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ARTICLE INFO ABSTRACT

Keywords: Piroxicam (PM) is an oxicam-NSAID commonly recommended for various pain and associated inflammatory

NSAIDs o disorders. However, it is reported to have a gastric and hepato-renal toxic effect. Therefore, the current research

gePhrOtUX}C}ty was planned to investigate the possible mechanisms behind the mitigating action of the coenzyme (CoQ10), a
epatotoxicity

natural, free radical scavenger, against PM tissue injury. Rats were assigned to five equal groups; Control, CoQ10
(10 mg/kg, orally), PM (7 mg/kg, i.p.), CoQ + PM L, and CoQ + PM H group. After 28 days, PM provoked severe
gastric ulceration and marked liver and kidney damage indicated by an elevated gastric ulcer index and
considerable alteration in liver and kidney biochemical tests. The toxic effects might be attributed to mito-
chondrial dysfunction and excess generation of reactive oxygen species (ROS), as indicated by enhanced
malondialdehyde (MDA) levels along with decreased reduced-glutathione (GSH) levels and catalase (CAT) ac-
tivity. Apoptotic cell death also was demonstrated by increased regulation of activated caspase-3 in the stomach,
liver, and kidney tissues. Interestingly, external supplementation of CoQ10 attenuated the PM-inflicted delete-
rious oxidative harm and apoptosis. This ameliorative action was ascribed to the free radical scavenging activity
of CoQ10.

Gastric ulcer
Oxidative stress
COVID-19

1. Introduction

Piroxicam (PM) is a frequently used NSAID and belongs to oxicam
class, which is recommended for use in several painful and inflammatory
cases, such as rheumatoid arthritis, osteoarthritis, postoperative, post-
traumatic inflammation, and other musculoskeletal disorders [1].
Lately, PM also has been used as an effective therapy for cancers. In spite
of the beneficial effects of PM, adverse effects limit its use [2]. It pri-
marily works by quelling the prostaglandins, prostacyclins, and
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thromboxanes genesis via non-selective suppression of cyclooxygenases
(COX-I and COX-II). Prostacyclin and prostaglandins E2 have a cyto-
protective impact because they reduce gastric mucosal ulceration
through the reduction of gastric acid secretions and direct vasodilatation
of gastric mucosal vessels. Also, prostanoids induce viscid mucus
secretion, which acts as a safeguarding barrier against gastric ulceration
[3]. Likewise, prostaglandins are involved in regulating renal blood flow
such that acute or chronic intoxication with PM may affect kidney
function [4]. Because the liver is the primary organ of drug
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biotransformation, it is more liable to PM toxicity [5], and in particular,
because PM is metabolized in the liver [6]. Consistently, previous
studies, including ours, have reported potential gastric mucosal, hepatic,
and renal damage in response to PM insult [1,6-8].

Moreover, accumulative evidence has indicated that oxidative stress
and disruption of cellular redox homeostasis are involved in PM-induced
gastric ulceration and hepato-renal damage. This oxidative cascade can
be seen as membrane lipid peroxidation (LPO), protein damage, free
radical generation, mitochondrial dysfunction, DNA oxidation, and in-
duction of apoptosis [1,7]. Oxidative damage occurs when the equilib-
rium of the generation and scavenging of reactive oxygen species (ROS)
is disrupted [6]. The chief cellular antioxidant guarding enzymes that
play pivotal roles in preserving the redox homeostasis are superoxide
dismutase (SOD), glutathione peroxidase, catalase (CAT), and small
intrinsic antioxidant molecules like glutathione (GSH), and coenzyme
(Co) Q [9-12]. When the endogenous antioxidant system is exhausted,
the scavenging of free radicals is insufficient, which results in the
initiation of deleterious consequences [6]. Therefore, increasing anti-
oxidant potency may modify PM-inflicted oxidative harm via mitigating
oxidative stress and enhancing tissue regeneration.

