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ABSTRACT

Objective(s): We aimed to investigate the effects of quercetin (QRC) against cyclophosphamide (CP)-
induced testicular damage and how it interacts with apoptotic and inflammatory signaling pathways.
Materials and Methods: Forty male Wistar rats were randomly divided into four groups, 10 in each
group; Control group (corn oil, intragastrically, 14 days), QRC group (100 mg/kg QRC, dissolved
in corn oil, 14 days), CP group (200 mg/kg CP, intraperitoneally, single dose on the 7th day), and
CP+QRC group (100 mg/kg QRC, intragastrically, 14 days and 200 mg/kg CP, intraperitoneally, single
dose on the 7th day). Animals were sacrificed one day after the last QRC application and the effects of
quercetin were evaluated by histological, morphometrical, and hormonal parameters. Also, nuclear
factor kappa B (NFkB), nuclear factor erythroid 2 related factor 2 (Nrf2), Bcl-2 associated X protein
(Bax), and B-cell lymphoma-2 (Bcl-2) immunoreactivities were evaluated immunohistochemically.
Results: CP increased the testicular weight/body weight ratio, significantly decreasing body weights
and testicular weights. All hormone levels were also reduced significantly. Morphometrically,
seminiferous tubules diameter and germinal epithelial thickness decreased, while a significant
increase was determined in interstitial field width in addition to histological damage. Furthermore,
immunohistochemical findings also indicated that NFkB and Bax immunoreactivity were increased in
the CP group, whereas significant decrease was seen in Nrf2 and Bcl-2 immunoreactivity. Apoptotic
cell and tubule index were reduced in CP. QRC ensured improvement in all findings.

Conclusion: Data showed us, that QRC may have preventive effects in CP-induced testicular damage

by acting on NFkB, Nrf2, Bax, and Bcl-2 pathways.
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Introduction

Infertilityisanimportant problemaffecting approximately
15% of couples in the world and approximately half of
infertility problems result from male individuals. High and
long-term use of chemotherapeutic drugs for treatment is
effective in male infertility caused by testicular dysfunction
(1). Cyclophosphamide is a cytotoxic alkylating agent
and is commonly used in clinics for its antitumoral and
immunosuppressive effects. Although it is an effective
drug in the treatment, it causes damage to many tissues,
including the testes, by acting against cells in the division
phase in healthy tissues (2, 3). The active metabolites of
CP are phosphoramide mustard and acrolein, which are
involved in the effectiveness of the drug. Phosphoramide
mustard is activated with a reactive intermediate that causes
DNA breaks, disruptions in DNA synthesis, and eventual
cell death. On the other hand, acrolein takes part in cellular
toxicity by inactivating DNA repair proteins (2).

Despite the therapeutic efficacy of the drug, its side
effects on many systems, including the genital system,
have been indicated in many clinical and experimental
studies (2, 4-6). In addition, experimental studies have
also shown decreased body and testicular weights, sperm
viability, number and motility, serum testosterone, follicle-
stimulating hormone (FSH), and luteinizing hormone
(LH) levels. Also, degenerative changes result from an
interruption in the spermatogenesis process in testis tissues
following CP treatment of male rats (2, 3, 7-10). Although

the mechanisms of CP in testicular toxicity are still not clear,
according to studies, CP acts by causing oxidative stress by
disrupting the oxidation-antioxidation balance in tissues (4,
11, 12). Studies have shown that CP therapy is effective in
the formation of free radicals and reactive oxygen species
(ROS) and increases the formation of ROS. Increased ROS
causes induction of apoptotic and inflammatory signaling
pathways (1, 2, 9, 11, 13).

Nuclear factor kappa B (NFkB) functions as a regulator
of the inflammatory response by inducing the transcription
of proinflammatory cytokines in cells in which oxidative
stress is triggered (14). Rezaei et al. (5) reported that
immunoreactivity of NFkB in testis tissue was detected
as intense staining including primary spermatocyte and
Leydig cells of CP-treated mice. Nuclear factor erythroid 2
related factor 2 (Nrf2) balances antioxidant/detoxification
genes and scavenges oxidative stress-induced ROS via
translocating into the nucleus to interact with AREs (15).
Furthermore, the evidence from studies shows that there is
an interaction between Nrf2 and NFkB signaling pathways
(16, 17). Maremanda et al. (16) reported that NFkB protein
expression increased significantly due to induction of the
inflammatory pathway, whereas Nrf2 expression, which
is a member of the antioxidant defense system, decreased
significantly in CP-induced testicular damage. Bcl-2
associated X protein (Bax) / B-cell lymphoma-2 (Bcl-
2) signaling pathway plays a vital role in mitochondria-
mediated apoptosis and hence impacts the development
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of testicular injury due to CP treatment. In animal studies,
the expression of Bax increases, whereas Bcl-2 expression
decreases due to CP treatment in rats (18, 19).

