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Abstract

Cancer and autoimmune diseases are both treated with the chemotherapy drug cyclophosphamide
(CP). However, because of its harmful side effects, particularly testicular toxicity, its use is restricted.
The aim of this experiment was to evaluate the effect of coenzyme q10 (CoQ10) on CP induced
testicular toxicity in adult albino rats. Sixty adult male albino rats (180-200 g) were divided into 6
groups, 3 control groups and 3 experimental groups {CoQ10-treated group, CP-treated group and
CP+CoQ10-treated group}. After 4 weeks of treatment, blood samples were collected for
biochemical studies, while tissues were taken for oxidative stress markers, qRT-PCR,
histopathological and immunohistochemical studies. Our outcomes clarified that CP provoked a
highly significant decrease in reproductive hormones (Testosterone, FSH and LH), anti-oxidant
enzymes (SOD, CAT, GSH) and conversely (MDA) levels were markedly elevated. It activated the
inflammatory pathway manifested by elevated serum inflammatory cytokines (TNF-q, IL-1) and up-
regulated testicular NF-kB p65 gene. CP affected PPAR-y and Nrf2 pathway by down-regulating their
gene expression in testicular tissues. It also activated apoptotic pathway by up-regulation of Bax
and down regulation of Bcl-2 leading to elevated apoptotic index (Bax/Bcl-2) ratio in testicular
tissues. However, treatment with CoQ10 ameliorated reproductive hormones, increased anti-
oxidant enzymes, up-regulated PPAR-y and Nrf2 gene expression besides regulated inflammation
and apoptosis. Histological improvement of testes also strengthened the defensive effects of
CoQ10. These outcomes advocated CoQ10 as a potent natural remedy that reduces the damaging
effects of CP on the testes.
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Introduction

Cyclophosphamide (CP) is an anticancer drug and immunosuppressive agent extensively
applied for the treatment of both neoplastic and non-neoplastic diseases [1]. Regardless of CP
cfficacy, its use is often restricted by related dangerous lethal outcomes, including reproductive
toxicity [2], hepatotoxicity [3], nephrotoxicity [3] and genotoxicity [4].

Because cells in the reproductive system divide quickly, CP administration can cause serious
side effects [5]. Reproductive toxicity provoked by testicular weight loss, seminiferous tubules
atrophy, low blood testosterone level, oligospermia and azoospermia [6].

The exact mechanism of CP toxicity resulting from acrolein metabolite as CP is converted
into acrolein and phosphoramide mustard in the liver by hepatic microsomal cytochrome p-450
[7]. Acrolein metabolite triggers reactive oxygen (ROS) species generation [8]. In turn, ROS
provoke lipid peroxidation, oxidative DNA damage and inflammation that trigger the apoptotic
signaling pathways and therefore implicated in CP organ toxicity [9].

Enhancing the body's antioxidant defenses with natural antioxidants is crucial to reduce the
harmful effects of CP and its reactive metabolites. Because of this, effective drugs are required to
protect healthy organs from the damaging adverse effects of chemotherapy [3].

Coenzyme Q10 (CoQ10), also known as ubiquinone, is the only naturally occurring, lipid-
soluble vitamin-like substance that is produced endogenously [10]. CoQ10 is abundant in meat,
fish, nuts, broccoli, cauliflower, and certain oils so it can be taken exogenously with foods [11].

Coenzyme Q10 is a strong lipophilic antioxidant for reducing the level of free radicals in the
body [12] as it is essential for avoiding lipid, protein, and DNA oxidation [13].

Coenzyme Q10 has anti-inflammatory and anti-apoptotic effects as many findings verified
the preventive effect of CoQ10 in various forms of inflammatory and apoptotic tissue injury [14,
15].

It is used as a dietary supplement and as a co-therapy for a wide range of illnesses, such as
diabetes, cancer, cardio vascular diseases, and neurological disorders [16]. Therefore, the goal of
the current investigation was to evaluate coenzyme qlO's protective outcomes against

cyclophosphamide-induced testicular toxicity in adult albino rats.

Materials and methods

Chemicals

Cyclophosphamide (C7HI15CI2N202P) is available as pale yellow crystalline odorless
powder with 2 97% HPLC and CAS number 50-18-0 and coenzyme q10 (C59H9004) is
available as a yellow to dark orange crystalline odorless powder with > 98% HPLC and CAS
number 303-98-0 obtained from Sigma Aldrich Pharmaceutical Co., Steinheim, Germany.
Distilled water as a solvent agent for cyclophosphamide and corn oil as a solvent agent for

coenzyme q10 (in form of oily solution) were obtained from El Gomhoria Pharmaceutical Co.,

Zagazig, Egypt.
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Experimental Design

Ethical approval

The experiment design was permitted by the Institutional Animal Care and Use Committee
(IACUC) of Zagazig University in Egypt (ZU-IACUC/3/F/3/202) and accompanied in agreement
with ARRIVE guidelines.

Sixty adult male albino rats (12 + 1 week) weighing 180-200 g were employed. The rat
species were gained from the animal house of the faculty of medicine, Zagazig University. The rats
were retained in isolated cages (2 rats per cage) and fed normal rat food under regular laboratory
and ambient conditions. The animals were treated in accordance with the National Institutes of
Health's Guide for the Care and Use of Laboratory Animals [17].

This study design included six equal experimental groups, each containing ten rats. Group I
was used as control (given regular diet and tap water). Group II: each rat was given distilled water
(CP solvent) in a dose of 1ml once daily by oral gavage for 4 weeks. Group III: each rat was given
corn oil (CoQ10 solvent) in a dose of 1 ml once daily by oral gavage for 4 weeks. Group IV: each
rat was given CoQ10 in a dose of 10 mg/kg body weight in 1ml corn oil once daily by oral gavage
for 4 weeks [18] (El-Sheikh et al., 2014). Group V: each rat was given CP in a dose of 8.2 mg/kg
body weight {1/20 of LD50} in 1ml distilled water once daily by oral gavage for 4 weeks [19].
Group VI: each rat was given both CP and CoQ10 with the same doses for the same duration.
Rats were given CoQ10 two hours before CP administration. The bodyweight was recorded before

starting the experiment.

Blood and testicular tissue collection

Venous blood samples were taken from the retro-orbital plexus of animals while they were
under intra-peritoneal injection of 50 mg/kg of thiopental anaesthesia. Blood samples were drawn
into clean test tubes, and the sera were separated by centrifugation following the method clarified
by van Herck et al. [20] for the biochemical examination of reproductive hormones {testosterone,
follicle-stimulating hormone (FSH), luteinizing hormone (LH)}, pro-inflammatory markers
{tumour necrosis factor alpha (TNF-a), interleukin-1 beta (IL-1P)}. After blood collection, all rats
were scarified, testes were removed from each rat, and one portion of the tissue was immediately
transported on dry ice, and stored at -80 °C to obtain homogenates for the analysis of oxidative
stress markers {malondialdehyde (MDA), superoxide dismutase (SOD), catalase (CAT), reduced
glutathione (GSH)} and qRT-PCR gene expression {Peroxisome Proliferator-Activated Receptor-
Gamma (PPAR-y), Nuclear factor erythroid 2-related factor 2 (Nrf2), Nuclear Factor kappa-Beta
(NF-kB p65)}. The remaining components were quickly preserved in 10 % formal saline for
histopathological studies and immunohistochemical examination of B-cell lymphoma -2 (Bcl-2)

and Bcl-2 associated x (Bax) proteins.
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Reproductive hormones assay (Testosterone, FSH and LH)

Serum testosterone (ng/mL) was measured colorimetrically using a competitive ELISA kit
obtained from Biodiagnostic Co., Egypt, according to the technique described by Demetrious [21].
Testosterone hormone in the sample competes with a testosterone horseradish peroxidase
conjugate for binding to the coated antibodies. Serum FSH and LH (mU/L) were measured
colorimetrically using two distinct sandwich-ELISA kits acquired from Biodiagnostic Co., Egypt,
according to Beastall et al. [22] approach. Avidin coupled to horseradish peroxidase and

biotinylated detection antibodies specific for various hormones are added.

Pro-inflammatory markers assay (TNF- a and IL-18)

Serum TNEF- o and IL-1B was determined using rat TNF- a ELISA Kit with Cat. No.
(MBS2507393) and rat IL-1B ELISA Kit with Cat. No. (ab255730) respectively achieved from
MyBiosource (San Diego, California, United States) based on Sandwich-ELISA principle. OD was
calculated spectrophotometrically at a wavelength of 450 nm, where the values were correlated to

the rat TNF-a and IL-1f3 concentration.

