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The aim of this study was to examine the effects of folic acid administration on the antioxidant enzyme (superoxide dismutase
(SOD) and catalase (CAT)) activities, lactate and malate dehydrogenase (LDH and MDH) activities, and certain LDH and MDH
isoform distribution in the cardiac tissue of diabetic Wistar male rats. Diabetes mellitus (DM) was induced by streptozotocin
(STZ). There were five groups: Cl—control (physiological saline 1 ml/kg, i.p. one day), C2—control with daily physiological
saline treatment (1 ml/kg, ip. 28 days), DM—diabetes mellitus (STZ 100 mg/kg in physiological saline, i.p. one day), FA—folic
acid (5mg/kg in physiological saline, i.p. 28 days), and DM+FA—diabetes mellitus and folic acid group (STZ 100 mg/kg in
physiological saline, i.p. one day, and folic acid 5mg/kg in physiological saline, i.p. 28 days). After four weeks, animal hearts
were isolated for measurement of enzyme activities, as well as for histomorphometry analyses. An elevated glucose level and a
decreased insulin level were obtained in the DM group. SOD, CAT, and MDH activities were elevated in the DM group, while
there was no difference in LDH activity among the groups. In all tested groups, four LDH and three MDH isoforms were
detected in the heart tissue, but with differences in their relative activities among the groups. Left ventricular cardiomyocyte
transversal diameters were significantly smaller in both diabetic groups. Folic acid treatment of diabetic rats induced a reduced
glucose level and reduced CAT, SOD, and MDH activities and alleviated the decrease in cardiomyocyte diameters. In
conclusion, increased activities of antioxidant enzymes and MDH may be the consequence of oxidative stress caused by DM.
Administration of the folic acid has a protective effect since it leads to reduction in glycemia and activities of the certain
examined enzymes in the rats with experimentally induced DM.

1. Introduction

Diabetes mellitus (DM) has been defined as a group of disor-
ders characterized not only by hyperglycemia but also by
altered insulin action or secretion, altered metabolism of pro-
teins, carbohydrates, and lipids, and the increased risk of vas-
cular complications. Insulin resistance and hyperglycemia
lead to dyslipidemia that is a risk factor for vascular diseases
such as atherosclerosis and coronary artery disease [1]. The
changes in the metabolism provoke damages of different tis-
sues and organs [2]. Mechanisms of changes in the metabo-

lism and energy synthesis are not completely clear, but it is
known that they can lead to diabetic cardiomyopathy and
decline in cardiac function [3]. Metabolism changes can be
examined by lactate dehydrogenase (LDH) isoform detection
and evaluation of these isoform activities. There are five iso-
forms of LDH (LDH1-LDHS5). Their activities indicate the
predominance of aerobic or anaerobic metabolism in a par-
ticular tissue, since it has been demonstrated that LDHI1 iso-
form has increased activity in aerobic conditions, while
LDHS5 is more active in anaerobic conditions [4]. LDH cata-
lyzes the oxidation of lactate to pyruvate when there are high
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concentrations of lactate and reverse reaction of the reduc-
tion of pyruvate to lactate occurs in case of oxygen deficiency
in the cell [5]. LDH is a heterotetramer that consists of M and
H subunits. In each of the LDH isoforms, there is a different
ratio of the subunits which determines the affinity to lactate
and pyruvate and the role of the isoform in the direct or
reverse reactions [6]. LDH1 and LDH2 have higher affinity
for lactate, and they are more active in the tissues well sup-
plied with oxygen. LDH3 has the same affinity for both pyru-
vate and lactate. The last two isoforms dominate in the
tissues where glycolysis predominates [7]. LDH, aspartate
aminotransferase, and creatine kinase are cardiac marker
enzymes which provide information about cardiomyocyte
damage. The decrease in marker enzymes in the myocardium
is a sign of the cellular injury due to lipid peroxides [8].
Assessment of these enzymes in the heart and/or in serum
is important to estimate the cellular damage [8]. In addition
to LDH, malate dehydrogenase (MDH) is an enzyme with
important metabolic functions [9]. It catalyzes the conver-
sion of malate into oxaloacetate, and vice versa. MDH has
an important role in the citric acid cycle, and it is considered
as a marker enzyme for this cycle [10, 11]. MDH is directly
implicated in glucose metabolism [10, 12]. Mitochondrial
MDH activity indicates overall metabolic status. The
decrease of the cytosolic MDH reflects depression of energy
metabolism in the cytoplasm [10, 13]. The MDH activity is
a useful parameter to evaluate metabolic conditions both in
the mitochondria and cytoplasm. Since DM leads to meta-
bolic disorders, change in total MDH activity and its isoform
distribution can also be expected.

Recently, it has been demonstrated that increased oxi-
dative stress and changes in antioxidant capacity are an
important mechanism in the pathogenesis of DM and its
complications [14]. Oxidative stress may influence the
endogenous antioxidant system that includes glutathione
peroxidase (GSH-Px), superoxide dismutase (SOD), and cat-
alase (CAT) antioxidant enzymes [15]. Prolonged hypergly-
cemia is followed by the production of reducing sugars.
These sugars can react with lipids and proteins and increase
the production of reactive oxygen species (ROS), which, con-
sequently, increase oxidative stress. [16, 17]. Also, an elevated
glucose level increases the production of reactive nitrogen
species, such as peroxynitrite. It causes protein and DNA
damage, activates polyADP ribose polymerase, and promotes
endothelial stress and cell death [18]. It has been demon-
strated that the oxidative stress alters protein, lipid, and car-
bohydrate metabolism [19] and may induce dysfunction of
endothelial cells and cause the development of atherosclero-
sis. For that reason, it is considered to be the major player in
the development of diabetic complications such as vascular,
neuronal, ophthalmological, and renal disorders [17]. In
order to prevent the damage by enhanced oxidative stress,
the balance of ROS and antioxidants is necessary; hence, dif-
ferent supplements of antioxidants may be used to prevent
consequences of oxidative stress [20].

Folic acid has an important role in reducing oxidative
stress, improving endothelial function, and preventing apo-
ptosis by reducing the plasma homocysteine level [21, 22].
In patients with DM and hyperhomocysteinemia, it has been
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demonstrated that folic acid lowers the plasma homocysteine
level and improves endothelial function [23, 24]. There are
also effects of folic acid that are independent of homocyste-
ine, such as protection against endothelial nitric oxide syn-
thase uncoupling, conservation of tetrahydrobiopterin, and
inhibition of superoxide formation [25-27]. Also, indepen-
dently on the homocysteine level, folic acid leads to an
increase in coronary vasodilatation and to a mild decrease
in arterial blood pressure in patients with coronary artery
disease [28]. In addition, the perfusion of the isolated heart
with folic acid significantly increased the flow through the
coronary arteries and reduced the production of the superox-
ide anion; however, it increases the lipid peroxidation index
[29]. Administration of the folic acid in diabetic rats at doses
of 0.4mg/kg/day and 1.2mg/kg/day demonstrated a dose-
dependent decrease in apoptosis of cardiomyocytes. It was
also observed an increased level of antiapoptotic protein
Bcl-2 and a reduced level of proapoptotic proteins Bax and
Fas [30]. Since folic acid reduces oxidative stress and prevents
cardiomyocyte apoptosis [21], increased LDH as well as
mitochondrial and cytosolic MDH activity in the cardiac tis-
sue in rats treated with folic acid is expected.

Despite the published studies, the effect of folic acid on
the antioxidant enzymes in the cardiovascular system of both
the healthy rats and those with DM type I is not completely
clear, and further researches are needed. Thus, the aim of this
study was to examine the influence of folic acid administra-
tion on the antioxidant enzymes, as well as on LDH and
MDH activities and their certain isoform distribution in the
cardiac tissue of diabetic Wistar male rats; furthermore, the
influence of folic acid on the cardiovascular biomarkers and
histological structure of the heart was tested.

