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A B S T R A C T

Testicular damage contributes to cyclosporine A (CsA) induced male infertility. However, the exact underlying
molecular mediators involved in CsA-induced testis disorder remains unclear. The present study aimed to
characterize the role of mir-34a/sirt-1 in CsA induced testicular injury alone or in combination with curcumin. A
total of twenty-eight male Wistar rats were subdivided into four groups: control (Con), sham, cyclosporine A
(CsA), cyclosporineA + curcumin (CsA + cur). The animals received cyclosporine A (30 mg/kg) and curcumin
(40 mg/kg) for 28 days by oral gavage. At the end of the experiment, CsA administration significantly resulted in
a decrease in testis weight and testis coefficient. The molecular analysis demonstrated that CsA exposure in-
creased 8-OHdg and Nox4 protein contents in the testis tissue. TUNEL staining indicated that CsA caused the
number of apoptotic cells to increase in the testes of male rats. In addition, exposure to CsA resulted in an
increased expression of Bax, and a decreased expresion in that of Bcl-2, with a concomitant up-regulation of the
Bax/Bcl-2, c-Caspase-3/p-Caspase-3 ratio and cytochrome c level. Meanwhile, exposure to CsA increased the
expression of mir-34a and decreased sirt-1 protein level in the testis tissue samples compared to the control
group. Taken together, our findings suggested that CsA can cause damage to testicular germ cells via oxidative
stress and mitochondrial apoptotic pathway, and probably mir-34a/sirt-1 play a crucial role in this process. It
also demonstrates that these negative effects of CsA can be reduced by using curcumin as an antioxidant and
anti-inflammatory agent.

1. Introduction

Cyclosporine A (CsA) is a powerful immunosuppressive agent that
has been isolated from the fungus Tolypocladium inflatum Gams [1].
Currently, it is typically used for patients who receive organ transplants
and also in the treatment of autoimmune diseases [2]. Nevertheless, it
has been reported that CsA can have serious side effects in multiple

organs, including the reproductive system [1]. Previous studies have
demonstrated that long-term use of CsA induces testicular and sper-
matozoal toxicity as manifested by the disruption of morphology and
vitality of sperms through a variety of mechanisms [1,3]. Oxidative
stress which is induced by excessive generation of reactive oxygen
species (ROS) [4] induces the peroxidation of sperm membrane lipids,
DNA breakage, and decreased sperm motility, leading to infertility
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[5,6]. Since there are high levels of polyenoic fatty acids in testicular
membranes, the testis is particularly susceptible to oxidative damage
[7]. CsA administration induces oxidative stress and subsequent testi-
cular damage accompanied by dysplasia of sperm and spermatogenic
cells [5]. Moreover, CsA markedly induces the impairment of testos-
terone synthesis and DNA damage, and increases the apoptotic index of
germinal cells in seminiferous tubules, resulting in testicular toxicity
[3,5]. There are two main apoptotic pathways, including intrinsic and
extrinsic. Both of these signaling pathways are involved in testicular
germ cell apoptosis in various conditions [8,9], but the main lethal
apoptotic pathway in CsA treatment involves mitochondrial damage
[10]. Accordingly, the exact molecular mechanisms that underlie the
testicular damage during CsA treatment are not fully understood yet.

MicroRNAs (miRNAs) are small non-coding RNAs that play crucial
roles in various biological processes, including proliferation, differ-
entiation, apoptosis, and the response to cellular stress [11]. Regulation
of several protein-coding genes in response to stress-generating agents
can be mediated by alterations in the expression of many miRNAs [12].
Accumulating evidence has revealed the significance of miRNAs as a
novel perspective in the regulation of spermatogenesis and male ferti-
lity [13–15]. MirRNA34a (mir-34a) is a member of the mir-34 family
which is highly expressed in the testis [16]. This miRNA is an oxidative
stress-responsive short non-coding RNA that deals with dis-
advantageous situations [12] in which a high enough stress can trigger
testicular apoptosis, ultimately leading to infertility [1]. Recently, it has
been indicated that mir-34a plays an important role in spermatogenesis
and the function of spermatozoa [17,18]. Moreover, mir-34a and its
target gene sirtuin 1 (sirt-1) contribute to testicular apoptosis, affecting
almost every key cellular function [19]. Sirt-1 is a member of a large
sirtuin family undergoing histone deacetylase activity which is known
as a regulator of cell death/survival and stress response [20]. It is
documented that sirt-1 prevents apoptosis and alleviates oxidative
cellular damage and DNA degradation, thereby promoting cell viability
[21]. In light of this information, mitigating oxidative stress and
apoptosis may be a pivotal therapeutic target for attenuating the da-
mage induced by CsA treatment.

Recently, it has been shown that various phytochemicals derived
from herbs and spices possess powerful antioxidant activity. Thus, they
may play a strong role in protecting organs against various disorders in
controlling the generation of free radical species [22,23].