Phenolic compounds present as nutritional antioxidants
can protect healthy tissues from oxidative-induced damage
(5). Quercetin (QRC) is one of the members of the flavonoid
group, which consists of phenolic components and is found
in many food sources (20). QRC successfully protects cells
from the degenerative effects of drug toxicity by scavenging
free radicals and increasing endogenous antioxidant
levels (21, 22). Researchers (23) evaluated the antioxidant
activity of QRC in their experimental studies and stated
that ROS induces the NFkB pathway and QRC, which is
an antioxidant component, provides ROS regulation in the
cell and increases Nrf2 activation through the antioxidant
response element ARE. Also, in one study, it was reported
that QRC reduced the expression of Bax and induced Bcl-2
in triptolide-induced apoptosis (24).

Accordingto our literature review, no study was found that
evaluated the antiapoptotic and anti-inflammatory effects of
QRC against CP-induced testicular damage with changes in
intracellular signaling pathways immunohistochemically.
Our study was performed using histological, morphometric,
immunohistochemical, and hormonal parameters with the
assumption that CP causes testicular damage and QRC has
a preventive effect in rats.

Materials and Methods
Chemicals

Cyclophosphamide ~ was  purchased from  EIP
ECZACIBASI (Endoxan, Istanbul, Turkey), and QRC was
obtained from Alfa Aesar (Kander, Germany).

Ethics committee approval and animals

The study was approved by the Experimental Local Ethics
Committee of Trakya University (permission number:
TUHDYEK-2017/07).

Experimental design and animals

Forty male Wistar albino rats, three months old,
weighing 250-300 g were obtained from the Experimental
Animals Research Unit (Trakya University, Edirne, Turkey).
Throughout the experiment, animals were cared for in
standard laboratory conditions (22 + 1 °C, in a 12-hr
light/dark cycle; relative humidity 55%) and were allowed
unrestricted access to water and food. The rats were
randomly divided into four equal groups (n=10) as follows:

Control group was given only solvent (corn oil) for 14
days intragastrically (IG), QRC group was administered
i.g. QRC (100 mg/kg) dissolved in corn oil for 14 days,
CP group was injected with a single dose CP (200 mg/kg)
intraperitoneally (IP) on the 7th day of the study, CP+QRC
group was administered i.g. QRC (100 mg/kg) for 14 days,
and injected with CP (200 mg/kg) IP (2, 25).

Twenty-four hours after the last dose of QRC, all rats were
sacrificed by cervical dislocation under xylazine (Rompun,
Bayer, Istanbul, Turkey) and ketamine (Ketasol, Richter
Pharma AG, Wels, Austria) anesthesia. Blood samples were
collected by cardiac puncture and centrifuged for hormonal
analysis and testis tissues were taken from the animals for
histological and immunohistochemical examinations. In
addition, body weights and testicular weights of animals
were recorded. The ratio of both testis’s weight to body
weight was also calculated.

Serum testosterone, FSH, and LH ELISA evaluations
In the obtained serum samples, serum testosterone,
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FSH, and LH were measured using Enzyme-Linked
Immunosorbent Assay (ELISA (Elabscience, Houston, TX,
USA)). All hormone analyses were performed according to
the instructions in the datasheets.

Morphometric and histological analysis

All rats were sacrificed while under anesthesia and their
testes were dissected and fixed with neutral 10% formalin
(Sigma-Aldrich, Taufkirchen, Germany). Testes samples
were processed by routine histological tissue procedure.
Sections of 5 um thickness were taken from paraffin blocks
and hematoxylin and eosin (H&E) staining was performed.
The preparations were examined and photographed with
a light microscope (Olympus BX51, Tokyo, Japan) and an
attachment (Olympus DP20 microscopic digital camera
system) at different magnifications (x100, x200, x400).

In H&E stained preparations, seminiferous tubules
diameter, germinal epithelial thickness, and the interstitial
tield width were measured using the Imaging Analysis System
(Version 2.11.5.1, Kameram-Argenit, Istanbul, Turkey) at
x100 or x400 magnification. For these measurements, the
cross-section of 100 randomly selected round or near-round
tubules was evaluated for each animal. Likewise, interstitial
tield widths were calculated by measuring 100 different sites.
All these parameters were evaluated on 5 testes sections of
each animal and 20 different fields (26, 27).