2. Materials and Methods

2.1. Experimental Animals. Male Wistar albino rats (n = 46)
with a body weight of approximately 160g at the start of
the experimental period were used in the research. The rats
were housed in pairs in transparent plexiglass cages with a
wood chip floor. The ambient conditions were constant
(temperature 21+ 2°C; relative humidity 55+5%; 12h
light-dark cycle with the light period beginning at 07:30
a.m.). Standard food and water were available ad libitum.
The study has been approved by the Ethical Council for the
Welfare of Experimental Animals, Ministry of Agriculture,
Forestry and Water Management, Veterinary Directorate,
Republic of Serbia (number: 323-07-01339/2017-05/04). All
experimental procedures were done in accordance with the
prescribed legislation (EU Directive for the Protection of
Vertebrate Animals Used for Experimental and Other Scien-
tific Purposes 86/609/EES) and the principles of ethics.

2.2. Experimental Protocol. The research was conducted dur-
ing a four-week period. The animals were distributed in five
groups. There were two control groups: one (C1, n = 8) that
received one dose of physiological saline (1 ml/kg b.w., i.p.)
and the second one (C2, n = 10) that received physiological
saline treatment during 28 consecutive days (1 ml/kg b.w.,
i.p.). The group C1 was introduced to examine whether daily
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treatment with physiological saline that exists in the C2
group may affect the tested parameters. The third group
was the group of experimental animals with induced DM
(DM, n=8) using one dose of streptozotocin (STZ,
100mg/kg b.w. in physiological saline, i.p.). The fourth
group, the folic acid group (FA, n =10), received folic acid
(5mg/kg b.w. in physiological saline, i.p.) treatment during
28 consecutive days. The fifth group was the group of exper-
imental animals with induced DM and folic acid treatment
(DM+FA, n=10). First, they were treated with STZ
(100 mg/kg b.w. in physiological saline, i.p., in one dose),
and on the fourth day after STZ treatment, they received folic
acid during the next 28 consecutive days.

The body weight and blood glucose level were measured
at the start, weekly, and at the end of the experimental period.
After four weeks of the treatment, the animals were eutha-
nized using a rat guillotine. Blood was collected through a
glass funnel and placed in appropriate vacutainers. The
samples were left at the room temperature for 15 min and
afterwards centrifuged (15 min x 3000 rpm). The obtained
plasma and serum were used for the analyses. Prior to blood
sample collection, animals were fasted overnight (during
12h) to avoid food-induced changes in the blood biochemi-
cal parameters.

Whole hearts were isolated from all the rats. The hearts
were rinsed in the physiological saline, and their weight was
measured. After this procedure, the hearts from one half of
the animals (randomly chosen) from each group were placed
in formalin solution for histology analyses and the remaining
hearts were homogenized and centrifuged for enzyme activ-
ity measurement.

2.3. Induction of Diabetes Mellitus in Rats. DM was induced
in experimental animals by an intraperitoneal injection of
freshly prepared STZ (100 mg/kg b.w.) [31], dissolved in
physiological saline (0.9% NaCl, 1 ml/kg b.w.) [32-36]. Cit-
rate buffer is used for dissolving STZ more frequently than
physiological saline [2, 15, 17, 19, 30]. However, to avoid
the effects of citrate buffer on the tested parameters, we used
a physiological saline to dissolve STZ, but because of that, a
higher dose of STZ is applied. An appropriate dose of STZ
was previously determined following the dose-response rela-
tionship between different STZ doses (from 40 to 150 mg/kg)
and the blood glucose level. 72h after the STZ administra-
tion, DM was confirmed by measurement of the blood glu-
cose level in animals that were fasting during previous 8 h.
The values of glucose higher than 12.2 mmol/l were consid-
ered positive for DM [15].

2.4. Biochemical Parameter Determination. The glucose level
in blood obtained from the rat tail vein in the animals that
were fasting during previous 8h was determined by an
Accu-Chek analyzer (Roche Diagnostics, Indianapolis,
USA). Serum homocysteine was measured by an automated
electrochemiluminescence immunoassay system, ADVIA
Centaur XP system (Siemens Healthcare GmbH, Erlangen,
Germany). The serum glucose level, the lipid profile parame-
ters (total cholesterol (TC), low-density lipoprotein (LDL),
high-density lipoprotein (HDL), and triglycerides (TG)),

and cardiac tissue damage parameters (LDH and troponin T)
were analyzed using the spectrophotometer and commer-
cial kits (Siemens Healthcare Diagnostics Ltd., Frimley,
Camberley, UK) on an automatic biochemical analyzer
(Dimension Xpand, Siemens). In order to confirm the
development of DM, the serum insulin level was measured
and homeostasis model assessment of insulin resistance
(HOMA-IR) was calculated in the Cl1 and DM groups.
The serum insulin level was determined by the RIA
method, using rat insulin standards on an automatic counter
(PerkinElmer GammaWIZARD 1470, Automatic Gamma
Counter, Boston, USA). The rat fasting insulin reference level
was 12.06-48.26 mU/1 [37]. For the determination of haemo-
static factors (fibrinogen and von Willebrand factor (VWF)
activity), immunoturbidimetric commercial assay (Siemens
Healthcare GmbH, Marburg, Germany) was used. Insulin
resistance was evaluated by HOMA-IR using the formula:
HOMA - 1R = insulin (mU/1) x glucose (mmol/1)/22.5 [38].
Also, the atherogenic index (AI=LDL/HDL) as a marker
of atherogenicity and increased ishaemic disease risk was
calculated [39].

2.5. Heart Weight Index (HWI) Calculation. In order to eval-
uate the cardiac hypertrophy, the HWI was calculated using
the formula: HWT = heart weight (mg)/body weight (g) [40].

2.6. Preparation of the Heart Tissue Samples. The heart tissue
(100 mg) was homogenized on ice in 1 ml of buffer
(20 mmol/1 Tris-HCI, pH 7.5, 250 mmol/l sucrose, 1% Triton
X-100, with the addition of the protease inhibitor: 1 mmol/l
phenylmethylsulfonyl fluoride (PMSF) and 1 pg/ml leupep-
tin) [41]. The homogenate was centrifuged at 10000 rpm at
4°C during 10min. The total protein concentration was
measured in the obtained supernatant using the Bradford
method [42].

2.7. Determination of Antioxidant Enzyme Activities in the
Heart Tissue. All enzyme activities were measured using a
Shimadzu UV-160 spectrophotometer and a temperature-
controlled cuvette holder.

2.7.1. Determination of CAT Activity. Heart tissue CAT activ-
ity was determined spectrophotometrically according to the
method of Beers and Sizer [43]. Absorbance change during
hydrogen peroxide breakdown by CAT was directly tracked
at 240 nm during one minute. One unit of enzyme activity
(U) was defined as the decomposition of 1 gmol hydrogen
peroxide per minute under the test conditions.

2.7.2. Determination of SOD Activity. The activity of SOD
was determined spectrophotometrically at 480 nm by the epi-
nephrine method [44]. This method is based on the capacity
of SOD to inhibit autoxidation of epinephrine to adreno-
chrome at pH 10.5. One unit of SOD activity was defined
as the concentration of the enzyme in the sample that caused
50% inhibition of the autoxidation of epinephrine at 26°C.

2.8. Determination of LDH Activity. Activity of LDH was
determined by spectrophotometric measurement of the
absorbance decrease at 340nm during oxidation of
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TaBLE 1: Body weight at the start and at the end of the experimental period and heart weight index of experimental animals.
Groups (mean + SEM)
Parameters c1 ooy DM FA DMFA P value
Body weight (g) at the start 145.6 £2.8 146.6 £ 1.9 145.4+£2.4 145.4+£2.4 151.3+3.4 0.286
Body weight (g) at the end 253.1+7.9 364.0 +8.3" 181.0 +7.8** 363.8+7.8* 1 192.3+9.3%%" <0.001
Heart weight index (mg/g) 2.99+0.14 3.02+0.08 3.54+0.05" 3.39+0.17 3.46+0.12 0.008

*P < 0.05 versus the C1 group, #P < 0.05 versus the C2 group, “P < 0.05 versus the DM group, and "P < 0.05 versus the FA group.

