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Background: Over the past few decades, cyclophosphamide (CP) has been extensively used
as a broad-spectrum alkylating agent for the treatment of various cancers and solid tumors.
However, the therapeutic actions on CP are not limited to only cancer cells, as it simulta-
neously exerts significant toxicities on healthy cells through the instigation of oxidative stress
and oxidative damages. CP induced testicular toxicity is associated with impaired sperma-
togenesis, reduced sperm functionality, reproductive hormone and testicular weight. This
study was aimed at unravelling the protective effects of emodin (EMD) on testicular toxicity
following CP treatment.

Methods: Twenty-four male Wistar rats were allotted into 4 groups as normal control group
(NCG), CP control group (CPCG), EMD25+CP (25 mg/kg in 5% tween 80) and EMD50+CP
groups (50 mg/kg in 5% tween 80). EMD was orally administered for 35 consecutive days,
while four doses of CP (100 mg/kg/week) were administered intraperitoneally from
the second to fifth week of treatment. Thereafter, the animals were sacrificed and histopatho-
logical examination of the testes as well as serum/testicular biochemical assays were
conducted.

Results: The results revealed that CP significantly impeded sperm function parameters
including sperm count, viability and motility as well as decreased reproductive hormones
(testosterone, LH and FSH) levels. In addition, CP enhanced testicular oxidative stress and
proinflammatory markers (MDA, IL-6 and TNF-a), while simultaneously decreasing testi-
cular antioxidant enzymes (GSH, GPx, SOD and CAT). Evidence of marked histopatholo-
gical alterations was also observed in the H&E stained testicular tissues of CP treated rats.
EMD significantly prevented these CP induced negative effects.

Conclusion: This study provides a basis for the potential use of EMD in counteracting
chemotherapy induced testicular toxicity. The results further suggest that EMD testicular
protective effects in CP-treated rats may be mediated through its modulatory role on
oxidative stress and inflammation.
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Introduction

Cancer is one of the most prevalent disease that affects a huge population globally
and it notably impairs the quality of life as well as the life expectancy of cancer
patients.' In fact, according to the World Health Organization (WHO), cancer is the
leading cause of mortality before the age of 70 in over 100 countries.” However, in
the past few decades, significant strides have been achieved in the development of
potent anticancer agents including platinum-based anticancer drugs like cisplatin,

Received: 13 August 2021
Accepted: 29 September 2021
Published: 19 October 2021

Drug Design, Development and Therapy 2021:15 4403—441 | 4403
© 2021 Wang et al. This work is published and licensed by Dove Medical Press Limited. The full terms of this license are available at https://www.dovepress.com/terms.

AT php and incorporate the Creative Commons Attribution — Non Commercial (unported, v3.0) License (http://creativecommons.org/licenses/by-nc/3.0/). By accessing the
work you hereby accept the Terms. Non-commercial uses of the work are permitted without any further permission from Dove Medical Press Limited, provided the work is properly attributed. For
permission for commercial use of this work, please see paragraphs 4.2 and 5 of our Terms (https://www.dovepress.com/terms.php).


http://orcid.org/0000-0003-0261-7170
http://orcid.org/0000-0002-6800-4919
mailto:opeyemi.j@psu.ac.th
http://www.dovepress.com/permissions.php
https://www.dovepress.com

Wang et al

Dove

carboplatin and oxaliplatin as well as nitrogen mustard

antitumor  agents such as  chlorambucil and
cyclophosphamide.'** These anticancer drugs have sig-
nificantly improved the life expectancy of cancer patients.
Unfortunately, most of these agents indiscriminately target
both cancer and normal cells, thus posing severe and in
extreme cases life-threatening toxicities.”’

