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ABSTRACT

Introduction: Diabetic cardiomyopathy (DCM) is a cardiac disorder that could progress to heart failure. There is conflicting
data about the role of folic acid supplementation in treatment DCM.

Aim of the Work: This study was performed to compare between the protective and therapeutic effects of folic acid on ECG
and structural changes of DCM rat model.

Materials and Methods: Sixty rats were divided as follows: Normal control groups (Ia and Ib), DCM groups (Ila and IIb):
Fed high fat diet for 4 weeks then injected with streptozotocin (25 mg/kg/ i.p), and folic acid treated groups (IIla and IIIb):
rats received 5 mg/kg/day orally for 8 weeks from first day of confirmation of diabetes in rats in group (Illa), and from the
end of 7th week after confirmation of diabetes in rats in group (IlIb). ECG, blood pressure, lactate dehydrogenase, Creatine
kinase-MB, soluble receptor of advanced glycation end products (SRAGE), oxidative stress (OS) and inflammatory markers
were assessed. Histopathological analysis of left ventricular tissue using Hematoxylin & eosin, Masson’s Trichrome stains, and
immunohistochemical analysis of Caspase3 and iNOS expression were performed.

Results: Asignificantimprovement in R wave amplitude, ST segment deviation and areduction in sSRAGE in folic acid protective
not therapeutic group were found when compared to untreated DCM group. Moreover, cardiac enzymes, histopathological
changes, collagen fiber deposition, oxidative stress (OS), inflammation, and apoptosis significantly improved in both folic acid
treatment groups when compared to untreated DCM groups.

Conclusion: The protective role of folic acid on cardiac injury in DCM rat model was more effective than the therapeutic ones
that could be attributed to better glycemic, OS control and amelioration of AGE/RAGE signaling and improvement in cardiac
structural changes.
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INTRODUCTION species (ROS) accumulation within cardiomyocytes
Diabetic cardiomyopathy (DCM) is a disorder ?esults in c.ellular injury, increased incidence of apoptosis

characterized by myocardial structural and functional in the ca.rdlomyo.cyte.s and prolmo.tes the devclelop.ment and

changes in diabetic patients with other diabetic progression of diabetic complications by.actw.atlon‘of the

comorbidities that leads to heart failurel'. The mltocl.londrlal pathway, cell dea.th, C?idlac diastolic and

pathophysiological  links  between diabetes and systolic dysfunction, and heart failuref.

cardiomyopathy are multifactorial including direct This multifactorial pathogenesis makes most of the

effects of abnormal myocardial metabolism, even without
atherosclerotic lesion or myocardial ischemia, including
abnormal calcium signaling, disturbed glucose/fatty acid
metabolism, inflammation, and insulin resistance (IR) that
lead to fibrosis and stiffness of the myocardium®, direct
toxic effect on cardiomyocytes, endothelial dysfunction
with thinning of vascular endothelium, weakening of
intercellular junctions with increased permeability , altered
protein synthesis and ultimately causes remodeling!®!.
In addition, oxidative stress (OS) and reactive oxygen
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current antioxidant therapeutic agents fail to improve the
prognosis and outcome of this condition!).

Notably, end products of advanced glycation (AGEs) are
potent toxic molecules when bind to their receptor (RAGE),
induce inflammation, OS, and cell death contributing to
organ damage. They are also implicated in the induction of
diabetic comorbidities such as cardiovascular disorders!®.

However, soluble form of RAGE (sRAGE) is a
competitive receptor which binds to AGEs, inhibiting
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them from binding to RAGE and preventing their pro-
inflammatory cascade!”. It has shown that sRAGE is
interconnected to the cardiovascular diseases (CVD)
in typel and type 2 diabetes, however, its role in CVD
is still argumentative. It is suggested that SRAGE may
be considered as a monitor of CVD risk to assess the
potentiality of interventions in view of regulating SRAGE®,

Folic acid is a water-soluble vitamin that cannot
be synthesized de novo and Humans rely on dietary
intake to obtain sufficient levels of it’. Some clinical
and experimental research revealed potential benefits of
the use of folic acid in the treatment of cardiovascular
pathology!'’!. Folic acid could be implicated in reducing OS,
and improving endothelial function""); however, it failed
to reduce cardiac lactate dehydrogenase (LDH) as well
as mitochondrial and cytosolic malondialdehyde (MDA)
activity in the study of Mutavdzin et al.'*. Additionally,
Nkemjika et al.!'*! found that Folic acid supplementation
could not affect the incidence of major cardiovascular
events, stroke, myocardial infarction, or mortality.

Mutavdzin et al.l'? suggested that drugs with anti-
inflammatory, anti-OS and anti-diabetic properties could
be more promising, as well as the identification of more
specific markers, will lead to the demonstration of more
unique strategies for diabetic cardiac complications
management. Consequently, the aim of the present work is
to demonstrate and compare the protective and therapeutic
effects of folic acid administration on cardiac electrical,
structural, and apoptotic changes, and to evaluate its
effect on serum sSRAGE in a trial to explore its possible
mechanism/s in a rat model of diabetic cardiomyopathy.

MATERIAL AND METHODS

Animals

Total numbers of 60 healthy, adult male albino rats
of local strains (170-200 g), were obtained from the
Animals house, Faculty of Veterinary Medicine, Zagazig
University. The animals were acclimatized to the animal
house conditions for 2 weeks before the experiments were
going on, kept under hygienic conditions in steel wire
cages (4 rats/ cage). All animals had free access to food and
water and kept at a comfortable temperature (24+2). The
experimental protocol of the current study was approved
by the “Institutional Animal Care and Use Committee of
Zagazig University” (ZU-IACUC, Approval number: ZU-
IACUC/3/F/142/2019).

Experimental design

Animals were randomly divided into three main equal
groups as following:

Group I (control group; n=20): That was subdivided
equally into: Group Ia and Group Ib in which rats were
fed normal chow diet all through the experimental periods
(18% of energy derived from proteins, 5% from fat, and
77% from carbohydrates)!'"]. At the beginning of 5th week
animals in both groups were treated with intraperitoneal

citrate buffer solution coinciding with the same dose
and time in groups (Ila & IIb), then rats were treated
with physiological saline gavage coinciding with the
beginning of folic acid supplementation in group (Illa &
I1Ib); respectively. Then, rats in Group la were let for 8
weeks and those in Group Ib were let for 15 weeks before
scarification.