NADH [45]. One unit of LDH activity (U) catalyzes the
transformation of 1 gmol of NADH per minute under the
test conditions.

2.9. Determination of MDH Activity. Activity of MDH was
determined by the method of Frieden and Fernandez [46].
Absorbance decrease was measured during oxidation of
NADH at 340 nm. One unit of MDH activity (U) catalyzes
the transformation of 1 ymol of NADH per minute under
the test conditions.

2.10. Determination of LDH Isoforms. Distribution of LDH
isoforms was determined by the direct electrophoretic zymo-
graphy according to Cunningham et al. [47]. Isoforms
appeared on the gel as dark blue bands of formazan, which
is formed after the reduction of nitroblue tetrazolium in the
presence of the electron transfer mediator phenazinemeto-
sulphate and NAD" as a coenzyme. The activities of individ-
ual isoforms were semiquantitatively assessed as relative
activity of total LDH activity and expressed in percentages.

2.11. Determination of MDH Isoforms. Distribution of MDH
isoforms was determined by the direct electrophoretic zymo-
graphy, according to the method of Yoshimura et al. [48].
Isoforms were visualized as dark blue bands of formazan,
which is formed as a product of the reduction of nitroblue
tetrazolium in the presence of phenazinemetosulphate as an
electron transfer mediator and NAD" as a coenzyme. The
activities of individual isoforms were semiquantitatively
assessed as relative activity of total MDH activity and
expressed in percentages. LDH and MDH isoforms on
obtained zymograms were analyzed using the Image] Q.42
software package.

2.12. Histological Analysis. Blocks of tissue were fixed by
immersion in 4% neutral-buffered formaldehyde for at least
24h [49]. The tissue was then dehydrated and embedded in
paraplast. Tissue elements were cut with a microtome (Leica
Reinhart Austria and Leica SM2000 R, Heidelberg,
Germany). Sections of the heart tissue (5-ym thick) were
sampled from the analyzed specimens and stained with
hematoxylin and eosin. This staining enables the morpholog-
ical evaluation of changes in the heart, primarily the structure
of the extracellular matrix, as well as the morphometric anal-
ysis and determination of the transversal diameter of the car-
diomyocytes. Morphometric parameters were determined on
the two cross section levels. The first represented the apex of
the heart and the second the middle portion of the heart. For
all the analyses, an Olympus BX41 microscope (Tokyo,
Japan) with the Olympus C5060-ADU “wide zoom” camera
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FI1GURE 1: The glucose level (mmol/l) at the start of the experimental
period, 72 h after STZ or saline administration, and at the end of the
experimental period. *P <0.05 versus the Cl group, #P<0.05
versus the C2 group, "P < 0.05 versus the DM group, "P < 0.05
versus the FA group, and “P < 0.05 comparing the glucose level
72h after the STZ administration and at the end of the
experimental period.

was used (Tokyo, Japan). Measurements were performed
using the image analyzer (Image] Q.42 software package).

2.13. Statistical Analysis. Data were expressed as mean +
SEM or median (minimal value and maximal value). Statisti-
cal comparison between the values obtained from the exper-
imental groups was performed by one-way analysis of
variance (ANOVA), followed by Tukey’s post hoc test or by
the Kruskal-Wallis test and Mann-Whitney U depending
on the data distribution. SPSS 19.0 for Windows software
package was used for statistical analyses. Differences were
considered significant at P < 0.05.

3. Results

3.1. Body Weight and Heart Weight Index. All animals
survived over the entire experimental period. Compared
to the healthy rats, weight loss was observed in both the
diabetic rat groups during the experimental period
(P<0.001, Table 1). In the DM group, the HWI was
enhanced by 18.39% in comparison to that in the Cl
group (P =0.047, Table 1).
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TaBLE 2: Biochemical parameters in serum and plasma of the experimental animals.
Groups (mean + SEM)
Parameters c1 b DM FA DM4FA P value
Insulin (mU/I) 26.8+1.0 / 20.2+0.9" / / <0.001
HOMA-IR 7.2+04 / 26.6+2.2% / / <0.001
LDH (U/1) 3887.1 +358.5 4438.4 + 331.7 3913.7 £249.3 3490.5 +429.2 4212.5+357.1 0.378
Troponin T (ng/l) 25.8+6.2 23.1+2.4 6.4+1.0°" 34.7+£0.0" 27.6+8.0" 0.003
Fibrinogen (g/1) 2.6+0.3 22+0.1 1.2+0.2%% 2.2+0.1" 2.1+0.1" 0.004
von Willebrand factor (%d.N.) 214.3+30.4 99.4 +4.3" 467.9+43.6°"  46.1+16.3%""  379.5+34.9*""  <0.001

HOMA-IR: homeostasis model assessment of insulin resistance; LDH: lactate dehydrogenase. *P < 0.05 versus the C1 group, #P < 0.05 versus the C2 group,

"P < 0.05 versus the DM group, and "P < 0.05 versus the FA group.

3.2. Biochemical Parameters. There was no statistical differ-
ence in the glucose level between the tested groups before
the STZ treatment (P =0.128). An elevated glucose level
was found in all treated animals 72h after the STZ adminis-
tration (DM = 17.22 + 0.646 mmol/l and DM+FA =18.78 +
1.35mmol/l). At the end of the experimental period, the
glucose level in the group DM+FA was still elevated in com-
parison to both the control groups, but significantly lower
than that in the DM group (DM =27.66 +2.185 mmol/l
and DM+FA =19.24 + 3.122 mmol/l) (Figure 1). The serum
insulin level and HOMA-IR were determined in the Cl
group and the DM group to confirm the development of
diabetes. In the DM group, the insulin level was significantly
lower and HOMA-IR was significantly higher (P <0.001)
than those in the C1 group (Table 2). Statistically significant
difference in the serum homocysteine level was found among
the groups (P < 0.001, Figure 2). It was significantly increased
in the FA group (12.86 + 0.83 mmol/l) and decreased in the
DM+FA group (5.59 +0.43 mmol/l). Serum cardiac tissue
damage parameters revealed that there was no difference
in LDH among the groups, while the troponin T level
was significantly decreased in the DM group (Table 2).
Haemostatic parameters exhibited significant difference
among the groups. Fibrinogen was decreased in the DM
group, while VWF was increased in both the diabetic
groups (Table 2). Serum TC, HDL, and TG levels were sig-
nificantly increased in the DM group in comparison to all
other groups, while all these parameters were decreased in
the DM+FA group in comparison to the DM group. How-
ever, the LDL level in the DM group was higher than in
the C1 group and lower than in the other groups. The
highest value of LDL was observed in the diabetic group
with the folic acid treatment. AI was increased in the DM
group, but even higher values were obtained in the C2,
FA, and DM+FA groups in comparison to the Cl group
(Table 3).

3.3. Antioxidant Enzyme Activities. Antioxidant enzyme
activities (CAT and SOD) in cardiac tissue homogenate
were statistically different among the groups (P =0.001
and P =0.008, respectively). CAT activity was the highest
in the DM group, while the administration of folic acid
leads to decrease in its activity in both the healthy rats
and the rats with induced DM (Figure 3(a)). Similarly,
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FiGUure 2: The serum homocysteine level (mmol/l) in the tested
groups (P < 0.001). *P < 0.05 versus the C1 group, #P < 0.05 versus
the C2 group, “P < 0.05 versus the DM group, and "P < 0.05 versus
the FA group.

SOD activity has the highest values in the DM group
and folic acid treatment significantly decreased its activity
in rats with DM (Figure 3(b)).

3.4. LDH and MDH Activities. There was no statistically
significant difference in LDH activity among the groups
(P =0.074, Figure 4(a)), while MDH activity varies among
the groups significantly (P =0.013). It was increased in the
DM group in comparison to the C1 group and decreased
in the DM+FA group in comparison to all other groups
(Figure 4(b)).