Oxidative stress markers assay (MDA, SOD, CAT and GSH)

Lipid peroxidation products MDA (umol/g protein) activity was assessed at a wave length of
534 nm using MDA colorimetric kits achieved from Biodiagnostic Co., Giza, Egypt with a Cat.
No. (MD 2529), according to the method suggested by Ohkawa et al. [23] (1979). Superoxide
dismutase (SOD) (U/mg protein) activity was assessed using SOD Kit achieved from Cus-abio
Biotech Co., Ltd with a Cat No. (CSB-E08555r) following the method proposed by Nishikimiet
al. [24] based on inhibition of nitroblue tetrazolium reduction. Catalase (CAT) (Ulg protein)
activity was evaluated according to Aebi [25] approach based on peroxide removal method.
Reduced glutathione (GSH) (umol/mg protein) activity was estimated spectrophotometrically

according to the method recommended by Mannervik [26] based on reduction of glutathione

disulfide.

Quantitative reverse transcriptase-polymerase chain reaction (QRT-PCR) assessment of
PPAR-y, Nrf2, NF-kB p65 in testicular tissues

Total RNA was extracted from 50 mg of testicular tissue using Trizol (Invitrogen; Thermo
Fisher Scientific, Waltham, MA, USA) following the manufacturer’s recommendation, and for
assessing the RNA quality, the A260/A280 ratio was analyzed using the NanoDropVR ND-1000
Spectrophotometer. Then, cDNA was created using the HiSenScriptTM RH (-) cDNA Synthesis
Kit (iNtRON Biotechnology Co., Seoul, South Korea), after which the primers were made in
accordance with the manufacturer's instructions (Sangon Biotech., Beijing, China) in table -1[27].
Utilizing TOPreal TM qPCR 2X PreMIX, real-time RT-PCR was carried out using the Mx3005P
real-time PCR equipment (Agilent) by Stratagene (Santa Clara, CA, USA) according to
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manufacturer’s instructions [28]. Denaturation at 95 degrees Celsius for 12 minutes was followed
by 40 cycles of denaturation for 20 seconds, annealing for 30 seconds at 60 degrees Celsius, and
extension for 30 seconds at 72 degrees Celsius. After PCR amplification, a melting curve analysis
was done. Using the mRNA expression of a well-known housekeeping gene, Gapdh (Table -1),
the expression level of the target genes were standardized. Using the 2 -AACT approach, outcomes

are presented as fold-changes from the control group [29].

Table 1: Forward and reverse of the primers for Peroxisome Proliferator-Activated Receptor-
Gamma (PPAR-Y), Nuclear factor erythroid 2-related factor 2 (Ntf2), Nuclear Factor
kappa-Beta (NF-kB p65), and the housckeeping g Gapdh gene according to khamis et al.

[26].
Forward  primer Reverse primer § GenBank

(5'-3") (5'-3") ize Accession number
Gapd GGCACAGTCAA ATGGTGGTGAA 1 NM_017008.
h GGCTGAGAATG GACGCCAGTA 43 4
PPAR CCTGAAGCTCC GATGCTTTATC 1 NM_013124.
-y AAGAATACC CCCACAGAC 53 3
Nrf2 CACATCCAGAC CTACAAATGGG 1 NM_031789.

AGACACCAGT AATGTCTCTGC 21 2
NE- TCTCAGCTGCG TGGGCTGCTCA 1 AF _079314
kB ACCCCG ATGATCTCC 50
p65

II- Histopathological study

Testes were sectioned into 5 um thick successive sections using a Leica RM 2135 Bio Cut
Rotary Microtome, mounted on glass slides, stained with hematoxylin and eosin (H&E), and then
inspected under a light microscope. Testes were fixed in 10% formal saline for 48 hours prior to

use [30].

IIT- Immunohistochemical examination of B-cell lymphoma -2 (Bcl-2) and Bcl-2
associated x (Bax) proteins

For the immunohistochemical analysis, testicular sections were microwave-irradiated in 0.1
mol/l sodium citrate buffer (pH 6.0) for 20 minutes after deparaffinization and rehydration.
Endogenous peroxidases were bleached with 3% H202, followed by a 10-minute rinse in
Trisbuffer (pH 7.4). Rabbit polyclonal anti-Bcl-2 antibody (1:50; ab59348; Abcam, Cambridge,
UK) and rabbit monoclonal anti-Bax antibody (1:250; ab32503; Abcam, Cambridge, UK) were
incubated overnight on testicular sections before being washed in Tris buffer. By exclusion of the

primary antibodies, the specificity of the antibodies was examined. Mayer's hematoxylin was
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utilized as a counterstain after tissue visualization with 3.30-diaminobenzidine (DAB). Testicular
sections were then mounted with DPX and cover-slipped after being dried in xylene [31]. Positive
results for Bcl-2 and Bax immunoreaction were indicated by brown cytoplasmic staining of

testicular cells.

IV- Morphometric study

The interactive measure menu on the image analyzer computer system Leica Qwin 500
(Leica Ltd, Cambridge, UK) at the Pathology Department, Faculty of Dentistry, Cairo University,
Egypt, was used to evaluate the area percent of Bax and Bcl-2 proteins in immunohistochemically
stained testicular sections. The measuring frame was chosen to have a standard area of 118476.6
m?2 so that the brown positive immune reaction could be seen and measured. Ten readings from

five non-overlapping testicular sections were taken from each rat in all groups.

V-Statistical analysis

Data were presented as a mean and standard deviation (X+SD) for all groups. The Chicago,
USA-based SPSS application, version 21, was utilized. One-way analysis of variance (ANOVA),
followed by the LSD test for multiple comparisons between various groups, was used to statistically
evaluate whether there was a significant difference. When the probability values (P) were less than
0.05, they were deemed significant, and when they were less than 0.001, they were deemed

extremely significant [32].

Results
There was no observed significant difference between the groups receiving distilled water,

corn oil, and CoQ10 and the control group as regard all the measures parameters.

Reproductive hormones (Testosterone, FSH and LH)

There was a highly significant reduction in serum testosterone, FSH and LH hormone levels
in CP treated group in comparison with the control group (P<0.001). While, there was a highly
significant elevation in serum testosterone, FSH and LH hormone levels in CP+CoQ10 treated

group towards the control when compared to CP treated group (P<0.001) as shown in Table-2.

Pro-inflammatory markers (NF- a and IL-13)

There was a highly significant elevation in serum TNEF- a and IL-1f levels in CP treated
group in comparison with the control group (P<0.001). While, there was a highly significant
reduction in serum TNF- o and IL-1f levels in CP+CoQ10 treated group towards the control
when compared to CP treated group (P<0.001) as shown in Table -2.
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Oxidative stress markers (MDA, SOD, CAT and GSH)

There was a highly significant elevation in MDA level and a highly significant reduction in
SOD, CAT and GSH levels of testicular tissue in CP treated group in comparison with the control
group (P<0.001). While, there was a highly significant reduction in MDA level and a highly
significant elevation in SOD, CAT and GSH levels of testicular tissue in CP+CoQ10 treated group
towards the control when compared to CP treated group (P<0.001) as shown in Table-2.

RT-PCR (PPAR-y, Nrf2 and NF-kB p65) gene expression

There was a highly significant reduction in PPAR-y and Nrf2 expression levels and a highly
significant elevation in NF-kB p65 expression level of testicular tissue in CP treated group in
comparison with the control group (P<0.001). While, there was a highly significant elevation in
PPAR-y and Nrf2 expression levels and a highly significant reduction in NF-kB p65 expression
level of testicular tissue in CP+CoQ10 treated group toward the control when compared to CP
treated group (P<0.001) as shown in Table-3.

Correlation between reproductive hormones and oxidative stress markers
There was significant positive correlation between reproductive hormone levels (testosterone
& LH & FSH) and oxidative stress markers (GSH & CAT & SOD) While, there was significant

negative correlation between reproductive hormone levels and MDA level as shown in Tale-4.

Correlation between reproductive hormones and pro-inflammatory markers
There was significant negative correlation between reproductive hormone levels

(testosterone & LH & FSH) and pro-inflammatory markers (TNF- a & IL-1P) (Table-4).