Group II (vehicle-treated DCM; n=20) which was
subdivided into 2 equal subgroups: Group Ila and Group
IIb: Rats were fed a high-fat diet (15.6% protein, 57.5%
fat, 26.9% carbohydrate, Faculty of Agriculture, Zagazig
University) all through the experimental periods. Then, at
the beginning of 5th week animals were treated with 25
mg/kg streptozotocin intraperitoneally (Sigma chemical-
Aldrich, St Louis, MO) diluted into precooled citrate
buffer solution (1ml per 30 mg STZ at pH 4.5)!". Blood
glucose was monitored weekly via tail-tip blood samples;
rats with persistent blood glucose levels higher than 250
mg/dl after STZ administration were considered diabetic
rats!'® and rats were treated with oral saline for 8 weeks,
from confirmation of diabetes in rats in group (Ila), and
from the end 7th week in group (IIb).

The period of the study protocol was following that
of Patel & Goyal!'? who demonstrated that 8 weeks of
experimentally induced type-2 DM could produce diabetic
cardiomyopathy in rats.

Group IIT (DCM Treated with folic acid groups,
n=20) that was subdivided into two equal subgroups:
Group Illa (folic acid -Protected group) and Group IIIb
(folic acid -therapeutic group). Rats administered folic
acid (5Smg/kg b.w. /day) (MEPACO-MEDIFOOD, Enshas
El Raml- sharkia-Egypt) dissolved in physiological saline
by gavage (1.5 mL/rat) for 8 weeks!'?, from first day of
confirmation of diabetes in rats in group (Illa), and from
the end of 7" week after confirmation of diabetes in rats in
group (I1Tb)I'%,

The chosen dose of Folic acid in the current work was
dependent on the fact that Folic acid in doses of 5-20 mg/
kg/ day could improve vascular dysfunction in chronic
cardiac conditions!"®l, In this study, 5 mg/kg/day was
chosen to demonstrate the effect of the smallest dose in a
trial to diminish unnecessary use of higher doses, which
may have unwanted side effects.

Methods of the Study
1. Blood pressure measurement

Values of systolic (SBP), diastolic (DBP) and mean
arterial pressure (MAP) were obtained and recorded
for each rat at the end of each experimental period of
different study groups 8 weeks after the start of folic acid
supplementation, using the noninvasive rat tail-cuff device
"(NARCO, Biosystem, Inc., Huston, Texas).

2. Electrocardiography (ECG)

after 8—10 h overnight fasting, rats were anesthetized
by urethane (1.5 g/kg i.p)!"?, laid on the rodent surgical
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table. Fifteen minutes after anesthesia, needle electrodes
were inserted under the skin. Three-lead bipolar ECG is
used. Positive, negative, and reference ECG electrodes
were placed on the left foreleg, right foreleg, and left thigh;
respectively®’l.

The ECG apparatus (PowerLab4/20 (data acquisition
system), AD Instruments Pty Ltd, Australia) was calibrated
at ImV/2 cm with speed of Scm/ sec. Then, the results were
automatically calculated based on the calibration value.
R-R interval, ST-segment, R-wave amplitude, QT interval
and heart rate were calculated from ECG recordings. ECG
was recorded weekly for regular monitoring of cardiac
electrical activity disturbance although the experiment.

3. Sampling of blood

Venous blood was collected by decapitation under
anesthesia, in dry clean tubes, then left to clot for thirty
minutes. Sera were separated by centrifugation for fifteen
minutes, then stored frozen at -20°C for further estimation
of:

. Serum glucose level enzymatically according
to Finley and Tietz et al.?Y, insulin levels using
rat ELIZA kits " BioSource Europe S.A.-Rue
de I’Industrie, 8-B- 1400 Nivelles-Belgium "
following the instruction of Temple et al.*? and
homeostasis model assessment of insulin resistance
(HOMA-IR) was Calculated according to the
formula of Sun et al.**! as following: HOMA-IR =
insulin (uU/ml) x glucose (mg/dl) / 405.

II. Cardiac enzymes: Lactate dehydrogenase (LDH)
and Creatine kinase-MB (CK-MB) were measured
spectrophotometrically using the corresponding rat
kits "Bio diagnostic- Egypt" following the method
described by Moss et al.P4.

III. Serum malondialdehyde (MDA) enzyme assay
by a spectrophotometer according Ohkawa
et al®) serum superoxide dismutase (SOD)
activity according to Kakkar et al* by the
corresponding rat kits "Sigma chemical- Aldrich,

St Louis, MO".
IV. C-reactive protein (CRP) wusing immuno-
enzymometric assay kits of rats "LifeSpan

Bioscience, USA. Cat: LS-F26039- 1" according
to Ridker et al.?".

V. sRAGE level following Falcone et al.*®instruction
by ELISA kits for rats "Shanghai SunRed
Biotechnology Co., Ltd".

Histopathological examination of cardiac tissue
I. Tissue Samples Collection and Processing

All animals were sacrificed at the expected time of the
end of the experiment for each group. The collected heart
tissues from left ventricle, were cleaned by saline, dried,
and cut. Left ventricles were dissected, then fixed in 10%
neutral buffered formalin solution. The tissues washed

in tap water, after fixation, dehydrated in an ascended
series of alcohols, and embedded in paraffin. 5-um-thick
sections were obtained from all specimens and stained
with hematoxylin and eosin (H&E) for general histological
examination and Masson’s trichrome (MT) for collagen
fibers™®. After complete preparation, images were
analyzed under an optical/light microscope with a digital
camera attached at magnifications of 20 to 40x10 by an
experienced investigator anatomist in a blind fashion.

II. Immunohistochemistry analysis:

Studying of Caspase 3 and Inducible nitric oxide
synthase (iNOS) immune expression in the paraffin
sections was applied as explained by Laurentino et al.B”
and Heger et al.BY, respectively. These methods were based
on blocking of the unspecific binding by 10% goat serum.
Then, either the specific anti-Caspase 3 or anti-iNOS
antibodies were used to detect cellular content of Caspase
3 and iNOS. The sections were finally counter stained with
hematoxylin and examined by a light microscope. Positive
reaction was indicated by brown color.

All stained slides were examined by light microscopy
(Leica ICC50W) in the Image analysis unit of the
Department of Anatomy and Embryology, Faculty of
Medicine, Zagazig University.

