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Abstract

Zucker Diabetic Fatty rat is an animal model that demonstrates disease progression in terms of complications
which are similar to those seen in patients with Type 2 diabetes.The objective of the current study was to
employ light and electron microscopy to quantify changes to the myocardial microvasculature and
cardiomyocytes in the myocardial tissue of ZDF rats and establish a mechanistic basis for alterations in cardiac
function. Materials and Methods:ZDF rats and lean Zucker rats (control) were housed in groups according to
their breed. The ZDF rats were supplied with diabetogenic chow (Purina 5008) while the lean Zucker rats had
access to standard chow as recommended by the supplier. At 12-14 weeks of age, animals were weighed and
sacrificed by cervical dislocation. A blood sample was obtained for determination of blood glucose, and lipid
profile.Both samples from LAA and the apex of left ventricle were carefully dissected, divided into small sections
then fixed, impeded, sectioned, stained and random sections were photographed and the images were assessed
and quantified using Image Analyser Pro-Plus software, version 4.1. Arterioles, venules, intermediate sized
vessels, and capillaries were directly counted within the highlighted area of myocardium under light microscope.
Ultra-thin sections were imaged in a Tecnai 12 Biotwin transmission electron microscope at a magnification of
x4200 and photographed by a camera with a black and white film to quantify different structures of
myocardium. Results: Significant reductions in the total vessel, intermediate vessel and capillary density of LAA
in the ZDF rats compared to controls were noticed (P= 0.03). As well as a significant increase in the transverse
diameter of cardiomyocytes in the ZDF rats compared to controls of LV (P= 0.049). There were significant
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increase in the basement membrane area of distal myocardial capillaries of both left atrium appendage and left
ventricle in the ZDF rats compared to controls (P= 0.008).

Conclusion: Early evidence of cardiomyocyte hypertrophy with a reduction in atrial vascular density and
evidence of early structural changes in myocardial capillaries in the ZDF rats was noticed. These changes indicate
the presence of microangiopathy in the heart of ZDF rats which is surprisingly more prominent in the LAA.

Keywords: Zucker Diabetic Fatty (ZDF), Type 2 diabetes mellitus, Left Atrial Appendage, Left ventricle,
Cardiomyocyte, Myocardial capillaries.

1. Introduction

A number of animal models of Type 2 diabetes mellitus (DM) such as monkeys [1], mice [2] and rats
[3] have been used to study diabetes. A widely used model for obesity and Type 2 diabetes is the
Zucker Diabetic Fatty (ZDF) rat. The ZDF rat is an inbred rat model and was established in 1987 after
several inbreeding cycles of selected pairs of Zucker rats with diabetic rats [4]. All homozygous
recessive animals (fa/fa) supplied with standard rodent diet (Purina 5008) develop obesity, diabetes
and its related complications, while homozygous dominant (+/+) and heterozygous animals (fa/+) are
lean and do not develop diabetes and can, therefore, be used as controls [4]. In these rats a gene
mutation occurs in the extracellular domain of the leptin receptor protein [5] and results in
shorteningof this receptor (Suhetal), leading to a defect in its interaction with leptin [6]. This
impairs leptin’s appetite suppressing effects [7] and the ZDF rats therefore develop hyperphagia,
obesity, hyperinsulinaemia, insulin resistance, hyperglycaemia, hypertriglyceridaemia and
hypercholesterolaemia [8, 9]. In the first 6 months, obese Zucker rats gain 500 grams more weight
compared with lean Zucker rats, after this time weight gain is equivalent [10]. The development of
diabetes in ZDF rats closely resembles the pathogenesis of Type 2 diabetes in humans [9]. Obesity
appears at an early stage with insulin resistance and hyperinsulinaemia, but with normal blood
glucose [11, 13]. At 7-8 weeks, insulin levels fall and are unable to overcome hepatic glucose
production leading to the development of hyperglycaemia. Insulin levels continue to fall and by
around 22 to 24 weeks of age, they were below level of age-matched Zucker lean rats, due to
pancreatic b cells exhaustion [8, 11, 12]. The full picture of diabetes is complete around 12 weeks of
age [6]. The majority of studies on the heart of the ZDF rat have focused on functional abnormalities.
To date there are very few studies which have assessed structural changes [14, 17].