Tubular alterations were evaluated histologically, by
examining 6 testes sections from each animal at x100
magnification, according to the following criteria:
Detachment (rupture of spermatocyte cells from the germinal
epithelium), sloughing (shedding of germ cells from the
germinal epithelium into the lumen), and vacuolization
(the formation of cavities in the seminiferous tubule). The
mean percentage for each section was determined via the
number of normal or damaged round tubules divided by
the total round tubules in the same area for each sample,
and the results were multiplied by 100. Three different fields
were evaluated for each section and their average was taken.
Evaluations were determined as in previous studies (27, 28).
NFkB, Nrf2, Bax and Bcl-2 immunohistochemical
evaluations

Immunohistochemical staining was performed as
previously reported using the streptavidin-biotin complex
method (27). The slides were incubated with anti-NFkB
antibody (1:100; Thermo Scientific/Lab Vision) for 1 hr at
room temperature, anti-Nrf2 (1:400; Abcam, Cambridge,
MA, USA), anti-Bax (1:250; Abcam), and anti-Bcl-2
(1:200; Abcam) antibodies were also incubated overnight
in a humidified chamber at 4 °C. Negative controls were
substituted with phosphate-buffered saline (PBS) instead
of the primary antibodies. Biotinylated secondary antibody
(Biotinylated Goat Anti-Polyvalent, Thermo Scientific/
LabVision) and then streptavidin-peroxidase (Thermo
Scientific/LabVision) were applied for 10 min at room
temperature. Afterward, 3-amino-9-ethylcarbazole (AEC,
Thermo Scientific/Lab Vision) was used to chromogenize
and counterstain with Mayer’s hematoxylin.

The immunoreactivities of NFkB, Nrf2, Bax, and Bcl-
2 were evaluated semi-quantitatively with the HSCORE
method calculated as HSCORE = Xi x Pi. All scores were
classified based on the percentages of stained cells for each
intensity score (Pi) and the following intensity categories: (i;
0 = no staining, 1 = weak staining, 2 = moderate staining,
3 = intense staining). Five randomly selected fields were
examined under the microscope at x400 magnification by
two independent observers and the obtained values were
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averaged (29, 30).

TUNEL assay

Apoptosis was determined via TUNEL assay, using the
Apop Tag Plus Peroxidase In Situ Apoptosis Detection
Kit (Merck Millipore, Billerica, MA, USA ApopTag). At
least one hundred seminiferous tubules sections randomly
selected from each specimen were evaluated for the
presence of dark brown stained nucleus of apoptotic cells.
The average number of TUNEL-positive cells per tubule and
the number of apoptotic tubules with at least one TUNEL-
positive cell were determined. The average apoptotic cell/
tubule ratio (apoptotic cell index) and apoptotic tubule
index were obtained for each animal (31).

Statistical analysis

All data were executed via SPSS version 20.0 (IBM SPSS
Statistics; Armonk, NY, USA). The normal distribution of
the variables was tested with the Kolmogorov-Smirnov test,
and the normally distributed data were compared using
one-way ANOVA followed by Tukey and Tamhane tests
according to the homogeneity of the group variances. Non-
normally distributed data were evaluated with the Kruskal-
Wallis and then the Mann-Whitney U post-hoc tests. All
values were written as mean + standard deviation (SD) and
the significance value was accepted as P<0.05.

Results
Body weight, testicular weight, and relative testicular
weight findings

The numerical values of body weight, testicular weight,
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and relative testicular weight with statistical evaluations
among groups are presented in Table 1. Body and total
testis weights significantly decreased in the CP group
compared to the control and QRC groups (P<0.001 and
P<0.01, respectively). However, in the QRC+CP group,
QRC treatment significantly slowed down the decrease in
body weight compared to the CP group (P<0.05). Total
testis weight changes were slightly increased and this change
was not significant. On the other hand, relative testicular
weights increased in the CP group (P<0.001), these values
were slightly decreased in the CP+QRC group compared
with the CP group, but this change also was not significant.

Serum testosterone, FSH, and LH ELISA findings

The effect of QRC on CP-injected rats’ serum testosterone,
FSH, and LH levels is presented in Table 2. All hormone
levels were significantly reduced in the CP group, compared
to the control and QRC groups (P<0.001). However, QRC
treatment improved all three hormone levels significantly
in the CP+QRC group compared to the CP group (P<0.001,
P<0.001, and P<0.05 respectively; Table 2).

Morphometric and histological findings

Statistical comparisons of morphometric analyses
between groups are presented in Table 3. While seminiferous
tubules diameter and germinal epithelial thickness
decreased significantly in the CP group compared to the
control and QRC groups (P<0.001), the interstitial field
width increased significantly (P<0.001). However, QRC
contributed to testicular tissue integrity by protecting effects

Table 1. Comparison of body weights (BW) (g), total testicular weights (g), and testicular weight/body weight ratios (TAI = TA/VA x 100) in control and

experimental groups of rats

Parameter Control QRC CP CP+QRC P-value
BW change 10.1£5.17 8.7+3.5 -54.9+11.72" -41.4+13.61°" P<0.001
Total testicular weight 2.52+0.24 2.53+0.13 2.3240.137"" 2.38+0.16™ P<0.05
TAI=TA/VA x 100 0.95+0.1 0.94:+0.09 1.05£0.06™* 1.01£0.08 P<0.05