Cyclophosphamide (CP) is a potent cytotoxic alkylat-
ing agent that is widely used in chemotherapy for treating
various cancers including breast, ovarian, small cell lung,
brain and blood cancers. CP also induces significant toxi-
cities including severe bladder bleeding, nephrotoxicity,
gonadotoxicity and cardiotoxicity, which has significantly
constrained its clinical usefulness.®® CP predisposes
female patients to premature menopause, while the risk
of irreversible infertility in both male and female patients
is significantly increased upon exposure to cumulative
drug dose.'® The testes is a major reproductive organ and
it mainly responsible for the production of androgens such
as testosterone and spermatozoa needed for reproductive
functions."" CP induced testicular toxicity is associated
with impaired spermatogenesis, reduced sperm functional-
ity, reproductive hormone and testicular weight.'*"?
Several studies have suggested that acrolein, an enzymatic
toxic metabolite of CP promotes the generation of reactive
oxygen species and lipid peroxidation, thus inducing oxi-
dative stress and oxidative damage.'? Furthermore, the
abundance of polyunsaturated fatty acids as well as the
low levels of antioxidants in the testes and spermatozoa
exposes the tissues to oxidative stress and damages.'*"?
Unfortunately, despite the widely reported testicular toxi-
city associated with CP, there is no approved agent till date
to counteract CP-induced gonadotoxicity.

Natural product-based medicinal agents have gained
significant attention in recent decades as potent and rela-
tively safer alternatives for the treatment of various dis-
eases and as pharmacological agents that can counteract
drug-induced toxicities.'* A lot of these phytochemicals
have displayed broad-spectrum activities particularly anti-
inflammatory and antioxidant properties, which have basi-
cally set a foundation for their therapeutic efficacy against
disorders that have ROS and oxidative stress has their
main pathophysiology.'>'® Therefore, their potential as
preventive agents against chemotherapy-induced toxicities
cannot be over emphasised.'” Emodin (EMD) is
a bioactive naturally occurring anthraquinone found in
several plant and fungal species, and it has been reported
to have several biological

properties  including

antineoplastic, antioxidant, anti-inflammatory, antidiabetic,

hepatoprotective ~ and  anti-angiogenic properties.'®
Previous studies have reported the protective properties
of emodin against cisplatin-induced nephrotoxicity, while
another study suggested that emodin showed hepatopro-
tective effects against CCly-induced hepatic injury in rats
via antioxidant effects.'” ' Furthermore, recently Zhao
et al demonstrated that emodin attenuated CP induced
oxidative damage in peripheral blood leukocytes of blunt
snout bream through its ability to upregulate antioxidant
prowess.”? However, there are no reports suggesting the
protective effects of emodin on CP-induced organ toxici-
ties. Keeping this in mind, this study explored the protec-
tive potency of emodin against cyclophosphamide-induced

gonadotoxicity.

Materials and Methods

Animals

Seven weeks old twenty four male Wistar rats were used
for the experiment. The animals were specific pathogen
free and kept in separate cages with six rats per cage. The
environmental conditions including temperature, relative
humidity as well as the light/dark period were in accor-
dance with standard procedures.” The rats were acclima-
tized for a week and were afforded standard rat food and
water ad libitum. The procedures used in this experiment
were approved by the Animal Ethics Committee of The
Second Peoples Hospital of Wuhu (Ethic code: Wuhuey-
20201008). Additionally, the guidelines of the National
Institutes of Health guide for the care and use of laboratory
animals (NIH Publications No. 8023, revised 1978) were
strictly followed.

Experimental Protocol/Treatment

Protocol

All the animals were grouped for treatment as follows:
normal control group (NCG), CP control group (CPCG),
low dose emodin group (CP+EMD25) and high dose emodin
group (CP+EMDS50). The rats in NCG and CPCG groups
were given 5% tween 80 on a daily basis for 5 weeks. At the
same time, the rats in EMD25+CP and EMD50+CP groups
were administrated with daily doses of 25 and 50 mg/kg of
emodin, respectively, for 5 weeks. From the second week of
treatment, all the rats except for the NCG group were intra-
peritoneally injected with CP (100 mg/kg) once a week and
continued for 4 weeks.”> An overview of the experimental
design is shown in Figure 1. The concentration of CP and
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Figure | Study design diagram indicating the treatment protocol for evaluating the effect of emodin on cyclophosphamide-induced testicular toxicity.

EMD used in this study was based on earlier studies.”* 2 At

the end of the experiment, the rats were all anesthetised
using thiopental sodium and blood were directly taken via
cardiac puncture. The serum obtained from the whole blood
after centrifugation was used for analysing reproductive
hormones levels including testosterone, follicle-stimulating
hormone (FSH) and luteinizing hormone (LH).