Correlation between reproductive hormones and gene expression
There was significant positive correlation between reproductive hormones (testosterone &
LH & FSH) with (PPAR-y & Nrf2) gene expression. While, there was significant negative

correlation between hormone levels and NF-kB p65 gene expression (Table-4).

Correlation between oxidative stress markers and gene expression

There was significant positive correlation between MDA level and NF-kB p65 gene
expression. While, there was significant negative correlation between MDA level and (PPAR-y &
Nrf2) gene expression. There was significant positive correlation between oxidative stress markers
(GSH & CAT & SOD) and (PPAR-y & Nrf2) gene expression. While, there was significant
negative correlation between oxidative stress markers (GSH & CAT & SOD) and NF-kB p65
gene expression (Table-5).
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Correlation between pro-inflammatory markers and gene expression

There was significant positive correlation between pro-inflammatory markers (TNF- o &
IL-1B) and NF-kB p65 gene expression. While, there was significant negative correlation between
pro-inflammatory markers (TNF- a & IL-1f) and (PPAR-y & Nrf2) gene expression (Table-5).

Table (2): Statistical comparison between mean values of serum testosterone (ng/mL), FSH
(mU/L), LH (mU/L) hormones, serum TNF- a (pg/ml), IL-1f (pg/ml), testicular MDA
(umol/gm), SOD (U/mg), CAT (U/gm) and GSH (umol/mg) in group I (~ve control),
group II
(+ve control distilled water), group III (+ve control corn oil), group IV (CoQ10), group V
(CP) and group VI (CP+Co0Q10) after 4 weeks of administration using ANOVA (analysis of

variance) and LSD post-hoc test.

roup (n=10)
G I G II G III G v G v G v
roup roup roup roup roup roup F T
(-v) control (+ve) control (+ve) control (CoQ10) (CP) (CP+CoQ10)
Parameters
(Distilledywater) | (Corn oil)
Mean + 8D

Testosterone
(ng/mL) 150.76+2.88 150.64+2.43 151.38+0.96 150.93+£3.0* 87.96+5.282 146.21£3.33™ | 778.816 | <0.001**
FSH (mU/L) 20.21+2.10 28.22+1.46 28.29+1.46 28.48+1.94% | 11.35%0.782 | 27.7240.95" | 509.522 | <0.001%*
LH (mU/L) 19.13+0.68 18.94+0.36 18.65+0.38 18.94+0.46% 8.28+0.852 18.44+0.49" | 777.310 | <0.001**
TNF-a (pg/ml) 41.35+1.74 41.03£1.73 40.27+1.32 41.17«1.62% | 113.35£2.26% | 43.35£1.167" | 5305.89 | <0.001**
IL-1p (pg/ml) 21.05£2.11 20.99+£1.37 22.38+1.26 21.23£2.14% | 71.42+2.352 | 23.74+2.76" | 1368.77 | <0.001**
MDA (umol/gm) 1.88+0.67 1.64+0.45 1.44=0.46 1.62+0.39# 4.53+0.64a 2.52+0.54*b | 49.319 | <0.001**
SOD (U/mg) 8.86x0.72 9.11+0.89 8.44+0.97 9.21+0.71# 5.18+0.42a 8.2140.60%b | 109.017 | <0.001**
CAT (U/gm) 140.82+3.96 141.7+2.58 140.5042.64 | 140.99+3.58% | 77.61=6.72a | 136.37£2.68%b | 548.925 | <0.001**
GSH (umel/mg) 9.12+0.61 9.45£1.03 9.16=0.86 9.54+0.84# 5.04+0.58a 8.49+0.57%b | 141.690 | <0.001**

SD: Standard Deviation. **: highly significant (P<0.001)  n: Number of rats in each group
F: ANOVA test.  P:level of significance  CP: Cyclophosphamide ~ CoQ10: Coenzymeq10
-ve: negative  “p>0.05, "p<0.05, ®p<0.001 when values are compared to control group, *p<0.001

when values are compared to CP group.
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Table (3): Statistical comparison between mean values of PPAR-y, Nrf2 and NF-kB p65

expression in testicular tissues in group I (—ve control), group II (+ve control distilled

water), group 1II (+ve control corn oil), group IV (CoQ10), group V (CP) and group VI
(CP+CoQ10) after 4 weeks of administration using ANOVA (analysis of variance) and LSD

post-hoc test.

Group(n=10) Group IT Group IIT
Group I Group IV Group V Group VI
(+ve) control | (+ye) control F p-value
(-ve) control CoQ10 CP (CP+CoQ10)
Genes (Distilled water), (Corn oil)
Mean + 5D
PPAR-y
1.15£0.28 1.3340.08 1.3240.12 1.2140.13% | 0.49+0.06 0.99+0.04° 42,767 |<0.001**
Nrf2
0.96£0.06 0.93£0.06 0.94+0.04 0.98£0.02% | 0.44£0.112 0.900.08° 114.05 |<0.001**
NF-kB p65

1.04+0.08 1.037£0.03 1.05+0.05 1.03£0.08% | 2.43+0.262 1.21340.13"6 | 182.859 |<0.001**

SD: Standard Deviation
group F: ANOVA test.
Coenzyme q10

-ve: negative

P: level of significance

**: highly significant (P<0.001)
CP: Cyclophosphamide
“p>0.05, 'p<0.05, p<0.001 when values are compared to control

group, ’p<0.001 when values are compared to CP group.

n: Number of rats in each

COQ10:

Table (4): Pearson correlation between reproductive hormones (Testosterone, LH, FSH) &
oxidative stress markers (MDA, GSH, CAT, SOD) & pro-inflammatory markers (I'NF-a,
IL-1B) and gene expression (PPAR-y, Nrf2, NF-kB p65)

Oxidative stress markers Pro-inflammatory Gene expression
markers
Reproductive Pvalue
hormones
MDA GSH | CAT SOD TNF- a IL-1p | PPARy | Nrf2 | NF-KB p63
(r)
Testosterone | -0.898 | 0.876 | 0976 | 0.839 -0.982 -0.981 0.854 | 0.925 -0.953 <0.001#*
LH -0.882 | 0.885 | 0.947 | 0.860 -0.956 -0.979 0.879 | 0.884 -0.967 <0.001#*
FSH -0.876 | 0.894 | 0.944 | 0.833 -0.944 -0.966 0.826 | 0.907 -0.945 <0.001 #*

r: correlation coefficient.

**: statistically highly significant (P<0.001)
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Table (5): Pearson correlation between gene expression (PPAR-y, Nrf2, NF-kB p65) &
oxidative stress markers (MDA, GSH, CAT, SOD) and pro-inflammatory markers (TNE-

o, IL-1B3)
Oxidative stress markers Pro-inflammatory markers
Gene expression MDA GSH CAT S0D TNF IL-1p P_value
@
PPAR-y -0.816 0.793 0.854 0.771 -0.849 -0.876 <0.001**
Nrf2 -0.821 0.813 0.935 0.785 -0.933 -0.917 <0.001%**
NF-KB p65 0.851 -0.860 -0.948 -0.832 0.955 0.967 <0.001**

r: correlation coefficient.

**; statistically highly significant (P<0.001)

Table (6): Comparison between group I (—ve control), group II (+ve control distilled

water), group III (+ve control corn oil), group IV (CoQ10), group V (CP) and group VI

(CP+CoQ10) in mean of area % Bcl-2 and Bax immunoreaction in testicular sections after 4

wecks of administration using ANOVA test and LSD post-hoc test.

Group (n=10) Group IT Group III
Group I Group IV Group V Group VI
(+ve) control (+ve) control F P-value
(-ve) control CoQ10 (CP) (CP+CoQ10)
(Distilled water) (Corn oil)
[Parameters
Mean + 8§D
IArea%o of Bcl-2
60.33x17.03 61.02+00.03 60.13£16.03 |61.30+00.07%| 10.38£0.072 | 42.324£30.22"t | 1.012 | <0.05*
Immunoreaction
IArea%o of Bax
immunoreaction | 12.01=10.15 11.25£13.15 12.45£10.13 | 11.03£9.7% | 73.67£34.012| 27.05+£45.01" | 12.24 | <0.001%*

SD: Standard deviation

(P<0.05)

n: Number of rats in each group
**: Highly significant (P<0.01), *p>0.05

*: Significant

'p<0.05, °p<0.001 when

values are compared to control group, ®p<0.001 when values are compared to CP group.

