due to the
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increase in systolic blood pressure may have compensated for the development of

contractile dysfunction in the diabetic heart.
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CONCLUSIONS

. Injection of 45 mg/kg STZ into the SHR resulted in sustained diabetes in over 70% of

the animals whereas only 40% of the Wistar rat became diabetic at this dose,

confirming that the SHR were more sensitive to the diabetogenic effects of STZ.

At 45 mg/kg STZ cardiac performance was impaired in the SD group but did not

depress cardiac function in the WD rats.

. Using a dose of 45 mg/kg STZ in the SHR and 55 mg/kg STZ in the Wistar, injection
at eight weeks of age resulted in a diabetic state that Was less severe in the SD than
WD groups. The significéntly greater AUCg and lower AUCI values of the WD
group compared to the SD rats during the OGTT demonstrated this.

After twelve weeks of combined hypertension and diabetes, cardiac performance was

equally depressed in both SD and WD gfoups.

. Injecting the same doses of STZ into the rats at twelve weeks of age increased the

severity of diabetes in both groups of animals.

At twenty weeks of age (eight weeks of diabetes) LVDP and rate of contraction was
not impaired in the SD group but. the rate of relaxation was depressed at the highest
filling pressure. Heart function of the WD rats was depressed for all three

parameters.
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