Data are expressed as mean+SD, n=10 in each group

* P<0.001 compared to control group; ** P<0.05 compared to control group, ¥ P<0.001 compared to QRC group; 11 P<0.05 compared to QRC group,

# P<0.05 compared to CP group
CP: Cyclophosphamide; QRC: Quercetin

Table 2. Comparison of serum testosterone, FSH, and LH levels in control and experimental groups of rats

Parameter Control QRC CP CP+QRC P-value
Testosterone (ng/ml) 9.47+4.29 9.85+5.96 0.75+0.13"" 1.76+0.58 " P<0.001
FSH (ng/ml) 20.52+10.91 22.83+8.98 0.63+0.2°" 1.92+1.03°% P<0.001
LH (mIU/ml) 56.42+19.79 57.89+16.83 0.70.16™ 1.49+0.96"1 P<0.001

Data are expressed as mean+SD, n=10 in each group

* P<0.001 compared to control group, t P<0.001 compared to QRC group, # P<0.001 compared to CP group; ## P<0.05 compared to CP group
FSH: Follicle-stimulating hormone; LH: Luteinizing hormone; CP: Cyclophosphamide; QRC: Quercetin

Table 3. Comparison of seminiferous tubules diameter (um), germinal epithelial thickness (um), and interstitial field width (um) in control and experimental groups

of rats
Parameter Control QRC CP CP+QRC P-value
Seminiferous tubules diameter 288.69+2,25 289.98+7,25 237.06+5,79" 263.88+7,47 " P<0.001
Germinal epithelial thickness 61.51+2.14 64.52+4.24 37454247 53.3+2.05 " P<0.001
Interstitial field width 19.41+2.23 20.342.55 56.49+7.71° 39.15+4.31°" P<0.001

Data are expressed as mean+SD, n=10 in each group

* P<0.001 compared to control group, t P<0.001 compared to the QRC group, # P<0.001 compared to the CP group

CP: Cyclophosphamide; QRC: Quercetin
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Table 4. Comparison of histological structure changes of seminiferous tubules in control and experimental groups of rats

Percentage of seminiferous tubules Control QRC CP CP+QRC P-value

Normal 90.45+1,94 91.28+2,67 31.46+2.63"" 68.93+2.178"% P<0.001
Detached 5.36+1.63 5.42+1.79 28.87+4.79" 13.96+3.54% P<0.001
Sloughed 2.06+1.29 1.17+0.70 21.59+7.25" 7.48+1.72°% P<0.001
Vacuolized 2.13+0.73 2.12+1 27.93+3.44° 15.38+2.32°% P<0.001

Data are expressed as mean+SD, n=10 in each group

* P<0.001 compared to control group, T P<0.001 compared to the QRC group, # P<0.001 compared to the CP group

CP: Cyclophosphamide; QRC: Quercetin

ot W
e ol W

Figure 1. Representative photomicrographs of testis tissues in control and
experimental groups of rats

[A and B] the control group showed normal histological structure of testis
seminiferous tubules (asterisks) and interstitial field (IF), normal seminiferous
tubules, regularly organized germinal epithelial cells (GEC) and Sertoli cells (Sc),
and Leydig cells interstitial tissues (IF). [C and D] In the QRC group normal
histological structure was observed similar to the control group. [E and F] CP group
demonstrated damaged seminiferous tubules including detachment (De), sloughing
(SI), and vacuolization (V). Also, interstitial edema (Ed), disintegration of Leydig
cells (Ly), and congestion or hemorrhage (He) were seen in the interstitial field (IF).
[G and H] CP+QRC group showed mild degeneration in the seminiferous tubules
and interstitial field. Furthermore, seminiferous tubules with preserved structural
integrity, active spermatogenesis, and relatively regular interstitial field (IF) with
Leydig cells were seen in this group. However, some seminiferous tubules including
detachment (De), sloughing, or vacuolization (V) were seen in some regions. Staining
and magnification of photomicrographs of rat testis tissue sections [H&E x200; A, C,
E, G] and [H&E x400; B, D, F, H].

CP: Cyclophosphamide; QRC: Quercetin

on all morphometric parameters in the CP+QRC group

compared to CP (P<0.001).
Tubular histological assessments are presented in Table
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4. Photomicrographs of control and QRC groups showed
normal organization of mature active seminiferous tubules
and germinal epithelial cells. Also, connective tissue
structural elements, Leydig cells, and blood vessels were
observed in normal histological structure in the interstitial
field. (Figure 1. A-D). CP group revealed different levels
of degenerative tubular changes, irregular arrangement of
germ cells, detachment and sloughing of germinal epithelial
cells, and vacuolization resulting from cell loss at germinal
epithelium, giving rise to tubular atrophy (Figure 1. E and
F). All degenerative tubular changes were significantly
induced in the CP group compared with the control and
QRC groups (P<0.001). Besides, irregular connective tissue,
degeneration of Leydig cells, blood vessel congestion,
localized hemorrhage foci, and interstitial edema were
determined in the interstitial field. However, in the CP+QRC
group, all histological damages were significantly decreased
compared to CP-treated animals (Figure 1. G and H), with
the beneficial contribution of QRC (P<0.001).