After euthanization, the testes and epididymis of the
rats were dissected out, washed with distilled water and
weighed. Thereafter, the testes were homogenized in phos-
phate buffered saline (pH 7.4) at 6000 rpm for 30 min at
4°C, and the supernatant collected after centrifuging was
preserved at —80°C until further analysis.

Histological Analysis

The H&E staining was performed on 10% buffered for-
malin fixed testes. The testes tissues were dehydrated in
graded alcohol solutions and paraffinized using paraffin
wax. The staining procedures followed standard H&E

staining protocol.?’

Evaluation of Sperm Count, Motility and
Viability
The estimation of epididymal sperm parameters including

sperm count, motility and viability were in accordance
with previous studies.?’

Assessment of Testicular Antioxidant

Biomarkers
The post-mitochondrial portion of the centrifuged testicu-
lar tissues was utilized for the estimation of antioxidant

parameters and lipid peroxidation including catalase
(CAT), glutathione peroxidase (GPx), glutathione (GSH),
superoxide dismutase (SOD) and malonaldehyde (MDA)
levels using kits procured from Nanjing Jiancheng
China). The
manufacturer’s procedure included in the kit was strictly

Bioengineering  Institute  (Nanjing,

followed for the analysis.

Assessment of Testicular

Proinflammatory Mediators

Proinflammatory cytokines including interlukin-6 (IL-6),
and tumor necrosis factor-alpha (TNF-&) were analysed in
the post-mitochondrial portion of the testes tissue homo-
genate with ELISA kits following the manufacturer’s man-
ual (Abcam, Cambridge, UK).

Statistical Analysis

Data were analysed using one way AVONA together with
Newman-Keuls post hoc test with Graph Pad Prism (ver-
sion 5). Results were shown as mean + SD. p < 0.05 was
considered as statistical significance.

Results

Ameliorative Effect of EMD on Testes
Weight

The effect of treatment with EMD on the testes weight of
CP treated rats is shown in Table 1. At the point of
sacrifice, the testes weight of the CPCG rats was signifi-
cantly (p < 0.001) lower than the NCG. On the other hand,
treatment with EMD significantly (p < 0.001) increased
the testes weights of the treated rats compared to CPCG.

Drug Design, Development and Therapy 2021:15
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Table | Effect of EMD on the Markers of Testicular Function in CP Treated Rats

Parameters/Groups NCG CPPG EMD25+CP EMD50+CP
Testes weight (g) 3.55+0.13 230 £ 0.121 3.50 + 0.07** 3.36 + 0.29%*
Epididymis weight (g) I.51 £0.11 1.01 £ 0.09° 1.31 £ 0.11%* 1.37 £ 0.1 I**
Sperm count (x10°) 70.11 = 3.66 38.03 £ 6.34 57.05 + 5.60%* 60.33 + 3.08**
Sperm viability (%) 7441 £ 5.69 37.40 £ 4.521 55.36 + 5.15%* 62.36 + 4.79%*
Sperm motility (%) 81.63 + 4.80 40.11 £7.72F 63.06 + 5.46%* 66.80 + 5.67**

Notes: Values were indicated as mean % SD of 6 rats. Tp<0.001 versus NCG; **p<0.001 versus CPCG; ***p<0.01 versus CPCG.

Ameliorative Effects of EMD on Sperm

Functional Parameters

The intraperitoneal administration of CP notably reduced
sperm viability (p < 0.001), motility (p < 0.001) and sperm
count (p < 0.001) in the CPG group compared to the
normal control rats (Table 1). Whereas, the sperm count,
sperm motility and sperm viability were significantly

improved in the EMD administered groups compared to
CPCG group (Table 1).

Ameliorative Effects of EMD on Serum

Reproductive Hormones
As depicted in Figure 2, the serum concentrations of hormones
including testosterone, LH and FSH in the CP-injected rats
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Figure 2 Effects of EMD on serum hormonal levels in CP treated rats. (A) testosterone (B) luteinizing hormone (LH)and (C) follicle-stimulating hormone (FSH) levels.
Values were indicated as mean * SD of 6 rats. *p<0.001 versus NCG; **p<0.001 versus CPCG; **p<0.0 versus CPCG.
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Figure 3 Effects of EMD on testicular oxidative stress levels in CP treated rats. (A) malonaldehyde (B) catalase (C) glutathione peroxidase (D) glutathione and (E)
superoxide dismutase levels. Values were indicated as mean * SD of 6 rats. ¥p<0.001 versus NCG; **p<0.001 versus CPCG; ***p<0.01 versus CPCG.

were notably (p <0.001) reduced relative to the normal control.
Conversely, in the EMD+CP groups, marked increases (p <
0.001) in the concentrations of testosterone, FSH and LH were
observed relative to the untreated CPCG group (Figure 2A—C).