CoQ10 is a natural antioxidant synthesized in living organisms [13].
It is a 1, 4-benzoquinone; the "Q" indicates the quinone group, and "10"
refers to the number of isoprenyl units in its tail end. CoQ10 is present
primarily in high energy-requiring organs such as the liver, kidney, and
heart, where mitochondria are abundant [14]. CoQ10 acts as a mobile
redox agent that plays a substantial role with other molecules in
conveying electrons along the mitochondrial electron transport chain,
resulting in the synthesis of ATP [15]. In addition, CoQ10 is documented
to have a potent free radical scavenging activity that helps to maintain
the mitochondrial membrane potential and to prevent LPO, protein
oxidation, and DNA damage; thus, it has the capability to conserve cell
function as opposed to oxidative stress [13,15,16]. A literature survey
has indicated that there is no report on the antioxidant and
anti-apoptotic efficacy of CoQ10 during gastric and hepato-renal
toxicity caused by PM.

Therefore, in line with this assertion, the present investigation was
conducted to assess the protective properties of CoQ10 against PM-
generated oxidative stress and apoptosis in the stomach, liver, and
kidney and to elucidate the possible mechanisms of action. Liver and
kidney biochemical tests, the ulcer index, oxidative status, histological
alteration, and apoptotic marker expression (activated caspase-3) were
evaluated.

2. Materials and methods
2.1. Drugs

Piroxicam, PM (Feldene®, 20 mg/ ml) was obtained from Pfizer Inc,
Cairo, Egypt. Co enzyme-Q 10, CoQ10 (Coenzyme Q 10®, 30 mg) was
purchased from MEPACO, Cairo, Egypt.

2.2. Experimental animals

The current research was carried out on 35 Wistar albino male rats
weighing 150—180 g, and obtained from the Center of Laboratory An-
imal, Faculty of Veterinary Medicine, Benha University, Egypt. Prior to
the experiment, the rats were acclimated for two weeks (temperature
approximately 25 °C) and were given a standard laboratory commercial
diet and water ad libitum. Ethical approval from the Ethics Committee of
the Faculty of Veterinary Medicine, Benha University, for the study
protocol and utilization of rats was obtained (Approval no
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BUFVTMO07012019).

2.3. Experimental design

Rats were assigned into five groups of seven rats each. Group 1
(Vehicle Control), were given saline, i.p. Group 2 (CoQ10) rats received
CoQ10 orally at a dose of 10 mg/kg b. wt. [17]. Group 3 (PM) rats were
injected with PM intraperitoneally (i.p.) at a dose of 7 mg/kg b. wt. [7].
Group 4 (PM + CoQ10 L) rats were simultaneous administrated PM (7
mg/kg b. wt., i.p.) with CoQ10 (10 mg/kg b. wt., orally). Group 5 (PM +
CoQ10 H) rats were given both PM (7 mg/kg b. wt., i.p.) and CoQ10 (20
mg/kg b. wt., orally). All compounds were given as a single dose per day
for 28 consecutive days.

2.4. Sampling

At the ending of the experiment, blood samples were taken promptly
from the caudal vena cava. After that, the samples intended for
biochemical studies were kept at room temperature for serum isolation
without anticoagulants. The stomach, liver, and kidneys were harvested
and immersed in ice-cold phosphate-buffered saline (PBS).

2.5. Determination of gastric ulcer and preventative indexes

The stomach was removed, washed with 0.1 M cold PBS, and opened
along the greater curvature to expose the mucosa then stapled to a
corkboard for macroscopic inspection. The ulcer index (UI) was deter-
mined corresponding to the formula [18], Ul = UN + US + UP x 107,
UN is the mean value of ulcers per rat as counted using a magnifying
glass. US is the mean severity score that corresponds to the following
scores; O = no lesion; 1 = small-sized ulcers (1-2 mm); 2 =
medium-sized ulcers (3—4 mm); 4 = large-sized ulcers (5-6 mm); and 5
= perforated ulcers. UP is the % of ulcerated animals. The preventive
index (PI) was assessed using the following equation: UI of PM-ulcerated
set - UI of PM + CoQ10 set x 10) /UI of PM-ulcerated set [19]. The
incidence of gastric ulcers was assessed independently by a researcher
who had no knowledge of the treatment protocol [20].

