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Simvastatin and vitamin E effects on cardiac and hepatic
oxidative stress in rats fed on high fat diet
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Abstract High fat diet (HFD) is a common cause of
metabolic syndrome and type 2 diabetes mellitus.
Published data showed that HFD and subsequent
dyslipidemia are major triggers for oxidative stress.
Forty-eight male Sprague—Dawley rats, weighing 170—
200 g, were divided into six groups: control, control
with vitamin E (100 mg/kg/day, i.p.), control with sim-
vastatin (SIM) (10 mg/kg of body weight/day), HFD,
HFD with vitamin E, and HFD with SIM. Standard and
high cholesterol diets were given for 15 weeks and SIM
and vitamin E were added in the last 4 weeks. In all rats,
serum vitamin E, total cholesterol (TC), triglycerides
(TG), low (LDL) and high (HDL) density lipoproteins,
alanine (ALT) and aspartate (AST) transaminases,
alkaline phosphatase (ALP), and gamma glutamyl
transpeptidase (GGT) as well as cardiac and hepatic
thiobarbituric acid-reactive substances (TBARS) and
antioxidants (reduced glutathione (GSH), superoxide
dismutase (SOD), and catalase (CAT)) were measured.
Also, electrocardiogram (ECG) was recorded. HFD sig-
nificantly increased QTc interval, heart rate (HR), serum
TC, TG, LDL, ALT, AST, ALP, GGT, liver TG, and
cardiac and hepatic TBARS but decreased antioxidants
and HDL, while SIM decreased HR, liver TG, serum TC,
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TG, and LDL and increased HDL in HFD rats.
Vitamin E had no effect. Moreover, SIM and
vitamin E decreased QTc interval, serum ALT,
AST, ALP, GGT, and cardiac and hepatic TBARS
and increased antioxidants in HFD rats. Histopath-
ological observations confirm the biochemical pa-
rameters. SIM and vitamin E slow progression of
hypercholesterolemia-induced oxidative stress in
liver and heart and improve their functions.
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Introduction

Metabolic disturbances such as hyperlipidemia have
been implicated in etiopathogenesis of several human
diseases. Dyslipidemia plays a key role in development
of atherosclerosis that is the vascular lesion responsible
for most cardiovascular-related complications including
myocardial infarction [46], stroke [6], and kidney injury
[31]. In addition, there is a close correlation between
cardiovascular diseases and lipid abnormalities, espe-
cially high level of plasma cholesterol, and blood pres-
sure [26]. Dyslipidemia may be due to hereditary
disorders such as familial hypercholesterolemia (FH)
[17] and polygenic hypercholesterolemia (familial com-
bined hypercholesterolemia) or is associated to other
diseases including type 2 diabetes, cholestatic liver dis-
eases, nephrotic syndrome, chronic renal failure, hypo-
thyroidism, and obesity [17]. In addition, dyslipidemia
can be caused by unsafe nutritional habit as continuous
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ingestion of high amounts of fat. Consequently, it has
been tried to provoke dyslipidemia in laboratory animals
in order to understand better the relationship between
disorders in cholesterol metabolism and atherogenesis
and to test possible treatments for reduction of circulat-
ing cholesterol level. A great number of animal models,
such pigeons, chickens, swine, cats, dogs, nonhuman
primates, mice, rabbits, and rats, have been tested [30].
Irrespective of etiology of dyslipidemia, one common
feature is elevated serum total cholesterol (TC), low
density lipoprotein (LDL), very LDL cholesterol
(LDL-C), reduced high density lipoprotein (HDL), or
hypertriglyceridemia [36]. The current hypothesis sug-
gests oxidative stress as an underlying mechanism by
which dyslipidemia, particularly hypercholesterolemia,
induces tissue damage or provokes several human dis-
eases [24]. It is known that the primary risk organs of
hypercholesterolemia are the liver and heart [42]; there-
fore, it is possible that these organs may be damaged by
oxidative stress in hypercholesterolemia.

Statins, a widely used group of hypocholesteremic
drugs, have shown a beneficial effect in reducing
cardiovascular-related morbidity and mortality in pa-
tients with or without coronary artery disease and with
or without high cholesterol levels [41]. Some evidences
suggest that statins exert a multiplicity of favorable ef-
fects that are not directly related to their impact on lipid
metabolism such as anti-inflammatory, antithrombotic,
antiangiogenic, and antihypertropic effects [7]. In addi-
tion, they exert immunosuppressive activity against path-
ological remodeling of the heart and blood vessels [21].
Statins are also known to decrease free radical generation
in the vascular wall [44] and in the myocardium during
ischemia—reperfusion injury [25] via suppression of
oxygen-derived free radicals produced upon reperfusion.

Vitamin E, a nonenzymatic antioxidant, is an im-
portant lipid-soluble antioxidant placed in a special
region of membranes. Its most important role is to
protect the membrane polyunsaturated fatty acids from
oxidation involving reactive oxygen species (ROS) by
termination of free-radical chain reactions [28]. Vita-
min E reduces hypercholesterolemia-induced oxida-
tive stress in the rabbit heart [33].

Therefore, the present study aimed at investigating
the effect of a commonly used statin, simvastatin
(SIM), and vitamin E on serum and liver lipid levels
and also on lipid peroxidation and enzymatic and
nonenzymatic antioxidants in liver and heart of rats
fed on a high cholesterol diet (high fat diet, HFD). In
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addition, electrocardiographic data, liver enzymes as
well as histopathological changes of heart and liver in
HFD-fed rats with or without SIM and vitamin E
administration were evaluated.

