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Abstract: Oxidative stress is one of the key factors in the pathophysiology of liver disease. The
present study aimed to evaluate the potential impact of two antioxidants, namely coenzyme Q10
(CoQ10) and silymarin, on carbon tetrachloride (CCly)-induced oxidative stress and hepatic damage
in ovariectomized rats. Female Long Evans rats were divided into six groups (n = 6): control,
CCly, CCly + CoQ10 (200 mg/kg), CCly + silymarin (140 mg/kg), Control + CoQ10, and Control +
silymarin. Plasma and tissues from liver and kidney were analyzed for oxidative stress parameters
and antioxidant enzyme activities using biochemical assays. Infiltration of inflammatory cells
and fibrosis were assessed by histological staining of tissue sections. Both CoQ10 and silymarin
significantly lowered serum alanine aminotransferase (ALT), aspartate aminotransferase (AST), and
alkaline phosphatase (ALP) levels that were detected to be higher in CCly rats compared to controls.
Significant reduction in CCly-induced elevated levels of oxidative stress markers malondialdehyde
(MDA), nitric oxide (NO), and advanced protein oxidation product (APOP) was observed with
both antioxidants. However, in control rats, CoQ10 and silymarin did not produce a significant
effect. Histological analysis revealed that CCly markedly increased the level of inflammatory cells
infiltration and fibrosis in liver and kidney tissues, but this was significantly reduced in CCly +
CoQ10 and CCly + silymarin groups. Taken together, our results suggest that CoQ10 and silymarin
can protect the liver against oxidative damage through improved antioxidant enzyme activities and
reduced lipid peroxidation. Thus, supplementation of the aforementioned antioxidants may be useful
as a therapeutic intervention to protect liver health in chronic liver diseases.

Keywords: coenzyme Q10; CCly; silymarin; ovariectomized rat model; oxidative stress

1. Introduction

Excessive production of free radicals, such as superoxide, hydroxyl, hydrogen perox-
ide, and nitric oxide radicals in living beings causes homeostatic imbalance and oxidative
stress leading to damage to biological molecules such as proteins, nucleic acids, and mem-
brane lipids [1]. Alteration in cellular constituents and level of antioxidant enzymes such
as superoxide dismutase (SOD), catalase (CAT), and reduced glutathione (GSH) due to
increased oxidative stress results in chronic kidney disease (CKD) and liver disease, which
are among the major causes of morbidity and mortality worldwide and raise serious public
health concerns [1-4]. Pathogenesis of liver diseases such as chronic hepatitis, fibrosis,
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fatty liver, cirrhosis, and hepatocellular carcinoma has been reported to be associated
with oxidative stress in several studies [4]. Carbon tetrachloride (CCly) is a well-known
hepatotoxin used for studying hepatotoxicity leading to pathogenesis of hepatic damage in
animal models [5]. Metabolic products of CCly lead to the generation of trichloromethyl
and proxy chloromethyl free radicals, causing an imbalance between reactive oxygen
species (ROS) and antioxidants and resulting in liver damage and necrosis. CCly can also
activate Kupffer cells by enhancing Ca?* concentration, initiating the intracellular release
of harmful cytokines that facilitates the death of hepatocytes and generation of oxidative
stress [6]. Ovariectomized rat models are often used in clinical studies to overcome the
antioxidant effects of estrogen, an ovarian hormone that can inhibit lipid peroxidation
and reduce lipoprotein oxidation and superoxide anion production [1,7]. In liver diseases,
estrogen also plays a protective role through mechanisms such as inhibition of fibrogenesis,
cellular senescence, increase in innate immunity, and protection of mitochondrial structure
and function [8].

Coenzyme Q10 is an intracellular antioxidant that protects the cells by preventing
lipid peroxidation and the regeneration of other antioxidants that prevent free-radical-
induced oxidative damage [9]. CoQ10 can withstand oxidation-reduction cycles, and
the concentration of CoQ10 is higher in organs such as kidneys, heart, and liver, which
demonstrate high metabolic rate and need coenzyme Q10 as a sufficient energy support
system [10]. Chemically, coenzyme Q10 is a lipid-soluble benzoquinone that functions as a
diffusible electron carrier in the mitochondrial respiratory chain, thereby scavenges free
radicals efficiently [10]. The protective role of CoQ10 has also been reported in oxidative
and inflammatory tissue damage [9]. CoQ10 prohibits the reduction in GSH level and
catalase activity and exhibits anti-inflammatory properties by decreasing the production of
pro-inflammatory cytokines such as tumor necrosis factor [11]. Diminished coenzyme Q10
level may be attributed to nutritional deficiencies such as vitamin B6 deficiency, genetic
defects, and poor synthesis and utilization of CoQ10 [10]. Again, damaged, sick, or aging
tissues demand the enzyme to a higher extent than normal because of increased oxidative
stress, and drugs such as antidepressants, beta-blockers, and cholesterol-lowering agents
also reduce the level of CoQ10 [10,11].

Silymarin is a naturally occurring polyphenolic compound isolated from Silybum
marianum and known to possess strong antioxidant, anti-inflammatory, and anti-fibrotic
properties [12]. Role of silymarin in hepatoprotection and neuroprotection has been re-
ported in several studies [13]. Being potent antioxidants, both CoQ10 and silymarin have
gained much attention of researchers due to their possible therapeutic effects in oxidative
stress associated disorders such as cancer, diabetes, neurodegenerative, hepatic, and car-
diovascular diseases [14]. In addition, exogeneous supplementation of these antioxidants
has been reported to be safe in humans with minimal side effects [14].

Against this background, the current study aimed to evaluate the ameliorative effect of
CoQ10 and silymarin on CCl-induced liver and kidney damage including oxidative stress
in ovariectomized rats. Use of the ovariectomized rat model is unique in this study and
will help in assessing the precise and unbiased role of CoQ10 and silymarin in restoring
CCly-induced liver and kidney damage without being influenced by ovarian hormones that
are known to exhibit protective effects in pathologies related to oxidative stress [15-17].