Ameliorative Effects of EMD on Testicular

Oxidative Stress Biomarkers

Compared with the NCG, the testicular MDA concentration
of the CPCG rats was significantly higher (p < 0.001). After
intragastric treatment with EMD for 5 weeks, the MDA
level of rats injected with CP was markedly decreased (p <
0.001) compared to the CPCG (Figure 3A). Meanwhile, the
activities of CAT, GPx, GSH and SOD in the testes of the
CPCG animals were notably decreased in response to CP
administration (Figure 3B-E). In contrast, the intragastric
administration of EMD markedly (p < 0.001) impeded the
decrease in SOD, GSH, GPx and CAT activities in compar-
ison with CPCG group (Figure 3B-E).

Ameliorative Effect of EMD on

Proinflammatory Cytokines in the Testes
The testicular proinflammatory profile is shown in
Figure 4. The intra-testicular concentration of TNF-o and

IL-6 was significantly increased in the CPCG group rela-
tive to normal control group. Whereas, the administration
of EMD significantly decreased testicular proinflammatory
cytokine levels compared to CPCG.

Effect of EMD on Histological

Examination of the Testes

In this study, the results of the histological assessment of the
NCG testes indicated normal seminiferous tubule, connec-
tive tissue, germinal epithelial cells, interstitial cells of
Leydig and obvious spermatids. The representative testicular
tissues histology of the CPCG showed significant anomalies
including loss of seminiferous tubule, connective tissues as
well as damages to the germinal epithelium and spermato-
cytes. Whereas, in the EMD + CP groups, marked changes
were observed in the histopathological alterations induced
by CP following treatment with EMD (Figure 5).

Discussion

Gonadotoxicity is one of the most prominent and most
frequently encountered side effect associated with pro-
longed use of CP and there is an urgent need to discover
therapeutic means to mitigate or preserve the reproductive

Drug Design, Development and Therapy 2021:15
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Figure 4 Effects of EMD on testicular proinflammatory cytokine levels in CP treated rats. (A) tumor necrosis factor alpha and (B) interleukin 6. Values were indicated as
mean * SD of 6 rats. ¥p<0.001 versus NCG; **p<0.001 versus CPCG; ***p<0.01 versus CPCG.

Figure 5 Representative histopathological sections of the testes showing the effect of EMD on CP induced histological alterations. H&E staining; 20 magnification; Scale bar
= 50 pm. Black arrow: loss of connective tissues; Red arrow: loss of seminiferous tubule; Brown arrow: damages to the germinal epithelium and spermatocytes.
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viability of cancer patients exposed to CP treatment. This
study was aimed at unravelling the gonado-protective
effects of emodin against CP-induced gonadotoxicity in
male rats by assessing the impact of the treatment on
redox, inflammatory, histological and endocrine altera-
tions. The results indicated that the intraperitoneal admin-
istration of CP engender significant testicular oxidative
stress, inflammation and histological damages. Moreover,
treatment with emodin markedly reversed these aforemen-
tioned changes in the testes.

The toxicity of CP has been widely linked to the toxic
metabolites that are generated upon enzymatic conversion of
the drug by cytochrome P450 (CYP) enzymes.**° Acrolein,
a reactive electrophilic molecule produced from CP metabo-
lism has been principally implicated in most of the oxidative
damage associated with CP administration. Acrolein has the
ability to instigate ROS and oxidative damages via DNA
cross link and interference with tissues that rapidly
proliferate.”*° In addition to the accrued ROS and oxidative
stress generated upon CP exposure, several studies have
illustrated that CP also have the ability to depress antioxidant
enzymes ability.'>>'*? The rapidly proliferating ability of
testicular tissue makes them vulnerable to the toxicity of
CP.* In corroboration with earlier studies, our study por-
trayed that the intraperitoneal injection of CP led to drastic
increase in oxidative stress indices in the testes as demon-
strated by high MDA level and corresponding depression in
testicular antioxidant enzyme capabilities (SOD, GSH, CAT
and GPx).***® The administration of EMD markedly atte-
nuated testicular MDA level, while simultaneously increas-
ing testicular GSH, SOD, CAT and GPx activities compared
with the CP group. This effect may be obviously related to
the antioxidant efficacy of EMD which is supported by pre-
vious studies.*?