Materials and methods
Animals

Forty-eight male Sprague—Dawley rats weighing 170—
200 g were purchased from the Vaccine and Immuni-
zation Authority (Helwan, Cairo, Egypt) and housed
(Animal House, Medical Physiology Department, Fac-
ulty of Medicine, Mansoura University, Egypt) under
controlled conditions (temperature of 23+1 °C and a
12 h light:12 h dark cycle). The animals were allowed
free access to food and tap water. Experiments were
performed according to the Guide for the Care and
Use of Laboratory Animals published by the US Na-
tional Institutes of Health (NIH publication No. 85—
23, revised 1996). All experimental procedures in this
study were approved by the Medical Research Ethics
Committee of Mansoura University, Egypt.

Experimental design

After 1 week of acclimatization to the laboratory envi-
ronment, the animals were randomly divided into six
groups (eight rats each). Animals in group 1 were used
as control group and fed with standard laboratory chow
for 15 weeks. Animals in group 2 were fed a standard
laboratory chow for 15 weeks and SIM (10 mg/kg of
body weight/day) [2] that was suspended in 0.5 % meth-
ylcellulose and administered by oral gavage during the
last 4 weeks. Animals in group 3 were fed on standard
laboratory chow for 15 weeks with vitamin E
(100 mg/kg/day, i.p.) [43] that was administered in the
last 4 weeks. Rats in group 4 were fed HFD. The HFD,
recently described, contained 10.1 % fat (5 % coconut oil
and 5.1 % linoleic acid), 17 % protein, 51.6 % carbohy-
drate, and 4 % cholesterol with 0.5-1 % cholic acid [4,
12]. Rats in group 5 were fed HFD for 15 weeks, and
SIM (10 mg/kg of body weight/day) was given by oral
gavage during the last 4 weeks. Rats in group 6 were fed
HFD for 15 weeks, and vitamin E (100 mg/kg/day, i.p.)
was administered in the last 4 weeks.

Body weight and water and food intake were
recorded weekly. Feeding efficiency was expressed as
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weight gain (grams)/food intake (grams)* 100 [12]. At
the end of the experimental period, electrocardiogram
(ECG) was recorded, blood samples were obtained, and
liver and heart tissues were removed from all animals.

Chemicals

SIM and vitamin E were purchased from Sigma-Al-
drich (St. Louis, MO, USA). SIM was dissolved in
normal saline at a dose of 10 mg/kg/day [2] by
orogastric gavage, with an appropriate feeding needle
and a volume of 5 ml/kg vitamin E was dissolved in
mineral oil immediately before use and administered
to rats at a dose of 100 mg/kg/day [40].

ECG recording

At the end of the treatment, all rats were fasted overnight
but had free access to water and ECG was recorded,
under the effect of light ether anesthesia, by PowerLab
data acquisition system (ML866, PowerLab 4/30, AD
Instruments, Australia). Touch electrodes (MLA1214,
AD Instruments) were attached to the skin of the ani-
mals at position II for ECG recording. The recorded
ECG was used to measure ST, and QT and QTc in-
tervals; QRS complex; and heart rate (HR).

Sampling protocol
Blood samples

At the end of the experimental period, after ECG
recording, blood samples were collected by cardiac
puncture. These blood samples were collected without
anticoagulant, left for 10 min and then centrifuged for
10 min at 4,000 r/min to obtain serum, which was
stored at —20 °C until further biochemical analysis
for determination of serum triglycerides (TG), TC,
HDL cholesterol (HDL-C), LDL-C, alanine (ALT) and
aspartate transaminases (AST), alkaline phosphatase
(ALP), and gamma glutamyl transpeptidase (GGT).

Tissue samples

Heart and liver were removed, cleaned, and weighted
to calculate the relative organs' weight to body weight.
Both organs were kept at =80 °C until biochemical
analysis for assessment of lipid peroxidation product
(malondialdehyde and thiobarbituric acid-reactive

substances (TBARS)) and antioxidants (reduced glu-
tathione (GSH), catalase (CAT), and superoxide
dismutase (SOD)).

Biochemical investigations

Assessment of lipid peroxide and enzymatic
and nonenzymatic antioxidants in tissues

Heart and liver were removed and rinsed with
phosphate-buffered saline (pH 7.4) to remove any red
blood cells and clots. Then, the tissues were homoge-
nized in 5-10 ml of cold 20 mmol/l 4-(2-hydroxyethyl)-
1-piperazineethanesulfonic acid (HEPES) buffer
(pH 7.2) containing 1 mmol/I ethylene glycol tetraacetic
acid (EGTA), 210 mmol/l mannitol, and 70 mmol/l
sucrose per gram tissue. Homogenates were centrifuged
at 15,000 r/min (18,000¢) for 15 min at 4 °C, and the
supernatant was removed and stored at —80 °C until
further analysis for determination of reduced GSH,
CAT, SOD, and TBARS levels.

In the tissue homogenates of heart and liver, GSH
(cat. no. 703002; Cayman Chemical, Ann Arbor, MI,
USA), SOD (cat. no. 706002, Cayman Chemical, Ann
Arbor, MI, USA), and CAT (cat. no. NWK-CATO1,
Northwest Life Science Specialties, Vancouver, WA,
USA) were measured according to the manufacturer's
instructions. TBARS was analyzed by measuring the
production of TBARS according to the method of
Buege and Aust [8] using a TBARS assay kit (cat. no.
10009055, Cayman Chemical, Ann Arbor, MI, USA).

Assessment of serum lipids

Serum TG concentrations were measured by the per-
oxidase method using a commercial kit (Spinreact,
Spain). Serum TC measurement was performed using
the cholesterol oxidase method, where the pink color
of quioneimine was measured at 500 nm. The used kit
was supplied by Spinreact, Spain. Serum HDL-C was
determined enzymatically after precipitation of apoB-
containing lipoproteins by the phosphotungstic acid
Mg method with the kit supplied by Spinreact, Spain.
Serum LDL-C was estimated with a commercial kit
(Spinreact, Spain), with a two-step technique [18].
First, chylomicrons, very low density lipoproteins
(VLDL) and HDL were eliminated. Second, LDL
was specifically measured through the action of per-
oxidase with the formation of pinkish-colored quinine.
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Intensity of the color formed is proportional to the LDL
concentration in the sample. The atherogenic index (AI)
was later calculated as the ratio of TC-HDL/HDL [42].