3.5. LDH and MDH Isoform Determination. In the heart tis-
sue of all tested animals, four LDH (LDH1, LDH2, LDH3,
and LDH4) and three MDH (peroxisomal, mitochondrial,
and cytosolic) isoforms were detected (Figures 5 and 6). In
all groups, LDH2 isoform had the highest relative activity,
then LDHI1, LDH3, and LDH4 isoforms, but there were
differences in the activities among the groups (P <0.001,
Figure 7). In the DM group, the decrease in LDH1 activity
and the increase in activity of LDH3 and LDH4 in compari-
son to both the control groups are clearly noticed. Folic acid
treatment of diabetic rats leads to the attenuation of these
changes in activities and to a significant reduction of LDH4
relative activity. Also, relative activity of MDH isoforms
was significantly different among the groups (P <0.001,
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TaBLE 3: Lipid profile parameters in serum of the experimental animals.

Groups (mean + SEM)
Parameters c1 2 DM FA DM4+FA P value
TC (mmol/l) 1.38 +0.06 1.53 +0.07* 2.32+0.13"" 1.52+0.07" 1.48 +0.13" <0.001
HDL (mmol/l) 1.12+0.05 0.64 +0.03" 1.51+0.11*" 0.60 +0.02*" 0.49 +0.09*" <0.001
LDL (mmol/l) 0.09 + 0.01 0.53 +0.06* 0.28 + 0.06™" 0.53 +0.06™" 0.66 + 0.08*" <0.001
TG (mmol/l) 0.58 +0.05 0.78 + 0.05 2.03+0.22%* 0.85+0.1"" 0.59 +0.18"*" <0.001
Al 0.078 +0.01 0.812 +0.07* 0.189 +0.05** 0.875 +0.09"" 0.900 +0.19*" <0.001

TC: total cholesterol; HDL: high-density lipoprotein; LDL: low-density lipoprotein; TG: triglycerides; Al atherogenic index. *P < 0.05 versus the C1 group,
#P < 0.05 versus the C2 group, “P < 0.05 versus the DM group, and "P < 0.05 versus the FA group.
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FIGURE 3: Antioxidant enzymes in the cardiac tissue: catalase (CAT) activity (a) and superoxide dismutase (SOD) activity (b). *P < 0.05 versus
the C1 group, #P < 0.05 versus the C2 group, "P < 0.05 versus the DM group, and "P < 0.05 versus the FA group.
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FIGURE 4: Lactate dehydrogenase (LDH) activity (a) and malate dehydrogenase (MDH) activity (b) in the cardiac tissue. *P < 0.05 versus the
C1 group, #P < 0.05 versus the C2 group, “P < 0.05 versus the DM group, and "P < 0.05 versus the FA group.

Figure 8). In the DM group, peroxisomal MDH activity was
increased in comparison to that in the control groups, while
in the DM+FA group, activity of this isoform was decreased.

3.6. Histological Analysis. The myocardial fibres were
arranged regularly, and the cardiomyocytes had physiologi-
cal morphology in all tested groups (Figure 9). An increased
heart surface area was obtained in the FA and DM+FA
groups in comparison to the DM group (P =0.007 and
P=0.015, respectively) at the apical level, while on the

middle portion of the heart, an increased heart surface
area was found only in the FA group in comparison to
the C1 and DM groups (P =0.006 and P =0.012, respec-
tively), but not with its correspondent control group (C2)
and the DM+FA group. There were no differences in the
left ventricular surface area among the groups, but the
right ventricular surface area was increased in the FA
group at the apical level. Both these surface areas were
increased in the FA group at the middle portion of the
heart level. Left ventricular wall thickness did not differ
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among the groups, at both tested levels, as well as right ven-
tricular wall thickness at the middle portion of the heart level;
however, it was decreased in the DM+FA group at the apical
level (Table 4). There was no difference in left ventricular car-
diomyocyte transversal diameters comparing three healthy
groups, but these diameters were significantly smaller in the
DM group at both tested levels (Figure 10). However, it was
observed that folic acid treatment has reduced the decrease
in the cardiomyocyte diameters.

4. Discussion

It is demonstrated that DM in a one-month period leads to
different organ damages and increases oxidative stress [50],
so the aim of this study was to evaluate the influence of folic
acid administration during a four-week period on the oxida-
tive stress parameters, as well as on LDH and MDH activities
and their certain isoform distribution in the cardiac tissue of
diabetic Wistar male rats.

Administration of STZ is one of the ways to induce DM
type I in rodents [51]. In order to confirm that STZ
(100 mg/kg) induced DM, the insulin level was measured
and the HOMA-IR index was calculated in the C1 and DM
groups. Induction of DM and increased insulin resistance
in the tested animals was confirmed by an increased glucose
level and HOMA-IR, as well as by a decreased insulin level in
the DM group. In our experiments, all the animals treated
with STZ had an elevated glucose level 72h after the STZ
administration. As it is expected in DM type I, STZ-treated
rats had also lower body weight than controls [52, 53].
Application of folic acid attenuated hyperglycemia (how-
ever, glucose level values remained still higher than
11.0mmol/l), while body weight of diabetic rats treated
with folic acid did not change in comparison to diabetic
rats without the treatment. Oxidative stress and inflamma-
tion that exist in diabetes promote cardiac hypertrophy
and individually cardiomyocyte hypertrophy [54, 55]. A
cardiac hypertrophy is also one of the signs of a diabetic car-
diomyopathy [56, 57]. In this work, cardiac hypertrophy was
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confirmed in diabetic rats by a higher HWIL. An increased
HWTI in the DM group indicated that a decrease in the
heart weight did not follow a decrease in the body weight
that was substantially reduced. Other authors have also
determined cardiac hypertrophy by evaluation of the
HWI and obtained similar results [40, 54]. Although we
showed a cardiac hypertrophy that indicates a diabetic car-
diomyopathy, the enzyme indicators of cardiomyocyte
damage had not been increased in the serum. There were
no differences in the serum LDH values, while the tropo-
nin T was even lowered in the DM group. Increased
serum LDH concentration occurs in cardiomyocyte dam-
age [58]. In this study, the serum LDH level did not differ
between the groups, indicating that there was no cardio-
myocyte damage; also, histological analysis did not reveal
signs of necrosis. On contrary, other authors obtained
increased serum LDH [40], as well as serum troponin I
[54], but their research periods lasted longer (8 weeks).

This may indicate that the absence of the alteration of
the serum LDH and decreased serum troponin T are due
to the short time of exposure to diabetes. All serum lipid
profile parameters were elevated in the DM group. Folic
acid treatment of diabetic rats increased LDL and
decreased both the HDL and TG levels. Our results reveal
that folic acid elevates the homocysteine level in the
healthy rats and decreases its level in the diabetic group,
which is also in accordance with other authors’ results
[21]. Changes in the HOMA-IR and biochemical markers
indicate the existence of metabolic syndrome in addition
to DM in the DM group.