Immunohistochemical findings

The NFkB, Nrf2, Bax, and Bcl-2 HSCORE values of all
groups and the statistical evaluations of these data are given
in Table 5.

NFkB immunoreactivity

The testicular immunoreactivity of NFkB was examined
by immunohistochemical staining methods. NFkB
immunoreactivity indicated weak staining in the germinal
epithelium of control and QRC groups (Figure 2. A and
B). However, in the CP group, the seminiferous tubules
sections showed intense staining, especially in primary
spermatocytes, and in other cells moderate or intense
staining was observed. Also, in the interstitial field, Leydig
cells were moderately or weakly stained (Figure 2. C).
NFkB immunoreactivity was significantly increased in CP-
treated testes sections compared to the control and QRC
groups (P<0.001). With administration of QRC in addition
to CP, NFkB immunoreactivity was significantly reduced
compared to the CP group. (P<0.001, Table 5, Figure 2. D).

Nrf2 immunoreactivity

When Nrf2 immunoreactivity of the control and QRC
groups was evaluated, it was observed to be intense or
moderate staining in germinal epithelial cells, especially
in spermatids near the luminal surface, in the germinal
epithelium and Sertoli cells. In the interstitial field, Leydig
cells were stained moderate to weak (Figure 2. E and F).
However, weak staining was observed in all germinal
epithelial cells in testicular sections of the CP group, and very
weak staining in Leydig cells located in the interstitial field
(Figure 2. G). It was determined that Nrf2 immunoreactivity
in the CP group decreased significantly when compared with
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Table 5. Comparison of NFkB, Nrf2, Bax, and Bcl-2 immunoreactivities (HSCORE) in control and experimental groups of rats

Parameter Control QRC CP CP+QRC p-value
NFkB 110+£14.91 89+17.13 210.50+22.29°" 154+17.61°% P<0.001
Nrf2 160.50+9.85 173+11.60 101£12.20°" 136.50+10.55"% P<0.001
Bax 10611.74 102+10.33 205+17.32°F 150+19" P<0.001
Bcl-2 169.50+13.63 170+16.83 96.50+11.07° 145+18.63% P<0.001

Data are expressed as mean+SD, n=10 in each group

* P<0.001 compared to control group, + P<0.001 compared to QRC group, # P<0.001 compared to CP group
NFkB: Nuclear factor kappa B; Nrf2: Nuclear factor erythroid 2 related factor 2; CP: Cyclophosphamide; QRC: Quercetin; Bcl-2: B-cell lymphoma-2

Figure 2. Inmunohistochemical staining of NFkB and Nrf2 in the control
and experimental groups of rats

[A and B] NFkB immunoreactivity was weak in the control and QRC groups. [C]
Whereas, NFkB immunoreactivity increased in the CP group compared to the
control and QRC groups. [D] In the CP+QRC group, NFKkB immunoreactivity was
significantly decreased compared to the CP group. [E and F] Nrf2 immunoreactivity
was seen as moderate or intense staining in the control and QRC groups similarly. [G]
However, Nrf2 immunoreactivity significantly decreased in the CP group compared
to the control and QRC groups. [H] In the CP+QRC group, Nrf2 immunoreactivity
was significantly increased compared to the CP group. PS, primary spermatocyte; S,
spermatid; V, vacuole; Ly, Leydig cell; De, detachment; Sl, sloughing. Hematoxylin
counterstain, original magnification x400 [NFkB immunoreactivity A, B, C, D] [Nrf2
immunoreactivity E, F, G, H].

NFkB: Nuclear factor kappa B; Nrf2: Nuclear factor erythroid 2 related factor 2; CP:
Cyclophosphamide; QRC: Quercetin

the control and QRC groups (P<0.001). In the CP+QRC
group, moderate or weak staining was seen in germinal
epithelial cells and Sertoli cells, while weak staining was
determined in Leydig cells. In the CP+QRC group, the Nrf2
immunoreactivity was increased significantly compared to
the CP group (P<0.001, Table 5, Figure 2. H).