Assessment of serum vitamin E

Serum vitamin E was determined using enzyme-linked
immuno sorbent assay (ELISA) kits delivered from
MyBioSource catalogue number: MBS161162.

Liver lipids level

Lipids were extracted from tissues using chloroform—
methanol (2:1 by volume) by the method of Folch et
al. [16]. Dried lipid extracts were resuspended in 1 ml
of saline solution (9 g/l NaCl, 1 % Triton X-100), used
for the estimation of lipid profile, and assayed using
reagent kits (Hospitex Diagnostics, Florence, Italy).

Evaluation of liver function

Liver function was evaluated by assessing serum ALT,
AST, ALP, and GGT levels using an enzymatic kit
(Randox Laboratories, UK) according to the manufac-
turer's instructions.

Histopathological examination

Cardiac muscle and liver samples were taken from rats
in different groups, fixed in 10 % formal saline for
1 day and then washed with water. Ascending serial
dilutions of ethyl alcohol were used for dehydration.
Samples were cleared in xylene and then embedded in
paraftfin at 56° in a hot oven for 24 h. Paraffin blocks
were prepared and cut at 4-6-um thickness. Sections
are mounted on glass slides, deparaffinized, and
stained by hematoxylin and eosin stains for histolog-
ical examinations through a light microscope.

Statistical analysis

The data were expressed as mean+standard deviation
(SD). Data were processed and analyzed using the
SPSS version 10.0 (SPSS, Inc., Chicago, IL, USA).
One-way analysis of variance (ANOVA) was done
followed by Tukey’s post hoc test. Pearson's correlation
statistical analysis was done for detection of a probable
significance between two different parameters. Results
were considered significant if p<0.05.
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Results

Changes in body weight, feeding efficiency, liver and
heart to body weight ratio, and liver TG are shown in
Table 1. SIM or vitamin E only did not alter body
weight, feeding efficiency, liver and heart to body
weight ratio, and liver TG in normal control rats
(CR) (Table 1). After 15 weeks of feeding, the body
weights of the HFD group were significantly increased
(31 %) compared with those of the control group (CR)
(»<0.05) and daily administration of SIM or vitamin E
in the last 4 weeks did not induce any significant
changes in body weight (p>0.05) (Table 1). Body
weight gain was not significantly different in all
groups of rats (p>0.05) (Table 1). Feeding efficiency
in the HFD, HFD+SIM, and HFD+vitamin E groups
was significantly increased in comparison with those
in the control group (P<0.05). Moreover, rats fed
HFD for 15 weeks had a significant increase in relative
liver and heart to body weight ratio (p<0.05) as com-
pared to CR. Administration of SIM to HFD fed rats in
the last 4 weeks significantly decrease relative liver
and heart to body weight ratio in HFD rats (p<0.05)
but their values were significantly different from those
of the CR (p<0.05) (Table 1). No significant effects on
liver and heart to body weight ratio were observed in
HFD-fed rats given vitamin E (p>0.05) (Table 1). The
liver triglyceride and cholesterol contents were signif-
icantly increased in HFD rats in comparison with CR,
whereas in HFD rats treated with SIM, hepatic lipid
accumulation was significantly reduced but its value
remained more than that of CR (p<0.05) (Table 1). No
significant effect on liver TG and cholesterol were
observed in HFD fed rats supplemented with vitamin
E (p>0.05) (Table 1).

Table 2 showed the effects of SIM and vitamin E on
serum TG, TC, HDL-C, LDL-C, and Al in rats kept on
standard diet (control) or HFD. No significant changes
in serum TG, TC, HDL-C, LDL-C, and Al were ob-
served due to SIM or vitamin E treatment in normal CR
(Table 2). Fifteen weeks of HFD feeding raised serum
TC, triglyceride, LDL-C, and Al significantly (»<0.05),
whereas HDL-C was decreased (p<0.05) as compared
with normal CR. Administration of SIM to the HFD-fed
rats in the last 4 weeks caused a significant reduction in
the levels of TG, TC, LDL-C, and Al as well as eleva-
tion in HDL-C (P<0.05) when compared with rats fed
on HFD alone (P<0.05), but all values remain signifi-
cantly increased except HDL-C that is significantly
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Table 1 Effect of simvastatin (SIM) and vitamin E on body weight, heart/body weight %, liver/body weight %, and liver triglycerides
and liver cholesterol in control and high fat diet (HFD) fed rats

Control (CR) Control+vit. E  Control+SIM HFD (n=8) HFD+vit. E HFD+SIM
(n=8) (n=8) (n=8) (n=8) (n=8)
Body weight (g) 340+21 343+20 345+19 44634775 443820770 44043177
Weight gain (g/week)  11+4 1143 12+3 18+5 18+5 19+6
Food intake (g/week)  104.8+7 102.8+5 105.3+6 70344557 68.7+4" 70,1455
Feeding efficiency (%) 10.5+2 10.7+2 11.4+2 25.6+2%¢ 26,1435 27.143%7
Liver weight/body 2.38+0.04  2.41+0.04 246+0.05  3.52+0.02°"7" 3.49+0.03%77 281400277
weight (%) .
Heart weight/body 0.28+0.01 0.27+0.01 0.29+0.02 0.38+0.01"" 0.37+0.01"""""  0.33+0.01"""""" 1
weight (%) .
Liver triglycerides 0.22+0.02  0.22+0.02 0.19+0.02 0.49+0.02""""  0.47+0.03""""  0.34+0.05"""""
(mmol/g)
Liver Cholesterol 0.25+0.02  0.23+0.06 0.18+0.04 0.51£0.05™"""  0.45+£0.04"""""  0.43+0.04™"""
(mmol/g)