2. Materials and Methods
2.1. Experimental Animals and Care

Forty female Long Evans rats (240 £ 5 g) were collected from the Animal House of
the Department of Pharmaceutical Sciences, North South University. To be eligible for
inclusion in the experiments, rats were checked for certain parameters such as weight and
fitness. Also, to avoid hormonal as well as sexual interference, selected rats were kept
separated from the male rats following their birth. The animals were kept in individual
cages at a room temperature of 20-26 °C under a 12 h light/12 h dark cycle. Free access to
a standard pelleted diet (20 g per rat) and water was ensured.
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2.2. Study Design and Treatment

Animals were anesthetized by injecting ketamine hydrochloride 100 mg/kg through
the intraperitoneal route. A 2 cm long midline dorsal incision was made in the lower back
of the rat just below the bottom of rib cage to access the ovaries. A single ligature around
the oviduct was made to prevent bleeding due to the removal of the ovaries. After careful
removal of the ovaries, the cut was finally closed using a 4-O sterile suture. All the animals
were kept under close observation for 7 days. During the 1-week post-surgery observational
period, four rats were discarded based on weight and post-surgery trauma. The remaining
36 rats were divided into six groups, each consisting of six rats. The groups were treated as
follows: Group I (Control), Group II (CCly), Group III (CCly + CoQ10), Group IV (CCly +
silymarin), Group V (Control + CoQ10), and Group VI (Control + silymarin). Rats were
orally administered with CoQ10 at a dose of 200 mg/kg/day body weight, silymarin at
140 mg/kg/day body weight, and CCly at a dose of 1 mL/kg body weight twice a week
for 4 weeks [18,19]. Body weight and food and water intake were monitored regularly. At
the end of experimentation period, all animals were sacrificed and liver, kidney, and blood
samples were collected. The organs were weighed immediately and were preserved in
buffered formalin solution (pH 7.4) for histopathology. For the bioassay, collected liver
and kidney samples were sonicated and centrifuged with phosphate-buffered saline (PBS),
and the supernatants were collected for further assay. The blood samples were centrifuged
immediately at 12,000 rpm for 10 min at 4 °C and stored in microcentrifuge tubes at —20 °C
for further analysis.

2.3. Biochemical Assays
2.3.1. Measurement of 17(3-Estradiol

Whole blood was collected from ovariectomized and non-ovariectomized rats after
2 weeks following recovery and subjected to centrifugation to separate serum. Each serum
was divided into 25 pL aliquots and stored at —20 °C. Later, 173-estradiol was measured
using an electrochemiluminescence immunoassay kit (Roche diagnostics, USA) as per
manufacturer’s instruction.

2.3.2. Estimation of Lipid Peroxidation as Malondialdehyde (MDA)

Lipid peroxidation was estimated colorimetrically, with thiobarbituric acid reactive
substances (TBARS) indicating the lipid peroxidation and oxidative stress as previously
described [20]. The result was expressed as nm of MDA per mg protein.

2.3.3. Estimation of Nitric Oxide (NO)

NO was determined according to the protocol as previously described [21] with
some modifications. Briefly, 60 pL tissue homogenate or plasma samples were taken in a
96-well plate and mixed with 1% sulfanilamide and 0.1% N-(1-naphthyl) ethylenediamine
hydrochloride (NED) in 2.5% H3POjy. After 20 min incubation at room temperature, a pink
chromophore was generated due to diazotization of nitrite ions with sulfanilamide and
subsequent coupling with NED. Finally, the absorbance was recorded at 540 nm against a
blank sample. A standard curve was made by serial dilution of 1 mM sodium nitrite stock
solution.

2.3.4. Determination of Advanced Protein Oxidation Products (APOP)

APOP levels were determined by a previously used method as described [22]. Tis-
sue/plasma was taken with PBS at a ratio of 1:5 with 0.1 mL of KI. After 2 min, acetic acid
was added, and absorbance was measured at 340 nm.

2.3.5. Determination of GSH

The reduced level of glutathione was estimated using the method previously de-
scribed [23]. Briefly, 10 pL tissue homogenate/plasma and 90 uL PBS were taken in an
eppendorf tube. Then, 100 uL DTNB (5,5-dithiobis-2-nitrobenzoic acid) was added and in-
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cubated for an hour at 4 °C. After formation of yellow color, the absorbance was measured
at 412 nm.

2.3.6. Determination of CAT

CAT activities were determined using a method previously described [24]. Briefly,
10 pL tissue/plasma and 90 puL PBS were taken in an Eppendorf tube, and 40 uL H,O, was
added. The absorbance was taken at 240 nm. Changes in the absorbance of the reaction
solution at 240 nm were determined after 1 min. One unit of CAT activity was defined as a
change in the absorbance of 0.01 unit/min.

2.3.7. Determination of SOD Level

The activity of superoxide dismutase enzyme was assayed using a modified procedure
described previously [25]. Briefly, 10 uL (tissue/plasma) and 90 uL PBS were taken.
Then, 100 L adrenaline was added, and the absorbance was measured at 480 nm. SOD
activity was determined in terms of its ability to inhibit autooxidation of adrenaline to
adrenochrome. A control reaction consisting of all the ingredients except the tissue/plasma
was analyzed simultaneously.

2.3.8. Assessment of Liver Toxicity

Blood samples were collected and centrifuged at 10,000 rpm for 15 min at 4 °C.
Plasma was separated, transferred to 1.5 mL Eppendorf tubes, and stored at —20 °C until
further analysis was conducted. Enzyme activities of aspartate transaminase (AST), alanine
transaminase (ALT), and alkaline phosphatase (ALP) were determined using specific kits
(Human Diagnostics, Germany) according to the manufacturer’s protocols.

2.4. Histopathology Procedure

Following overnight fixation in 10% formalin, the tissue blocks were dehydrated in
ascending concentration of ethyl alcohol. Tissues were then treated in xylene, embedded
in paraffin, and subjected to sectioning at a thickness of 5 micron. The slides containing
sections were deparaffinized with xylene, followed by rehydration of tissues in alcohol
of different concentrations from high to low. Later, tissue sections were stained with
hematoxylin and sirius red. Finally, stained slides were cleaned in xylene, mounted, and
observed under a light microscope (Olympus DP12, Japan) at 20 x magnification.