2.6. Serum biochemical studies

Serum AST, ALT [21], ALP [22], total protein [23], albumin [24],
creatinine [25], and urea [26], were assessed using diagnostic kits
purchased from Laboratory Biodiagnostics Co, Cairo, Egypt.

2.7. Tissue homogenate preparation for oxidative cascade evaluation

The tissues were dissected and rinsed in a PBS solution that con-
tained 0.16 mg/mL heparin to separate any RBCs and serum clots. Tis-
sues were homogenized using a sonicator homogenizer with 5 mL buffer
(i.e., 50 mM potassium phosphate, pH 7.5 1 mM EDTA) added for each
gram of tissue. Tissue homogenate aliquots were centrifuged in a
refrigerated centrifuge (4000 rpm into 20 min) and kept at —80 °C until
used. The oxidative status was determined using the malondialdehyde
(MDA) level [27], catalase (CAT) activity [28], and reduced-glutathione
(GSH) level [29] with specific diagnostic kits purchased from the Lab-
oratory Biodiagnostic Company.

2.8. Histopathological and immunochemical examinations

The stomach, liver, and kidney were harvested and preserved ina 10
% formalin for 24 h and processed using conventional paraffin-
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Table 1
Ulcerative and preventive indexes after administration of PM and/or CoQ10.

Experimental groups Ulcer Index Preventive Index (%)

Control 0.00? -
CoQ10 0.00? -
PM 24.67 + 0.79¢ -
PM + CoQ10 L 8.14 + 0.40° 66.98

PM + CoQ10 H 6.39 + 0.26° 74.06

All values expressed as the mean + SE, n = 7.
A statistically significant difference (P < 0.05) is indicated by superscript letters
in the same row.

embedding techniques. The paraffin blocks were cut into sections (5 pm
thickness), mounted on glass microscope slides, deparaffinized, then
stained with H&E for light microscopic inspection [30]. For immuno-
histochemical evaluation, tissue sections were deparaffinized and
dehydrated using a gradated alcohol series. For antigen retrieval, citric
acid solution heated to 80 °C, and the sections where placed in the so-
lution for 5 min, cooled, and immersed in H,O5 (3% sol) for 10 min to
inhibit endogenous peroxidases. Subsequently, a BSA (5% solution) was
added as a blocking agent for 20 min. Then the sections were incubated
with anti-activated caspase-3 primary monoclonal antibody overnight.
The staining was visualized using an avidin-biotin complex (ABC Kkit,
Vector Laboratories), with a one-hour incubation at approximately 37
°C. The final visualization was produced by reaction with 3,3-diamino-
benzidine tetrahydrochloride (DAB), and a counterstain (Mayer’s he-
matoxylin) was used. The immunohistochemistry data were scored as
indicated in our previous report [7] using ImageJ software.

2.9. Statistical analysis
Statistical analysis was carried out using SPSS (Version 20; SPSS Inc.,

Chicago, USA). The differences among the groups were estimated by
one-way ANOVA, and the Duncan test was used as the post hoc test. All

Table 2
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values were expressed as mean =+ SE, with a P-value of < 0.05 considered
significantly different.

3. Results
3.1. Gastric ulcer and preventive indexes

Gastric UI and PI were calculated corresponding to the formulas
mentioned above and described in Table 1. Remarkably, PM led to an
increase in UI (P < 0.05) compared to the controls. Co-treatment with
CoQ10 L and H doses markedly decreased the PM-induced ulceration (P
< 0.05) in a dose-dependent manner in relation to PM only exposed rats.
This protection also was revealed in the high PI (74.06 %) in the CoQ10
H group and to a lower extent in the CoQ10 L group (66.98 %).

3.2. Biochemical study

As shown in Table 2, the PM-exposed group exhibited liver and
kidney damage, as indicated by a significantly elevated level in the
serum biomarkers, including ALT, AST, ALP, creatinine, and urea. In
addition, a reduction in albumin and total protein levels compared to
control rats was observed. On the other hand, there was an improvement
in the hepatic and renal parameters when PM was co-administrated with
CoQ10. Remarkably, the high dose of CoQ10 significantly improved
these parameters compared to the low dose CoQ10 treatment.