III. Morphometric analyses

An image analyzer (Image J software plugin) was
used for the morphometric analysis, in the Anatomy and
Embryology Department, Faculty of Medicine, Zagazig
University.

Morphometric analyses were done to measure the
area percentage of collagen fibers and area percentage
of positive caspase 3 and iNOS immune stained cells by
capturing the scattered representative fields in microscopic
images at 400x magnification, and the percentage (%)
areas stained with green color (positive areas) in Masson’s
trichrome stained slides and the percentage (%) arcas
stained with brown color (positive areas) in Caspase 3 and
iNOS stained slides, were calculated in accordance with
the method of Varghese et a/l*?.

The images were split into red, green, and blue stacks
(RGB), and then the red stack was adjusted to a threshold to
mark it with a binary mask. Then the percent area relative
to the field was calculated at the objective lens of 40 X.

Statistical Analysis

Continuous variables were represented by the mean +
SD as the data showed normal distributions (parametric).
The Kolmogorov-Smirnov test was used for checking the
normality. One-way ANOVA was used to test the significant
differences between groups. Multiple comparisons between
groups of the same study duration were performed by Post
hoc Tukey's test. However, the comparison between both
folic acid treatment groups was done by an independent
T test. At P < 0.05, the differences were considered
significant. All statistical comparisons were two-tailed.
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All statistical analysis was done using Graph pad Prism
software, version 5.0 (Graph Pad Software, San Diego,
CA, USA).

RESULTS

Effect of folic acid treatment on serum level of
glucose metabolic parameters

This study showed a significant increase in glucose
(»<0.001), and HOMA-IR (p<0.001), while insulin level
was significantly decreased (p<0.001, p<0.01, p<0.001)
in DCM groups (Ila, IIb) and Folic acid treatment
groups (IIla, IIIb) when compared with those in control
groups (la, Ib; respectively). Additionally, there was
significantly decreased glucose (p<0.001) and HOMA-IR
(»<0.001), together with a significantly increased insulin
level (p<0.001) in Folic acid treatment groups (Illa,
IIIb) in comparison to DCM untreated groups (Ila, IIb;
respectively) (Table 1)

Regarding the comparison between the protective
and therapeutic effects of folic acid treatment on gluco-
metabolic parameters in group (Illa) and (IIIb), a
significantly increased glucose (p<0.001), HOMA-IR
(»<0.01) associated with a significantly decreased serum
insulin were observed in folic acid therapeutic group (I1Ib)
when compared with folic acid protective group (Illa)
(Table 1)

Effect of folic acid treatment on ECG Changes

PR interval showed a significant shortening in DCM
group (Ila) (»p<0.001), folic acid protective group (Illa)
(»<0.001) compared with control group (Ia) and in folic
acid therapeutic group (IIIb) (p<0.001) compared to
control (Ib). However, the PR interval was insignificantly
changed in group (IIb) compared to control (Ib) (p>0.05).

Besides, a significant decrease in QT (p<0.001)
intervals, R wave amplitude (p<0.001, p<0.001, p<0.05,
p <0.001) which was associated with a significant increase
in ST segment deviation (p<0.001) were present in DCM
untreated groups (Ila, IIb) and folic acid treatment groups
(ITIa, IIb) when compared to those in control groups
(Ia, Ib; respectively) (Figures 1,2).

Furthermore, a significant higher R wave amplitude
(p<0.05) together with a significant less ST segment
deviation (p<0.05) in folic acid protective group (Illa)
than those of untreated DCM group (Ila). However, no
significant change was found between groups regarding
PR and QT intervals (p>0.05) (Figures 1,2). In addition,
PR interval was significantly shorter (p<0.001), associated
with insignificant change in R wave amplitude, QT
interval, and ST segment in folic acid therapeutic group
(I1Ib) (p>0.05) when compared with untreated DCM group
(ITb) (p>0.05) (Figures 1,2).

Comparing folic acid protective and therapeutic
groups showed a significant increase in R wave (p<0.001)
and PR interval (p<0.001) in the protective group (Illa)
when compared to the therapeutic group (IlIb). However,

insignificant change was found between groups regarding
QT interval and ST segment (p>0.05) (Figure 3).

Effect of folic acid treatment on serum level of
cardiac enzymes

There was a significant increase in LDH and CK-
MB in untreated DCM groups (Ila and IIb) (»p<0.001)
and folic acid treatment groups (Illa and IIIb) (»p<0.001)
when compared with those of their corresponding control
group (Ia and Ib; respectively). Nevertheless, there was
a significant decrease in LDH and CK-MB in folic acid
treatment group (IIla) (p<0.001) and (IIIb) (p<0.001)
when compared with those of DCM group (Ila) and (IIb);
respectively (Table 2). Regarding the comparison between
the protective and therapeutic effects of folic acid treatment
in group (Illa) and (IIIb), serum LDH and CK-MB were
significantly lower in group (Illa) (»<0.001) than those in
group (11Ib) (Table 2).

Effect of folic acid treatment on serum level of
oxidative stress and inflammatory markers

As regard to sRAGE, its level showed a significant
increase in untreated DCM groups (Ila, IIb) (p<0.001)
and folic acid treatment groups (Illa, IIIb) (p<0.001)
when compared with that in the corresponding control
group (Ia and Ib; respectively). However, it significantly
decreased in folic acid protective group (Illa) (p<0.05)
when compared to that in untreated DCM group (Ila)
(Table 2). However, there was an insignificant change
between folic acid therapeutic group (IIIb) and untreated
DCM group (IIb) (p>0.05) and folic acid protective group
(Illa) (p>0.05) (Table 2).

Interestingly, serum sRAGE exhibited a significant
positive association with LDH (p< 0.001, 0.01), CK-MB
(»<0.001)and ST segment deviation (p<0.01,0.001), while
it exhibited a significant negative association with R wave
amplitude (p< 0.01), QT interval (p< 0.001, 0.01) in folic
acid protective and therapeutic study groups, respectively.
Additionally, a significant negative correlation was present
between serum sRAGE and PR interval in folic acid
protective study only (p<0.01) (Table 3).