2.5. Statistical Analysis

Data obtained in this study were analyzed using SigmaPlot 14.0. Analysis of variance
(ANOVA) with Newman-Keuls post-hoc test was performed. Differences were considered
statistically significant at p < 0.05.

3. Results
3.1. Effect of CoQ10 Supplementation on Body Weight of Ovariectomized Rats

The average body weight of the experimental rats was determined before the start of
drug intervention and was 240 £ 5 g. During the entire experimentation period, all rats
were weighed routinely, and we found no substantial changes in body weight between
the different groups except the rats that received only CCly (Figure 1a). Notably, in the
last week of treatment, there was marked reduction in body weight in CCly-treated rats as
compared to other groups. We further observed that administration of CoQ10 or silymarin
had no relation with weight loss or weight gain compared to control rats.
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Figure 1. Effect of coenzyme Q10 (CoQ10) and silymarin on weight of ovariectomized female rats
(a) Levels of 173-estradiol in serum of ovariectomized and non-ovariectomized rats (control); (b) Data
are presented as mean =+ SD, n = 6. Statistical analysis involved post-hoc tests. Statistical significance
is indicated as * p < 0.05 and ** p < 0.01.

3.2. Estimation of 17B-Estradiol in Plasma

Previous studies demonstrated that estrogens have a protective effect that is accom-
plished through their antioxidant, anti-inflammatory, and anti-fibrogenic actions [1,7].
Therefore, in this study, we used ovariectomized rats to avoid the interference of estrogens
and to assess the actual effect of CoQ10 and silymarin. To confirm that ovariectomy es-
sentially reduced 173-estradiol level in ovariectomized rats, blood serum was collected
from both ovariectomized and non-ovariectomized (control) rats, and the biologically most
active form of estrogen, 173-estradiol was measured. As expected, we found a signifi-
cant reduction of 173-estradiol in ovariectomized rats as compared to controls (p < 0.01)
(Figure 1b).

3.3. Effect of CoQ10 Supplementation on Oxidative Stress Level in Kidney, Liver, and Plasma

In the experimental rats, we first confirmed the level of oxidative stress by measuring
several stress markers before administration of CoQ10 or silymarin. In CCly rats, significant
elevation of malondialdehyde (MDA) levels in kidney, liver, and plasma was observed as
compared to the control group (p < 0.01) (Figure 2a—c). However, treatment with CoQ10
and silymarin reduced MDA levels markedly in these tissues and plasma (p < 0.01). No
significant change in MDA level was observed in control rats when they were administered
either CoQ10 or silymarin. Also, the results obtained with either CoQ10 or silymarin were
not statistically different.

Similarly, NO levels (Figure 2d—f) in kidney, liver, and plasma of CCly rats were higher
compared to the control, and they were significantly smaller in the CCl4 + CoQ10 (p < 0.05
in kidney; p < 0.01 in liver and plasma) and CCly + silymarin (p < 0.05 in kidney; p < 0.01
in liver and plasma) groups.

We further analyzed the effect of CoQ10 and silymarin on the APOP level in different
groups. The CCly rats exhibited increased levels of APOP in the kidney, liver, and plasma
compared to control rats. However, administration of CoQ10 significantly reduced the
APOP level in these tissues and plasma of CCly + CoQ10 rats (p < 0.01 in kidney and liver;
p < 0.05 in plasma). Similar effects were also observed in rats supplemented with silymarin.
Again, the effects exhibited by CoQ10 and silymarin were statistically similar (Figure 2g—-i).
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Figure 2. Effect of CoQ10 and silymarin on MDA (a—c), NO (d-f), and advanced protein oxidation product (APOP) (g-i)

=6.

6, where n

levels in kidney, liver, and plasma of ovariectomized female rats. Data are presented as mean & SD, n

Statistical analysis involved post-hoc tests. Statistical significance is indicated as * p < 0.05 and ** p < 0.01.
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3.4. Effect of CoQ10 and Silymarin Supplementation on Antioxidant Enzymes in Kidney, Liver,
and Plasma of Ovariectomized Rats

Next, we investigated the status of antioxidant enzymes in different groups of rats.
The results showed that the ovariectomized rats treated with CCly had significantly lower
levels of SOD, CAT, and GSH in kidney, liver, and plasma samples (Figure 3) compared to
control rats. However, co-administration of CoQ10 or silymarin reversed all these levels
(p < 0.05) in a similar pattern. On the other hand, control, control + CoQ10, and control +
silymarin rats showed similar levels of SOD, CAT and GSH.
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Figure 3. Effect of CoQ10 and silymarin on superoxide dismutase (SOD) (a—c), catalase (d—f), and reduced glutathione
(GSH) (g-i) levels in kidney, liver, and plasma of ovariectomized female rats. Data are presented as mean & SD (n = 6).
Statistical analysis involved post-hoc tests. Statistical significance is indicated as * p < 0.05 and ** p < 0.01.
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3.5. Effect of CoQ10 and Silymarin Supplementation on ALP, AST, and ALT Levels in Plasma

Administration of CCly caused significant increase in plasma ALP, AST, and ALT
levels in the disease group as compared to the control group. However, supplementation
of CoQ10 showed a significant reduction in ALP, AST, and ALT levels in plasma as com-
pared to the disease group (p values < 0.05 to < 0.01). Silymarin supplementation also
showed a similar effect in reducing plasma levels of ALP, AST, and ALT (Figure 4a—). We
further observed that CoQ10 and silymarin treatment in control rats had no effect on these
parameters.
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Figure 4. Effect of CoQ10 and silymarin on ALP (a), ALT (b) and AST (c) levels in plasma of ovariectomized female rats.
Data are presented as mean + SD (n = 6). Statistical analysis involved post-hoc tests. Statistical significance is indicated as

*p < 0.01.