3.3. Oxidative stress markers assay

Data presented in Table 3 show the beneficial effects of CoQ10
against the toxic effects of PM caused by oxidative damage in the hepatic
and renal tissues. Significant elevation of MDA values with a substantial
decline in GSH values and activities of CAT as a response to PM toxicity
confirmed the presence of oxidative stress. PM-caused oxidative stress
was significantly improved with concurrent CoQ10 treatment. In
particular, the PM + CoQ10 H group displayed significant improvement

Levels of biochemical parameters in serum after administration of PM and/or CoQ10.

Parameters Experimental groups
Control CoQ10 PM PM + CoQ10 L PM + CoQ10 H
AST (U/L) 89.75 + 4.23¢ 94.29 + 3.124 182.82 + 9.48° 139.68 + 4.41° 114.14 + 3.38¢
ALT (U/L) 22.60 + 0.94¢ 23.04 + 1.39°¢ 76.74 + 8.25% 44.22 + 0.98" 32.32 + 2.39°¢
ALP (U/L) 206.12 + 8.05¢ 212.18 + 12.29¢ 395.70 + 23.2% 327.4 + 5.94° 269.14 + 9.96°
Total protein (gm/dl) 8.73 £ 0.10* 8.06 + 0.17° 6.31 + 0.23¢ 7.33 + 0.22° 8.03 +£0.13*
Albumin (gm/dl) 3.40 + 0.02° 3.59 + 0.08* 2.21 + 0.02¢ 2.63 £ 0.12° 3.09 + 0.04°
Creatinine (mg/dl) 0.73 £ 0.01°¢ 0.72 4+ 0.02¢ 0.99 + 0.04* 0.87 + 0.02° 0.76 + 0.01°¢
Urea (mg/dl) 19.72 + 0.944 22.81 + 1.40¢ 74.02 + 2.97° 35.87 + 1.39" 27.89 + 0.98°
All values expressed as the mean + SE, n = 7.
A statistically significant difference (P < 0.05) is indicated by superscript letters in the same row.
Table 3
Levels of oxidative stress markers after administration of PM and/or CoQ10.
Experimental groups
Parameters
Organ Control CoQ10 PM PM + CoQ10 L PM + CoQ10 H

MDA (nmol/g) 250.52 + 15.92¢

GSH (mg/g) Liver 65.85 + 2.45% 61.49 + 2.89%°
CAT (U/g) 394.07 + 13.69% 393.50 + 11.46°
MDA (nmol/g) 144.43 + 8.11¢ 139.21 + 2.90¢
GSH (mg/g) Kidney 73.44 +1.23% 71.71 + 1.16%
CAT (U/g) 440.55 + 4.48% 439.91 + 8.42°

259.21 + 11.99%

389.07 + 28.38°
57.74 + 1.53°
385.78 + 33.54%
179.96 + 9.62¢
64.68 + 2.49°
413.74 + 33.17%

314.20 + 15.21%
47.73 + 3.01°
311.12 + 26.18"
228.52 + 5.71°
53.06 + 1.51¢
363.72 + 6.43"

512.79 + 26.02%
33.83 +2.18¢
226.71 + 10.13°
296.29 + 9.54°
41.56 + 2.27¢
311.36 + 17.86°

All values are expressed as the mean + SE, n = 7.

A statistically significant difference (P < 0.05) is indicated by superscript letters in the same row.
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in contrast to the levels observed for the PM + CoQ10 L group and a
dose-dependent improvement of PM-stimulated oxidative damage by
the administration of CoQ10.