Data were expressed as mean+SD of 8 rats

* P<0.05 versus control
** P<0.05 versus control+SIM

*** P<0.05 versus control+vitamin E

T P<0.5 versus HFD
$P<0.5 versus HFD+vit. E

decreased from those of the control group (p<0.05)
(Table 2). On the other hand, no significant changes
were observed in all parameters (TG, TC, LDL-C,

HDL-C, and Al) in HFD-fed rats supplemented with
vitamin E (p>0.05) as compared to rats fed on HFD alone
(Table 2). Vitamin E treatment to the CR did not increase

Table 2 Effect of simvastatin (SIM) and vitamin E on lipid profile, and atherogenic index (AI) in control and high fat diet (HFD) fed rats

Control Control+vit. E Control+  HFD (n=8) HFD+vit. E HFD+SIM (n=8)
(CR) (n=8) SIM (n=8)
Vitamin E (ng/ml) 10.3+1.84  11.8+2.09 9.72+1.45 6.45+0.94"""" 9.88+1.28" 722410557
Triglycerides 90.17+4.73 89.37+3.57  88.83+ 154.71+£10315"  145.73+6.42°""""  112.744.4777575 1
(mg/dl) 4.02
Total cholesterol ~ 92.51£9.32 91.73£10.62  90.42+ 220.25+15.93"  196.81+14.82"""  139.37+12.08"""
(mg/dl) 9.66 B
LDL-C (mg/dl) 2633+ 25.1243.03  24.33+ 76.45+4.59"7 68.23+4.94 3933439357
3.011 3.33
HDL-C(mg/dl)  43.67+2.16 4221+2.72 4351+ 25.83+2.0677"  26.33+2.125 33.67+3.4450
2.34
Al 1.12£0.2 1.17£0.2 1.08£02  7.53+0.6"""" 6.47+£0.6"""" 3.14£0.3% L

Data were expressed as mean+SD of 8 rats

LDL-C low density lipoprotein-cholesterol, HDL-C high density lipoprotein-cholesterol, A/ atherogenic index

* P<0.05 versus control
** P<0.05 versus control+SIM

*** P<0.05 versus control+vitamin E

T P<0.5 versus HFD
1P<0.5 versus HFD+vit. E
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the serum vitamin E level significantly (p>0.05). While
in HFD-fed rats, vitamin E decreased significantly
(p<0.05) as compared with the control normal rats. Fur-
thermore, vitamin E supplementation to HFD-fed rats
significantly (p<0.05) increased the serum level of vita-
min E versus HFD-fed rats.

Table 3 shows the effects of SIM and vitamin E on
TBARS and GSH levels as well as CAT and SOD
activities in heart and liver of rats fed on standard or
high cholesterol diets. SIM or vitamin E caused no
significant change in TBARS, GSH levels, and CAT
and SOD (antioxidant enzymes) activities in liver and
heart of normal CR (Table 3). Levels of hepatic and
cardiac TBARS increased, whereas GSH level and an-
tioxidant enzymes activities were decreased in HFD-fed
rats (Table 3). In contrast, the HFD-fed rats treated with
SIM or vitamin E showed a significant decrease in the
level of hepatic and cardiac TBARS with increase in the
GSH level and antioxidant enzymes activities compared

with rats fed on HFD only (p<0.05) but their values
remained significantly lower than the control normal
rats (p<0.05) (Table 3). In addition, the effects of SIM
administration on TBARS and GSH levels as well as
CAT activity in HFD-fed rats were more obvious than
vitamin E supplementation by decreasing TBARS level
and increasing CAT activity and GSH level (»p<0.05),
whereas SOD increased to a similar value with admin-
istration of either SIM or vitamin E (p>0.05). For car-
diac tissue, CAT activity in HFD-fed rats treated with
SIM was increased to a similar level of normal rat
(p>0.05) (Table 3). In HFD-fed rats, a significant posi-
tive correlation (p<0.0001) was reported between the
plasma cholesterol level and TBARS levels of both car-
diac (r=0.9720) and hepatic (»=0.8504) homogenates.
Effects of SIM and vitamin E on ECG parameters of
rats fed on standard diet (control group) and high cho-
lesterol diet (HFD) are shown in Table 4. At the end of
SIM or vitamin E treatment, no significant changes were

Table 3 Effect of simvastatin (SIM) and vitamin E on lipid peroxide and antioxidant status in liver and heart of control and high fat diet

(HFD) fed rats

Control (CR) Control+vitamin Control+ HFD (n=38) HFD+vitamin E HFD+SIM

(n=8) E (n=8) SIM (n=8) (n=8) (n=8)
1. Liver
TBARS 0.42+0.01  0.41+0.02 0.43£0.01  0.74+0.02""™""% 0.59+0.01""""  0.49+0.01"""""" T
(nmol/g tissue)
GSH (umol/ 49374131  50.54+1.42 51.40+1.21 27.73+1.15%""" 33.14+1.06"""""" 39.57+1.28"" "1
g tissue)
CAT (umol H,0,  4.06+0.27  4.04+0.25 4024026 2.43+0.18"7"  3.52+0.11°7T 389401274
decomposed/
g tissue)
SOD (ug/g tissue) ~ 7.79+0.57  7.81+0.47 777045  429+0217 56120260 57940260
2. Heart
TBARS(nmol/ 0.47+0.04  0.49+0.03 0.5140.04 1.17+0.057"""" 0.88+0.03"""""  0.71+0.04"""""1
g tissue)
GSH (pumol/ 52.00+2.38  50.00+2.12 51.33+2.46 27.05+2.157"" 391242117757 441241197771
g tissue)
CAT (umol H,0,  3.17+0.12  3.16+0.14 3.15+0.18  1.61£0.057""  243+0.08"""F  2.65+0.07""""F
decomposed/
g tissue)
SOD(ug/g tissue)  5.19+029  5.21+0.24 5.14+0.22  2.96+024%"" 0 4.02+0.1457 0 4,09+0.150