3.6. Histopathological Observation

Hematoxylin-eosin (H & E) staining on liver and kidney sections of the control rats
revealed a regular morphology in terms of size, shape, and cellular contacts (Figures 5A
and 6A, respectively). There was neither infiltration of cells nor tissue necrosis in these
tissues. However, CCly-treated rats showed infiltration of inflammatory, mononuclear cells
and necrosis in the liver and kidney (Figures 5B and 6B), which were reversed by concur-
rent supplementation of CoQ10 or silymarin (Figures 5C,D and 6C,D, respectively). The
protective effect of CoQ10 and silymarin was comparable with no significant differences.
We further stained both kidney and liver tissue sections from all groups of animals using
sirius red, which showed the normal distribution of collagen in control rats (Figures 5E
and 6E, respectively), while an intense distribution of collagen fibers in the perivascular
and inner areas of the liver and kidney was detected in CCly-treated rats (Figures 5F and
6F, respectively). CCly-treated rats also exhibited fibrotic changes, as demonstrated by
an increased perivascular deposition of the collagen fibers indicated by sirius red stain-
ing. Micro- and macro-vesicular fatty infiltration and cellular infiltration were obvious.
Glomerular structure was also deformed in some cases (Figure 5B). However, in sections
obtained from rats that received CoQ10 or silymarin concurrently with CCly, there was a
significant reduction in the amount of collagen in both liver and kidney with improved tis-
sue architecture (Figures5G,H and 6G,H, respectively). Cellular arrangement and collagen
deposition in the extracellular space were also regular in CoQ10- and silymarin-treated
rats.
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Figure 5. Effect of CCl4 and supplementation with CoQ10 and silymarin on liver tissue. Hemtoxylin-
eosin staining shows the cellular morphology in control (A), CCly (B), CCly + CoQ10 (C), and
CCly + silymarin (D) liver of ovariectomized rats. Arrows indicate infiltrating cells. Sirius Red
staining depicts fibrosis in control (E), CCly (F), CCls + CoQ10 (G), and CCly + silymarin (H) liver of
ovariectomized rats. 20 x magnification.
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Figure 6. Effect of CCly and supplementation with CoQ10 and silymarin on kidney tissue.
Hemtoxylin-eosin staining shows the cellular morphology in control (A), CCly (B), CCly + CoQ10 (C),
and CCly + silymarin (D) kidney of ovariectomized rats. Arrows indicate infiltrating cells. Arrowhead
depicts deformed glomerular structure. Sirius Red staining depicts fibrosis in control (E), CCly (F),
CCly + CoQ10 (G), and CCly + silymarin (H) kidney of ovariectomized rats. 20 x magnification.

4. Discussion

In this study, we investigated the antioxidant effects of CoQ10 and silymarin and
compared their hepatoprotective effects in an experimental ovariectomized rat model in
which oxidative stress and cellular damage of kidney and liver were induced by CCly. In
the ovariectomized background, the hepatoprotective function of endogenous estrogen
was minimized; thus, the exclusive effect of CoQ10 and silymarin was observed. The
biochemical analysis showed that CCly administration significantly impaired liver function
biomarkers, while all these parameters were markedly reversed when the animals were
supplemented with CoQ10 or silymarin concurrently with CCly. The pathogenesis of liver
damage by CCly and the protective role of CoQ10 and silymarin have been illustrated in
Figure 7. At the same time, these biochemical changes were accompanied by histopatholog-
ical changes, as observed by hematoxylin and sirius red staining. We observed that there
were disrupted liver architecture, fibrosis, and accumulation of dark stained nuclei in liver
tissue of CCly-treated rats. However, concurrent administration of CoQ10 or silymarin
improved the oxidative status, liver enzyme activities, and histopathological changes.
Findings from this study suggest that both CoQ10 and silymarin exhibit similar effects in
alleviating oxidative stress and protecting liver against oxidative damage.
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At a physiological as well as pathological level, reactive oxygen species (ROS) is recur-
rently produced either due to cellular metabolism or by facing a threat to the homeostasis
of the body. The excess free radicals upsurge the oxidative stress markers such as MDA,
NO, and APOP [26]. The increased amount of ROS hampers the membrane phospholipids
and lowers antioxidant level in respective tissues [27]. In this study, CCls-induced kidney
and liver damage increased the stress level, and as a result, stress markers such as MDA,
NO, and APOP were found to increase in the disease group, which were again reduced in
CoQ10- and silymarin-treated rats. This finding is partially supported by the observation
that the circulating concentration of CoQ10 is reduced in patients with chronic kidney
disease (CKD), who are in stressed condition, and CoQ10 supplementation minimizes the
stress by lowering the MDA level in these patients [10].

The current study revealed that CCly-induced kidney and liver damage was rescued
by CoQ10, presumably via its antioxidant activity to scavenge ROS including superoxide
anions. Superoxide anions basically bind with NO to form peroxynitrite (ONOO™), which
causes cellular damage and also promotes lipid peroxidation [28-30]. Furthermore, CoQ10
reduced oxidative stress and improved detoxifying enzyme activities as observed in previ-
ous studies [31]. Here, we observed that GSH, SOD, and CAT levels were influenced by
both silymarin and CoQ10, and these effects were not statistically different. We further
observed that CCly increased liver enzymes (ALT, AST, ALP), which were significantly
downregulated by CoQ10 or silymarin. These findings are consistent with previous results
demonstrating that the serum ALP, AST, and ALT levels were reduced with subsequent
protection against histopathological damage in acetaminophen-, thioacetamide-, CCly-, or
hepatic encephalopathy-induced liver injury rat models by CoQ10 or silymarin [32-34].
However, the current study differs from several previous studies in that we used an
ovariectomized rat model to compare the protective role of CoQ10 and silymarin by ob-
serving the changes in oxidative stress markers, antioxidant enzymes, and histopathology
simultaneously [34-36].

Liver diseases caused by occupational and environmental factors often present a
wide clinical spectrum ranging from liver enzyme elevation to liver failure, cirrhosis,
and cancer. Hepatocellular necrosis may occur due to exposure to industrial chemicals,
primarily solvents [37]. CCly rats have been proved to be useful experimental models for
the study of certain hepatotoxic effects [38,39]. Previous studies have demonstrated that
CCly-induced liver fibrosis model mimics several clinical manifestations of human liver
fibrosis in different pathological states that consistently produce liver injury with sustained
oxidative stress [40]. In the present study, we observed that CoQ10 and silymarin improved
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liver function. Based on the current findings, CoQ10 and silymarin may be considered for
their hepatoprotective potential in the management of chronic liver diseases.