Since increased oxidative stress and changes in antiox-
idant capacity are considered as an important mechanism
in the pathogenesis of DM and its complications [14],
oxidative stress examination in DM is of highly impor-
tance. Intensity of ROS generation modulates the response
to oxidative stress. It is demonstrated that their low
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concentrations stimulate antioxidant defence and increase
antioxidant enzyme activity, while high concentrations
inhibit enzymatic activity that will lead to further cellular
damage [59]. In this research, CAT and SOD activities
were increased in the cardiac tissue of diabetic rats. Simi-
lar results were obtained by other authors [50, 60]. How-
ever, some researchers have demonstrated decreased CAT
and SOD activities [15, 40, 54]. Our experimental period
lasted four weeks, while in most of the studies that dem-

onstrated decreased activities of antioxidant enzymes, the
experimental period was longer. The increased values of
CAT and SOD activities obtained by Strother et al. [50]
are in concordance with our results, and their experimen-
tal period was of a similar duration as ours (thirty days).
Since activities of antioxidant enzymes depend on ROS
concentration, the possible cause of our results is that
during the period of four weeks, ROS production due to
DM was just slightly increased and that had stimulated
the increase in CAT and SOD activities. In this research,
folic acid treatment had a beneficial effect on diabetic rats
since it decreased the value of both enzyme activities. As
folic acid has an antioxidant effects, it is expected that
its administration decreases the production of ROS and
consequently reduce the activities of these enzymes. It is
demonstrated that folic acid can reduce the production
of superoxide radicals that is catalyzed by nitric oxide
synthase (NOS) [61]. This enzyme needs the presence of
the cofactor tetrahydrobiopterin (BH,) and substrate L-
arginine for optimal function and NO production. When
there is limited availability of the cofactor or substrate
or when oxidative stress is elevated, NOS can destabilize
and uncouple and it starts producing superoxide radicals
instead of NO [62]. It is supposed that positive folic acid
effects are mediated by its primary circulating metabolite
5-methyl tetrahydrofolate (5-MTHF). 5-MTHEF increases
the bioavailability of the BH,, interacts with NOS directly,
and scavenges reactive oxygen species, specifically super-
oxide radicals, and indirectly by increasing BH, availabil-
ity, 5-MTHF stimulates NO synthesis and prevents
superoxide production [61]. Based on the previous study,
we can conclude that the decreased activities of SOD
and CAT in the cardiac tissue of diabetic rats with the
folic acid treatment could be the consequence of the
reduced production of superoxide radical due to the effect
of folic acid. Thus, strategies that reduce ROS production
may have effects in recovering myocardial function in DM.
There was no difference in total LDH activity in cardiac
tissue homogenate among the groups. By comparing LDH
isoforms, we have revealed that in the DM group relative
activity of LDH1 was decreased, while relative activity of
LDH4 was increased. Decreased activities of LDH1 and
LDH2 might indicate reduced formation of pyruvate [7]
and insufficient supply in oxygen. Also, an increase in
LDH4 activity may indicate that there is hypoxic condition
in the body [7]. According to the previous study, our results
probably mean that there was insufficient oxygen supply and
therefore shift to anaerobic metabolism in diabetic rats’
hearts. Treatment of diabetic rats with folic acid increased
LDHI relative activity almost to the control level and
decreased LDH4 activity to the level lower than in the control
groups. Total MDH activity was the highest in the DM group,
while the folic acid treatment decreased significantly its activ-
ity. The increase in MDH activity is expected during gluco-
neogenesis [63] that occurs in the diabetic state [64]. There
are no published papers about folic acid influence on the total
cardiac MDH activity. Increased activity of peroxisomal
MDH was obtained in the DM group, while mitochondrial
and cytosolic isoform of MDH had lower activities.
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FIGURE 9: Representative histological slides of rats’ hearts in the C1 (a), C2 (b), DM (c), FA (d), and DM+FA (e) groups at the middle heart
cross section level (hematoxylin-eosin staining at magnification 200x). Left ventricular cardiomyocyte transversal diameters were significantly
smaller in the DM, while the folic acid treatment of diabetic rats has reduced this decrease.

TaBLE 4: Cardiac histomorphometry parameters measured at two cross section levels (apical and middle heart).

Groups (mean + SEM)

Parameters Cross section level C1 C2 DM FA DM+FA Pvalue
Apical 2.2+0.17 1.8+0.14 1.8+0.13 2.1+0.08 2.0+0.11 0.109
LV wall thickness (mm)
Middle 2.6+0.2 2.4+0.1 2.3+0.0 2.6+0.2 2.1+£0.1 0.098
Apical 0.7+0.03 0.6 +0.03 0.6 +0.05 0.6 £0.02 0.5+0.01%"" 0.002
RV wall thickness (mm)
Middle 0.7 +£0.07 0.7+0.03 0.7 +£0.02 0.7+0.03 0.6+0.03 0.414

LV: left ventricle; RV: right ventricle. *P < 0.05 versus the C1 group, #P < 0.05 versus the C2 group, and "P < 0.05 versus the FA group.

Mitochondrial MDH has a significant role in the citric acid
cycle [10]. The enzymes of the citric acid cycle are involved
in the maintenance of the reduced redox state in mitochon-
dria with the aim of generating adenosine triphosphate via

oxidative phosphorylation [65]. Decreased mitochondrial
MDH activity in diabetic rats that indicates mitochondrial
damage due to DM was confirmed in different studies
[66-68]. It is demonstrated that hyperglycemia increases
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oxidative stress and endothelial cell apoptosis through ROS
overproduction at the mitochondrial transport chain level
[69] and that the ROS are involved in mitochondrial damage
and in the citric acid cycle enzyme activity decrease [70].
Therefore, increased ROS production in hyperglycemic rats
may lead to decreased TCA cycle enzyme activities [67].
Other authors have demonstrated changes in different perox-
isomal enzyme activities due to DM, but they did not test the
MDH activity [71]. The effect of diabetes on peroxisomes
may be due to the increased supply of fatty acids and due
to increased oxidative stress [71], which is in accordance with
our results.

Although we have demonstrated cardiac hypertrophy in
the DM group by HWT calculation, on histological measure-
ments, there were no differences in the left ventricular surface
area and left ventricular wall thickness. It has been found that
folic acid treatment causes an increase in the area of the left
and right ventricles in healthy rats. Our results showed
decreased left ventricular cardiomyocyte transversal diame-
ters. Similar results were obtained by other researchers who,
in addition to the reduced cardiomyocyte diameter, showed
that there was a decrease in the thickness of the left ventric-
ular wall in diabetic rats [72]. In contrast to our results,
Rabadiya et al. obtained increased left ventricular wall thick-
ness and left ventricular cardiomyocyte diameter [73], while
other authors demonstrated that there was no difference in
left ventricular cardiomyocyte diameter [15].

5. Conclusions

Diabetes mellitus still represents a global public health prob-
lem with an increasing incidence and prevalence [74] that is
characterized by multiple organ damages and complications.
Therefore, in addition to conventional medical treatment, the
use of supplements is of great importance, in order to prevent
or reduce the DM complications. Obtained results demon-
strated that DM type I has led to numerous changes in the
cardiac tissue enzyme activities and in the cardiomyocyte
diameters, as well as in cardiovascular biomarkers during
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the period of only four weeks, but also demonstrated that
there are positive effects of the folic acid treatment in diabetic
rats. In milieu of oxidative stress caused by experimentally
induced DM, the application of folic acid leads to a cellular
response characterized by antioxidative enzymes and MDH
activity decrease. Our results demonstrated that the treat-
ment with folic acid significantly reduced the blood glucose
level and alleviated the changes of other tested parameters.
We would like to highlight that the administration of folic
acid in rats with experimentally induced diabetes has benefi-
cial and protective effects. The folic acid treatment seems to
have the promising results in diabetic rats. However, further
studies are required, to establish causality between antioxi-
dant supplementation and cellular response regarding the
examined parameters.

Abbreviations

Al Atherogenic index

CAT: Catalase

DM: Diabetes mellitus

HDL: High-density lipoprotein

HOMA-IR: Homeostasis model assessment of insulin
resistance

HWI: Heart weight index

LDH: Lactate dehydrogenase
LDL: Low-density lipoprotein
LV: Left ventricle

MDH: Malate dehydrogenase
PMSE: Phenylmethylsulfonyl fluoride
ROS: Reactive oxygen species
RV: Right ventricle

SOD: Superoxide dismutase
STZ: Streptozotocin

TC: Total cholesterol

TG: Triglycerides

vWE: von Willebrand factor
NOS: Nitric oxide synthase
5-MTHF: 5-Methyl tetrahydrofolate
BH,: Tetrahydrobiopterin.
Data Availability

The data used to support the findings of this study are avail-
able from the corresponding author upon request.

Disclosure

The part of the these results were presented at the 8th Inter-
national Congress of Pathophysiology—Satellite Sympo-
sium, held on September 03, 2018, in Kragujevac, Serbia,
and at the Serbian Biomarker Symposium, held on March
26-28, 2019, in Belgrade, Serbia.

Conflicts of Interest

The authors have no conflicts of interest to declare.