Histopathological result

Histological examination of the control groups and CoQ1l0 group showed the same

histological results. Slides showed preserved architecture with numerous packed seminiferous

tubules that were covered by connective tissue capsule. These tubules were lined by stratified

germinal epithelium, which contained a variety of cell types (spermatogonia, primary
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spermatocytes, sccondary spermatocytes and spermatids). The lumen of seminiferous tubules
contained spermatozoa. Between the seminiferous tubules was a narrow interstiium with
interstitial cells and blood vessels (Figure 1.a & 1.b &1.c & 1.d & 1.¢). Sections of the CP-treated
testicular slides stained with H&E revealed disorganised seminiferous tubules; their germinal
epithelium separated from their basal lamina and had dark pyknotic nuclei. There was also
shrinkage of the seminiferous tubules with irregular basement membranes and wide separation
between the tubules. Other tubules had thickened capsule with congested dilated sub-capsular
blood vessels, and loss their lining germinal epithelium. Decrease in the height and disorganized
germinal epithelial lining was seen. Some spermatozoa were found in the tubule lumen.
Acidophilic hyaline material and vacuolations were noticed in the interstitium in between the
seminiferous tubules (Figure 1.f & 1.g & 1.h). H & E-stained sections of CP+CoQ10-treated
testicular slides revealed improved histological structure. Normal germinal epithelium lined the
seminiferous tubules. Spermatozoa were found in the tubule lumen. There was also Leydig cells

and slightly congested vessels in the interstitium (Figure 1.i).

Immunohistochemical result:

Immunohistochemical analysis of the control groups, CoQ10 group revealed the same
findings. Immunohistochemical reaction for Bcl-2 stained testicular sections of the control groups
and CoQ10 group revealed positive Bcl-2 immunoreaction in the cytoplasm of germinal epithelial
cells (Figure 2.a & 2.b). In CP treated group, negative Bcl-2 immunoreaction in the cytoplasm of
germinal epithelial cells was noticed (Figure 2.c). In CP+CoQI10 treated group, marked
improvement with strong positive Bcl-2 immunoreaction was detected in the cytoplasm of most
of the germinal epithelial cells (Figure 2.d). Immunohistochemically stained sections for Bax in
testicular tissue of the control groups and CoQ10 group revealed negative Bax immunoreaction in
the cytoplasm of germinal epithelial cells (Figure 3.a & 3.b). In CP treated group, strong positive
Bax immunoreaction was seen in the cytoplasm of germinal epithelial cells (Figure 3.¢). In
CP+CoQ10 treated group, marked improvement with negative Bax immunoreaction was found

in the cytoplasm of the majority of germinal epithelial cells (Figure 3.d).

Morphometric result

There was a highly significant increase in Bax and a highly significant decrease in Bcl-2
expression levels with significant elevation in apoptotic index (Bax/Bcl-2 ratio) in CP treated group
in comparison with the control groups (P<0.001). While, there was a highly significant decrease
in Bax and a highly significant increase in Bcl-2 expression levels with significant reduction in
apoptotic index (Bax/Bcl-2 ratio) in CP+CoQ10 treated group towards the control when
compared to CP treated group (P<0.001) as shown in Table-6.
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numerous packed seminiferous tubules (T) that are covered by connective tissue capsule (C) and

lined by stratified germinal epithelium (GE) with narrow interstitium (I) is present inbetween
them. b: -ve control group reveals also normal histological structure with normal seminiferous
tubules (T) thatare lined by stratified germinal epithelium (GE) and resting on regular basal lamina
(arrow). Spermatozoa (SP) are present in the lumen of seminiferous tubules with narrow
interstitium (I) contains Lydig cells (L) and blood vessels (b) in between tubules. ¢: +ve control
(distilled water) group showing the same normal seminiferous tubules (T) that are lined by
germinal epithelium (GE) with spermatozoa (SP) in the lumen and narrow interstitium (I)
contains Lydig cells (L) cells and blood vessels (b) in between tubules. d: +ve control (corn oil)
group showing the same normal seminiferous tubules (T) that are lined by germinal epithelium
(GE) with spermatozoa (SP) in the lumen and narrow interstitium (I) containing Lydig cells (L)
cells and blood vessels (b) in between tubules. e: CoQ10 group showing the same normal
histological structure with packed seminiferous tubules (T) that are lined by germinal epithelium
(GE) with spermatozoa (SP) in the lumen and narrow interstitcium (I) contains Lydig cells (L) cells

and blood vessels (b) in between tubules. f: CP group showing disorganized seminiferous tubules
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(T); their germinal epithelium separated from their basal laminae (arrow). Shrinkage of the
seminiferous tubules with irregular basement membranes and wide separation (S) between the
tubules are also seen. Distorted interstitium (I) can also be noticed inbetween tubules. g: CP group
showing seminiferous tubules (T) have thickened capsule (C) with congested dilated subcapsular
blood vessel (b) with loss of their lining germinal epithelium (GE). Decrease in the height and
disorganized germinal epithelial lining is seen (GE). Few spermatozoa (SP) are present in the lumen
of the tubules. Acidophilic hyaline material (h) and vacuolations (V) are detected in the
interstitium. h: CP group showing marked affection of seminiferous tubules (T) having marked
decrease in the height of the germinal epithelium (GE). Pyknotic cells have dark stained nuclei
(arrow). Distorted interstitium (I) with dilated congested blood vessels (b) and marked
vacuolations (V) are noticed. i: CP+CoQ10 group showing improvement of the histological
structure of the testicular tissue. Seminiferous tubules (T) are lined by normal germinal epithelium
(GE). Spermatozoa (SP) are present in the lumen of the tubules. Interstitium (I) containing Leydig
cells (L) and slightly congested blood vessels (b) is also detected. All groups: H&Ex400 (scale bar
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Figure 2. a: Immunohistochemical reaction for Bcl-2 stained sections in the testes of the control
groups showing strong positive immunoreaction for Bcl-2 in the nuclei and cytoplasm of germinal
epithelial cells (arrow). b: In CoQ10 treated group, strong positive immunoreaction for Bcl-2 in
the nuclei and cytoplasm of germinal epithelial cells (arrow). ¢: CP treated group showing negative
immunoreaction for Bcl-2 in the cytoplasm of germinal epithelial cells (arrow) with positive

immunoreaction is seen in some interstitial cells and few spermatocytes (double arrow). d:
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CP+CoQ10 treated group reveals strong positive immunoreaction for Bcl-2 in the nuclei and

cytoplasm of most of the germinal epithelial cells (arrow), Bel-2 x400 (scale bar 30 mm).
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Figure 3. a: Immunohistochemical reaction for Bax stained sections in the testes of the control

L~

groups showing negative immunoreaction for Bax in the cytoplasm of germinal epithelial cells
(arrow). b: In CoQ10 treated group, showing negative immunoreaction for Bax in the cytoplasm
of germinal epithelial cells (arrow). ¢: CP treated group showing strong positive immunoreaction
for Bax in the cytoplasm of germinal epithelium (arrow). d: CP+CoQ10 treated group reveals
negative immunoreaction for Bax in the cytoplasm of germinal epithelial cells (arrow), Bax x400

(scale bar 30 mm).

Discussion

The present findings were designed to evaluate the influence of CoQIl0 on
cyclophosphamide induced testicular toxicity in adult albino rats. According to the present study's
findings, testosterone, LH, and FSH serum levels in the CP-treated group were significantly lower
than those in the control group. These findings agreed with the results of Wang et al. [33].
Cyclophosphamide toxicity induced marked reduction of serum testosterone level due to induction
of oxidative stress that caused damage to DNA, protein and key enzymes implicated in testicular
steroidogenesis and spermatogenesis as 3b-hydroxysteroid dehydrogenase and 17b-hydroxysteroid
dehydrogenase [34]. This also leads to Leydig cell degeneration which is responsible for
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testosterone secretion [35]. Our outcomes also revealed that CP caused a significant rise in
testicular MDA, confirming CP-induced lipid peroxidation. Caglayan et al. [3] explained that lipid
peroxidation is caused by CP attacks on the membrane phospholipids, which are extremely
sensitive to ROS, resulting in MDA clevation. There was a highly significant decrease in SOD,
CAT and GSH activities in testicular tissues of CP-treated group compared to control in
accordance with the findings of Ebokaiwe et al. [36]. Ayoka et al. [37] described that low serum
levels of gonadotropins (FSH & LH) is due to a direct toxic and apoptotic effect of CP on the
anterior pituitary gland that is essential for the secretion of these hormones. In contrast to our
study's findings, Kaya et al. [38] found no change in serum levels of testosterone, LH, or FSH after
CP application in Sprague-Dawley rats at a single dose of (200 mg/kg). This could be because of
differing CP doses and durations.