It has been shown that CoQ10, by both direct ROS scavenging and indirect activity
via cellular vitamin E and C regeneration and increment of GSH and SOD levels, could
act as a potent antioxidant and prevent lipid peroxidation in cellular membranes [41]. We
observed that oxidative stress markers MDA, NO, and APOP were significantly increased
in kidney tissue of CCly-treated rats; however, concurrent administration of CoQ10 or
silymarin markedly reduced these levels and protected kidneys from damage.

Hematoxylin staining has shown the clear morphological abnormalities in both liver
and kidney tissues in CCly-tretaed rats. We also observed fibrotic changes in tissue archi-
tecture of both liver and kidney. However, concurrent treatment with CoQ10 and silymarin
reduced the tissue necrosis, cellular infiltration, and fibrosis, as evidenced from sirius red
staining, suggesting that CoQ10 and silymarin protect liver and kidney against oxidative
stress.

Previous research showed that CoQ10 is a vital element of the mitochondrial respira-
tory chain that has gained much attention as a dietary supplement because of its essential
function in mitochondrial bioenergetics [42]. Among many biological functions, the hep-
atoprotective ability of CoQ10 appears as an interesting event, susceptible to counteract
several metabolic disorders associated with CCly toxicity.

From the mechanistic point of view, it has been demonstrated that solubilized CoQ10
impedes transforming growth factor-f1 (TGF-31) expression in hepatic stellate cells
to inhibit fibrosis leading to hepatic damage. Several studies revealed that TGF-f1
downregulates both the expression level and activity of antioxidant enzymes such as
glutathione-S-transferase (GST), glutamate cysteine ligase (GCL), SOD, and glutathione
peroxidase [43-45]. Another study showed that TGF-f31 inhibits the expression of antioxi-
dant enzymes through Smad3/ATF-dependent Nrf2 inactivation [46]. Furthermore, CoQ10
has been found to decrease a-smooth muscle actin (x-SMA) and TGF-f31 expressions in
Nrf2 wild-type mouse embryonic fibroblast (MEF) cells, but not in Nrf2-null MEF cells,
demonstrating that CoQ10 involves Nrf2 activation to downregulate TGF-31. Also, Nrf2
overexpression decreased the basal expression of TGF-31. Therefore, CoQ10-induced Nrf2
activation may suppress TGF-f31 expression and block the fibrosis process, which in turn im-
proves liver health [47]. On the other hand, silymarin has been suggested to block nuclear
factor kappa B (NF-kB) by inhibiting interleukin IL-2, IL-4, tumor necrosis factor-oc (TNF-ox)
and interferon-y (IFN-v) [48,49] and thus downregulates inflammatory response causing
fibrosis. It has also been demonstrated that silymarin acts through lysophosphatidic acid
receptor 1 (LPAR1) and TGF-31 pathways to exert antifibrotic and antiinflammatory effects
in hepatic tissue [50,51].

A limitation of this study is that we did not perform experiments to gain insight
into the underlying mechanisms of liver damage by CCly or the molecular pathways of
hepatoprotective function of CoQ10 and silymarin. Further studies may be undertaken to
address these issues.

5. Conclusions

We conclude that this is the first report where ovariectomized female rats were used
to investigate the role of CoQ10 and silymarin in absence of estrogen. The results obtained
from our study suggest that CoQ10 and silymarin act in a similar pattern in ameliorating
the oxidative stress produced by ROS. Also, CoQ10 and silymarin possess comparable
antioxidant and hepatoprotective potential, which might be further studied to consider
these molecules as supporting therapy in the treatment of chronic diseases such as diabetes,
CKD, hypertension, and cancer, where excessive amount of ROS is produced and causes
oxidative stress and vital organ injury.



Pathophysiology 2021, 28 61

Author Contributions: H.M.R. conceptualized, designed and supervised the experiments. S.S.L.,
JKR,, N.IC, and T.E. performed the experiments. T.I., Z.T.G., and PJ. analyzed the data and drafted
the manuscript. M.S. and M.C.S. assisted with animal handling and analyzed the data. S.S.L., PJ.,
and H.M.R. drafted the manuscript. All authors have read and agreed to the published version of
the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: All rats were treated as per the protocol approved by
the Ethical Committee of the North South University for animal care and experimentation (ERC-
IACUC/NSU/026-17).

Informed Consent Statement: Not applicable.
Data Availability Statement: Not applicable.

Acknowledgments: The authors would like to thank Fatima Tuj Johra and Razmin Bari for formatting,
critical reading, and editing of the manuscript. The authors gratefully acknowledge the support and
lab facilities provided by North South University, Bangladesh.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Bae, J.H.A; Lee, S.H.; Kim, H.].; Lee, ].Y. The Role of Salicornia herbacea in Ovariectomy-Induced Oxidative Stress. Biol. Pharm.
Bull. 2006, 29, 1305-1309.

2. Jain, P; Haque, A.; Islam, T.; Alam, M.A.; Reza, HM. Comparative evaluation of Ziziphus mauritiana leaf extracts for phenolic
content, antioxidant and antibacterial activities. |. Herbs Spices Med. Plants 2019, 25, 236-258. [CrossRef]

3. Mills, K.T.; Xu, Y.; Zhang, W.; Bundy, ].D.; Chen, C.S.; Kelly, T.N. A systematic analysis of worldwide population-based data on
the global burden of chronic kidney disease in 2010. Kidney Int. 2015, 88, 950-957. [CrossRef]

4. Saha, P; Talukdar, A.D.; Nath, R.; Sarker, S.D.; Nahar, L.; Sahu, J.; Choudhury, M.D. Role of Natural Phenolics in Hepatoprotection:
A Mechanistic Review and Analysis of Regulatory Network of Associated Genes. Front. Pharmacol. 2019, 10, 509. [CrossRef]

5. Adebayo, A.H.; Yakubu, O.F; Balogun, T.M. Protective properties of Citrullus lanatus on carbon tetrachloride induced liver
damage in rats. Eur. |. Med. Plants 2014, 4, 979-989. [CrossRef]