12

Acknowledgments

This work was supported by the Ministry of Education,
Science and Technological Development of the Republic
of Serbia, grant number 175043. We are thankful to labo-
ratory technician Jovan Despotovic for his valuable techni-
cal assistance.

References

(1]

(2]

(3]

(4]

(10]

(11]

(12]

C. Chaiyasut, W. Kusirisin, N. Lailerd, P. Lerttrakarnnon,
M. Suttajit, and S. Srichairatanakool, “Effects of phenolic com-
pounds of fermented Thai indigenous plants on oxidative
stress in streptozotocin-induced diabetic rats,” Evidence-Based
Complementary and Alternative Medicine, vol. 2011, Article
1D 749307, 10 pages, 2011.

C. Diao, L. Zhao, M. Guan et al., “Systemic and characteristic
metabolites in the serum of streptozotocin-induced diabetic
rats at different stages as revealed by a 'H-NMR based metabo-
nomic approach,” Molecular BioSystems, vol. 10, no. 3,
pp. 686-693, 2014.

L. Zhao, M. Dong, C. Xu et al., “Identification of energy metab-
olism changes in diabetic cardiomyopathy rats using a meta-
bonomic approach,” Cellular Physiology and Biochemistry,
vol. 48, no. 3, pp. 934-946, 2018.

C. Granchi, S. Bertini, M. Macchia, and F. Minutolo, “Inhibi-
tors of lactate dehydrogenase isoforms and their therapeutic
potentials,” Current Medicinal Chemistry, vol. 17, no. 7,
pp. 672-697, 2010.

G. Kopperschldger and J. Kirchberger, “Methods for the sepa-
ration of lactate dehydrogenases and clinical significance of the
enzyme,” Journal of Chromatography B: Biomedical Sciences
and Applications, vol. 684, no. 1-2, pp. 25-49, 1996.

1. S. Lossos, O. Intrator, N. Berkman, and R. Breuer, “Lactate
dehydrogenase isoenzyme analysis for the diagnosis of pleural
effusion in haemato-oncological patients,” Respiratory Medi-
cine, vol. 93, no. 5, pp. 338-341, 1999.

R. D. Ostapiv, S. L. Humenyuk, and V. V. Manko, “Activity
and isozyme content of lactate dehydrogenase under long-
term oral taurine administration to rats,” The Ukrainian Bio-
chemical Journal, vol. 87, no. 4, pp. 54-62, 2015.

M. T.S. Saleem, M. C. Chetty, and S. Kavimani, “Putative anti-
oxidant property of sesame oil in an oxidative stress model of
myocardial injury,” Journal of Cardiovascular Disease
Research, vol. 4, no. 3, pp. 177-181, 2013.

K. A. Rony, T. A. Ajith, T. A. Kuttikadan, R. Blaze, and K. K.
Janardhanan, “Phellinus rimosus improves mitochondrial
energy status and attenuates nephrotoxicity in diabetic rats,”
Journal of Basic and Clinical Physiology and Pharmacology,
vol. 28, no. 5, pp. 455-461, 2017.

S. Xavier, J. Sadanandan, N. George, and C. S. Paulose, “[32-
Adrenoceptor and insulin receptor expression in the skeletal
muscle of streptozotocin induced diabetic rats: antagonism
by vitamin D, and curcumin,” European Journal of Pharma-
cology, vol. 687, no. 1-3, pp. 14-20, 2012.

C. Pronobesh, A. Dagagi, C. Pallab, and W. Kumar, “Protective
role of the calcium channel blocker amlodipine against mito-
chondrial injury in ischemia and reperfusion injury of rat
liver,” Acta Pharmaceutica, vol. 58, no. 4, pp. 421-428, 2008.
P. V. Seema, B. Sudha, P. S. Padayatti, A. Abraham, K. G.
Raghu, and C. S. Paulose, “Kinetic studies of purified malate
dehydrogenase in liver of streptozotocin-diabetic rats and the

(13

[14

[15

(16

(17

[18

(19

[20

[21

[22

[24

[26

]

]

]

]

]

]

]

]

J

]

]

—_

Oxidative Medicine and Cellular Longevity

effect of leaf extract of Aegle marmelose (L.) Correa ex Roxb,”
Indian Journal of Experimental Biology, vol. 34, no. 6, pp. 600
602, 1996.

T. Arai, M. Nakamura, E. Magori, H. Fukuda, and T. Sako,
“Decrease in malate dehydrogenase activities in peripheral leu-
cocytes of type 1 diabetic dogs,” Research in Veterinary Science,
vol. 74, no. 2, pp. 183-185, 2003.

S. Samarghandian, M. Azimi-Nezhad, and T. Farkhondeh,
“Catechin treatment ameliorates diabetes and its complica-
tions in streptozotocin-induced diabetic rats,” Dose-Response,
vol. 15, no. 1, 2017.

R. Gimenes, C. Gimenes, C. M. Rosa et al., “Influence of apoc-
ynin on cardiac remodeling in rats with streptozotocin-
induced diabetes mellitus,” Cardiovascular Diabetology,
vol. 17, no. 1, p. 15, 2018.

C. M. Palmeira, D. L. Santos, R. Seica, A. ]J. Moreno, and
M. S. Santos, “Enhanced mitochondrial testicular antioxidant
capacity in Goto-Kakizaki diabetic rats: role of coenzyme Q,”
American Journal of Physiology-Cell Physiology, vol. 281,
no. 3, pp. C1023-C1028, 2001.

O. O. Daniel, A. O. Adeoye, J. Ojowu, and O. O. Olorunsogo,
“Inhibition of liver mitochondrial membrane permeability
transition pore opening by quercetin and vitamin E in
streptozotocin-induced diabetic rats,” Biochemical and Bio-
physical Research Communications, vol. 504, no. 2, pp. 460-
469, 2018.

R. Hoffman, “Vascular endothelial dysfunction and nutritional
compounds in early type 1 diabetes,” Current Diabetes
Reviews, vol. 10, no. 3, pp. 201-207, 2014.

K. R. Shanmugam, C. Ramakrishana, K. Mallikarjuna, and
K. S. Reddy, “The impact of ginger on kidney carbohydrate
metabolic profiles in STZ induced diabetic rats,” Asian Jour-
nal of Experimental Sciences, vol. 23, no. 1, pp. 127-134,
2009.

M. R. Peluso, “Flavonoids attenuate cardiovascular disease,
inhibit phosphodiesterase, and modulate lipid homeostasis in
adipose tissue and liver,” Experimental Biology and Medicine,
vol. 231, no. 8, pp. 1287-1299, 2006.

J. Hou, G. Yan, B. Liu et al., “The protective effects of enalapril
maleate and folic acid tablets against contrast-induced
nephropathy in diabetic rats,” BioMed Research International,
vol. 2018, Article ID 4609750, 8 pages, 2018.

D. S. Wald, N. J. Wald, J. K. Morris, and M. Law, “Folic acid,
homocysteine, and cardiovascular disease: judging causality
in the face of inconclusive trial evidence,” BM], vol. 333,
no. 7578, pp. 1114-1117, 2006.

M. R. Hayden and S. C. Tyagi, “Homocysteine and reactive
oxygen species in metabolic syndrome, type 2 diabetes mel-
litus, and atheroscleropathy: the pleiotropic effects of folate
supplementation,” Nutrition Journal, vol. 3, no. 1, 2004.

L. M. Title, E. Ur, K. Giddens, M. J. McQueen, and B. A.
Nassar, “Folic acid improves endothelial dysfunction in type
2 diabetes - an effect independent of homocysteine-lower-
ing,” Vascular Medicine, vol. 11, no. 2, pp. 101-109, 2006.
7. L. Clarke, S.J. Moat, A. L. Miller, M. D. Randall, M. J. Lewis,
and D. Lang, “Differential effects of low and high dose folic
acid on endothelial dysfunction in a murine model of mild
hyperhomocysteinaemia,” European Journal of Pharmacology,
vol. 551, no. 1-3, pp. 92-97, 2006.