The results of the current investigation revealed a highly significant increase in serum levels
of TNF-a and IL-1 in CP-treated group in comparison with the control groups. These findings
are in line with the study of Abd-ElRaouf et al. [39]. Inflammation is controlled and induced in
part by oxidative stress [40]. Stress signaling and pro-inflammatory pathways can be activated by
the sustained ROS and RNS production caused by CP application [41]. CP is converted into active
metabolites (acrolein and phosphoramide mustard) by hepatic microsomal enzymes [42]. Acrolein
is cytotoxic and promotes intracellular ROS and NO production, which results in the generation
of peroxide and the creation of oxidative stress [43]. Rezaei et al. [44] recognized the role of
oxidative stress-mediated inflammation in the pathophysiology of CP-induced testicular toxicity.

The results of the current investigation showed that there was a highly significant drop in
PPAR-y expression level in the testicular tissues of the CP-treated group compared to the control
group. The current findings are along with the study directed by Abu-Risha et al. [45]. Zarei and
Shivanandappa [46] reported that CP administration also induced down-regulation of PPAR-y
gene expression that activated NF-kB signaling pathways which mediated triggering of pro-
inflammatory markers (TNF- a and IL-1B). While according to Abo-Salem [47],
cyclophosphamide was shown to suppress PPAR-y expression in testes due to up-regulation of
TNF-a, IL-1B and TGF-B expression which in turn suppress PPAR-y expression. PPAR-y
deficiency in testicular tissues leads to disturbance in spermatogenesis and testicular homeostasis
[48].

According to the present findings, there was a highly significant elevation in NF-kB p65
expression in testicular tissues of CP-treated group compared to control. These findings are
matched with Rezaei et al. [44]. It is widely known that CP activates NF-kB p65, which is
transported into the nucleus and responsible for the transcription of inflammatory markers such
as TNF-a, IL-1B, IL-6, COX-2, and iNOS [49]. Additionally, NF-kB p65 not only targets
inflammation directly but also indirectly controls cell division, proliferation, and death [50]. The
main mechanism of CP-induced NF-kB signaling activation is CP-induced oxidative stress [51].

Oxidative stress activates NF-kB, which then produces pro-inflammatory cytokines that increase
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tissue damage [52]. Therefore, antioxidants may be able to guard against the harmful effects
brought on by CP [53]. In addition, present investigation revealed a highly significant decrease in
Nrf2 expression level in testicular tissues of CP-treated group compared to control. This finding is
in line with the study conducted by Fusco et al. [54]. Iqubal et al. [55] mentioned that Nrf2
inhibition may occur from the active CP metabolites’ induction of ROS and suppression of the
endogenous antioxidant defense system. Also, CP was discovered to disrupt the Nrf2/ARE/HO-1
antioxidant signaling pathway in rats by the same mechanism [56].

The histological findings detected in the CP-treated group runs in accordance with Adana
ctal. [57] where they showed that CP exposure caused significant morphological alterations in the
testicular parenchyma, disorganization and degeneration of germ cells. The thickness of the
germinal epithelium lining of the tubules also significantly decreased. In line with Ahmed et al.
[58], the mechanism of CP-induced inhibition of B-spermatogonia mitosis may be caused by
oxidative stress induction, which caused polyunsaturated fatty acids to be peroxidized by free
radicals in spermatozoa plasma membranes, increasing membrane permeability and harming germ
cells and sperms. Furthermore, DNA damage may be to blame for the increased testicular
morphological abnormalities and abnormal sperm forms [59].

The highly significant increase in Bax with a highly significant decrease in Bcl-2 expression
in cytoplasm of germinal epithelial cells in CP-treated rats together with significant elevation of
the apoptotic index (Bax/Bcl-2 ratio) runs in consistent with Wang et al. [33] and Abu-Risha et
al. [45] who observed that CP administration promotes testicular apoptosis. Exposure to CP causes
germ cell apoptosis to increase [60]. The higher ratio of Bax to Bcl-2 caused by CP was connected
to the higher apoptotic rate of germ cells [61]. This imbalance caused the discharge of cytochrome
¢ from the mitochondria, which started the basic apoptotic cascade and led to cell death [62].
According to Mansour et al. [63], CP-induced apoptosis is believed to be caused by increased levels
of ROS/RNS in CP-treated rats, which then cause DNA damage in testicles and accelerate the rate
of apoptosis.

Co-administration of coenzyme q10 with cyclophosphamide revealed a highly significant
rise in testosterone, FSH and LH serum levels compared to CP-treated group. There are no
previous reports described the outcome of coenzyme ql0 on CP-induced testicular toxicity,
however, Mohammed Ali et al. [64] described the defensive role of CoQ10 on sodium fluoride-
induced reproductive toxicity by clevation of serum level of testosterone and LH hormones.
According to Asl et al. [65], CoQ10 supplementation greatly increases GnRH gene expression,
which in turn raises the levels of FSH and LH hormones. Serum testosterone level and sperm count
increased due to the raised FSH and LH levels. Because CoQ10 supplementation motivates the
production of FSH and LH hormones from the hypothalamus and pituitary gland, it has a
significant regulatory effect on the hypothalamo-pituitary gonadal axis. CoQ10 has been

confirmed to have positive effects on the metabolism and production of reproductive hormones

[66].
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Co-administration of CoQ10 with CP revealed a highly significant increase in SOD & CAT
& GSH activities and a highly significant decrease in MDA activity in testicular tissues compared
to CP-treated group. These findings are in line with a study by El-Khadragy et al. [15]. Hussein et
al. [12] reported that CoQ10 exhibits a prominent antioxidant effect and decreases the level of
oxidative stress parameters. As it can scavenge free radicals and protected membrane phospholipids,
mitochondrial membrane protein from oxidative stress and lipid peroxidation-induced damage
[67]. Indeed, CoQ10 suppressed NADPH-oxidase expression, a great source of O2 * - [68],
inhibits excess NO production [69] so can protect against lipid, protein and DNA oxidation [70].

Also, Co-administration of coenzyme ql0 with cyclophosphamide revealed a highly
significant reduction in serum levels of TNF-a and IL-1B compared to CP-treated group. Our
findings are in accordance with the study directed by Khodir et al. [71] who observed the protective
cffect of CoQ10 administration on doxorubicin-induced testicular toxicity in rats by marked
decrease in serum levels of TNF-a and IL-1f. Coenzyme Q10 is convoluted in the prevention of
inflammation in liver [72], kidney [14] and testis [15]. By hindering the release of pro-
inflammatory cytokines like TNF-a and IL-1f, which are linked to organ damage, coenzyme q10
demonstrates anti-inflammatory properties [73]. Li et al. [74] confirmed that CoQ10 decreases
inflammatory cytokines levels resulting in inhibition of the matrix metalloproteinase which
ultimately led to less inflammation and fibrosis.