To our knowledge, no studies have examined vascular alterations in the myocardium of the obese
ZDF rat; rather, they have focused on skeletal muscle, nerve, or kidney [18, 19].

It is important to note that although the ZDF rats develop hyperinsulinaemia and hyperglycaemia,
the severity of the abnormalities varies between animals and diabetic patients [17]. Thus features of
diabetic cardiomyopathy between patients and ZDF rats will undoubtedly differ but have not been
evaluated [20].

The objective of the current study was to employ light and electron microscopy to quantify changes
to the myocardial microvasculature and cardiomyocytes in the myocardial tissue of ZDF rats and
establish a mechanistic basis for alterations in cardiac function.

2. Materials and methods
2.1. Animals

Five male ZDF fa/fa rats and five male lean Zucker rats (control) were obtained from Charles River
Laboratories at 6 weeks of age. They were housed in groups according to their breed and kept in an
artificial lighting regime at room temperature. Both group of animals were given tap water and fed ad
libitum. The ZDF rats were supplied with diabetogenic chow (Purina 5008) while the lean Zucker rats
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had access to standard chow as recommended by the supplier. All procedures were in accordance
with the United Kingdom Animal (Scientific Procedures) act 1986. At 12-14 weeks of age, animals were
weighed and sacrificed by cervical dislocation. A blood sample was obtained immediately after
sacrifice for determination of serum levels of blood glucose, cholesterol, triglycerides, and HDL.

2.2. Tissue processing

Both samples from LAA and the apex of left ventricle were carefully dissected, divided into small
sections and fixed in 2.5% glutaraldehyde in 1% cacodylate buffer (pH 7.4). They were then secondarily
fixed in 1% Osmium tetroxide. After that embedded in epon blocks and sectioned using Reichert
mechanical advance ultra-microtome. 0.7 um sections were obtained for light microscopy and 0.08-
0.09 um sections for electron microscopy. Semi-thin sections were stained with 1% Toluidine blue
while ultra-thin sections were stained with MethanolicUranyl acetate and Lead citrate, the metallic
and slightly radioactive dyes.

2.2.1. Image processing and morphological procedures (light microscope)

From each biopsy one suitable section was selected and photographed using a digital Kodak camera
attached to a Leica WILD MPS32 photo light microscope (Leica, Cambridge, UK). 6 random areas from
each section were visualized and photographed using Kodak image software.

Sections were photographed at 2 magnifications, (x20 and x40 magnifications). The x20 lens was
used to photograph most of the parameters while the x40 lens was used to photograph the arterioles
and venules. Images were assessed, and quantified using Image Analyser Pro-Plus software, version
4.1 (Media Cybernetics, Buckinghamshire UK), with a standard grid bar to calibrate the images. The
following parameters were quantified:

e Arteriole, venule, intermediate vessel, and capillary density (no./mm?) (x20)
e  Arteriolar and venular wall to lumen area ratio (WLR) (x20)

e  Transverse cardiomyocyte diameter (um) (x20)

2.2.2. Image processing and morphological procedures (Electron Microscopy)

Ultra-thin sections were imaged in a Tecnai 12 Biotwin transmission electron microscope (FEl,
Eindhoven, The Netherlands) set at 100 kV accelerating voltage and a filament emission of 30. The
condenser settings and emissions were adjusted to achieve the highest contrast and 6 to 8 capillaries
(microvessels without a complete layer of pericyte or smooth muscle surrounding the endothelial
cells) favouring neither the large nor the small ones were photographed at a magnification of (x4200)
using a camera with a black and white film. The film was processed in a dark room and an Apple Mac
scanner and I-Mac computer were used to scan the negatives. The following parameters were
quantified:

e Lumen area (um?) (X4200)

e Endothelial outer membrane area (um?) (X4200)
e Endothelial area (um?) (X4200)

e Pericyte area (um?) (X4200)
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e Vessel area (um?) (X4200)

e Basement membrane area (um?) (X4200)

e Endothelial cell profile (number) (X4200)

e Number of endothelial nuclei (number) (X4200)

e Number of pericyte nuclei (number) (X4200)

2.3. Statistical Analysis

Statistical analysis was performed using SPSS for Windows 14.0. All data are expressed as the Mean
and standard error of mean (SEM). Data were compared between two groups by non-parametric
Mann-Whitney U-test. Statistical significance was accepted for P< 0.05 (two-tailed).