The male reproductive system is comprised of several
hormones that enhances the effective production of testoster-
one. Specifically, LH and FSH are critically involved in the
production of testosterone through the stimulation of Leydig
cells and spermatogenesis.®® Furthermore, studies have
demonstrated that the integrity of sperm parameters including
sperm count, viability and motility are directly related to the
rectitude of steroidogenic and spermatogenic pathways.*®
Meanwhile, ROS and oxidative stress have been implicated
in the reduction of steroidogenic hormones including 17-
hydroxysteroid dehydrogenase and 3-f-hydroxysteroid dehy-
drogenase enzymes, leading to depression of testosterone and
LH production.*” > In addition, the reduction in the weight of
the testes of CP treated rats suggests a decrease in the quantity

of spermatogenic cells, which has been suggested to indirectly
impair the secretion of testosterone, gonadotropins and
spermatogenesis.'? The results from this study indicated sig-
nificant reduction in serum concentrations of testosterone,
FSH and LH of CP treated animals, while treatment with
EMD significantly increased the concentration of FSH, LH
and testosterone in the treated groups. This results were clearly
supported by the histopathological examination, which
revealed gross decline and necrosis of cells involved in pro-
duction of testosterone and spermatogenesis.”'~*®

ROS and oxidative stress mediated inflammation has
been implicated in the pathophysiology of CP-induced
toxicity including testicular damages.””** The increased
testicular levels of TNF-a and IL-6 in the untreated CP
administered rats suggests the instigation of inflammatory
related pathways, which corroborates well with previous
reports.*’ Antioxidant and anti-inflammatory agents have
been illustrated for their protective capabilities against
chemotherapy induced testicular toxicities partly or wholly
due to their radicals scavenging capabilities and their
modulatory roles on oxidative sensitive inflammatory
pathways.*' The decrease in testicular TNF-a and IL-6
levels following the intragastric administration of EMD
suggests an improvement in the testicular proinflammatory
mediator status in CP treated rats which corroborates pre-
vious reports.>?%-3

The undesirable consequences of CP on the reproduc-
tive system have been extensively highlighted in many
reports.'*'37 The underlying factor associated with CP
toxicity is mainly its ability to generate ROS and oxida-
tive stress which subsequently impairs endocrine and
gonadotropin secretion resulting in reduction of sex hor-
mones, altered semen quality and decreased male fertility.
In addition, CP-induced ROS perturbs spermatogenesis
via the testicular-endocrine axis which alters the produc-
tion of follicle stimulating hormone, luteinizing hormone
causing subnormal levels of testosterone.’®> As such,
based on the seemingly extensive and prominent status
of ROS and oxidative stress status in CP toxicity and the
resulting decline in steroidogenesis, testosterone produc-
tion, sperm functional parameters and testicular antiox-
idant mechanism, the therapeutic effects of EMD may
thus be hinged on its ability to modulate oxidative imbal-
ance, counteract ROS and oxidative stress, which subse-
quently results in increase in endocrine function and
spermatogenesis culminating in improved reproductive

function.
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Conclusion
Conclusively, this is the first study that demonstrated that

the intragastric administration of emodin at doses of 25

and 50 mg/kg prevented oxidative damage induced by CP

and alleviated testicular and sperm parameters following

CP injection. The protective effect was mediated by

restoration of testicular antioxidant prowess, serum endo-

crine concentration (testosterone, FSH and LH), ameliora-

tion of histopathological

alterations and testicular

inflammation in CP-treated rats. As such, emodin may

serve as a dietary therapeutic supplement to protect against

chemotherapy induced testicular and reproductive toxicity.

Disclosure
The authors declare no conflicts of interest for this work.
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