3.4. Histopathological evaluation

To verify the findings described above, histological alterations were
observed in the gastric mucosa, liver, and kidney tissues after PM and
CoQ10 treatment. In the gastric sections, as seen in Fig. 1A and B, the
control saline and CoQ10, respectively, exhibited intact gastric histo-
logical architecture. In contrast, PM treatment revealed gastric epithe-
lial disintegration, pyknosis of chief cell nucleoli with cytoplasmic
vacuolization, and inflammatory cell infiltration (Fig. 1C). In the PM and
CoQ10 groups, the gastric mucosa showed minimal loss of epithelial
integrity (Fig. 1D; PM CoQ10 L), the PM plus CoQ10 H mucosa displayed
remarkably improved gastric histology.

Biomedicine & Pharmacotherapy 130 (2020) 110627

Fig. 1. Dose-dependent protective effects of
CoQ10 on PM intoxication in the stomach. A:
Control saline group and B: CoQ10 group, show
intact gastric histology. C: PM-exposed rat
shows severe disintegration of the gastric
epithelial lining, degeneration of chief cells
(vacuolation of cytosol with pyknotic nuclei),
leucocytic infiltration, and fibrosis in the sub-
mucosal layer. D: PM + CoQ10 L group dem-
onstrates minimal loss of gastric epithelial
integrity and inflammatory infiltrate. E: PM +
CoQ10 H group shows remarkable improve-
ment in gastric architecture; H&E X400).

With respect to the liver sections, as seen in Fig. 2A (control saline)
and Fig. 2B (CoQ10), the hepatocytes exhibited uniform polygonal
patterns with normal sinusoids and central veins. Conversely, PM
treatment resulted in fatty degeneration of the liver cells with pyknotic
nuclei, substantial inflammatory cell aggregation, prominent Kupffer
cells, and dilation and congestion of the portal veins, pointing to the
presence of severe tissue damage (Fig. 2C). In the PM + CoQ10 group,
the portal area showed minimal infiltration of inflammatory cells
(Fig. 2D; PM + CoQ10 L), and the PM + CoQ10 H group showed notably
restored normal hepatic architecture (Fig. 2E; PM + CoQ10 H).

In kidney tissue sections, the control and CoQ10 groups displayed no
alterations. The glomeruli and renal tubular epithelia appeared normal
(Fig. 3A and B, respectively). In contrast, in the PM-intoxicated rats, we
noticed severe degradation of the proximal convoluted tubules (PCT), as
indicated by the presence of tubular dilatation, epithelial degeneration,
and severe loss of the brush border due to retraction or destruction of
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microvilli, intertubular inflammatory cellular leakage, and shrinkage
and atrophy of the glomeruli. The various sections of the loop of Henle
were minimally affected (Fig. 3C). Nevertheless, the concurrent treat-
ment of PM and CoQ10 demonstrated moderate improvement of histo-
logical findings with the low dose of CoQ10 (Fig. 3D) and near-complete
recovery at high CoQ10 dose (Fig. 3E).

The histopathological results affirmed the biochemical data
(Table 2), suggesting that CoQ10 supplementation had substantial
protective influence against PM-inflicted hepatorenal injury.

3.5. Expression of activated caspase-3

Expression of activated caspase-3 in the stomach, liver, and kidney
tissues after treatment by PM and/or CoQ10 are seen in Figs. 4-6,
respectively. PM distinctly up-regulated activated caspase-3 expression
in the stomach (Fig. 4C), liver (Fig. 5C), and kidney (Fig. 6C). Moreover,

Biomedicine & Pharmacotherapy 130 (2020) 110627

Fig. 2. Dose-dependent ameliorative effects of
CoQ10 on PM intoxication in the liver. A:
Control saline group and B: CoQ10 group, show
normal liver histology. C: PM-exposed rat
shows fatty degeneration (signet cells) and
vacuolation of hepatocytes, prominent Kupffer
cells, and dilatation of central veins and the
portal vein with severe lymphocytic infiltration.
D: PM + CoQ10 L group demonstrates mild
fatty degeneration and inflammatory cell infil-
tration. E: PM + CoQl10 H group shows
remarkable improvement in liver histology (PV,
portal vein; CV, central vein; H&E X400).

compared to the PM-treated rats, we observed moderate (Figs. 4-6D)
and mild (Figs. 4-6E) expressions of activated caspase-3 when rats were
given CoQ10 L and H doses, respectively. These findings support the
hypothesis that a high dose of CoQ10 could significantly reduce PM-
mediated apoptosis and enhanced expression of activated caspase-3 in
gastric, renal, and hepatic tissues in a dose-dependent pattern as illus-
trated in Figs. 4-6F.