Moreover, there was a significant increase in MDA
(»<0.001)and SOD (p<0.001)in DCM group (11a) (p<0.001)
and folic acid protective group (Illa) (»<0.05) when
compared to control group (Ia). However, both parameters
were significantly decreased in group (Illa) (p<0.001)
when compared to those in Group (Ila). Moreover, there
was a significant increase in CRP in the DCM group (I1a)
(»<0.01) when compared to that in the control group (Ia).
However, there was a significant decrease in CRP in group
(ITIa) (p<0.05) in comparison to group (Ila). While there
was an insignificant change in CRP between group (Illa)
and group (Ia) (p>0.05) (Table2).

In addition, there was a significant increase in MDA
that was associated with a significant decrease in SOD
in DCM group (IIb) (p<0.001) and folic acid therapeutic
group (IIIb) (»p<0.001) in comparison to those in control
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group (Ib). There was significantly lower MDA (p<0.001),
concomitant with a significantly higher SOD in folic acid
therapeutic group (I1Ib) (p<0.05) than those of DCM group
(ITb). However, there was a significant increase in CRP in
DCM group (Ilb) and folic acid therapeutic group (I1Ib)
(»<0.001, p<0.05) when compared to the control group
(Ib). While there was a significant decrease in CRP in
group (I1Ib) (»<0.01) when compared to that in group (I1Ib)
(Table 2).

Effect of folic acid treatment on blood pressure and
HR

There was a significant increase in SBP (p<0.05,
»<0.001), DBP (p<0.001), MAP (p<0.001) and HR
(»<0.001) in untreated DCM groups (Ila, IIb) when
compared to those in control groups (Ia, Ib; respectively),
while, SBP (p<0.05, p<0.001), DBP (»<0.001) and MAP
(»<0.001) in folic acid protective and therapeutic groups
(IlTa, IIIb) were significantly lower than those in group
(ITa, IIb; respectively), which was associated with an
insignificant change in HR between groups. Additionally,
there was a significant increase in SBP (»p<0.001), MAB
(»<0.05) and HR (»p<0.001) in group (I1Ib) when compared
to group (Ib). However, there was an insignificant change
in SBP, DBP, MAP between group (Illa) and group (Ia).
Moreover, regarding DBP in group (IIIb) and (Ib), there
was an insignificant change between groups (p> 0.05)
(Table 4).

Regarding the comparison between the protective and
therapeutic effects of folic acid treatment on blood pressure
in groups (Illa) and (IIIb); respectively, , there was a
significant increase in SBP (»<0.001), DBP (p<0.05), MAP
(»<0.001) in Group I1Ib when compared to those in Group
[ITa, however, there was an insignificant change between
both groups regarding HR (p>0.05) (Table 4).Interestingly,
serum SRAGE showed a significant positive correlation
with SBP (p< 0.01), DBP (p< 0.001, 0.01), MAP (r=0.63,
»<0.01,0.001) and HR (0.01, 0.05) in folic acid protective
and therapeutic study; respectively (Table 5).

Effect of folic acid treatment on cardiac tissue
structure in Hx& E-stained cardiac sections

Histopathological analysis of the normal control groups
(Ia and Ib) in the present work showed the characteristic
histological structure of the cardiomyocytes. The myocytes
appeared slender, branching, and anastomosing, with large
central oval vesicular nuclei. Moreover, transverse cross-
striations and intercalated disks were clearly observed in
the cardiomyocytes (Figures 4a,b).

However, sections of untreated DCM groups (Ila, IIb)
showed some histological affection in the form of wavy
cardiomyocytes with apparent cellular exudate in between
them. Moreover, some of the nuclei appeared irregular and
deeply stained. Furthermore, vacuolation of the cytoplasm
of some cardiac myocytes was detected. Disruption and
fragmentation of cardiac myocytes was also seen, with
dilated congested blood capillaries between them, and other

cardiomyocytes appeared normal with central vesicular
oval nuclei. Notably, the histopathological changes in
group (IIb) were more marked and evident than those in
group Ila (Figures 5,6).

While in folic acid protective and therapeutic groups
(IlTa and IIIb), most cardiac muscle fibers achieved their
normal appearance and arrangement, showing slender,
branching, and anastomosing cardiac muscle fibers with
central oval vesicular nuclei that was nearly like to the
control group. Nevertheless, a few cardiomyocytes were
with darkly stained nuclei and in some areas, there was
separation of myocardial fibers with loss of their striations.
Moreover, mild congestion of blood capillaries was
detected in between the cardiomyocytes. However, the
improvement in group (IIla) was more than that of (IIIb),
as more nuclei were still irregular, darkly stained, more
muscle fibers showed loss of striations and more marked
congested, dilated blood vessels were still observed in
between cardiomyocytes in the later (Figures 7,8).

Effect of folic acid treatment on cardiac tissue
collagen fibers deposition in Masson’s Trichrome
stained- cardiac sections

Cardiac sections obtained from the control groups (Ia,
Ib) showed scanty collagen fibers between the cardiac
myocytes (Figures 9a,d). However, in DCM groups (Ila,
IIb), there were abundant collagen fibers between cardiac
myocytes (Figures 9b,e) compared with the control groups
with a significant increase in area% of collagen deposition.
Interestingly, folic acid treatment groups (Il1a, IIIb) showed
minimal collagen fibers between the cardiac myocytes
(Figures 9c,f) compared with DCM groups, while area% of
collagen deposition in group (I1Ib) was significantly higher
than that of group (IIla) (Table 6).

Effect of folic acid on Immunohistochemical
expression of caspase 3

There was no significant expression of caspase
3 in cardiac cells, in the control groups Ia and Ib
(Figures 10a,d). In DCM groups Ila and IIb groups,
there were significantly increased immune positive cells
compared to the control groups (Figures 10b,e). However,
folic acid protected group (IIla) and therapeutic group
(IlIb) showed significant decrease in immune positive
cells compared to those of the groups (Ila) and (IIb),
respectively (Figures 10c,f). But the expression was still
significantly more than in the control groups (Ia) and (Ib).
Moreover, immune positive cells expression in group (I11b)
was significantly more than that in group (I11a) (Table 6).

Effect of folic acid on Immunohistochemical
expression of iNOS

There was no significant expression of iNOS in cardiac
cells, in the control groups Ia and Ib (Figures 11a,d). In
DCM groups Ila and IIb groups, there were a significantly
increased immune positive cells compared to the control
groups (Figures 11b,e). However, folic acid protected group
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(IlTa) and therapeutic group (IIIb) showed a significant
decrease in immune positive cells compared to those of
the groups (I1a) and (IIb), respectively (Figures 11c,f). The
expression showed no significant difference between group

II1a and control group (Ia), but the expression in group I1Ib
was still significantly more than in the control groups (Ib).
Moreover, immune positive cells expression in group (I1Ib)
was significantly more than that in group (IIla) (Table 6).