Coenzyme Q10 significantly increased the PPAR-y gene expression in testicular tissues
compared to CP-treated group. The present findings are in line with the report directed by
Rahmani et al. [75] who observed the protective effect of CoQ10 supplementation on PPAR-y
gene expression in patients with polycystic ovary syndrome. Coenzyme Q10 may stimulate PPAR-
Y gene expression via the calcium-mediated adenosine monophosphate activated protein kinase
signal pathway. In addition, CoQ10 partially attenuated the influence of TNF-a on PPAR-y
suggesting the protective role of CoQ10 [76]. Because PPAR-y is convoluted in the regulation of
a wide range of critical lipid metabolic genes, motivation of PPAR-y has been shown to reduce
testicular oxidative stress in rats [77]. PPAR-y signaling up-regulation may therefore offer a defense
against testicular damage brought on by CP [78]. CoQ10 administration with CP revealed a highly
significant increase in Nrf2 gene expression in testicular tissues compared to CP-treated group.
The current investigation supported by El-Khadragy et al. [15] who reported the protective effect
of CoQ10 administration on lead acetate-induced testicular damage in rats by increasing the
expression of Nif2 in rats. CoQ10 also significantly reduced NF-kB gene expression in testicular
tissues in accordance with Mohamed and Said [79] who found that CoQ10 co-treatment reduces
intestinal NF-kB gene expression level following radiation exposure in rat models, which indicates
the anti-inflammatory impact of CoQ10. According to Tarry-Adkins et al. [72], CoQ10 activates
the Nrf2/ARE pathway, which sequentially suppresses the production of the NF-kB p65 gene

resulting in reduction of pro-inflammatory cytokines.
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Co-administration of CoQ10 with CP showed marked improvement of the testicular
histological structure. The present investigation is along with the finding directed by El-Khadragy
et al. [15] who stated that CoQ10 supplementation enhanced testicular histological changes
following lead acetate exposure, which is consistent with the findings of our investigation and
suggests that CoQ10 can operate as a natural beneficial agent to prevent testicular damage.
Coenzyme Q10 significantly accelerated the restoration of spermatogenesis, combated changes to
sperm characteristics, and improved pathological testicular ultra-structural changes and testicular
DNA damage, which mitigated the harmful effect on spermatogenesis caused by toxins [80].
CoQ10 administration with CP revealed marked improvement with a significant reduction in Bax
and rise in Bcl-2 expression. In addition, Apoptotic index (Bax/Bcl-2 ratio) revealed a significant
reduction indicating the anti-apoptotic effect of CoQ10. The present study matched with the
study demonstrated by Said et al. [81] who stated that CoQ10 motivated regulation of apoptotic
index (Bax/Bcl-2 ratio). Numerous studies have described CoQ10's anti-apoptotic properties [14].
According to Papucci et al. [82], CoQ10's anti-apoptotic properties are due to its ability to prevent
DNA breakage, prevent mitochondrial depolarization, and raise ATP level. Also, CoQ10 reduces
the activity of the mitochondrial complex I, which inhibits the nuclear translocation of proteins
that cause apoptosis and thus prevents cell death [83]. Moreover, Mahmoud and Al Dera [84]
reported that co-activation of PPAR-y and Nrf2 (1) promoted expression of antioxidant proteins
protecting cells from oxidative stress (2) down-regulated NF-kB and iNOS, and prevented the
production of pro-inflammatory markers protecting cells from inflammation (3) protected against

apoptosis by induction of Bcl-2 expression.

Conclusion

Results of biochemical, histological, immunohistochemical, and morphometric
examinations on adult albino rats exposed to CP showed that this exposure caused apparent
testicular damage. Administration of CoQ10 may offer protection against these harmful
consequences. It is recommended that clinicians should administrate CP with the proper dose and
duration and need to consider possible side effects, interactions, and associated toxicities for
patients before administering CP. Advise male patients to the potential risks for infertility as
fertility may be impaired in patients being treated with CP. For those patients, CoQ10 can be
administered as a nutritional supplement to lessen the harmful effects of CP. It will take more

research using various CoQ10 levels to evaluate the abilities of the antioxidant.

Disclosure statement

The author (s) did not disclose any potential conflicts of interest.

Tob Regul Sci. ™ 2022;8(1): 2169-2192 2186



10.

11.

12.

13.

Rania M. Tawfik et. al
Coenzyme Q10 Alleviates Cyclophosphamide Testicular Toxicity in Rats Via Activating
PPAR-T" and Nrf2 Signaling, and Down-Regulating NF-Kb And Bax/Bcl-2 Ratio

Data availability
The data arrangements used and evaluated in this present study were available from the

corresponding author upon reasonable request.

References:

Singh, C. et al. Premna integrifolia ameliorates cyclophosphamide-induced hepatotoxicity by
modulation of oxidative stress and apoptosis. Biomed. Pharmacother. 107, 634-643 (2018).
Ekeleme-Egedigwe, C.A. et al. Antioxidant potential of garlic oil supplementation prevents
cyclophosphamide-induced oxidative testicular damage and endocrine depletion in rats. /. Nuzr.
Intermed. Metab. 18,100109 (2019).

Caglayan, C. et al. Naringin protects against cyclophosphamide-induced hepatotoxicity and
nephrotoxicity through modulation of oxidative stress, inflammation, apoptosis, autophagy, and
DNA damage. Environ. Sci. Pollut. Res. Int. 25(21), 20968-20984 (2018).

Lin, S. et al. Opyster (ostrea plicatula gmelin) polysaccharides intervention ameliorates
cyclophosphamide-Induced genotoxicity and hepatotoxicity in mice via the Nrf2-ARE pathway.
Biomed. Pharmacother. 95,1067-1071 (2017).

Ghobadi, E., Moloudizargari, M., Asghari, M.H. & Abdollahi, M. The mechanisms of
cyclophosphamide-induced testicular toxicity and the protective agents. Expert Opin. Drug Metab.
Toxicol. 13(5), 525-536 (2017).

Cengiz, M. et al. Cyclophosphamide induced oxidative stress, lipid per oxidation, apoptosis and
histopathological changes in rats: Protective role of boron. /. Trace Elem. Med. Biol. 62, 126574
(2020).

Tong, J. er al. The protective effects of cichorium glandulosum seed and cynarin against
cyclophosphamide and its metabolite acrolein-induced hepatotoxicity in vivo and in vitro. Food
Funct. 8(1), 209-219 (2017).

Moghe, A. et al. Molecular mechanisms of acrolein toxicity: relevance to human disease. Zoxicol.
Sci. 143(2),242-255 (2015).

Hamzeh, M. er al. Atorvastatin mitigates cyclophosphamide-induced hepatotoxicity via
suppression of oxidative stress and apoptosis in rat model. Res. Pharm. Sci., 13(5), 440-449 (2018).
Littarru, G.P. & Tiano, L. Bioenergetic and antioxidant properties of coenzyme Q10: recent
developments. Mol. Biotechnol. 37(1),31-37 (2007).

Kubo, H. ez al. Food content of ubiquinol-10 and ubiquinone-10 in the Japanese diet. /. Food
Comp. Anal. 21(3),199-210 (2008).

Hussein, R.M., Sawy, D.M., Kandeil, M.A. & Farghaly, H.S. Chlorogenic acid, quercetin,
coenzyme Q10 and silymarin modulate Keapl-Nrf2/heme oxygenase-1 signaling in
thioacetamide-induced acute liver toxicity. Life Sci. 277, 119460 (2021).

Bentov, Y. ez al. Coenzyme Q10 supplementation and oocyte aneuploidy in women undergoing

IVE-ICSI treatment. Clin. Med. Insights Reprod. Health, 8, 31-36 (2014).

Tob Regul Sci. ™ 2022;8(1): 2169-2192 2187



14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

20.

27.

28.

29.

Rania M. Tawfik et. al
Coenzyme Q10 Alleviates Cyclophosphamide Testicular Toxicity in Rats Via Activating
PPAR-T" and Nrf2 Signaling, and Down-Regulating NF-Kb And Bax/Bcl-2 Ratio

Kabel, AM. & Elkhoely A.A. Ameliorative effect of coenzyme Q10 and/or candesartan on
carboplatin-induced nephrotoxicity: roles of apoptosis, transforming growth factor-B1, nuclear
factor kappa-B and the Ntf2/HO-1 pathway. Asian Pac. . Cancer Prev. 18(6), 1629-1636 (2017).
El-Khadragy, M. ez al. Impact of coenzyme Q10 administration on lead acetate-induced testicular
damage in rats. Oxid. Med. Cell Longev. 2020, 4981386 (2020).

Herndndez-Camacho, J.D., Bernier, M., Lépez-Lluch, G. & Navas, P. Coenzyme
Qo supplementation in aging and disease. Front. Physiol. 9, 44 (2018).

Institute of Laboratory Animal Resources, Commission on Life Sciences, National Research
Council. Guide for the Care and Use of Laboratory Animals. 8th ed. Washington DC: National
Academy Press, 21-55 (2011).

El-Sheikh, A.A., Morsy, M.A., Mahmoud, M.M. & Rifaai, R.A. Protective mechanisms of
coenzyme-Q10 may involve up-regulation of testicular P-glycoprotein in doxorubicin-induced
toxicity. Environ. Toxicol. Pharmacol. 37(2), 772-781 (2014).