4. Discussion

PM is a classical NSAID in the oxicam category. It is extensively used
and possesses anti-inflammatory, analgesic, antipyretic, and antirheu-
matic properties. Lately, PM also has been investigated as an effective
therapy for cancer [1]. Despite its long clinical success, growing evi-
dence has shown that PM can produce adverse effects on the stomach,
liver, and kidney. Besides its nonselective-inhibitory effect on COX
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enzymes, a considerable amount of literature has suggested that the
toxicity of PM works through oxidative stress to produce its damaging
effects on the stomach, liver, and kidney [1,5,7,31-35]. Oxidative stress
is a process that is initiated through well-known ROS (superoxide anion,
02'7; hydrogen peroxide, HyOy; hydroxyl radical, OH") and reactive
nitrogen species, RNS (nitric oxide, NO and peroxynitrite, ONOO"),
which are up-regulated due to exhaustion of endogenous antioxidant
molecules. Subsequently, tissue damage is elicited by several mecha-
nisms, including the promotion of lipid peroxidation (LPO), mitochon-
drial perturbation, DNA damage, protein nitration, and apoptotic cell
death [36-40].

Consequently, the current study revealed the existence of consider-
able oxidative damage as indicated by prominent reductions in GSH
concentrations and CAT activities in PM-treated rats. It is well known
that considerable quantities of OH" are produced from Hz05 (by Fenton’s
reaction) when CAT is depleted [41]. OH' is the most harmful radical
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Fig. 3. Dose-dependent ameliorative effects of
CoQ10 on PM intoxication in the kidney. A:
Control Saline group and B: CoQ10 group,
demonstrate normal glomerulus and renal tu-
bules. C: PM-exposed rat exhibits proximal
tubular dilatation with severe loss of the brush
border, intertubular inflammatory cellular
leakage with glomerular atrophy. D: PM +
CoQ10 L group reveals mild leakage of inflam-
matory cells with damage to the tubular brush
border. E: PM + CoQ10 H group shows promi-
nent improvement in the histology of the kid-
ney (G, glomerulus; H&E X400).

among ROS because it causes membrane damage by direct breaking
down the membrane lipid content and initiating LPO and producing
MDA [11,36,42]. This process was confirmed in the present study by the
dramatic increase in MDA in the liver and kidney, which confirmed the
occurrence of membrane damage. That loss of membrane integrity
possibly contributed to seeping out of AST, ALT, and ALP enzymes that
caused the elevated levels that were detected in the serum (Table 2).
These findings are in the same vein with the previous reports [1,6,16]. In
other ways, the histopathological examination affirms the existence of
LPO in the renal cell membrane, as revealed by the disintegrated brush
border (Fig. 3C), which participated in tubular impairment and indi-
cated by a significant rise in serum urea and creatinine levels. It has been
confirmed that the enhanced generation of ROS damages mitochondria,
the endoplasmic reticulum, and DNA, resulting in altered protein syn-
thesis and gene expression. These events lead to massive necrosis of the
liver and disturbances of liver function, as indicated in our study by a
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Fig. 4. Effects of CoQ10 on activated caspases-
3 expression after PM intoxication in the
stomach. A: Control saline and B: CoQ10 groups
show no positive expression of activated
caspases-3. C: PM-exposed rat reveals a strong
expression of caspase-3. D: PM + CoQ10 L and
E: PM + CoQ10 H rats show moderate and mild
expression, respectively. The positive activated
caspase-3 expression is indicated by the brown
color of gastric nuclei. F: Inmunohistochemical
scorning of the activated caspase-3 positive
area. Data are expressed in means + SE (n = 3).
* and * significantly different vs control and PM
group, respectively. *P < 0.05, **P < 0.01, and
##p < 0.01.