Fig 1: ECG tracing in different study groups showing: a & d) Normal ECG tracing in control groups (la &Ib), b) Lowered "R" wave amplitude (R), and
depressed S-T segment (arrow) in DCM group (Ila), ¢) Improved "R" wave amplitude (R), with decreased ST segment depression (arrow) in folic acid
protective group (Illa), e) Pathological Q (Q), Low R wave amplitude (R), raised S-T segment (arrow), and inverted T wave (T) in DCM group (IIb), )
Pathological Q (Q), Low R wave amplitude (R), raised S-T segment (arrow), and inverted T wave (T) in folic acid therapeutic group (IIIb).
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Fig. 2: Comparing means of electrical changes in all groups.
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Fig. 3: Comparing means of electrical changes in folic acid treatment groups.
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Fig. 4: Photomicrographs of L.S left ventricular muscles of an adult rat in Group Ia (a) and Group I b (b) showing slender, branching, and anastomosing
myocytes, with transverse cross-striations and intercalated disks (M), with large central oval vesicular nuclei (N). Blood capillary is also seen in between

myocytes (c). (H&E X 400, scale bar = 50um).

Fig. 5: A photomicrograph of L.S left ventricular muscles of an adult rat
in Group Ila showing disruption and fragmentation of cardiac myocytes
with loss of their striations (*M), and cellular exudate (e) is apparent in
between the cardiac myocytes. Some nuclei of myocytes appear irregular
and deeply stained (n). Also, vacuolation of the cytoplasm appears (v).
Dilated congested blood capillaries (c) are also detected between cardiac
myocytes. Other cardiomyocytes appear with normal striations (M)and
with central vesicular oval nuclei (N). (H&E X 400, scale bar = 50um).

Fig. 6: A photomicrograph of L.S left ventricular muscles of an adult
rat in Group IIb showing that there is disruption and fragmentation of
cardiac myocytes with wide spaces in between and loss of their striations
(*M). Most nuclei of cardiomyocytes are irregular, darkly stained nuclei
(n) with vacuolated cytoplasm (v). Cellular exudate (e) is also observed
in between the cardiomyocytes. Dilated congested blood vessels (bv) with
hemorrhage (hg) are also seen in between the cardiomyocytes. (H&E X
400, scale bar =50 pm).
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: \ \ \ \ A}

Fig. 7: A photomicrograph of L.S left ventricular muscles of an adult
rat in Group IIla showing most of the cardiac muscle fibers achieve their
normal appearance and arrangement as they become slender, branching,
and anastomosing with central oval vesicular nuclei (N). A few
cardiomyocytes exhibit irregular, darkly stained nuclei (n). Moreover,
mild congestion of blood capillaries (c) is detected in between the
cardiomyocytes. Disruption and fragmentation of cardiac myocytes with
loss of their striations (*M) in some areas are also seen. (H&E X 400,
scale bar = 50pm).

Fig. 8: A photomicrograph of L.S left ventricular muscles of an adult rat
in Group IlIb showing that some myocytes appear slender, branching,
and anastomosing (M), with large central oval vesicular nuclei (N) with
longitudinal striations. Other muscle fibers show loss of longitudinal
striations (*M) with irregular, darkly stained nuclei (n). There are marked
congested, dilated blood vessels in between cardiomyocytes (bv) (H&E
X 400, scale bar =50 pm).

Fig. 9: A photomicrograph of collagen fiber deposition in L.S of left ventricular cardiac muscles of adult rats in different groups showing in a & d) Groups Ia
and Ib, there are scanty collagen fibers between the cardiac myocytes. In b & ¢) Group Ila and IIb, there are abundant collagen fibers between cardiac myocytes.
In ¢ & f) Group Illa and IIIb, there are minimal collagen fibers between the cardiac myocytes (MT x 400, scale bar =50 pm).




EL-Malkey et al.,

Fig. 10: A photomicrograph of caspase 3 immunohistochemical staining of cardiac muscles of different groups showing: in a & d) No expression of caspase 3
in cardiac cells in control groups (Ia and Ib; respectively), in b & ¢) An increase of caspase 3 positive cells expression (arrows) in untreated DCM groups (Ila

and IIb; respectively) and in ¢ & f) Minimal expression of caspase 3 positive cells (arrow) in folic acid treated groups Illa & IIIb; respectively compared to
groups (Ila) and (IIb) (Immunoperoxidase technique for caspase 3 X 400, scale bar =50 um).
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Fig. 11: A photomicrograph of iNOS immunohistochemical staining of cardiac muscles of different groups showing: in a & d) No expression of iNOS in
cardiac cells in control groups (Ia and Ib; respectively), in b & e) An increase of iNOS positive cells expression (arrows) in untreated DCM groups (Ila and IIb;
respectively) and in ¢ & f) Minimal expression of iNOS positive cells (arrow) in folic acid treated groups Illa & I11b; respectively compared to groups (IIa) and
(IIb) (Immunoperoxidase technique for iNOS X 400, scale bar =50 um).

Table 1: Serum levels of gluco-metabolic parameters all groups

Group (Ia) Group (IIa) Group (Il1a) Group (Ib) Group (IIb) Group (I11b)
Glucose (mg/dl) 92.6x17.5 480+44.6* 208+ 21.12" 87.1£11.9 533485.4" 33341174
Insulin (uIU/ml) 26.2+1.2 18.5+1.9*" 244 0.5%0" 26.2+0.9 20.01+0.7¢ 22.8+0.7¢"4
HOMA-IR 5.9+0.95 21.9+2.2¢" 12.441.32" 5.6+0.8 26.3+4° 18.7+ 2. 1e%d

a: significant vs group (Ia), b: significant vs group (Ila), c: significant vs group (Ib), d: significant vs group (IIb); t: significant independent sample t test
between groups (Illa & I1Ib), *: p<0.001
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Table 2: Serum level of cardiac enzymes, oxidative stress and inflammatory markers in all groups