Iran ) Basic Med Sci, 2024, Vol. 27, No. 5

Bax and Bcl-2 immunoreactivity

For evaluating the apoptotic pathway, we examined
Bax and Bcl-2 expressions in testes sections. Bax
immunoreactivity was weak in the control and QRC groups.
However, the CP group revealed a significant increase in Bax
immunoreactivity compared to the control and QRC groups
(P<0.001, Figure 3. A and B). In the testicular sections of the

Figure 3. Immunohistochemical staining of Bax and Bcl-2 in the control
and experimental groups of rats

[Aand B] Baximmunoreactivity was weak in the controland QRC groups. [C] However,
in the CP group, Bax immunoreactivity increased compared to the control and QRC
groups. Intense Bax immunoreactivity showed perinuclear localization, especially
in primary spermatocytes. [D] In the CP+QRC group, Bax immunoreactivity was
significantly decreased. [E and F] Bcl-2 immunoreactivity was observed as moderate
or intense and stained similarly in the control and QRC groups. [G] Whereas,
Bcl-2 immunoreactivity significantly decreased in the CP group compared to the
control and QRC groups. [H] In the CP+QRC group, Bcl-2 immunoreactivity was
significantly increased. PS, primary spermatocyte; S, spermatid; V, vacuole; Ly, Leydig
cell. Hematoxylin counterstain, original magnification x400 [Bax immunoreactivity
A, B, C, D] [Bcl-2 immunoreactivity E, F, G, HJ.

CP: Cyclophosphamide; QRC: Quercetin; Bcl-2: B-cell lymphoma-2; Bax: Bcl-2
associated X protein
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Figure 4. TUNEL staining of testis tissues in the control and experimental groups of rats
[A and B] In the control and QRC groups, a few TUNEL-positive cells (arrows) were observed in the seminiferous tubules of testis tissues. [C] The TUNEL-positive cells were
significantly higher in the seminiferous tubules of testis tissues in the CP group. [D] Treatment of QRC markedly decreased the TUNEL-positive cells in the CP+QRC group.

Hematoxylin counterstain, original magnification x400.
CP: Cyclophosphamide; QRC: Quercetin

Table 6. Comparison of apoptotic cell and apoptotic tubule indexes in control and experimental groups of rats

Parameter Control QRC CP CP+QRC P-value
Apoptotic cell index 0.23+0.88 0.13+0.73 5.43+1.37°" 1.17+0.36™% P<0.001
Apoptotic tubule index 13.32+1.61 10.13+3.94 59.06+6.35"F 34.18+10.41°% P<0.001

Data are expressed as mean+SD, n=10 in each group

* P<0.001 compared to control group; ** P<0.05 compared to control group, ¥ P<0.001 compared to QRC group; 11P<0.05 compared to QRC group,

# P<0.001 compared to CP group
CP: Cyclophosphamide; QRC: Quercetin

CP group, intense Bax immunoreactivity was determined
in the entire germinal epithelium, more prominent in
primary spermatocytes and spermatids. Between the
seminiferous tubules, Leydig cells with moderate or intense
staining were observed. It was noteworthy that intense
Bax immunoreactivity showed perinuclear localization,
especially in primary spermatocytes (Figure 3. C).
Treatment with QRC prevented significantly the increase
of Bax immunoreactivity in CP+QRC group of animals
(P<0.001, Table 5, Figure 3. D).

Bcl-2 expression in testes sections was moderate in control
and QRC groups, especially in primary spermatocytes and
spermatids close to the tubule lumen. In addition, moderate
or weak staining was seen in Leydig cells (Figure 3. E and F).
In contrast to Bax, Bcl-2 immunoreactivity was decreased
significantly in CP-injected animals compared to the control
and QRC groups (P<0.001, Figure 3. G). On the other hand,
QRC treated in addition to CP significantly up-regulated
the immunoreactivity of Bcl-2 compared to the CP group
(P<0.001, Table 5, Figure 3. H).

TUNEL findings

The TUNEL method was applied to determine apoptosis
in testis tissues. The apoptotic assessment was performed by
calculating the apoptotic cell index and the apoptotic tubule
index. The apoptotic cell or tubule index assessment was
similar in the control and QRC groups (Figure 4. A and B).
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However, there was a significant increase in apoptotic cell
or tubule indices in the CP group compared to the control
and QRC groups. (P<0.001, Figure 4. C). Treatment of QRC
markedly reduced both the apoptotic cell or tubule indexes
in the CP+QRC group compared with the CP group in
testes sections (P<0.001, Table 6, Figure 4. D).

Discussion

In the present study, the preventive effect of QRC, which
is a powerful antioxidant, was investigated using hormonal,
histological, and immunohistochemical parameters to
contribute to the prevention/reduction of testicular damage
and related infertility due to CP. In addition, the anti-
apoptotic and anti-inflammatory effects of QRC in testicular
damage induced by CP in Wistar rats was studied to identify
novel regimens for improving CP treatment. According
to our findings, the decrease in body weight, serum
testosterone, FSH, and LH hormone levels was significantly
prevented by QRC, while damaged seminiferous tubules and
interstitial fields were significantly regressed. Furthermore,
QRC significantly reversed the increase of NFkB and Bax
immunoreactivities and the decrease of Nrf2 and Bcl-2
immunoreactivities in CP-induced testicular damage. In
addition, QRC regressed CP-induced DNA fragmentation
in the testis. To our knowledge, this is the first study to
investigate the effects of QRC on CP-induced testicular
damage through immunohistochemical examinations
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of apoptotic and inflammatory signaling pathways in an
experimental model.