6.  Boll, M,; Lutz, W,; Becker, E.; Stampfl, A. Mechanism of carbon tetrachloride-induced hepatotoxicity. Hepatocellular damage by
reactive carbon tetrachloride metabolites. Z. Naturforsch. C 2001, 56, 649—-659. [CrossRef] [PubMed]

7. Arnal, J.E; Clamens, S.; Pechet, C.; Negre-Salvayre, A.; Allera, C.; Girolami, J.P.; Salvayre, R.; Bayard, F. Ethinylestradiol does not
enhance the expression of nitric oxide synthase in bovine endothelial cells but increases the release of bioactive nitric oxide by
inhibiting superoxide anion production. Proc. Natl. Acad. Sci. USA 1996, 93, 4108—4113. [CrossRef]

8.  Brady, C.W. Liver disease in menopause. World ]. Gastroenterol. 2015, 21, 7613-7620. [CrossRef]

9. Lee, B, Lin, Y,; Huang, Y,; Ko, Y,; Hsia, S.; Lin, P. The relationship between Coenzyme Q10, oxidative stress, and antioxidant
enzymes activities and coronary artery disease. Sci. World J. 2012, 1-8. [CrossRef]

10. Martelli, A.; Testai, L.; Colletti, A.; Cicero, A.F. Coenzyme Q10: Clinical applications in cardiovascular diseases. Antioxidants 2020,
9, 341. [CrossRef]

11.  Farsi, F; Heshmati, J.; Keshtkar, A.; Irandoost, P.; Alamdari, N.; Akbari, A. Can coenzyme Q10 supplementation effectively reduce
human tumor necrosis factor-« and interleukin-6 levels in chronic inflammatory diseases? A systematic review and meta-analysis
of randomized controlled trials. Pharmacol. Res. 2019, 148, 104290. [CrossRef]

12. Razavi, B.M.; Karimi, G. Protective effect of silymarin against chemical induced cardiotoxicity. Iran J. Basic Med. Sci. 2016, 19,
916-923.

13. Darvishi-Khezri, H.; Salehifar, E.; Kosaryan, M.; Karami, H.; Alipour, A.; Shaki, F; Aliasgharian, A. The impact of silymarin on
antioxidant and oxidative status in patients with -thalassemia major: A crossover, randomized controlled trial. Complement Ther.
Med. 2017, 35, 25-32. [CrossRef]

14. Borah, A.; Paul, R.; Choudhury, S.; Choudhury, A.; Bhuyan, B.; Talukdar, A.D.; Choudhury, M.D.; Mohanakumar, K.P. Neuro-
protective potential of Silymarin against CNS disorders: Insight into the pathways and molecular mechanisms of action. CNS
Neurosci. Ther. 2013, 19, 847-853. [CrossRef]

15.  Vedder, H.; Anthes, N.; Stumm, G.; Werz, C.; Behl, C.; Kreig, ].C. Estrogen hormones reduce lipid peroxidation in cells and tissues
of the central nervous system. J. Neurochem. 1999, 72, 2531-2538. [CrossRef]

16. Ozacmak, V.H.; Sayan, H. The Effects of 173 Estradiol, 17« Estradiol and Progesterone on oxidative stress biomarkers in
ovariectomized female rat brain subjected to global cerebral ischemia. Physiol. Res. 2009, 58, 909-912.

17.  Kii, N.; Adachi, N.; Liu, K; Arai, T. Acute effects of 17 beta-estradiol on oxidative stress in ischemic rat striatum. J. Neurosurg.
Anesthesiol. 2005, 17, 27-32.

18.  Ali, S. Protective Effect of L-Carnitine and Coenzyme Q10 on CCl4-induced liver injury in Rats. Sci. Pharm. 2010, 78, 881-896.

[CrossRef]


http://doi.org/10.1080/10496475.2019.1600627
http://doi.org/10.1038/ki.2015.230
http://doi.org/10.3389/fphar.2019.00509
http://doi.org/10.9734/EJMP/2014/9690
http://doi.org/10.1515/znc-2001-7-826
http://www.ncbi.nlm.nih.gov/pubmed/11531102
http://doi.org/10.1073/pnas.93.9.4108
http://doi.org/10.3748/wjg.v21.i25.7613
http://doi.org/10.1100/2012/792756
http://doi.org/10.3390/antiox9040341
http://doi.org/10.1016/j.phrs.2019.104290
http://doi.org/10.1016/j.ctim.2017.08.007
http://doi.org/10.1111/cns.12175
http://doi.org/10.1046/j.1471-4159.1999.0722531.x
http://doi.org/10.3797/scipharm.1006-02

Pathophysiology 2021, 28 62

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

Mabhli, A.; Koch, A.; Czech, B.; Peterburs, P.; Lechner, A.; Haunschild, J.; Miiller, M.; Hellerbrand, C. Hepatoprotective effect
of oral application of a silymarin extract in carbon tetrachloride-induced hepatotoxicity in rats. Clin. Phytoscience 2015, 1, 5.
[CrossRef]

Niehaus, W.; Samuelsson, B. Formation of malonaldehyde from phospholipid arachidonate during microsomal lipid per-oxidation.
FEBS ]. 1968, 6, 126-130.

Hibbs, J.B., Jr.; Taintor, R.R.; Vavrin, Z.; Rachlin, E.M. Nitric oxide: A cytotoxic activated macrophage effector molecule. Biochem.
Biophys. Res. Commun. 1988, 157, 87-94. [CrossRef]

Witko-Sarsat, V.; Friedlander, M.; Capeillere-Blandin, C.; Nguyen-Khoa, T.; Nguyen, A.T.; Zingraff, J.; Jungers, P.; Descamps-
Latscha, B. Advanced oxidation protein products as a novel marker of oxidative stress in uremia. Kidney Int. 1996, 49, 1304-1313.
[CrossRef]

Ellman, G.L. Tissue sulfhydryl groups. Arch. Biochem. Biophys. 1959, 82, 70-77. [CrossRef]

Khan, R.A. Protective effects of Sonchus asper (L.) Hill, (Asteraceae) against CCl4-induced oxidative stress in the thyroid tissue of
rats. BMIC Complement. Altern. Med. 2012, 12, 181. [CrossRef]

Ma, L,; Liu, J.; Li, N.; Wang, J.; Duan, Y,; Yan, J.; Liu, H.; Wang, H.; Hong, F. Oxidative stress in the brain of mice caused by
translocated nanoparticulate TiO2 delivered to the abdominal cavity. Biomaterials 2010, 31, 99-105. [CrossRef]

Singal, PK.; Beamish, R.E.; Dhalla, N.S. Potential oxidative pathways of catecholamines in the formation of lipid peroxides and
genesis of heart disease. Adv. Exp. Med. Bio. 1983, 161, 91-401.