Group (Ia) Group (IIa) Group (Il1a) Group (Ib) Group (IIb) Group (I1Ib)
LDH (U/L) 364.5+65.6 969.6+142.1+" 601.8+50.2 %" 369.8+ 63 1280.5+365.7* 785.4+50.4 ¢
CK-MP (U/L) 2.6+0.8 16.8 £2.4 6.6+ 0.8 1.03£0.28 18.9+ 1.7+ 9.8+ 0.96
sRAGE(ng/mL) 5.3+ 0.5 6.4+03" 5.9+ 0.1 5.2+ 0.5 6.2+0.4¢ 5.8+£0.4¢
MDA (nmol/mL) 9.0+0.8 17.1£0.5*" 11.540.3 " 9.4+0.8 16.9£0.4¢" 13.340.8 %"
SOD(U/mL) 24.4+0.6 28.5+0.5¢" 25.240.6 " 25+0.8 20.44+ 0.67 23.7£01.08 "¢
CRP(mg/dL) 1.8£0.6 2.9+1.0% 2.0+ 0.5% 1.3£0.5 3.3£0.9¢" 2.240.6 44

a: significant vs group (Ia), b: significant vs group (Ila), c: significant vs group (Ib), d: significant vs group (IIb); t: significant independent sample t test
between groups (Illa & I1Ib), *: p<0.001, #: p<0.05

Table 3: Correlation coefficient between sSRAGE and cardiac parameters in all groups

Folic acid protective study

Folic acid therapeutic study

LDH +0.79" +0.58%
CK +0.73" +0.69"""
PR -0.57% -0.14 N8
R -0.56% -0.53%
ST +0.75" +0.63"
QT -0.70" -0.58%
*: p<0.001, $: p<0.01, NS: nonsignificant
Table 4: Blood pressure, heart rate in all groups
Group (Ia) Group (IIa) Group (Il1a) Group (Ib) Group (IIb) Group (I11b)
SBP (mmgH) 123.8+ 4.1 147.5+ 4.6 122.549.2% 126.5+ 4.1 147.5+ 4.9 134,74 3.2
DBP (mmgH) 73.7£6.3 97.8+ 4.7 76.5+ 3.7" 78.2+£4.9 97.1£5.1¢ 824 4,94
MAP (mmgH) 90.4+ 4.5 113.3+4.6" 91.8+ 3.7 94.3+ 3.7 114+ 5.0 99.6+ 3.0
MAP (mmgH) 298.8+4.7 367.1+ 13.7" 361.2+ 14.7" 301.5+£505 370.5+ 16.6% 377.5+23.6%

a: significant vs group (Ia), b: significant vs group (Ila), c: significant vs group (Ib), d: significant vs group (I1Ib); t: significant independent sample t test
between groups (I1la & I1Ib), *: p<0.001, #: p<0.05

Table 5: Correlation coefficient between SRAGE, blood pressure and HR

Folic acid protective study

Folic acid therapeutic study

SBP +0.51% 0.64"
DBP +0.63" 0.58%
MAP +0.63" 0.68"
HR +0.76" 0.48"

*: p<0.001, $: p<0.01,

Table 6: Area percentage of collagen fibers, caspase3 and iNOS immune positive cells in ventricular tissue of all groups

Group (Ia) Group (IIa) Group (Il1a) Group (Ib) Group (IIb) Group (IIIb)

(%) of collagen fibers 0.51+0.19 3.82+ 1.43 1.03+0.28"" 0.36+0.19 6.61+ 1.32¢" 3.09+0.88"""
(%) caspase-3 immunoexpression 1.33+0.54 18.20+ 1.69 6.53+1.47a*p* 1.25+0.54 37.854+3.97¢" 18.88+4.08" 4"
(%) iNOS immunoexpression 0.69+0.35 10.14+1.89+ 3,17+ 1.44% 1.03+0.34 34.35+4.59<" 12.41+4.74¢4

a: significant vs group (Ia), b: significant vs group (Ila), c: significant vs group (Ib), d: significant vs group (IIb); t: significant independent sample t test
between groups (Illa & I1Ib), *: p<0.001, #: p<0.05
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DISCUSSION

Type-2 DM was proven by the significant
hyperglycemia, hyperinsulinemia and the increase in
HOMA-IR in DCM untreated groups (Ila and IIb) in
comparison with the corresponding control group (la and
Ib; respectively), that was in accordance with the study of
Guo et al.B3 who reported that injection of low-dose of
STZ induces a gradual impairment of insulin secretion,
which is similar to the natural progression course of type-
2 DM, as STZ has a cytotoxic action via increasing the
production of nitric oxide (NO) and damaging the nuclear
DNA of pancreatic B-cells.

Regarding evidence of developing DCM, the recorded
ECG tracings showed a significant deviation of "S-T"
segment (depression and elevation, respectively), decrease
in "R" wave amplitude, shortening of "PR" interval, and
"QT" interval, and increase in HR when compared to the
control groups (Iaand Ib; respectively). The present findings
agreed with those of Sabourin et al.*¥ who observed the
inhibition of transient receptor potential ion channels
(TRPC) could decrease the "R" wave amplitude, shorten
the "PR" interval, and induce ventricular arrhythmias in
diabetic hearts, indicating that TRPC channels may have a
role in the regulation of the electrical conduction through
the AV node, and the ventricles.

In addition, Vinik et al®¥ and Murtaza et al™
explained these ECG changes by dysregulation of the
autonomic nervous system and the development of diabetic
cardiovascular autonomic neuropathy (CAN) that could
lead to a sympathetic over-activation, and modulation of
the activity of the sinus node.

Furthermore, DCM model in the present study revealed
an increase in serum cardiac enzymes (LDH and CK-MB)
in comparison with the control groups. These data agreed
with Upaganlawar and Balaraman®®.

LDH and CK-MB present primarily in cardiac myocytes.
Elevated serum LDH activity is a trustable indicator of
organ injury, infarction and/ or necrosis, especially those
adversely affected by DMPY via increased the production
of reactive nitrogen and oxygen species which could result
in tissue and organ damagel®”). In contrast, Saleem et al.*®
showed that the decrease in the levels of cardiac enzymes
was a sign of the tissue injury due to lipid peroxidation.