@ Control
aCoQ
8PM
OPM+CoQ L
OPM+CoQH

considerable decline in serum albumin and, consequently, total protein
content. Impaired tubular reabsorption was another possible reason for
the increased protein loss [43,44]. Likewise, this could be due to gastric
ulceration and bleeding that resulted in malabsorption and decreased
nourishment intake [5]. On the other side, direct ROS-induced protein
damage was implicated in the reduced activity and synthesis of anti-
oxidant enzymes [45,46].

Make matters worse, MDA is a hazardous molecule that can influence
other distant cellular molecules and cause DNA and protein damage.
Added to that, regrettably, renal PCT is dissimilar to the other segments
of the nephron and depends on circulating GSH rather than synthesizing
their own GSH [38]. Intriguingly, PM is a potent chelator of selenium,
iron, zinc, copper, and manganese that function as cofactors for different
cellular antioxidant components, and for that reason, PM could have a
significant negative impact on their scavenging activity [7,46,47].

PM is a preferential COX-I inhibitor that plays a principal role in
regulating the glomerular filtration rate and renal hemodynamics. The
synthesis of the vasodilator prostaglandins is suppressed, leading to a

reduction of the renal blood flow and increased risk of renal ischemia [2,
3,48,49]. As a consequence of a renal ischemic insult, mitochondrial
bioenergetic disruption takes place, and pathological levels of ROS are
generated [16,39,50]. Besides, the current histopathological examina-
tion, which revealed gastric ulceration, severe hepatic and renal damage
also were observed in response to PM insult. Based on the
above-mentioned reports, it is postulated that progressive PM-induced
oxidative damage occurred as a result of a cascade of such events.

In the current research, PM exposure resulted in severe gastric ul-
ceration, as revealed by the high UI. The histopathological investigation
confirmed marked erosions in the gastric wall lining epithelia with ex-
udes consisting of large polymorphonuclear cells. Thus, our findings
suggested that the ulcerogenic gastropathy attributed to the destruction
of the gastric mucosal lining was the main target of PM as it caused
suppression of prostaglandins, which play a pivotal role in the protec-
tion of the gastric mucosa [2]. The destruction of the gastric mucosa was
accompanied by induction of lipid peroxidation, DNA oxidation, and
damage to stomach cytoskeletal proteins, as demonstrated by enhanced
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Fig. 5. Effects of CoQ10 on activated caspases-
3 expression after PM intoxication in the liver.
A: Control saline and B: CoQ10 groups show no
positive expression of activated caspases-3. C:
PM-exposed rat reveals a strong expression of
caspase-3. D: PM + CoQ10 L and E: PM +
CoQ10 H show moderate and mild expression,
respectively. The positive activated caspase-3
expression is indicated by the brown color of
the hepatic nuclei. F: Immunohistochemical
scorning of the activated caspase-3 positive
area. Data are expressed in means + SE (n = 3).
* and # significantly different vs control and PM
group, respectively. *P < 0.05, **P < 0.01, and

#P < 0.05.
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expression of activated caspase-3 in the PM-exposed group. These results
are consistent with those obtained from prior studies [7,35,51,52].

In the current investigation, the immunostaining data using the
apoptotic marker (activated caspase-3) emphasized that the PM-induced
oxidative stress disrupted mitochondrial functions as well as their
transmembrane potential, leading to cytochrome-c translocation and
induction of programmed cell death. These data are consistent with
previous reports from our and other labs [7,38,53-55].

Since mitochondria are abundant in the proximal segment of the
nephron and required for the tremendous production of ATP consumed
during the massive active transport via Na'/K' ATPase, the cortical
region of the kidney is proposed to be the most vulnerable area for
oxidative harm in the kidney [38,39]. In the present research, the his-
topathological and immunostaining data indicated pronounced injury in
the cortical area of the kidney (Figs. 3 and 6) compared to other kidney
regions. These findings support our previous work, in which the cortex
showed more damage due to oxidative stress in animal models of PM

toxicity [7,35], acetaminophen [56], puromycin [57], gentamicin [58],
cadmium [44], and mercury [59]. Taken all together, we strongly sug-
gest that the overwhelming toxic effect of PM was mainly associated
with mitochondrial dysfunction.