Curcumin originates from the plant Curcuma longa (turmeric) and,
possesses various biological activities such as antioxidant, anti-in-
flammatory, anti-cancer, anti-apoptotic, and anti-mutagenic effect
[24]. Several studies have reported the protective effects of curcumin in
experimental investigations against testicular toxicity, thereby estab-
lishing the antioxidant and anti-apoptotic properties of curcumin
[25–28]. Curcumin exhibits renoprotective effects against cisplatin-in-
duced nephrotoxicity via modulating oxidative stress and increasing
sirt-1 protein expression [29]. In addition, curcumin has been shown to
inhibit apoptosis through modulating Bax/Bcl-2 expression and im-
proving oxidative stress in the testes of streptozotocin-induced diabetic
rats [30]. However, no data has been provided on the effect of cur-
cumin in testicular injury induced by CsA administration.

Therefore, this study evaluated the effect of CsA treatment on oxi-
dative stress and apoptosis probably mediated by mir-34a/sirt-1
pathway in rats’ testes. It also sought to examine whether curcumin
mitigates the testicular disturbances induced by CsA administration.

2. Materials and methods

2.1. Animals and conditions

All procedures were approved by Urmia University of Medical
Sciences Animal Care Committee, Ministry of Health, Iran
(IR.UMSU.REC.1398.276) and performed in strict accordance to the
National Institutes of Health (NIH) Guide, for laboratory animals’ care.

The animals maintained at 12-h light cycle with controlled temperature
(23 °C–25 °C) and free access to food and water. Twenty-eight male
Wistar rats (weighing 10 ± 220 g; aged 6–8 weeks) were randomly
allocated into four groups (n = 7):

1. Control (Con): The animals were treated with tap water as a vehicle
daily for 28 days.

2. Sham: The animals were treated with Dimethyl sulfoxide solution
(5% DMSO) by gastric gavage daily for 28 days.

3. Cyclosporine A (CsA, Sandimmune®, New Jersey): The animals
were treated with CsA (30 mg/kg) [24] diluted in DMSO by gastric
gavage daily at morning (8:00 Am) for 28 days.

4. Cyclosporine A + curcumin (CsA + cur, Merck, India). The an-
imals were treated with CsA (30 mg/kg) (8:00 Am) and cur (40 mg/kg)
(10:00 Am) [31] diluted in DMSO by gastric gavage daily for 28 days.

At the end of twenty-eight days, the rats were weighted and an-
esthetized with ketamine (60 mg/kg) and xylazine (6 mg/kg) [32], then
the testicular tissues were dissected, washed and dried by a filter paper,
and weighed to calculate the organ coefficient of the testis (testis
coefficient = weight of testis/body weight × 100). A part of the right
testis freezed by liquid nitrogen, and stored at deep freeze (−80 °C) for
gene and protein measurement (Real-time PCR and western blot), and
the other part, was homogenized (10% w/v) in 50 mM Tris-HCl (pH
7.4). The homogenate was centrifuged at 5000×g for 10 min at 4 °C
and obtained supernatant was stored at −80 °C for biochemical ana-
lysis (8-OHdG and cytochrome c). The protein level was evaluated ac-
cording to the Lowry method [33] by bovine serum albumin as a
standard. In addition, left testis was fixed in a 10% buffered formalin
solution for tunnel staining.

2.2. ELISA

For estimation the testicular content of 8-hydroxy-2' –deox-
yguanosine (8-OHdG) and cytochrome c, the supernatant sample was
used by the quantitative sandwich enzyme immunoassay method using
a related ELISA kit (China; Cat. NO. CSB-E10526r) and (China; Cat. NO.
CSB-EL006328RA) in accordance to the manufacturers’ instructions
[6,34]. Accordingly, micro-plates were covered with a particular pro-
tein antibody. Then, standards and samples were drawing off with a
pipette into the wells, and any special protein present was attached by
an immobilized antibody. After dispelling all unbound substances, a
biotin-conjugated Horseradish Peroxidase (HRP) was added to the
wells. Then, a substrate solution was added into the wells to develop a
color which was in proportion to the amount of protein bounded. After
stopping the color development, the intensity of the color was assessed.

2.3. Western blot

Sirt-1, (NADPH oxidase 4) Nox4, (Bcl2-associated X) Bax, (B-cell
lymphoma-2) Bcl2, cleaved Caspase-3 (c-Caspase-3) and pro Caspase-3
(p-Caspase-3) protein levels in the testicular tissue were determined by
Western immunoblotting as described in our previous study [35]. In
order to extract total protein, the tissue immersed in the RIPA lysis
buffer with PMSF (Beyotime). The protein concentration was measured
by the Bradford assay kit (Sigma-Aldrich, USA) and loaded into each
well, then separated by SDS-PAGE. Within an hour, all the loaded
samples transferred to the PVDF membrane. After blocking with 5%
skim milk buffer containing 0.1% Tween 20, the membranes were in-
cubated with primary antibodies overnight at 4 °C in a shaker in-
cubator.