This observation was supported by the histopathological
changes of cardiac tissue in untreated DCM groups (Ila,
IIb) in the present work as there was wavy cardiomyocytes
with apparent cellular exudate in between them, irregular
and deeply stained nuclei, vacuolation of the cytoplasm of
some cardiac myocytes, disruption, and fragmentation of
cardiac myocytes with dilated congested blood capillaries
between them with a significant increase in area percentage
of collagen fiber deposition between the cardiac tissues,
which confirmed the damage in cardiac muscle. Notably,
the histopathological changes in group (IIb) were more
marked and evident than those in group (Ila). These
findings were agreed with Thent e al.**) and Wu et al.l*”

who reported that in streptozotocin induced diabetic rats
there were structural organization of cardiac tissues in
the form of deformation of nuclei of cardiomyocytes and
disarrangement or disordered cardiac myofibers and there
was an increase in collagen fiber deposition between the
cardiac tissue.

Immunohistochemical staining for caspase 3, an
important indication of apoptotic cell death, in DCM groups
(I1a, 1Ib) showed a significant increased immune positive
cell compared to the control groups. These results agreed
with that of Yu et al.*"! who reported that there was higher
expression of Bax and caspase-3 but lowered expression
of Bcl-2 in DM group compared to control group. Abdel-
Hamid et al.** stated a significant increase in the caspase-3
expression in cardiomyocytes of the DCM group.

Soldani and Scovassi! reported that reactive oxygen
species (ROS) has been shown to be an important apoptotic
signal. This apoptotic pathway ultimately increases
caspase-3 and caspase-7, which leads to the activation
of poly (ADPribose) polymerase (PARP), a well-known
substrate of caspase-3; this cleavage ultimately leads
to the morphological and biochemical changes that are
characteristic of apoptotic cells.

The interesting finding of the present study is the
significant partial improvement in ECG changes as
there was a significant increase in "R" wave amplitude
associated with a decrease in "ST" segment deviation
in folic acid protective group (Illa). Additionally, there
was a significant decrease in cardiac enzymes (LDH and
CK-MB) in both folic acid-treated groups (Illa and IIIb)
when compared with DCM untreated groups (IIa and IIb;
respectively). However, insignificant changes in "PR" and
"QT" intervals were observed in comparison to untreated
groups. These observations were in line with that observed
by Stanhewicz and Kenney*.

The previous results were alongside with improvement
in cardiac tissue microscopic findings in folic acid protective
and therapeutic groups (I1la and I1Ib), as there was narrower
intercellular spaces between cardiac myocytes that
appeared normal with central vesicular oval nuclei, despite
the presence of some irregular and deeply stained nuclei,
additionally, a significant decrease in the percentage area
of collagen deposition however, the improvement in group
(ITIa) was more than that of (IIIb). These findings agreed
with that Stanhewicz and Kenney* and of Li et a/*! who
revealed that folic acid supplementation decreased both
enzymes’ activities and corrected the cardiac structural
abnormalities in diabetic and HFD-fed mice and markedly
reduced the degree of collagen deposition and fibrosis. The
previous authors proved that folic acid improved oxidative
stress and myocardial fibrosis in the heart.

Interestingly, in  the  present work  the
immunohistochemical staining for caspase 3 showed a
significant reduction in the immune positive cells in the
rats treated with folic acid in comparison with the untreated
ones that agreed with the findings of Shafikhani et a/.l*!
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who reported that folic acid was able effectively to inhibit
endothelial cell apoptosis.

The anti-apoptotic effect of folic acid could be related
to the antioxidant and anti-inflammatory properties of
folic acid as the exposure of endothelial cells in vitro to
high levels of glucose caused significant ROS formation
in company with caspase-3 activation and apoptosis. Both
the activation of caspase-3 and the induction of apoptotic
cell death could be inhibited by addition of antioxidants in
the cultures7.

It is worth noticing that the results of the present study
revealed a significant increase in SRAGE in untreated DCM
groups (IIa and IIb) and folic acid treated groups (Illa and
I1Ib) in comparison with the corresponding control groups.
However, only in the protective group (Illa), SRAGE
significantly decreased when compared to DCM untreated
group (I1a).

Furthermore, this study revealed a significant positive
correlation between sRAGE and cardiac enzymes (LDH,
CK-MB), also there was a significant positive correlation
between sSRAGE and SBP, DBP, MBP, HR and ST
segment, but there was a significant negative correlation
between SRAGE and PR interval, QT interval and R wave
amplitude.

This was supported by Yamagishi et al.B! who
demonstrated that hyperglycemia contributes to the
formation of advanced glycation end-products (AGEs).
Excess production of AGEs was considered as an early
marker of cardiac disease in type-2 DM with endothelial
dysfunction. As hyperglycemia damages the vascular
endothelium, which enhances the production of AGEs,
increases the expression of AGE receptors (RAGE) and their
ligands™*’, increasing superoxide production decreasing
NO synthesis that promotes vascular inflammation and
dysfunction".

Yonekura et alPY has reported that circulating
soluble isoforms of RAGE lack the intracellular and the
intramembranous parts of the receptor regulating RAGE
activity by competitive inhibition. Fujisawa et al.’? has
reported higher circulating SRAGE levels in type 2 diabetic
patients that may be a counter-system against endothelial
cell damage and could reflect enhanced RAGE expression
in the diabetic vasculature. Additionally, a positive
association between its level and the severity of the disease
was reported by Nin e al.®3. In support to our findings,
Sherif et al.5* found elevated sSRAGE levels in diabetic
patients with stable coronary artery diseases, suggesting
its predictive value to the high risk of CVD development,
as well as to evaluate the effects of potential therapeutic
interventions. Moreover, the insignificant effect of folic
acid post treatment in group (IIIb) on sSRAGE could be
explained by the possibility that SRAGE has different
relationships in different states of DM, age, and level of
AGEs/ RAGE expression®. Additionally, sherif et al.’¥
reported that SRAGE might be influenced by the time of
sampling and stage of the disease.

Notably, also it was found that compliance of the left
ventricle decreases with myocardium accumulation of
AGE:s. The positive association found between SRAGE and
cardiac function tests in men with and without diabetes,
reflecting a direct role of the AGE-RAGE signaling on the
left ventricular function™. This may explain why sSRAGE
is associated with the cardiac enzymes, ECG changes and
ABP in this study.

The relation between sSRAGE and incident HF risk are
contradictory and argumentative, as Lazo et al.’% showed
a negative association between SRAGE and the incident of
HF in middle-aged adults, this discrepancy with the results
of the present work could be related to the difference in
the species, stage of the disease and the intervention used.