Wattanapitayakul, S.K.; Bauer, J.A. Oxidative pathways in cardiovascular disease: Roles, mechanisms, and therapeutic implica-
tions. Pharmacol. Ther. 2001, 89, 187-206. [CrossRef]

Popova, M.A.; Popove, C.S. Effect of chemical agents on some enzyme activities and on the stability of membrane structures.
Bulg. ]. Vet. Med. 2005, 8, 163-171.

Saravanan, G.; Prakash, J. Effect of garlic (Allium sativum) on lipid peroxidation in experimental myocardial infarction in rats. J.
Ethnopharmacol. 2004, 94, 155-158. [CrossRef]

Pedraza-Chaverri, J.; Maldonado, P.D.; Barrera, D.; Cerén, A.; Medina-Campos, O.N.; Hernandez-Pando, R. Protective effect
of diallyl sulfide on oxidative stress and nephrotoxicity induced by gentamicin in rats. Mol. Cell Biochem. 2003, 254, 125-130.
[CrossRef]

Lee, B.J.; Huang, Y.C.; Chen, S.J.; Lin, P.T. Coenzyme Q10 supplementation reduces oxidative stress and increases antioxidant
enzyme activity in patients with coronary artery disease. Nutrition 2012, 28, 250-255. [CrossRef] [PubMed]

Sohet, EM.; Neyrinck, A.M.; Pachikian, B.D.; de Backer, F.C.; Bindels, L.B.; Niklowitz, P.; Menke, T.; Cani, P.D.; Delzenne, N.M.
Coenzyme Q10 supplementation lowers hepatic oxidative stress and inflammation associated with diet-induced obesity in mice.
Biochem. Pharmacol. 2009, 78, 1391-1400. [CrossRef] [PubMed]

Jia, R.; Cao, L.; Du, J.; Xu, P; Jeney, G.; Yin, G. The protective effect of silymarin on the carbon tetrachloride (CCl4)-induced liver
injury in common carp (Cyprinus carpio). In Vitr. Cell. Dev. Biol. Anim. 2013, 49, 155-161. [CrossRef]

Yoshikawa, T.; Furukawa, Y.; Wakamatsu, Y.; Nishida, K.; Takemura, S.; Tanaka, H.; Kondo, M. The protection of coenzyme Q10
against carbon tetrachloride hepatotoxicity. Gastroenterol. Jpn. 1981, 16, 281-285. [CrossRef] [PubMed]

Tsai, J.H.; Liu, ].Y,; Wu, T.T.; Ho, P.C.; Huang, C.Y.; Shyu, ].C.; Hsieh, Y.S.; Tsai, C.C.; Liu, Y.C. Effects of silymarin on the resolution
of liver fibrosis induced by carbon tetrachloride in rats. J. Viral Hepat. 2008, 15, 508-514. [CrossRef] [PubMed]

Clichici, S.; Olteanu, D.; Filip, A.; Nagy, A.L.; Oros, A.; Mircea, P.A. Beneficial Effects of Silymarin After the Discontinuation of
CCl4-Induced Liver Fibrosis. J. Med. Food 2016, 19, 789-797. [CrossRef] [PubMed]

Cave, M.; Falkner, K.C.; McClain, C.J. Zakim and Boyer’s Hepatology: A Textbook of Liver Disease; Elsevier Saunders: Philadelphia,
PA, USA, 2011; pp. 476-492.

Renner, H. The limited relevance of models used for testing human hepatic diseases and their prevention. In Mechanisms of
Hepatocyte Injury and Death; Keppler, E., Popper, H., Bianchi, L., Reutter, W., Eds.; MTP Press Ltd.: Lancaster, PA, USA, 1985; pp.
311-320.

Shah, G.H.; Patel, B.G.; Shah, G.B. Development of carbon tetrachloride-induced chronic hepatotoxicity model in rats and its
application in evaluation of hepatoprotective activity of silymarin. Asian |. Pharm Clin. Res. 2017, 10, 274-278. [CrossRef]
Bigoniya, P; Singh, C.S.; Shukla, A. A comprehensive review of different liver toxicants used in experimental pharmacology. Int.
J. Pharm. Sci. Drug Res. 2009, 1, 124-135.

Carocho, M; Ferreira, I.C. A review on antioxidants, prooxidants and related controversy: Natural and synthetic compounds,
screening and analysis methodologies and future perspectives. Food Chem. Toxicol. 2013, 51, 15-25. [CrossRef]

Muraki, A.; Miyashita, K.; Mitsuishi, M.; Tamaki, M.; Tanaka, K.; Itoh, H. Coenzyme Q10 reverses mitochondrial dysfunction in
atorvastatin-treated mice and increases exercise endurance. J. Appl. Physiol. 2012, 13, 479-486. [CrossRef]

Arsalane, K.; Dubois, C.M.; Muanza, T.; Begin, R.; Boudreau, F.; Asselin, C.; Cantin, A.M. Transforming growth factor-betal is
a potent inhibitor of glutathione synthesis in the lung epithelial cell line A549: Transcriptional effect on the GSH rate-limiting
enzyme gamma-glutamylcysteine synthetase. Am. J. Respir. Cell Mol. Biol. 1997, 17, 599-607. [CrossRef] [PubMed]