Data were expressed as mean+SD of 8 rats

TBARS malondialdehyde, GSH reduced glutathione, CAT catalase, SOD superoxide dismutase

Significant positive correlation (p<0.0001) with plasma cholesterol level

* P<0.05 versus control

** P<0.05 versus control+SIM

*** P<0.05 versus control+vitamin E
¥ P<0.5 versus HFD

1P<0.5 versus HFD+vit. E
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Table 4 Effect of simvastatin (SIM) and vitamin E on ECG parameters of control and high fat diet (HFD)-fed rats

Control (CR) Control+vit. E  Control+SIM  HFD HFD+vit. E HFD+SIM
QT (ms) 80.7+2.64 81.8+2.14 82.7+1.79 98.941.93% ™ 8994115 83,141,137
QTc (ms) 186.3+3.14  188.6+4.84 189.6+3.21 239.8+4.72°" 216743485 194.945291
ST (ms) 9.1+0.346 9.2+0.521 9.3+0.727 12.5+0.166""" 10.8+0.19%"%"%F  9.5+0.16™*
QRS (ms) 21.1+0.91 20.4+0.81 19.8+1.14 20.4+0.89 21.3+1.16 223+1.16
Heart rate (b/min)  319.9+6.776  318.9+6.548  315.5+6.564  352.8+5.79"""""  3485+6.19"""""  329.9+7.39"+

Data were expressed as mean+SD of 8 rats

TBARS malondialdehyde, GSH reduced glutathione, CAT catalase

#Significant positive correlation (p<0.0001) with cardiac TBARS level

* P<0.05 versus control

** P<0.05 versus control+SIM

*** P<0.05 versus control+vitamin E
¥ P<0.5 versus HFD

¥P<0.5 versus HFD+vit E

observed in rats receiving SIM or vitamin E alone
(p>0.05). Meanwhile, HFD induced a significant pro-
longation in ST segment, and QT and QTc intervals, with
no significant effect on QRS complex when compared
with the control group. In addition, a significant increase
in HR of HFD-fed rats was observed as compared to
normal group. Treatment of HFD-fed rats with SIM or
vitamin E significantly shortened the ST and, QT and
QTc intervals as well as the HR as compared to untreated
HFD-fed group. SIM or vitamin E significantly short-
ened the duration of ST segment, and QT and QTc
intervals in HFD-fed rats in comparison with the
untreated HFD group (p<0.05) but SIM is more effec-
tive than vitamin E (»p<0.05) (Table 4). In addition, SIM
significantly decreased the HR (»p<0.05) when adminis-
tered to HFD-fed rats, while vitamin E had no effect
(p>0.05). In HFD-fed rats, a significant positive corre-
lation (p<0.0001) was reported between the TBARS
level in the cardiac homogenate and the Q-T interval
(r=0.9363) and with the Q-Tc interval (»=0.9606) with
Pearson's correlation coefficient (Table 4).

As reported in Table 5, no significant changes were
observed in ALT, AST, ALP, and GGT levels in normal
CR treated with SIM or vitamin E (p>0.05), while HFD
caused a significant increase in serum levels of ALT,
AST, ALP, and GGT in comparison with CR. In HFD-
fed rats treated with SIM or vitamin E, serum ALT, AST,
ALP, and GGT levels were significantly decreased
as compared to rats fed on HFD alone (p<0.05)
but remained elevated relative to the control group
(»<0.05) (Table 5). In addition, the decrease in

serum ALT, AST, ALP, and GGT levels in HFD-
fed rats administered SIM was significant when
compared with HFD-fed animals supplemented with
vitamin E (p<0.05) (Table 5).

Histopathological examination of hepatic and cardiac
tissues

Heart

Heart sections of normal CR showed normal character-
istic features of myocardium without cellular infiltration
and normal vasculature. Myocardiocyte of normal rats
had oval-elongate nucleus centrally and homogeneous
cytoplasm (Fig. 1a). Rats received SIM or vitamin E
alone also showed apparently normal myocardial fea-
tures similar to that of normal CR. In HFD-fed rats,
multifocal vacuolar degeneration and necrosis or apo-
ptosis were seen in the myocardial cells (Fig. 1b). More-
over, there were congestion of cardiac blood vessel and
hyalinosis of its wall (Fig. 1b), in addition to granularity
of the sarcoplasm of focal cardiac myocytes in HFD-fed
rats (Fig. 1b). In contrast, myocardial cell of HFD-fed
rat treated with SIM and vitamin E revealed normal
histological structure (Fig. 1c¢ and d).