3. Results
3.1. Weight and metabolic values

The weight was significantly increased in ZDF rats compared to lean rats (P= 0.047). Blood glucose
was also significantly increased in the ZDF rats compared to lean rats (P= 0.02). The triglyceride level
(P=0.002) and total cholesterol levels were significantly increased in ZDF rats compared to lean rats
(P=0.002). The HDL levels were significantly increased in the ZDF rats compared to lean rats (P= 0.001)
(Table 1).

Table 1.Weight and blood values of ZDF and lean rats

Controls ZDF P Value
(n=5) (n=5)
Weight (g)
323+7.9 347.5+3.2 0.047
Blood glucose
437+0.4 19.1+33 0.021
(mmol/1)
Triglycerides
1.77+0.1 6.70£ 0.6 0.002
(mmol/1)
Cholesterol
2.60+£0.2 4,1910.2 0.002
(mmol/1)
HDL
1.80+0.04 3.60£0.17 0.001
(mmol/1)
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3.2. LAA & left ventricle morphometry: Light microscopy

There were highly significant reductions in the total vessel, intermediate vessel and capillary density
of LAA in the ZDF rats compared to controls (P= 0.03) (Table2). Although the arteriole and venule WLR
of LAA were increased this was not significant between the two groups (P= 0.25, 0.91). The tissue
section showed hypertrophic cardiomyocytes in the LAA in diabetic Zuckerrat compared to control
(Figure 1). There was a significant increase in the transverse diameter of cardiomyocytes in the
ZDFrats compared to controls of LV (P= 0.049) (Figure 2). It was appeared that, there were no
difference between the two groups for arteriole, venule, intermediate vessel, capillary and total vessel
densities of LV respectively (P=0.13, 0.33,0.93, 0.7, 0.79)

Table 2. Vessel density of LAA in the control and the ZDF rats

Parameter Controls ZDF P value
Arteriole density 7.6 +1.5 4.1+14 0.22
Venule density 38.3 +10.6 34.1 +2.8 0.84
Intermediate 90.8 +13.5 47.3 +8.7 0.03
vessel density

Capillary density 467.7 £93.3 262.5 +24.4 0.03
Total vessel 604.9 +110.7 344.31 +£29.5 0.03
density

Figure 1. Light microscopic section of LAA from A- a lean Zucker rat. B- a ZDF rat
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Figure 2.Transverse diameter of cardiomyocytes of LV in control and the ZDF rats.

3.3. Pathology of distal myocardial capillaries in LAA and LV: Electron microscopy

LAA: The lumen area was significantly reduced in ZDF rats compared to controls (P = 0.008). There
was a significant increase in the basement membrane area of distal myocardial capillaries in the ZDF
rats compared to controls (P= 0.008). Vessel area of the distal myocardial capillary did not show a
significant difference between the two groups (P= 0.69). There was no significant difference found in
capillary endothelial area, endothelial cell profile, Number of endothelial nuclei, capillary pericyte area
and pericyte nuclei between the two groups (P= 0.55, P= 0.42, P= 0.22, P= 0.10 and P= 0.84 )
respectively. (Figure 3)

LV: There was no significant difference in lumen area, vessel area, capillary endothelial area,
endothelial cell profile, Number of endothelial nuclei, capillary pericyte area and pericyte nuclei of the
distal myocardial capillary between the two groups (P = 0.55, P= 0.84, P= 0.69, P= 0.69,P=1.00, P= 0.84
and P= 0.55) respectively. There was a significant increase in the basement membrane area of the
distal myocardial capillary in ZDF rats compared to controls (P= 0.008). (Figure 4)
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Figure 4. Electronmicrograph showing a myocardial capillary from the LV of: A- a lean Zucker rat. B- ZDF rats.