Kayanoki, Y.; Fujii, J.; Suzuki, K.; Kawata, S.; Matsuzawa, Y.; Taniguchi, N. Suppression of antioxidative enzyme expression by
transforming growth factorbeta 1 in rat hepatocytes. J. Biol. Chem. 1994, 269, 15488-15492. [CrossRef]


http://doi.org/10.1186/s40816-015-0006-z
http://doi.org/10.1016/S0006-291X(88)80015-9
http://doi.org/10.1038/ki.1996.186
http://doi.org/10.1016/0003-9861(59)90090-6
http://doi.org/10.1186/1472-6882-12-181
http://doi.org/10.1016/j.biomaterials.2009.09.028
http://doi.org/10.1016/S0163-7258(00)00114-5
http://doi.org/10.1016/j.jep.2004.04.029
http://doi.org/10.1023/A:1027372102135
http://doi.org/10.1016/j.nut.2011.06.004
http://www.ncbi.nlm.nih.gov/pubmed/21996047
http://doi.org/10.1016/j.bcp.2009.07.008
http://www.ncbi.nlm.nih.gov/pubmed/19632207
http://doi.org/10.1007/s11626-013-9587-3
http://doi.org/10.1007/BF02815809
http://www.ncbi.nlm.nih.gov/pubmed/7262508
http://doi.org/10.1111/j.1365-2893.2008.00971.x
http://www.ncbi.nlm.nih.gov/pubmed/18397225
http://doi.org/10.1089/jmf.2015.0104
http://www.ncbi.nlm.nih.gov/pubmed/27441792
http://doi.org/10.22159/ajpcr.2017.v10i8.18701
http://doi.org/10.1016/j.fct.2012.09.021
http://doi.org/10.1152/japplphysiol.01362.2011
http://doi.org/10.1165/ajrcmb.17.5.2833
http://www.ncbi.nlm.nih.gov/pubmed/9374111
http://doi.org/10.1016/S0021-9258(17)40705-8

Pathophysiology 2021, 28 63

45.

46.

47.

48.

49.

50.

51.

White, A.C,; Das, S.K.; Fanburg, B.L. Reduction of glutathione is associated with growth restriction and enlargement of bovine
pulmonary artery endothelial cells produced by transforming growth factor-beta 1. Am. J. Respir. Cell Mol. Biol. 1992, 6, 364-368.
[CrossRef]

Bakin, A.V.; Stourman, N.V.; Sekhar, K.R.; Rinehart, C.; Yan, X.; Meredith, M.].; Arteaga, C.L.; Freeman, M.L. Smad3-ATF3
signaling mediates TGF-beta suppression of genes encoding phase II detoxifying proteins. Free Radic. Biol. Med. 2005, 38, 375-387.
[CrossRef] [PubMed]

Choi, H.; Pokharel, Y.R.; Lim, S.C.; Han, H.; Ryu, C.S.; Kim, S.K.; Kwak, M.K.; Kang, K.W. Inhibition of liver fibrosis by solubilized
coenzyme Q10: Role of Nrf2 activation in inhibiting transforming growth factor-betal expression. Toxicol. Appl. Pharmacol. 2009,
240, 377-384. [CrossRef] [PubMed]

Li, C.C,; Hsiang, C.Y.; Wu, S.L.; Ho, T.Y. Identification of novel mechanisms of silymarin on the carbon tetrachloride-induced
liver fibrosis in mice by nuclear factor-kappaB bioluminescent imaging-guided transcriptomic analysis. Food Chem. Toxicol. 2012,
50, 1568-1575. [CrossRef] [PubMed]

Gharagozloo, M.; Velardi, E.; Bruscoli, S.; Agostini, M.; Di Sante, M.; Donato, V.; Amirghofran, Z.; Riccardi, C. Silymarin suppress
CD4+ T cell activation and proliferation: Effects on NF-kappaB activity and IL-2 production. Pharmacol. Res. 2010, 61, 405-409.
[CrossRef]

Jeong, D.; Lee, G.; Jeong, W.; Do, S.; Yang, H.; Yuan, D.; Park, H.; Kim, K.; Jeong, K. Alterations of mast cells and TGF-f31 on the
silymarin treatment for CCl4-induced hepatic fibrosis. World ]. Gastroenterol. 2005, 28, 1141-1148. [CrossRef]

Eraky, SM.; El-Mesery, M.; El-Karef, A.; Eissa, L.A.; El-Gayar, A.M. Silymarin and caffeine combination ameliorates
experimentally-induced hepatic fibrosis through down-regulation of LPAR1 expression. Biomed. Pharmacother. 2018, 101, 49-57.
[CrossRef]


http://doi.org/10.1165/ajrcmb/6.4.364
http://doi.org/10.1016/j.freeradbiomed.2004.10.033
http://www.ncbi.nlm.nih.gov/pubmed/15629866
http://doi.org/10.1016/j.taap.2009.07.030
http://www.ncbi.nlm.nih.gov/pubmed/19647758
http://doi.org/10.1016/j.fct.2012.02.025
http://www.ncbi.nlm.nih.gov/pubmed/22386810
http://doi.org/10.1016/j.phrs.2009.12.017
http://doi.org/10.3748/wjg.v11.i8.1141
http://doi.org/10.1016/j.biopha.2018.02.064

	Introduction 
	Materials and Methods 
	Experimental Animals and Care 
	Study Design and Treatment 
	Biochemical Assays 
	Measurement of 17-Estradiol 
	Estimation of Lipid Peroxidation as Malondialdehyde (MDA) 
	Estimation of Nitric Oxide (NO) 
	Determination of Advanced Protein Oxidation Products (APOP) 
	Determination of GSH 
	Determination of CAT 
	Determination of SOD Level 
	Assessment of Liver Toxicity 

	Histopathology Procedure 
	Statistical Analysis 

	Results 
	Effect of CoQ10 Supplementation on Body Weight of Ovariectomized Rats 
	Estimation of 17-Estradiol in Plasma 
	Effect of CoQ10 Supplementation on Oxidative Stress Level in Kidney, Liver, and Plasma 
	Effect of CoQ10 and Silymarin Supplementation on Antioxidant Enzymes in Kidney, Liver, and Plasma of Ovariectomized Rats 
	Effect of CoQ10 and Silymarin Supplementation on ALP, AST, and ALT Levels in Plasma 
	Histopathological Observation 

	Discussion 
	Conclusions 
	References