Cyclophosphamide is an effective cytotoxic alkylating
agent in the treatment of hematological and solid tumors
as well as many neoplastic and autoimmune diseases and
is used immunosuppressive in organ transplantation (9,
10, 12). Although extensive used, it is also associated with
some serious side effects, such as testicular toxicity and
infertility (5, 7, 12). The toxic effect of CP may be mediated
by disrupting the oxidation-antioxidation balance system in
testes (9, 11, 13, 32).

Numerous nutritional antioxidants and dietary
supplements have been utilized to deal with testicular
toxicity caused by CP in experimental models, and many of
them report encouraging results (10-12, 33-35).

Similar to previous studies on CP toxicity, a significant
decrease was observed in body weight and total testicular
weight in our study (2, 9, 36). In addition, studies showing
a significant increase in testicular weight/body weight
ratios are also consistent with our findings (36,37). In the
study conducted by Kim et al. (37) 150 mg/kg of CP was
given intraperitoneally for 2 consecutive days and it was
determined that the food consumption of the animals
that received CP injection also decreased significantly. It
seems that the body weight loss and the decrease in food
consumption seen in the CP group are associated with dose-
dependent CP toxicity. Therefore the testicular weight/
body weight ratio was found to be higher in the CP group.
Besides, the cytotoxic effect of CP may have caused atrophy
in the testicular tissue and significantly reduced testicular
weights. With QRC, body weight loss was less significant
in the CP+QRC group compared to CP. Testicular weights
were slightly preserved in the CP+QRC group, but it was
not statistically significant.

Another finding associated with testicular damage is a
disruption in the production of serum testosterone, FSH,
and LH hormones. In our study, there was a significant
decrease in all hormone levels in the CP group compared
to the control and QRC groups, which is consistent with
previous studies (2, 4, 38, 39). According to previous
studies, CP may have a detrimental effect on the pituitary
gland, which plays a pivotal role in the secretion of these
hormones, and the decrease in serum testosterone may
be due to CP-induced membrane lipid peroxidation and
Leydig cell degeneration in testes (33, 40). QRC treatment
significantly increased all three hormone levels compared
to the CP. In addition, QRC significantly increased these
hormones in lead-induced testicular toxicity (41).

CPiscytotoxic to cells with high mitotic activity, therefore,
it makes the testicular and germinal epithelium, which has a
high proliferative rate, a target for the detrimental effects of
the drug. In our study, we evaluated the histological changes
in the seminiferous tubules. In the CP group, the number
of normal seminiferous tubules was significantly decreased
compared to the control and QRC groups, whereas,
detached, sloughed, and vacuolized damaged seminiferous
tubules were increased significantly. Disorganization and
tubular atrophy in the seminiferous tubules, separation of
the primary spermatocytes from the germinal epithelium,
vacuolization, immature cell sloughing, and congestion or
hemorrhage accompanied by edema in the interstitial field
were observed. Degenerative changes seen in seminiferous
tubules in CP exposure are in agreement with the literature
(36,40,42). In our study, the deterioration in morphometric
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data in the CP group suggests that testicular damage
could be linked to the observed significant histological
changes. As a result of our literature review, our findings
were consistent with other CP studies (39, 40, 43). Besides,
QRC significantly decreased the number of detached,
sloughed, and vacuolized seminiferous tubules compared
to the CP group. Positive changes were also observed
in morphometric data depending on the histological
changes. Also, it was reported that seminiferous tubules
diameters and germinal epithelial thicknesses increased,
while the interstitial field width decreased significantly
when 50 mg/kg QRC was given daily together with arsenic
administration, which causes testicular damage by inducing
oxidative stress (44). Our findings were parallel to this
study. We think that CP-induced ROS production and
increase in oxidative stress may have degenerative effects on
seminiferous tubules and decreased seminiferous tubules
diameter and germinal epithelial thickness by causing
Leydig cell degeneration by damaging DNA, protein, and
enzymes, and indirectly impairing steroidogenesis and
spermatogenesis. Consequently, this degeneration may be
due to increased edema in the interstitial field between the
tubules with reduced tubular diameter as a result of atrophy
of the tubules. QRC may contribute to the preservation
of histological structure by reducing ROS production,
maintaining mitogenic activities of germinal epithelial cells,
and maintaining testosterone production in Leydig cells.