4, Discussion

Animal models of diabetes have been extensively used in diabetes research. Today experimental
animals are used but with considerable ethical and legal restrictions [21]. The ZDF rat is an animal
model that demonstrates disease progression in terms of complications which are similar to those
seen in patients with Type 2 diabetes. The animals in our study were between 12 to 14 weeks of age,

7



Abuderman, A. (2016). Morphological quantification of myocardial pathology in the Zucker diabetic fatty rat, Global Journal on Advances in
Pure & Applied Sciences. [Online]. 07, pp 01-12. Available from: www.propaas.eu

and they had developed all the metabolic abnormalities associated with Type 2 diabetes. Thus they
demonstrate a significant increase in weight, blood glucose (5 fold increase), triglycerides (6 fold
increase) and cholesterol (2 fold increase), but paradoxically they had an increased HDL (3 fold
increase). The very high HDL level is commonly observed in this animal model and clearly differs from
the situation expected in the obese diabetic patient, where HDL is low. This could arguably result in
lesser atherosclerosis and macrovascular pathology in this model. Atherosclerosis is of course difficult
to demonstrate in many animal models without additional feeding of high cholesterol diets. The ZDF
rat may provide an opportunity to study the effects of some but not all the metabolic lipid
abnormalities of Type 2 diabetes, a disease in which macrovascular and cardiac complications account
for a major part of its morbidity and mortality. Thus even in the 20 week old ZDF rat an additional 4
weeks of cholesterol feeding is required to significantly exacerbate myocardial injury produced by
coronary occlusion-reperfusion and to impair endothelial function in the coronary bed [22].

Few studies have quantified myocardial pathology, especially in the ZDF rat. In studies of ventricular
specimens from patients with diabetes, pathological changes include a decrease in small vessel
density, a reduction in the vessel luminal area, an increase in the vessel wall area and both
hypertrophy and atrophy of cardiomyocytes with myocardial lipid deposition > and autonomic nerve
fibre loss [24, 25]. The results of our study in the ZDF rats show some trends which are in keeping with
the changes seen in humans. We showed a significant reduction in intermediate vessel, capillary and
total vessel density in the LAA of diabetic animals compared to controls. In accord with our findings,
Toblliet al [26] showed a significant reduction in the myocardial capillary density as well as VEGF
expression of 8 month old hyperglycaemic obese Zucker rats (OZR) compared to lean littermates. In
addition, there was a significant positive correlation between VEGF expression and the number of
vessels in all groups [26]. The expression of mMRNA and protein for VEGF (25%) and its receptors
VEGFR, (25%) but not VEGFR; have also been shown to be reduced in the heart of the 14 week ZDF
rats [27]. Thus, the reduction in vascular density observed in ZDF rats could be explained by the
reduction of VEFG expression.

Both hypertrophy and atrophy has been demonstrated in cardiomyocytes of diabetic hearts. In this
study cardiomyocyte diameter was increased in the LAA and was most pronounced in the left ventricle
of the ZDF rat. In a recent study of ZDF rats after 2 months of diabetes a twofold increase in
cardiomyocyte volume was observed and quantified by defining the cardiomyocyte width (CMW) and
then deriving volume by determining cardiomyocytelength (CML) and calculating CMW/2xixCML. At
the ultrastructural level there was evidence of perivascular fibrosis determined by measurement of
the thickness of the collagen | area surrounding the vessels. Quantitative immunohistochemistry of
areas positive for fibronectin and collagen | showed no increase in interstitial collagen | or fibronectin
[15]. Cardiomyocyte hypertrophy has been demonstrated in newborn streptozocin-induced diabetic
female rats which then disappears after 4 weeks [28]. A consequence of these structural alterations
could be impaired cardiomyocyte relaxation which has been demonstrated in 22 but not 6 week old
ZDF rats and which has been related to increased levels of O-linked attachment of N-acetyl-
glucosamine (O-GIcNAc) and nucleocytoplasmic proteins [29]. In the 4-10 week streptozotocin (STZ)-
induced diabetic rat there is reduced viability of ventricular cardiomyocytes and the amplitude of
contraction is significantly reduced [30].