S.J. Moat, A. Madhavan, S. Y. Taylor et al., “High- but not low-
dose folic acid improves endothelial function in coronary



Oxidative Medicine and Cellular Longevity

(27]

(28]

(29]

(30]

(31]

(32]

(33]

(34]

(35]

(36]

(37]

(38]

(39]

artery disease,” European Journal of Clinical Investigation,
vol. 36, no. 12, pp. 850-859, 2006.

C. Antoniades, C. Shirodaria, N. Warrick et al., “5-Methyltet-
rahydrofolate rapidly improves endothelial function and
decreases superoxide production in human vessels: effects on
vascular tetrahydrobiopterin availability and endothelial nitric
oxide synthase coupling,” Circulation, vol. 114, no. 11,
pp. 1193-1201, 2006.

A. Tawakol, R. Q. Migrino, K. S. Aziz et al., “High-dose folic
acid acutely improves coronary vasodilator function in
patients with coronary artery disease,” Journal of the American
College of Cardiology, vol. 45, no. 10, pp. 1580-1584, 2005.

D. Djuric, A. Vusanovié, and V. Jakovljevi¢, “The effects of
folic acid and nitric oxide synthase inhibition on coronary flow
and oxidative stress markers in isolated rat heart,” Molecular
and Cellular Biochemistry, vol. 300, no. 1-2, pp. 177-183, 2007.
T.G. Wu, W. H. Li, Z. Q. Lin, and L. X. Wang, “Effects of folic
acid on cardiac myocyte apoptosis in rats with streptozotocin-
induced diabetes mellitus,” Cardiovascular Drugs and Ther-
apy, vol. 22, no. 4, pp. 299-304, 2008.

E. S. H. Abd Allah and A. M. S. Gomaa, “Effects of curcumin
and captopril on the functions of kidney and nerve in
streptozotocin-induced diabetic rats: role of angiotensin con-
verting enzyme 1,” Applied Physiology, Nutrition, and Metab-
olism, vol. 40, no. 10, pp. 1061-1067, 2015.

R. Ahmadi, S. Pishghadam, F. Mollaamine, and M. R. Zand
Monfared, “Comparing the effects of ginger and glibenclamide
on dihydroxybenzoic metabolites produced in STZ-induced
diabetic rats,” International Journal of Endocrinology and
Metabolism, vol. 11, no. 4, article e10266, 2013.

V. Alikhani, Z. Keshavarzi, M. Hadjzadeh, R. Al, and
S. Karimi, “The effect of melatonin on gastric parameters fol-
lowing diabetes induction in male rats,” Acta Endocrinologica,
vol. 11, no. 2, pp. 155-161, 2015.

T. Dias, H. Mota-Filipe, B. Liu, P. Jones, P. J]. Houghton, and
A. Paulo, “Recovery of oral glucose tolerance by Wistar rats
after treatment with Coreopsis tinctoria infusion,” Phytother-
apy Research, vol. 24, no. 5, pp. 699-705, 2010.

N. Darbandi, M. Ramezani, and M. Noori, “Mespilus germa-
nica flavonoids attenuate cognitive dysfunction in the
streptozotocin-induced rat model of Alzheimer’s disease,”
Indian Journal of Pharmaceutical Sciences, vol. 80, no. 4,
pp. 668-675, 2018.

K. Mochizuki, M. Shimada, Y. Tanaka, N. Fukaya, and
T. Goda, “Reduced expression of 3, integrin genes in rat
peripheral leukocytes by inhibiting postprandial hyperglyce-
mia,” Bioscience, Biotechnology, and Biochemistry, vol. 74,
no. 12, pp. 2470-2474, 2010.

S. Tepavcevi¢, D. Vojnovi¢ Milutinovi¢, D. Macut et al., “Dihy-
drotestosterone deteriorates cardiac insulin signaling and glu-
cose transport in the rat model of polycystic ovary syndrome,”
The Journal of Steroid Biochemistry and Molecular Biology,
vol. 141, pp. 71-76, 2014.

D. R. Matthews, J. P. Hosker, A. S. Rudenski, B. A. Naylor,
D. F. Treacher, and R. C. Turner, “Homeostasis model assess-
ment: insulin resistance and fS-cell function from fasting
plasma glucose and insulin concentrations in man,” Diabetolo-
gia, vol. 28, no. 7, pp. 412-419, 1985.

R. Nasri, O. Abdelhedi, I. Jemil et al., “Preventive effect of goby
fish protein hydrolysates on hyperlipidemia and cardiovascu-
lar disease in Wistar rats fed a high-fat/fructose diet,” RSC
Advances, vol. 8, no. 17, pp. 9383-9393, 2018.

(40]

[41]

[42]

(43]

(44]

(45]

(46]

(47]

(48]

(49]

(52]

(54]

13

X. T. Wang, Y. Gong, B. Zhou et al., “Ursolic acid ameliorates
oxidative stress, inflammation and fibrosis in diabetic cardio-
myopathy rats,” Biomedicine & Pharmacotherapy, vol. 97,
pp. 1461-1467, 2018.

P. Rouet-Benzineb, J. M. Buhler, P. Dreyfus et al., “Altered bal-
ance between matrix gelatinases (MMP-2 and MMP-9) and
their tissue inhibitors in human dilated cardiomyopathy:
potential role of MMP-9 in myosin-heavy chain degradation,”
European Journal of Heart Failure, vol. 1, no. 4, pp. 337-352,
1999.

M. M. Bradford, “A rapid and sensitive method for the quan-
titation of microgram quantities of protein utilizing the princi-
ple of protein-dye binding,” Analytical Biochemistry, vol. 72,
no. 1-2, pp. 248-254, 1976.

R. F. Beers Jr. and I. W. Sizer, “A spectrophotometric method
for measuring the breakdown of hydrogen peroxide by cata-
lase,” Journal of Biological Chemistry, vol. 195, no. 1,
pp. 133-140, 1952.

H. P. Misra and I. Fridovich, “The role of superoxide anion in
the autoxidation of epinephrine and a simple assay for super-
oxide dismutase,” Journal of Biological Chemistry, vol. 247,
no. 10, pp. 3170-3175, 1972.

L. Hollaar and A. van der Laarse, “Interference of the measure-
ment of lactate dehydrogenase (LDH) activity in human serum
and plasma by LDH from blood cells,” Clinica Chimica Acta,
vol. 99, no. 2, pp- 135-142, 1979.

C. Frieden and J. Fernandez-Sousa, “Kinetic studies on pig
heart cytoplasmic malate dehydrogenase,” Journal of Biological
Chemistry, vol. 250, no. 6, pp. 2106-2113, 1975.

V. R. Cunningham, J. Phillips, and E. J. Field, “Lactic dehydro-
genase isoenzymes in normal and pathological spinal fluids,”
Journal of Clinical Pathology, vol. 18, no. 6, pp. 765-770, 1965.

Y. Yoshimura, T. Kawano, M. Kuroi, M. Morishita, M. Mori,
and K. Kawakatsu, “Zymographic demonstration of lactate
and malate dehydrogenases isoenzymes in the rodent salivary
glands,” Histochemie, vol. 22, no. 4, pp. 337-346, 1970.

J. A. M. van Son, F. Smedts, P. C. M. de Wilde et al., “Histolog-
ical study of the internal mammary artery with emphasis on its
suitability as a coronary artery bypass graft,” The Annals of
Thoracic Surgery, vol. 55, no. 1, pp. 106-113, 1993.

R. M. Strother, T. G. Thomas, M. Otsyula, R. A. Sanders, and
J. B. W. III, “Characterization of oxidative stress in various tis-
sues of diabetic and galactose-fed rats,” International Journal
of Experimental Diabetes Research, vol. 2, no. 3, pp. 211-216,
2001.

C. Rosa, N. Xavier, D. Henrique Campos et al., “Diabetes mel-
litus activates fetal gene program and intensifies cardiac
remodeling and oxidative stress in aged spontaneously hyper-
tensive rats,” Cardiovascular Diabetology, vol. 12, no. 1, p. 152,
2013.