CoQ10 naturally exists as a component of the electron transport
chain, where it conveys electrons of complexes I and II to complex III, a
process required for energy production [38,60,61]. CoQ10 is considered
to be a unique mitochondrial antioxidant, since it suppresses the NADPH
oxidase expression, a great source of O3~ [38], inhibits excess NO pro-
duction [62], and protects against LPO, protein oxidation, and DNA
damage [60]. On the basis of this regard, pretreatment with CoQ10
conferred marked protection against PM-induced oxidative injury, as
demonstrated by considerable, dose-dependent improvement in the
histopathology and biochemical parameters. These changes might be
due to marked enhancement of CAT activities and levels of GSH as well
as decreased LPO as a result of the ROS-quenching activity of CoQ10.
Our findings concur with those obtained by Khalifa et al. [63] who
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Fig. 6. Effects of CoQ10 on activated caspases-
3 expression after PM intoxication in the kid-
ney. A: Control saline and B: CoQ10 groups
show no positive expression of activated
caspases-3. C: PM-exposed rat reveals a strong
expression of caspase-3. D: PM + CoQ10 L and
E: PM + CoQ10 H show moderate and mild
expression, respectively. The positive activated
caspase-3 expression is indicated by the brown
color of renal nuclei. F: Immunohistochemical
scorning of the activated caspase-3 positive
area. Data are expressed in means + SE (n = 3).
* and # significantly different vs control and PM
group, respectively. *P < 0.05, ***P < 0.001,

and # P < 0.05.
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studied the prophylactic effect of CoQ10 against cisplatin-induced kid-
ney injury. In that study, CoQ10 reduced the cisplatin-induced LPO and
restored the decreased level of GSH and activities of CAT and SOD in
renal tissue. Also showing the beneficial antioxidant power of CoQ10,
another related study was conducted by Eftekhari et al. [64]. This study
demonstrated the potential role of CoQl0 in attenuating
dichlorvos-induced oxidative damage and mitochondrial dysfunction in
hepatic tissue. That protective action was consistent with ours. Thus,
CoQ10 suppressed the generated ROS and MDA, along with restoring the
GSH levels.

Notably, co-administration of CoQ10 down-regulated the activated
caspase-3, which demonstrated its anti-apoptotic activity. The anti-
apoptotic activity was exhibited by CoQ10 as it inhibits the opening of
the mitochondrial permeability transition pore, which regulates the
perturbation of the electrochemical gradient across the mitochondrial
membrane [53]. Our results agree with previous investigations that
demonstrated CoQ10 protects against chronic kidney disease [65] and
optic nerve degeneration [16]. Fig. 7 illustrates the proposed

mechanisms of the protective effect of CoQl0 against PM-mediated
gastropathy and hepato-renal toxicity.

5. Conclusions

PM caused gastric, liver, and kidney damage as indicated by alter-
ations in serum biochemistry and changes in histopathological features.
This study suggested that mitochondrial dysfunction was the primary
mode of action due to PM-induced ROS overproduction, LPO, DNA
damage, and apoptosis. It is important to note that treatment with
CoQ10 abrogated the PM-inflicted gastric and hepato-renal toxicity in a
dose-dependent pattern. We suggest that CoQ10 could improve the
therapeutic potential of PM through mitigating its side effects as well as
improving the antioxidant state in comorbid conditions. Currently, the
COVID-19 pandemic would a good example where CoQ10 supplemen-
tation might have a promising therapeutic potential in lowering the
deleterious action of COVID-19 on gastric, liver, and kidney tissue and
the resulting complex treatment regimen.
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Fig. 7. Diagrammatic scheme summarizes the proposed mechanisms of the protective effect of CoQ10 against PM-mediated gastric and hepato-renal toxicity.
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