In the current study we showed a significant increase in the basement membrane area of distal
myocardial capillary in the ZDF rats compared to lean littermates in both the atrium and ventricle. In
addition, we find a significant reduction in the capillary luminal area of the LAA in the ZDF rats
compared to lean littermates. We were not aware of any other studies in the literature, which have
quantified capillary structure in the myocardium of the ZDF rat. In other tissues of the ZDF rat previous
studies have assessed retinal abnormalities and showed no gross abnormality of retinal capillaries on
trypsin digests but there was evidence of endothelial cell hyperplasia and basement membrane
thickening (mean thickness 21%greater in diabetic rats) [31]. In addition, recent studies have shown a
significant increase in pericyte and endothelial cell apoptosis of retinal capillaries in ZDF rats, which
was promoted by tumour necrosis factor-alpha [32]. In the kidney, studies have shown a significant
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thickening of the glomerular basement membrane in ZDF rats compared to lean littermates *. In
addition, other studies have shown renal capillary density to be increased, both in the cortex and in
the inner medulla at 8 weeks, but significantly decreased by 22 weeks in ZDF rats compared to lean
littermates. This was associated with altered expression of vascular endothelial growth factor (VEGF),
reduced expression of Flk-1, and neuropilin. With regard to interlobar arteries, acetylcholine-induced
relaxation was not impaired at 8 weeks but was significantly attenuated at 22 weeks [34]. Similarly in
the ZDF rat at 26 weeks, acetylcholine induced endothelium-dependent relaxation is impaired, yet
blood pressure and perivascular sensory nerve CGRP content are normal [35]. However, recently the
diabetic ZDF rat at 17-20 weeks of age has been shown to have altered endothelial function which was
related to an alteration in the vascular myocyte large-conductance Ca**-activated K* channels (BK(Ca)),
but with no reduction in the beta(1) subunit [36]. Thickening of the capillary basement membrane has
also been observed in the plantar muscle of 11 week old obese Zucker rats. However, at 11 to 18
weeks of age, the capillary basement membrane reduced in thickness in both lean and obese animals
and the decline was greatest in OZRs. Thus, by 18 weeks of age, the capillary basement membrane of
OZRs was only slightly thicker than that in lean littermates [19].

Many factors have been implicated in the development of capillary basement membrane thickening
in diabetic microangiopathy in both humans and animal models. In diabetes, loss of myogenic
response increases capillary pressure and blood flow and subsequently hydrostatic pressure which
might lead to an increase in vessel wall permeability and activation of proliferative change particularly
basement membrane thickening [37]. In kidney, studies have suggested that reduced expression and
activity of collagenolytic enzymes, in association with hyperglycaemia-induced modulation of integrin
expression, might play an important role in the development of glomerular basement membrane
thickening [38]. Additionally, the regulation of matrix metalloproteinase (MMP) activity by tissue
inhibitors of metalloproteinases (TIMP) might contribute to glomerular basement membrane
thickening. Expression of TIMP-2, a specificinhibitor of MMP-2, was highly elevated in glomerular
epithelial cells cultured in high glucose [39] and also in the kidneys of Type 1 diabetic rats [40]. Also
oxidative stress/oxygen radicals might contribute to matrix accumulation and subsequent basement
membrane thickening in diabetic nephropathy [41, 42]. A similar increase in the expression of matrix
components has also been observed in the capillaries of diabetic retina [43, 44]. Basement membrane
of retinal capillaries of diabetic mice showed a significant increase in the a1 (IV) chain of collagen, as
well as of the 61 and ychains of laminin and of fibronectin, as early as 8 weeks following induction of
diabetes, indicating increased matrix component expression [45].

The functional consequences of basement membrane thickening have been demonstrated in the
skin vessel of Type 1 diabetic patients with nephropathy. They include a reduction in vascular
distensiblility and an increase in minimal vascular resistance which result in limitation of adequate
tissue perfusion [46].

In summary, we demonstrate early evidence of cardiomyocyte hypertrophy with a reduction in
atrial vascular density in the ZDF rats. In addition, we show evidence of early structural changes in
myocardial capillaries characterised by basement membrane thickening and a reduction in atrial
capillary luminal area. These changes indicate the presence of microangiopathy in the heart of ZDF
rats which is surprisingly more prominent in the LAA.
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