Additionally, the significant reduction in MDA, SOD
in folic acid protective group (Illa) and the increased
SOD in folic acid therapeutic group (IlIb) may reflect
lower levels of ROS generation in those rats treated with
folic acid in protective group (Illa), or efforts generated
by SOD to conflict OS in therapeutic group (IlIb) to
which animals were chronically exposed that resulted in
reduction in the activity of SOD with increase in MDA in
untreated DCM rats (IIb) in the present work reflecting
high oxidative pressure and the diminished antioxidant
defense potential in long standing cases of untreated
hyperglycemia and dyslipidemia, as SOD acts as a
scavenger for toxic superoxide radical which is implicated
in lipid peroxidation!**!.

The previous results were confirmed by iNOS
expression in cardiac tissue where there were significantly
increased immune positive cells in DMC groups (I1a &IIb)
compared to the control groups. these findings agreed
with that of De Belder et al.F” who stated that there was
an excessive NO production in patients with cardiac
dysfunction resulting from cytokine-induced expression
of iNOS in myocardial and vascular tissues. The authors
showed that expression of iNOS protein with a high
prevalence of TNF-alpha protein expression in cardiac
myocytes related with cardiomyopathy. Nagareddy et al.*®
reviewed that iNOS expression was significantly elevated
in STZ diabetic rat hearts and it considered a predominant
contributor to oxidative/nitrosative stress in diabetic
myocardium as once induced, iNOS is known to generate
large amounts of NO until the enzyme is degraded.

In folic acid protected group (Illa) and therapeutic
group (IIIb) there was a significant decrease in iNOS
immune positive cells compared to those of the groups
(ITa) and (IIb). Moreover, iNOS immune positive cells
expression in group (I1Ib) was significantly more than that
in (I1Ia). This result may be due to the mechanism of folic
acid as antioxidant by suppressing of iNOS activity and
expression, a decreased NO content, a reduction in the
formation of lipid peroxides, and thereby a suppression of
the OS injury to protect the myocardial tissue”.

OS could be responsible for abnormal myocardial
ultrastructural changes such as degeneration, interstitial
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inflammation, and hemorrhage. In turn these abnormalities
are responsible for further elevation of oxidative/
nitrogenous stress™! that could be attributed to the presence
of a significant hyperglycemia®’. The histopathological
finding of the present work agreed with these observations.

The coexisting of OS and inflammation in DCM groups
in the present study could promote cardiac remodeling
changes that characterize diabetic cardiomyopathy!®!.
Interestingly, in Folic acid treated group, there was a
significant decrease in CRP in comparison to DCM
untreated groups, which was supported by Kim et al.>”
who reported that folic acid, has a role in decreasing
inflammatory reactions through the anti-oxidative capacity
of folate. In addition, high serum folate levels could
improve vascular endothelial function and lower the risk
of stroke and CVDI®2l. However, there was an insignificant
change in CRP between Group (Illa) and Group (IIIb),
indicating the prominent anti-inflammatory properties of
folic acid supplementation.

Furthermore, it has been observed that IR and OS could
activate cellular apoptotic- pathways including caspase-3
pathway that causes DNA fragmentation, cellular death,
and necrosis!®¥ predisposing for myocardial cell injury and
cardiomyopathy development!®*!,

This could explain the significant improvement in blood
pressure in folic treated groups in comparison to untreated
DCM groups in the present work, as folic acid was
found to improve impaired vascular reactivity, increased
peripheral vascular resistance and elevated blood pressure
in conditions of abnormal glucose and lipid metabolism!®*.

However, folic acid did not induce significant change
in HR when compared to DCM untreated groups. That
observation agreed with the result of Craig et al.[* who
noticed that, despite short-term folic acid supplementation
protecting the heart from autonomic dysfunction, it has not
altered HR.

The current study suggested that protective effects of
folic acid treatment were more effective than the therapeutic
ones in improving cardiac pathophysiological changes
induced by type-2 DM. As there was a significant increase
in PR interval, R amplitude, and a significant decrease in
serum LDH, CK-MB, % area of collagen deposition and
% area of caspase immune-positive cells in protective
folic acid group (IIla) when compared to therapeutic group
(IlIb). However, ECG tracing in folic acid therapeutic
group (IIIb) showed the presence of a pathological Q
wave that is a marker of myocardial infarction, coronary
atherosclerosis and increased cardiovascular risk and
could be explained by endothelial insulin resistance and
dysfunction®”!,

This result may be attributed to better glycemic
control, and the upper efficacy of protective administration
of folic acid in scavenging of various free radicals. These
observations were in accordance with Moens et al.l'¥ who

demonstrated preserved myocardial function in folic acid
pretreated rats subjected to regional coronary occlusion
because of less generated superoxide. However, there are
relatively few data on the effect of folate supplementation
on chronic heart disease outcome. Furthermore, failure of
therapeutic folic acid administration to decrease SRAGE
could be explained by the difference in the onset of the
therapy between both groups.

On the contrary, a study of Liem et al.l®® reported that
a 2-yr intervention with low-dose folic acid (0.5 mg/day)
had no beneficial effects. However, the dose of folic acid
used was too low to produce any benefit.

CONCLUSION

In conclusion, the current study demonstrated that
administration of folic acid in rats with experimentally
induced diabetic cardiomyopathy has beneficial protective
and therapeutic effects via exertion partial amelioration of
HFD-STZ-induced diabetic cardiomyopathy by attenuating
electrocardiogram, histological changes, cardiac tissue
collagen deposition and apoptosis. These effects could be
attributed to reducing glucose-metabolic disturbances, OS,
and inflammation. In addition, protective therapy could
target RAGE activation that influenced the pathogenesis
and reflected on SRAGE levels. Indeed, therapeutic use of
folic acid was not as effective as protective one. Therefore,
the use of dietary supplements is of great importance, to
prevent or reduce the DCM complications.

RECOMMENDATION

Data on the sequel of folic acid on the AGE-RAGE
signaling are limited. Further studies are required to
speculate the clinical importance of the use of folic
acid in the context of SRAGE regulation, and additional
mechanistic studies are needed as well as investigations
of the sources and functions of sSRAGE. Further clinical
studies are also needed to establish the value of SRAGE as
a prognostic marker in patients with DCM.
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