Liver
Histopathological examination of livers from normal

CR revealed normal histological structure of hepatic
lobule as shown in Fig. 2a. The normal hepatocyte had
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Table 5 Effect of simvastatin (SIM) and vitamin E on alanine transaminase (ALT), aspartate transaminase (AST), alkaline phosphatase
(ALP), and gamma glutamyl transpeptidase (GGT) in control and high fat diet (HFD)-fed rats

Control (CR)  Control+ Control+SIM  HFD (n=8) HFD+vitamin E HFD+SIM (n=8)
(n=8) vitamin E (n=8)
ALT (Ul)  46.3+4.56 455+4.87  47.8+5.12 154241241777 104.9+5.89%"" 5T 78.5+45.89% T
AST (U/)  111.7+5.62 107.7+7.34  102.5+6.55 2478411495 195549255 155548 27"
ALP (U/)  117.5+7.12 115.846.75  119.2+8.24 214641034 184.4+7.1257 T 1544465477
GGT (U/l)  1.018+0.11 1.017+£0.12  1.015+0.11 3.905+0.15"57"  2.157+0.13%757T 0 1.578+0.125

Data were expressed as mean+SD of 8 rats

ALT alanine transaminase, AST aspartate transaminase, ALP alkaline phosphatase, GGT gamma glutamyl transpeptidase

* P<0.05 versus control

" P<0.05 versus control+SIM

*** P<0.05 versus control+vitamin E
T P<0.5 versus HFD.

1P<0.5 versus HFD+vit E

the round nucleus centrally and homogeneous cyto-
plasm (Fig. 2a). There are flat endothelial cells around
central vein and sinusoid. The hepatic cord arrange-
ment as a regular ray pattern was also seen in normal
hepatocyte. Rats received SIM or vitamin E alone also
showed apparently normal histological structure of
hepatic lobule similar to that of normal CR. Liver sec-
tions of HFD-fed rats had cytoplasmic vacuolization of
hepatocytes and fatty changes of hepatocytes (Fig. 2b).
The hepatocytes from HFD-fed rats showed diffused
vacuolar degeneration and necrosis (loss of nucleus) that
indicated that the cells were severely deteriorated

Fig. 1 Microscopic exami-
nation of the cardiac muscle:
a control group, b HCD
group, ¢ HCD+SIM and

d HCD+vit. E. H&E x40

@ Springer

(Fig. 2b). Endothelial lining of the central vein exhibited
more cell injury with an increased accumulation of fat
vacuoles in the hepatocytes. In contrast, liver of HFD-
fed rats treated with SIM and vitamin E showed fatty
change of hepatocytes but less than that of HFD-fed rats
(Fig. 2c and d).

Discussion

In the current study, Sprague—Dawley rats were used
and fed on a HFD containing 4 % cholesterol and 1 %
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Fig. 2 Microscopic exami-
nation of the liver a control
group, b HCD group, ¢
HCD+SIM, and d HCD+
vit. E. H&E x40

cholic acid for 15 weeks. Cholic acid is known to
improve cholesterol absorption because of its emulsify-
ing property, and it also has an inhibitory action on
hepatic cholesterol 7- hydroxylase activity [30]. More-
over, SIM and vitamin E were administered to rats in the
last 4 weeks of the 15-week period during which the rats
were fed on a HFD. Thus, this study investigated
whether or not SIM and vitamin E can slow the progres-
sion of oxidative stress. The results of the present study
demonstrate that SIM and vitamin E treatment markedly
attenuated hypercholesterolemia-induced oxidative
stress in the heart and liver of rats as confirmed by
biochemical assays and microscopic examination but
SIM is more effective. Moreover, SIM and vitamin E
attenuated the cardiac and hepatic dysfunctions,
resulting from hypercholesterolemia-induced oxida-
tive stress, as evidenced by ECG analysis (Fig. 3)
and liver enzyme assessment respectively; however,
SIM is more efficient. Also, in this study, vitamin E
was administered after the hypercholesterolemia-
induced oxidative stress in the heart and liver in a
dose of 100 mg/kg/day that is considered as safe,
nontoxic dose and hepatoprotective [43]. A safe dose
of vitamin E in rats is up to 600 mg/kg body weight
twice weekly [20]. Previous experimental studies
used different doses of vitamin E as antioxidant.
Vitamin E treatment to CR did not increase its
serum level significantly as compared to control,
while in HFD-fed rats, vitamin E supplementation
significantly increased its serum level as compared
to HFD-fed rats. To be of potential clinical benefit in

patients with hypercholesterolemia-induced oxidative
stress, the agents used should produce regression
and/or slow the progression of oxidative stress. It is
not known if vitamin E would slow the progression
of hypercholesterolemia-induced oxidative stress in
the heart and liver.

Vitamin E can prolong the prothrombin time (PT)
in animal models by inhibiting vitamin K-dependent
carboxylase that is corrected with vitamin K adminis-
tration [15]. Vitamin E at dosages of 1,600 IU/day
(720 mg/day) also reduces platelet thromboxane pro-
duction. Vitamin E supplementation may impair the
hematologic response to iron in children with iron
deficiency anemia. In the Heart Protection Study, a
combination of vitamin E (600 IU), vitamin C, and
beta carotene did not affect mortality [9].

Results of the present study revealed that HFD sig-
nificantly increased body weight, while food intake was
reduced compared with normal basal diet (Table 1). No
significant change in body weight gain (grams per
week) was observed with HFD, while feeding efficiency
was significantly increased (Table 1). The increased fat
content of the diet is responsible for satiety and in-
creased total calories. These results were in agreement
with Matos et al. [27] and Rezq and El-Khamisy [37]
who demonstrated that high fat cholesterol diet, which is
used to induce hypercholesterolemia, leads to lower
ingestion by the animals and induces malnutrition. No
changes in body weight, weight gain, food intake, and
feeding efficiency were reported in HFD-fed rats admin-
istered SIM or vitamin E (Table 1).
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Fig. 3 ECG recording from the chest of rats by the ECG elec-
trodes. The data were filtered and amplified and sent to an analog-
to-digital converter (PowerLab data acquisition and analysis system:

In this study, the relative liver and heart weight to
body weight ratio, showed a significant increase in
hypercholesterolemic group as compared to normal
group due to accumulation of fat in the liver and heart
cells. Moreover, liver lipids were increased in rats fed on
HFD (Table 1) that was confirmed by a histopatholog-
ical examination that showed fatty changes of hepato-
cytes and granularity of the sarcoplasm with increased
intracellular lipids of focal cardiac myocytes. These re-
sults were in accordance with Matos et al. [27] and Rezq
and El-Khamisy [37] who reported that the increase in
liver weight could be a consequence of their higher fat
content. Nonalcoholic fatty liver disease (NAFLD) is
the buildup of extra fat in liver cells that is one of the
characteristics of metabolic syndrome. It is normal for
the liver to contain some fat. However, if more than 5—
10 % of the liver's weight is fat, then it is called a fatty
liver (steatosis). It is complicated with steatohepatitis
and liver cirrhosis. In addition, Matos et al. [27] and
Rezq and El-Khamisy [37] observed intracellular lipid
accumulation in cardiomyocytes in response to choles-
terol diet, while administration of SIM to rats fed on
HFD significantly decreased liver and heart weight to
body weight ratio and liver lipids as compared to control
group (Table 1). This can be explained, as SIM but not
vitamin E reduces accumulation of visceral fat in HFD-
fed rats. Our results were in accord with Cui et al. [14]
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AD Instruments, Australia). Data were collected and analyzed by
LabChartpro7 software (AD Instruments, Australia). a Control
group, b HCD group, ¢ HCD+SIM, and d HCD+vit. E

who demonstrated decreased liver weight in HFD-fed
rats treated with SIM.

Hypercholesterolemia and hypertriglyceridemia are
independent risk factors that can accelerate the develop-
ment of coronary artery disease and the progression of
atherosclerotic lesions [29]. Fifteen weeks of HFD, in
our study, resulted in significant impairment of the lipid
profile as compared with normal diet-fed rats (Table 2).
These results were in accord with those reported in
previous studies investigating the effects of a HFD on
serum lipid levels [23, 42, 47]. In addition, the Al is
significantly increased in HFD-fed rats (»p<0.05) as
compared with normal CR (Table 2). A similar finding
of AI[39, 42] had been reported. Administration of SIM
to HFD-fed rats significantly decreased the serum TC,
TG, LDL, and liver lipids, whereas it increased serum
HDL level when compared with CR (Table 2). These
results confirm those of others who study the effect of
SIM [13, 36] and vitamin E [19, 34] on the lipid profile
of HFD-fed animals. Moreover, SIM significantly de-
creased the Al in HFD-fed rats, while vitamin E supple-
mentation had no effect (Table 2). Our results support
previous studies [10, 39].

Oxidative stress is defined as a disturbance in the pro-
oxidant and antioxidant balance within tissues [23].
Looking to oxidative stress markers, we observed sig-
nificant increases in cardiac and hepatic TBARS with
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significant reduction in the antioxidant system in HFD-
fed rats compared with CR (Table 3). Oxidative stress is
implicated in the pathogenesis of NAFLD. The ob-
served increase in cardiac and hepatic TBARS in rats
fed with HFD have been reported in previous studies
investigating the effects of HFD on cardiac and hepatic
[23, 32, 34] TBARS. This increase in cardiac TBARS
could be due to increases in the production of ROS and
decreases in the antioxidants. Hypercholesterolemia in-
creases the levels of ROS through various mechanisms.
A high-cholesterol diet increases cardiac superoxide
anion generation and NADPH oxidase expression [13]
that utilizes the antioxidant capacity of the liver [14, 32,
35] and heart [24, 32]. In support for this, the present
study showed a significant positive correlation between
serum cholesterol level and TBARS level in the heart
and liver (Table 3), indicating that elevated cardiac and
hepatic TBARS levels could be due to hypercholester-
olemia. Moreover, administration of SIM and vitamin E
to HFD-fed rats significantly decreased the TBARS
content of cardiac and hepatic tissues (Table 3). Similar
findings with vitamin E [34] and SIM [3] had been
reported. However, Al-Dosari et al. [3] used SIM con-
comitantly with a high cholesterol diet (preventative
measure). In our study, SIM with a HFD was used for
4 weeks following 11 weeks high cholesterol diet alone
to determine whether SIM slows the progression of
oxidative stress in cardiac tissue or not. Additionally,
administration of SIM or vitamin E to HFD-fed rats
significantly increased the antioxidants in the heart and
liver (Table 4) when compared with untreated rats fed
with HFD only, but the effect of SIM is more obvious
than vitamin E (»<0.05) (Table 4). These results were in
accord with previous studies investigating the effects of
SIM [3, 14] and vitamin E [19, 34].

In the present study, the development of oxidative
injury in the heart of rats fed on HFD for 15 weeks
was confirmed by alteration in oxidative stress
markers (significant increase in TBARS and decrease
in antioxidants) as well as by histopathological exam-
ination that showed myocardial cell damage (Fig. 1).
In addition, the ECG findings showed significant in-
crease in the HR as well as significant ST segment, QT
and QTc interval prolongation in HFD-fed rats in
comparison to control animals (Table 4). The in-
creased HR in HFD-fed rats suggests increased sym-
pathetic tone. In support for this, Axelsen et al. [5]
reported increased HR in high cholesterol fructose-fed
rats. The increased HR of HFD-fed rats can lead to

increase in oxygen consumption and can accelerate
myocardial necrosis. This suggestion is in line with
the deteriorated histopathological features observed in
HFD-fed rats. The long QT is a disorder characterized
by delayed cardiac repolarization and increased risk of
developing potentially fatal ventricular arrhythmias.
The delayed rectifier current (IK) is a major determi-
nant of the phase 3 of the cardiac action potential. It
comprises two independent components: one rapid
(IKr) and one slow (IKs) that is responsible for pro-
longation of QT. The activity of some K" channels is
drastically altered by the oxidation of critical SH
groups of the channel protein. [14]. On the other hand,
administration of SIM to HFD-fed rats significantly
decreased the HR as compared to control animals
(Table 4), while vitamin E had no effect. This could
be due to reduction of the exacerbated cardiac sympa-
thetic effect and increase of the vagal effect to the
heart by SIM [40].