C. Gimenes, R. Gimenes, C. M. Rosa et al., “Low intensity
physical exercise attenuates cardiac remodeling and myocardial
oxidative stress and dysfunction in diabetic rats,” Journal of Dia-
betes Research, vol. 2015, Article ID 457848, 10 pages, 2015.

M. Savi, L. Bocchi, P. Mena et al., “In vivo administration of
urolithin A and B prevents the occurrence of cardiac dysfunc-
tion in streptozotocin-induced diabetic rats,” Cardiovascular
Diabetology, vol. 16, no. 1, p. 80, 2017.

N. M. Al-Rasheed, N. M. al-Rasheed, I. H. Hasan et al., “Sim-
vastatin ameliorates diabetic cardiomyopathy by attenuating
oxidative stress and inflammation in rats,” Oxidative Medicine



14

[55]

[56]

(57]

(58]

(59]

(60]

[61]

(62]

[63]

[64]

[65]

[66]

(67]

(68]

(69]

(70]

and Cellular Longevity, vol. 2017, Article ID 1092015, 13 pages,
2017.

G. Frati, L. Schirone, I. Chimenti et al., “An overview of the
inflammatory signalling mechanisms in the myocardium
underlying the development of diabetic cardiomyopathy,”
Cardiovascular Research, vol. 113, no. 4, pp. 378-388, 2017.
B. Vulesevic, B. McNeill, F. Giacco et al,, “Methylglyoxal-
induced endothelial cell loss and inflammation contribute to
the development of diabetic cardiomyopathy,” Diabetes,
vol. 65, no. 6, pp. 1699-1713, 2016.

S. Boudina and E. D. Abel, “Diabetic cardiomyopathy, causes
and effects,” Reviews in Endocrine and Metabolic Disorders,
vol. 11, no. 1, pp. 31-39, 2010.

R. K. Goyal and S. S. Patel, “Cardioprotective effects of gallic
acid in diabetes-induced myocardial dysfunction in rats,”
Pharmacognosy Research, vol. 3, no. 4, pp. 239-245, 2011.

Z. Radak, H. Y. Chung, and S. Goto, “Exercise and hormesis:
oxidative stress-related adaptation for successful aging,” Bio-
gerontology, vol. 6, no. 1, pp. 71-75, 2005.

C. M. Rosa, R. Gimenes, D. H. S. Campos et al., “Apocynin
influence on oxidative stress and cardiac remodeling of spon-
taneously hypertensive rats with diabetes mellitus,” Cardiovas-
cular Diabetology, vol. 15, no. 1, p. 126, 2016.

A. E. Stanhewicz and W. L. Kenney, “Role of folic acid in nitric
oxide bioavailability and vascular endothelial function,” Nutri-
tion Reviews, vol. 75, no. 1, pp. 61-70, 2017.

U. Forstermann, “Janus-faced role of endothelial NO synthase
in vascular disease: uncoupling of oxygen reduction from NO
synthesis and its pharmacological reversal,” Biological Chemis-
try, vol. 387, no. 12, pp. 1521-1533, 2006.

C. S. Tejpal, N. S. Chatterjee, K. Elavarasan et al., “Thiamine
and pyridoxine loaded vanillic acid grafted chitosan modulates
lactate and malate dehydrogenase in albino rats,” Fishery Tech-
nology, vol. 54, pp. 197-201, 2017.

M. Hatting, C. D. J. Tavares, K. Sharabi, A. K. Rines, and
P. Puigserver, “Insulin regulation of gluconeogenesis,” Annals
of the New York Academy of Sciences, vol. 1411, no. 1, pp. 21-
35, 2018.

M. K. Vanitha, K. D. Priya, K. Baskaran et al., “Taurine regu-
lates mitochondrial function during 7,12-dimethyl benz[a]an-
thracene induced experimental mammary carcinogenesis,”
Journal of Pharmacopuncture, vol. 18, no. 3, pp. 68-74, 2015.
F. R. Billimoria, S. S. Katyare, and S. P. Patel, “Insulin status
differentially affects energy transduction in cardiac mitochon-
dria from male and female rats,” Diabetes, Obesity and Metab-
olism, vol. 8, no. 1, pp. 67-74, 2006.

A. A. Aloud, C. Veeramani, C. Govindasamy, M. A. Alsaif, and
K. S. al-Numair, “Galangin, a natural flavonoid reduces mito-
chondrial oxidative damage in streptozotocin-induced dia-
betic rats,” Redox Report, vol. 23, no. 1, pp. 29-34, 2018.

P. Ebeneasan and M. Jainu, “Combined therapy with insulin
and vildagliptin causes cardiac dysfunction in diabetic rats,”
Indian Journal of Pharmaceutical Sciences, vol. 80, no. 3,
pp. 575-580, 2018.

L. Piconi, L. Quagliaro, R. Assaloni et al., “Constant and inter-
mittent high glucose enhances endothelial cell apoptosis
through mitochondrial superoxide overproduction,” Diabe-
tes/Metabolism Research and Reviews, vol. 22, no. 3, pp. 198—
203, 2006.

L. Tretter and V. Adam-Vizi, “Inhibition of Krebs cycle
enzymes by hydrogen peroxide: a key role of a-ketoglutarate

(71]

(72]

(73]

(74]

Oxidative Medicine and Cellular Longevity

dehydrogenase in limiting NADH production under oxidative
stress,” The Journal of Neuroscience, vol. 20, no. 24, pp. 8972
8979, 2000.

L. Turecky, V. Kupéovd, E. Uhlikova, and V. Mojto, “Peroxi-
somal enzymes in the liver of rats with experimental diabetes
mellitus type 2,” Physiological Research, vol. 63, Supplement
4, pp. $585-S591, 2014.

O. Nemoto, M. Kawaguchi, H. Yaoita, K. Miyake, K. Maehara,
and Y. Maruyama, “Left ventricular dysfunction and remodel-
ing in streptozotocin-induced diabetic rats,” Circulation Jour-
nal, vol. 70, no. 3, pp. 327-334, 2006.

S. Rabadiya, S. Bhadada, A. Dudhrejiya, D. Vaishnav, and
B. Patel, “Magnesium valproate ameliorates type 1 diabetes
and cardiomyopathy in diabetic rats through estrogen recep-
tors,” Biomedicine & Pharmacotherapy, vol. 97, pp. 919-927,
2018.

G. Danaei, M. M. Finucane, Y. Lu et al.,, “National, regional,
and global trends in fasting plasma glucose and diabetes prev-
alence since 1980: systematic analysis of health examination
surveys and epidemiological studies with 370 country-years
and 2-7 million participants,” The Lancet, vol. 378, no. 9785,
pp. 31-40, 2011.



	The Effects of Folic Acid Administration on Cardiac Oxidative Stress and Cardiovascular Biomarkers in Diabetic Rats
	1. Introduction
	2. Materials and Methods
	2.1. Experimental Animals
	2.2. Experimental Protocol
	2.3. Induction of Diabetes Mellitus in Rats
	2.4. Biochemical Parameter Determination
	2.5. Heart Weight Index (HWI) Calculation
	2.6. Preparation of the Heart Tissue Samples
	2.7. Determination of Antioxidant Enzyme Activities in the Heart Tissue
	2.7.1. Determination of CAT Activity
	2.7.2. Determination of SOD Activity

	2.8. Determination of LDH Activity
	2.9. Determination of MDH Activity
	2.10. Determination of LDH Isoforms
	2.11. Determination of MDH Isoforms
	2.12. Histological Analysis
	2.13. Statistical Analysis

	3. Results
	3.1. Body Weight and Heart Weight Index
	3.2. Biochemical Parameters
	3.3. Antioxidant Enzyme Activities
	3.4. LDH and MDH Activities
	3.5. LDH and MDH Isoform Determination
	3.6. Histological Analysis

	4. Discussion
	5. Conclusions
	Abbreviations
	Data Availability
	Disclosure
	Conflicts of Interest
	Acknowledgments