NFKkB is a transcription factor that acts on the expression
of many proinflammatory genes such as cytokines,
chemokines, and adhesion molecules, and initiates the
inflammatory pathway (14). In the present study, NFkB
immunoreactivity was significantly increased in the CP
group, whereas it significantly decreased in the CP+QRC
group compared to the CP group. Increased NFkB
immunoreactivity in CP-induced testicular damage has
been previously demonstrated (5, 16). It has also been
reported that QRC causes a decrease in NFKB expression in
experimental toxicity studies with different agents (45-47).
In our study, we think that QRC may have anti-inflammatory
effects on germinal epithelial cells by suppressing NFKB
expression, and may have contributed positively to the
steroidogenesis in Leydig cells and spermatogenesis in the
seminiferous tubules.

The transcription factor Nrf2 regulates the recruitment
of inflammatory cells and regulates gene expression through
the antioxidant response element ARE. In addition, Nrf2
is responsible for the regulation of antioxidant enzyme
expressions, which have been examined in many biochemical
studies (15, 48). In this study, while Nrf2 immunoreactivity
was significantly decreased in the CP group compared with
the control and QRC groups, it was significantly increased
in the CP+QRC group compared with the CP group. CP
administration causes Nrf2 to be unable to translocate
to the nucleus due to disruption in its phosphorylation,
resulting in an inability to produce antioxidant enzymes
and tissue damage (49). According to studies, it has been
reported that Nrf2 activates the antioxidant defense
system by antagonizing NFkB activity (50, 51). Similar to
our findings, Maremanda et al. (16) reported that NFkB
protein expression increased significantly in testicular
damage due to CP, whereas Nrf2 expression decreased
significantly. Several studies have shown that QRC reduces
drug-induced oxidative stress by increasing Nrf2 activation
and blocking NFkB signaling (48, 52). Accordingly, the
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antagonist relationship between them shows that Nrf2 and
NFkB pathways regulate the intracellular redox balance and
the response of cells to stress and inflammation. The data
obtained in our study support this idea.

The Bcl-2 family is an important cell death regulator that
controls apoptosis in cells (53). Bax and Bcl-2 are members
of the Bcl-2 protein family, and the balance between these
two proteins determines the survival or death of cells
following an apoptotic stimulus. Bax triggers the release
of cytochrome ¢ and thus counteracts the cytoprotective
effect of Bcl-2. On the other hand, Bcl-2 works to inhibit
cytochrome c transition from mitochondria to cytosol
(54). In our study, a significant increase was determined
in Bax immunoreactivity, while Bcl-2 protein showed a
significant decrease in the CP group similar to other studies
(55, 56). However, in the CP+QRC group, Bax protein
significantly decreased, contrary to Bcl-2, immunoreactivity
increased significantly compared to the CP group. In
many studies, in which gene and protein expressions
and immunohistochemical evaluations of Bax and Bcl-2
proteins in CP-induced testicular toxicity were performed,
results consistent with our findings were obtained (2, 24,
32). In addition, Bax immunoreactivity was weakly diffuse
and cytoplasmic in the control and QRC groups, while it
was intensely and occasionally perinuclear localized in the
CP group. The translocation and concentration of cytosolic
Bax in the perinuclear area in the cell is a sign that Bax plays
arole in inducing apoptosis.

To support the relationship between Bax and Bcl-2, we
evaluated apoptotic cell and tubule indexes by the TUNEL
method in our study. Apoptotic cell and apoptotic tubule
indexes of the CP group were significantly increased
compared to the control and QRC groups. However, these
values were significantly decreased in the CP+QRC group
compared to the CP group. In different experimental
studies in which oxidative stress was induced and apoptosis
increased, it was reported that QRC significantly suppressed
the induced apoptotic pathway (57-59). According to our
tindings and current studies, it can be stated that QRC
prevents or reduces DNA fragmentation by preventing the
harmful effects of ROS in germinal epithelial cells.

Our research is the first study to declare the preventive
effect of QRC on CP-induced testicular tissue damage
in terms of apoptotic and inflammatory intracellular
signaling pathways and effective transcription factors
via evaluating hormone assays, tissue histology, and
immunohistochemistry. In our study, CP induced testicular
damage and associated with the occurrence of this damage,
hormonal imbalance, increase in intracellular NFkB
and Bax immunoreactivities, decrease in Nrf2 and Bcl-2
immunoreactivities and increase in apoptotic cell or tubule
indexes were observed. QRC, a powerful antioxidant, anti-
apoptotic, and anti-inflammatory phenolic component,
contributed to improving all parameters compared to the
toxic effects of CP.

Conclusion

We think that QRC has a preventive role against CP-
induced testicular damage by regulating apoptotic and
inflammatory pathways, such as decreased NFkB and
Bax immunoreactivities and increased Nrf2 and Bcl-2
immunoreactivities. Therefore, we believe that QRC may
be effective in the treatment of infertility as a result of CP-
induced testicular damage in clinical practice.
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