A recent study further revealed that among the vari-
ous ion currents, the rapid delayed rectifier K™ current
(IKr) is the major determinant of diabetic QT prolonga-
tion. In diabetic hearts, IKr is decreased by ~80 %
leading to ~30 % prolongation of action potential dura-
tion (APD), in agreement with the clinical diabetic QT
prolongation. Particularly striking is the finding that
oxidative stress, due to increased intracellular ROS, is
the common pathway for IKr dysfunction caused by
diabetic metabolic perturbations such as hyperglycemia,
overproduction of tumor necrosis factor-alpha (TNF-x),
and ceramide. These data suggest that oxidative stress,
as a result of metabolic perturbations, is the major cause
for IKr dysfunction and the consequent QT prolongation
in diabetes [45]. Moreover, prolonged QTc interval can
be secondary to hypercholesterolemia. Animal and hu-
man studies reported a prolongation of QT interval in
hypercholesterolemic states and are considered to be
due to increased oxidative stress and myocardial remod-
eling [11]. Consistent with these studies, this work dem-
onstrated a significant increase in QT and QTc intervals
in HFD-fed rats as compared to CR (Table 4). Moreover,
a positive correlation between cardiac TBARS, and
QT and QTc intervals was reported in our study,
indicating that prolongation of the QT and QTc in-
tervals could be due to cardiac oxidative stress
resulting from hypercholesterolemia. In addition, data
of the current study demonstrated that vitamin E
supplementation to hypercholesterolemic rats signifi-
cantly decreased the QT and QTc intervals (Table 4).
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This could be explained by the antioxidant effect of
vitamin E that, therefore, can correct the prolonged
QTc interval as it preserves IKr function by
protecting the membrane lipids and proteins from
oxidative damages that manifests in hypercholester-
olemic conditions. Also, SIM significantly decreased
QT and QTc intervals in rats fed on HFD when
compared with control animals (Table 4), suggesting
the preventive and beneficial role of SIM in
hypercholesterolemia-induced repolarization charac-
teristics. This effect could be explained by the anti-
oxidant and the cholesterol-lowering effects of SIM,
thus protecting the IKr function and correcting the
prolonged QTc interval. Moreover, Adameova et al.
(2009) [2] demonstrated that in the diseased diabetic
hypercholesterolemic animals, both electrical and me-
chanical myocardial function may be influenced by
statins independently of cholesterol lowering.

The cardioprotective effect of SIM and vitamin
E, in this study, was further confirmed by the
significant decrease in oxidative stress, (Table 3)
and the shortening of prolonged QT and QTc in-
tervals in hypercholesterolemic rats (Table 4). How-
ever, the protective effect of SIM is more efficient
than vitamin E (Tables 3, 4). In a recent study, the
oxidative myocardial injury caused by doxorubicin
treatment was attenuated by SIM that reflects the
direct antioxidant activity of the drug that is inde-
pendent of its cholesterol-lowering activity [1]. An-
other study demonstrated that SIM significantly
attenuates the increase in plasma levels of F2-
isoprostanes (8-epi-PGF2x) and TBARS, both
markers of increased oxidative stress in vivo, asso-
ciated with experimental hypercholesterolemia in
the absence of any lipid-lowering effect [45]. Moreover,
Prasad et al. (2012) [34] demonstrated that vitamin E
slows the progression of hypercholesterolemia-induced
oxidative stress in the heart.

In the present study, the development of oxidative
injury in the liver of rats fed on HFD for 15 weeks was
confirmed by the alteration in oxidative stress markers
as well as by histopathological examination that
showed cytoplasmic vacuolization, degeneration, ne-
crosis, and fatty changes of hepatocytes that indicated
that the cells were severely deteriorated (Fig. 2). In
addition, the enzyme activities shown in Table 5 indi-
cated that all four enzymes were elevated in the serum
of the HFD-fed rats. These results were in accord with
those of previous studies [42]. The elevation of serum
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levels of these enzymes could be due to their leakage
into the serum as a result of damage to the integrity of
the liver [37]. Elevated serum ALT levels in the ab-
sence of viral hepatitis and alcoholism have been
reported to lead to higher risk of cardiovascular dis-
ease with the risk greater in women [22]. The heart
also has high AST content that becomes elevated in
myocardial infarction. GGT has been reported to be a
very strong risk factor, taking third place, for all forms
of heart diseases and a possible indicator for early
development of atherosclerosis. Ruttmann et al. [38]
reported a correlation between GGT and cardiovascu-
lar mortality, indicating that the higher the elevation of
GGT, the greater the risk of death. These reports agree
with the present study that showed raised levels of
liver enzymes with hepatic injury and cardiovascular
distress in the rats fed with HFD (Table 5).

Administration of SIM or vitamin E to HFD-fed
rats significantly decreased serum levels of liver en-
zymes (Table 5) and improves hepatocyte degenera-
tion (Fig. 2), but SIM is more effective than vitamin E.
However, their effect was not powerful enough to
completely protect the liver function as shown by
the serum levels of liver enzymes that remained
significantly higher than control animals (Table 3).
The protective effect of SIM or vitamin E on the
liver, in this study, was further confirmed by the
significant decrease in oxidative stress improvement
of liver structure and function. These results are in
line with the previously confirmed data of Cui et
al. [14] who demonstrated decreased liver enzymes
in HFD-fed rats treated with SIM that decreases the
hepatic oxidative stress.

Conclusion

Hypercholesterolemia increases the oxidative stress in
the heart and liver. SIM and vitamin E are efficient in
slowing the progression of hypercholesterolemia-
induced oxidative stress in these organs and improving
their functions but SIM is more effective.
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