Hagenbeek, A. & Martens, A.C. High-dose cyclophosphamide treatment of acute myelocytic
leukemia. Studies in the BNML rat model. Eur. J. Cancer Clin. Oncol. 18(8), 763-769 (1982).
Van Herck, H. er al. Orbital sinus blood sampling in rats as performed by different animal
technicians: The influence of technique and expertise. Lab. Anim. 32(4), 377-386 (1998).
Demetrious, J.A. Testosterone. In: Pesce AJ, Kapalan LA, editors. Methods in Clinical Chemistry.
St Louis, MO, USA: Mosby, 268 (1987).

Beastall, G.H. ez al. Assays for follicle stimulating hormone and luteinising hormone: guidelines
for the provision of a clinical biochemistry service. Ann. Clin. Biochem. 24(3), 246-262 (1987).
Ohkawa, H., Ohishi, N. & Yagi, K. Assay for lipid peroxides in animal tissues by thiobarbituric
acid reaction. Anal. Biochem. 95(2), 351-358 (1979).

Nishikimi, M., Appaji Rao, N. & Yagi, K. The occurrence of superoxide anion in the reaction of
reduced phenazine methosulfate and molecular oxygen. Biochem. Biophys. Res. Commun. 46 (2),
849-854 (1972).

Aebi, H. [13] Catalase in vitro. In Methods in Enzymology 121-126 (Academic Press, 1984).
Mannervik, B. Measurement of glutathione reductase activity. Current protocols in toxicol. (1), 7-2
(1999).

Khamis, T. et al. Early intervention with breast milk mesenchymal stem cells attenuates the
development of diabetic-induced testicular dysfunction via hypothalamic Kisspeptin/Kiss1t-
GnRH/GnlH system in male rats. Biochimica et Biophysica Acta (BBA) — Mol. Basis Disease. 1866
(1), 165577 (2020).

Arisha, A.-H. et al. Morin ameliorates the testicular apoptosis, oxidative stress, and impact on
blood-testis barrier induced by photo-extracellularly synthesized silver nanoparticles. Environ. Sci.
Pollut. Res. Int. 26(28), 28749-28762 (2019).

Livak, K. J. & Schmittgen, T. D. Analysis of relative gene expression data using real-time
quantitative PCR and the 2-AACT method. Methods 25(4), 402-408 (2001).

Tob Regul Sci. ™ 2022;8(1): 2169-2192 2188



30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

Rania M. Tawfik et. al
Coenzyme Q10 Alleviates Cyclophosphamide Testicular Toxicity in Rats Via Activating
PPAR-T" and Nrf2 Signaling, and Down-Regulating NF-Kb And Bax/Bcl-2 Ratio

Bancroft, J. D. & Layton, C. 10 - The hematoxylins and cosin. In Bancroft’s Theory and Practice
of Histological Techniques (Seventh Edition) (eds Suvarna, S. K. et al) 173-186 (Churchill
Livingstone, 2013).

Ramos-Vara, J. A. et al. American association of veterinary laboratory diagnosticians subcommittee
on standardization of immunohistochemistry suggested guidelines for immunohistochemical
techniques in veterinary diagnostic laboratories. /. Vet. Diagn. Invest, 20(4), 393-413 (2008).
Petrie, A. & Sabin, C. Basic techniques for analyzing data. Medical statistics at a glance. 2nd edn.
Oxford: Blackwell. 46-101 (2005).

Wang, Y. et al. Lepidium draba L. leaves extract ameliorated cyclophosphamide-induced testicular
toxicity by modulation of ROS-dependent Keapl/Nrf2/HO1, Bax/Bcl2/p53/caspase-3, and
inflammatory signaling pathways. /. Food Biochem. 45(12), 13987 (2021).

Potnuri, A.G., Allakonda, L. & Lahkar, M. Crocin attenuates cyclophosphamide induced
testicular toxicity by preserving glutathione redox system. Biomed. Pharmacother. 101, 174-180
(2018).

Chabra, A. e al. Melatonin ameliorates oxidative stress and reproductive toxicity induced by
cyclophosphamide in male mice. Hum. Exp. Toxicol. 33(2), 185-195 (2014).

Ebokaiwe, A.P., Obasi, D.O., Njoku, R.C. & Osawe, S. Cyclophosphamide-induced testicular
oxidative-inflammatory injury is accompanied by altered immunosuppressive indoleamine 2, 3-
dioxygenase in Wister rats: Influence of dietary quercetin. Andrologia. 54 (3), c14341 (2022).
Ayoka, O.A. et al. Neuro-endocrine effects of aqueous extract of amaranthus viridis (Linn.) leaf in
male wistar rat model of cyclophosphamide-induced reproductive toxicity. Toxicol. Rep. 3, 608-
619 (2016).

Kaya, C. ez al. The therapeutic potential of amifostine on cyclophosphamide-induced testicular
dysfunction in rats: An experimental study. Inz. J. Reprod. Biomed. 17(4),245-252 (2019).
Abd-ElRaouf, A. et al. Low dose gamma irradiation attenuates cyclophosphamide-induced
cardiotoxicity in rats: role of NF-kB signaling pathway. Inz. J. Radiat. Biol. 97(5), 632-641 (2021).
Reuter, S., Gupta, S.C., Chaturvedi, M.M. & Aggarwal, B.B. Oxidative stress, inflammation, and
cancer: how are they linked? Free Radicals Biol. Med. 49(11),1603-1616 (2010).

Mahmoud, A.M. Hesperidin protects against cyclophosphamide-induced hepatotoxicity by
upregulation of PPARY and abrogation of oxidative stress and inflammation. Can. J. Physio.l
Pharmacol. 92(9),717-724 (2014).

Caglayan, C. The effects of naringin on different cyclophosphamide-induced organ toxicities in
rats: investigation of changes in some metabolic enzyme activities. Environ. Sci. Pollut. Res. Int.
26(26), 26664-26673 (2019).

Sinanoglu, O. et al. The protective effects of spirulina in cyclophosphamide induced
nephrotoxicity and urotoxicity in rats. Urology 80(6),1392, ¢1-6 (2012).

Tob Regul Sci. ™ 2022;8(1): 2169-2192 2189



44.

45.

40.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

Rania M. Tawfik et. al
Coenzyme Q10 Alleviates Cyclophosphamide Testicular Toxicity in Rats Via Activating
PPAR-T" and Nrf2 Signaling, and Down-Regulating NF-Kb And Bax/Bcl-2 Ratio

Rezaei S. et al. Protective effects of sinapic acid against cyclophosphamide-induced testicular
toxicity via inhibiting oxidative stress, caspase-3 and NF-kB activity in BALB/c mice. Andrologia
53(10), ¢14196 (2021).

Abu-Risha, S.E., Mousa, M.A. & Elsisi A.E. Protective role of irbesartan against
cyclophosphamide-induced testicular damage in rats via up-regulating PPAR-y signaling and
ameliorating NF-kB/NLRP3/IL-18 inflammatory axis. Life Sci. 289,120218 (2022).

Zarei, M. & Shivanandappa, T. Amelioration of cyclophosphamide-induced hepatotoxicity by the
root extract of decalepis hamiltonii in mice. Food Chem. Toxicol. 57,179-184 (2013).

Abo-Salem, O. M. Uroprotective effect of pentoxifylline in cyclophosphamide-induced
hemorrhagic cystitis in rats. /. Biochem. Mol. Toxicol. 27(7), 343-350 (2013).

Pichiah, P.B. er al. Adriamycin induced spermatogenesis defect is due to the reduction in
epididymal adipose tissue mass: a possible hypothesis. Med. Hypotheses 78(2), 218-220 (2012).
Cheng, K. ez al. The therapeutic effects of resveratrol on hepatic steatosis in high-fat diet-induced
obese mice by improving oxidative stress, inflammation and lipid-related gene transcriptional
expression. Med. Mol. Morphol. 52(4), 187-197 (2019).

Liu, T\, Zhang, L., Joo, D. & Sun, S.C. NF-kB signaling in inflammation. Signal Transduc.t Target
Ther. 2,17023 (2017).

Mahmoud, A.M., Germoush, M.O., Alotaibi, M.E. & Hussein, O.E. Possible involvement of
Nrf2 and PPARy up-regulation in the protective effect of umbelliferone against
cyclophosphamide-induced hepatotoxicity. Biomed. Pharmacother. 86,297-306 (2017).

El-Kholy, A.A., Elkablawy, M.A. & El-Agamy, D.S. Lutein mitigates cyclophosphamide induced
lung and liver injury via NF-kB/MAPK dependent mechanism. Biomed. Pharmacother. 92, 519-
527 (2017).

Hamsa, T.P. & Kuttan, G. Ipomoea obscura ameliorates cyclophosphamide-induced toxicity by
modulating the immune system and levels of pro-inflammatory cytokine and GSH. Can. J. Physiol.
Pharmacol. 88(11), 1042-1053(2010).

Fusco, R. et al. Hidrox counteracts cyclophosphamide-induced male infertility through NRF2
pathways in a mouse model. Antioxidants (Basel). 10 (5),778 (2021).

Iqubal, A. ez al. Molecular mechanism involved in cyclophosphamide-induced cardiotoxicity: Old
drug with a new vision. Life Sci, 218,112-131 (2019).

Abd El-Twab, S.M. et al. Chicoric acid prevents methotrexate-induced kidney injury by
suppressing NF-kB/NLRP3 inflammasome activation and up-regulating Nrf2/ARE/HO-1
signaling. Inflamm. Res. 68(6),511-523 (2019).

Adana, M.Y. et al. Oral thymoquinone modulates cyclophosphamide-induced testicular toxicity
in adolescent wistar rats. Andrologia. 54(4), e14368 (2022).

Ahmed, L.A., El-Maraghy, S.A. & Rizk, S.M. Role of the KATP channel in the protective effect
of nicorandil on cyclophosphamide-induced lung and testicular toxicity in rats. Sci Rep. 5, 14043
(2015).

Tob Regul Sci. ™ 2022;8(1): 2169-2192 2190



59.

60.

61.

62.

63.

64.

65.

60.

67.

68.

69.

70.

71.

72.

73.

Rania M. Tawfik et. al
Coenzyme Q10 Alleviates Cyclophosphamide Testicular Toxicity in Rats Via Activating
PPAR-T" and Nrf2 Signaling, and Down-Regulating NF-Kb And Bax/Bcl-2 Ratio

Mehraban, Z., Gaffari Novin, M., Golmohammadi, M.G. & Nazarian, H. Effect of ceratonia
siliqua l. extract on DNA fragmentation of sperm in adult male mice treated with
cyclophosphamide. Reprod. Sci. 28(4),974-981 (2021).

He, D.W. ez al. Effect of cyclophosphamide on spermatogonial stem cell. Zhonghua nan ke xue=
Nat. ]. Androl. 12(5), 387-390 (2006).

Yuan, D. et al. Protective effects of total flavonoids from epimedium on the male mouse
reproductive system against cyclophosphamide-induced oxidative injury by up-regulating the
expressions of SOD3 and GPX1. Phytother. Res. 28(1),88-97 (2014).

Kuzu, M. et al. Protective effect of morin on doxorubicin-induced hepatorenal toxicity in rats.
Chem. Biol. Interact. 308,89-100 (2019).

Mansour, D.F., Saleh, D.O. & Mostafa, R.E. Genistein ameliorates cyclophosphamide - induced
hepatotoxicity by modulation of oxidative stress and inflammatory mediators. Open Access Maced.
J. Med. Sci. 5(7), 836-843 (2017).

Momammed Ali, S.M., Nowfal, A.]. & Abdillah, B.N. Protective effects of coenzyme Q10 against
sodium fluoride-induced reproductive disorders in male rats. fragi J. Ver. Sci. 33(1), 143-149
(2019).

Asl, F.R. et al. Complementary effects of coenzyme Q10 and lepidium sativum supplementation
on the reproductive function of mice: An experimental study. /nz. J. Reprod. Biomed. 19 (7), 607-
618 (2021).

Banihani, S.A. Effect of coenzyme Q1o supplementation on testosterone. Biomolecules, 8 (4),172
(2018).

Fouad, A.A., Al-Mulhim, A.S, & Jresat, I. Therapeutic effect of coenzyme Q10 against
experimentally-induced hepatocellular carcinoma in rats. Environ. Toxicol. Pharmacol. 35(1),100-
108 (2013).

Ratliff, B.B., Abdulmahdi, W., Pawar, R. & Wolin, M.S. Oxidant mechanisms in renal injury and
disease. Antioxid. Redox Signal 25(3),119-146 (2016).

Abdel-Hady, E.S.K, & Abdel-Rahman, G.H. Protective effect of coenzyme Q10 on cadmium-
induced testicular damage in male rabbits. Am. Eur. J. Toxicol. Sci. 3(3): 153-160 (2011).

Pravst, 1., Zmitek, K. & Zmitek, J. Coenzyme Q10 contents in foods and fortification strategies.
Crit. Rev. Food Sci. Nutr. 50(4), 269-280 (2010).

Khodir, S.; Alafify, A.; Omar, E. and Al-Gholam, M. (2021): Protective Potential of Ginseng
and/or Coenzyme Q10 on Doxorubicin-induced Testicular and Hepatic Toxicity in Rats.
Macedonian Journal of Medical Sciences; 9(A): 993-1005.

Tarry-Adkins, J.L. et al. Coenzyme Q10 prevents hepatic fibrosis, inflammation, and oxidative
stress in a male rat model of poor maternal nutrition and accelerated postnatal growth. Am. J. Clin.
Nutr. 103(2),579-588 (2010).

Mirmalek, S.A. et al. Antioxidant and anti-inflammatory effects of coenzyme Q10 on l-arginine-
induced acute pancreatitis in rat. Oxid. Med. Cell Longev. 2016, 5818479 (2016).

Tob Regul Sci. ™ 2022;8(1): 2169-2192 2191



74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

Rania M. Tawfik et. al
Coenzyme Q10 Alleviates Cyclophosphamide Testicular Toxicity in Rats Via Activating
PPAR-T" and Nrf2 Signaling, and Down-Regulating NF-Kb And Bax/Bcl-2 Ratio

Li, X. et al. Coenzyme Q10 prevents the interleukin-1 Beta induced inflammatory response via
inhibition of MAPK signaling pathways in rat articular chondrocytes. Drug Dev. Res. 78(8),403-
410 (2017).

Rahmani, E. ez al. The effects of coenzyme Q10 supplementation on gene expression related to
insulin, lipid and inflammation in patients with polycystic ovary syndrome. Gynecol. Endocrinol.
34(3): 217-222 (2018).

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,
28(3),250-255 (2012).

Thomas, K. et al. Developmental patterns of PPAR and RXR gene expression during
spermatogenesis. Front. Biosci. (Elite Ed). 3(4),1209-1220 (2011).

Abd El Tawab, A.M., Shahin, N.N. & AbdelMohsen, M.M. Protective effect of satureja montana
extract on cyclophosphamide-induced testicular injury in rats. Chem. Biol. Interact. 224, 196-205
(2014).

Mohamed, H.A. & Said, R.S. Coenzyme Q10 attenuates inflammation and fibrosis implicated in
radiation enteropathy through suppression of NEF-kB/TGEF-B/MMP-9 pathways. Inz.
Immunopharmacol. 92, 107347 (2021).

Balercia, G. et al. Coenzyme Q10 treatment in infertile men with idiopathic asthenozoospermia:
a placebo-controlled, double-blind randomized trial. Ferzil. Steril. 91(5), 1785-1792 (20009.

Said, R.S., Mohamed, H.A. & Kamal, M.M. Coenzyme Q10 mitigates ionizing radiation-induced
testicular damage in rats through inhibition of oxidative stress and mitochondria-mediated
apoptotic cell death. Toxicol. Appl. Pharmacol. 383,114780 (2019).

Papucci, L. er al. Coenzyme q10 prevents apoptosis by inhibiting mitochondrial depolarization
independently of its free radical scavenging property. /. Biol. Chem. 278(30), 28220-28228
(2003).

Li, H., Chen, G., Ma, W. & Li, P.A. Water-soluble coenzyme q10 inhibits nuclear translocation
of apoptosis inducing factor and cell death caused by mitochondrial complex I inhibition. /nz. /.
Mol Sci. 15(8),13388-13400 (2014).

Mahmoud, AM. & Al Dera, H.S. 18B-Glycyrrhetinic acid exerts protective effects against
cyclophosphamide-induced hepatotoxicity: potential role of PPARY and Nif2 upregulation. Genes
Nutr. 10(6),41 (2015).

Tob Regul Sci. ™ 2022;8(1): 2169-2192 2192