The primary antibodies included anti-sirt-1 (catalog number sc-
74465, 1:500 dilution, SANTA CRUZ), anti- Nox4 (catalog number sc-
21860, 1:500 dilution, SANTA CRUZ), anti-Bax (catalog number sc-
7480, 1:500 dilution, SANTA CRUZ), anti-Bcl-2 (catalog number sc-
492, 1:500 dilution, SANTA CRUZ) or anti-Caspase-3 (catalog number
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14220, 1:1000 dilution, Cell Signaling). Then the membranes incubated
with horseradish peroxidase-conjugated secondary antibody. The in-
tensity of the bands was analyzed with Image J software (IJ 1.46r
version, NIH, USA). Final results presented as a ratio of the target
protein to β-actin protein.

2.4. Real-time PCR

miRNA was extracted from testis tissue using miRCURYTMRNA
isolation kit (Exiqon, Vedbaek, Denmark) according to the protocol
provided by the manufacturer. The RNA concentration and purity were
determined by Nanodrop 1000 spectrophotometer (Thermo scientific,
Wilmington, DE 19810 USA). The expression profile of microRNA was
carried out on total RNA extracts using a cDNA synthesis kit. In brief,
total RNA was polyadenylated and cDNA was synthesized using a poly
(T) primer with a 3 degenerate anchor and a 5 universal tag (Exiqon,
Vedbaek, Denmark). Provided cDNA was utilized as a template for
quantitative real-time PCR of microRNA by taking advantage of the
standard SYBR Green master mix (Exiqon, Vedbaek, Denmark) [36].
Real-time PCR reactions were analyzed with a Bio-Rad iQ5 detection
System (Bio-Rad, Richmond, CA, USA). For miRNA RT-PCR, U6 was
used as endogenous control and the relative expression of miRNA was
calculated by 2-(ΔΔCt) method [37,38]. The results were expressed as the
fold-change to the relevant controls. The following primers were used:
mir-34a forward, 5-CAATCAGCAAGTATACTGCCCT-3; mir-34a reverse,
5-CCAGTGCAGGGTCCGAGGTA-3; U6 sense: 5-GCTTCGGCAGCACATA
TACTAAAAT-3; and U6 antisense: 3-CGCTTCACGAATTTGCGTGTCAT-
5. Sequences were derived from GenBank. The primers were verified
using Gene Runner software (Syngene, Cambridge, UK). The specificity
of the novel primer sets checked by Oligo 7 software.

2.5. TUNEL staining

Apoptosis of the testicular tissue was detected by the terminal
deoxynucleotidyl transferase (TdT) dUTP nick-end labeling (TUNEL)
assay [35]. Sections (5-μm thick) of formalin-fixed paraffin-embedded
(FFPE) testis tissue were used for TUNEL staining with In Situ Cell
Death Detection Kit (Roche Molecular Chemical, cat. number
11684817910). The slides were deparaffinized, rehydrated, and cov-
ered with 20 mg/mL proteinase K (Roche, Germany) for 15 min. En-
dogenous peroxidase activity was blocked via 3% hydrogen peroxide.
Sections were then incubated 50 μL of TUNEL solution(In Situ Cell
Death Detection Kit, Roche, Germany) for 1 h at 37 ∘ C. Staining was
revealed using 3,3diaminobenzidine (DAB, Sigma, Germany) chro-
mogen. The slides were then rinsed in water and mounted. Finally, the
sections were examined by a light microscope [39].

Apoptotic index = (number of labeled cells/total number of cells
counted) × 100.

2.6. Statistical analysis

All data were presented as mean ± SEM using SPSS software
version 16. Comparisons were carried out by one way ANOVA followed
by Tukey's post-hoc test. P < 0.05 was assumed to be statistically
significant.

3. Results

3.1. Body weight and testis weight

The comparisons of the body weight, testicular weight and testicular
coefficient after 28 days of treatment are shown in Table 1. There was
no significant difference in body weight among the groups at the be-
ginning of this study (data not shown). There was a significant decrease
(p < 0.001) in body weight and both testes (measured together)
weight in the CsA group compared to the control and sham. The

testicular coefficient was lower in the CsA group than in the control and
sham groups (p < 0.001). However, after 28 days of treatment, body
weight and testes weights in the CsA + cur group were significantly
(p < 0.05) higher than those in the CsA group. Also, testis coefficient
markedly increased (p < 0.05) by curcumin treatment.

3.2. 8-OHdG and cytochrome c in the testicular tissue

Exposure to CsA resulted in a significant (p < 0.001) increase of
the testis ' 8-OHdG content (32.31 ± 1.05) compared to that of the
control (4.6 ± 0.42) and sham (4.86 ± 0.48) groups (Fig. 1a). In
addition, there was a significant (P < 0.001) increase in cytochrome c
(470 ± 51) in the testis of CsA treated rats as compared to the control
(140 ± 21) and sham (168 ± 19) groups (Fig. 1b). Co-administration
of curcumin along with CsA markedly reduced the 8-OHdG
(28.74 ± 0.47) (p < 0.01) and cytochrome c (312 ± 23) (p < 0.05)
content compared to that of the CsA group.

3.3. Sirt-1, Nox4, Bax, Bcl2, c-caspase-3 and p-caspase-3 protein levels in
the testicular tissue

To estimate the effect of CsA and curcumin treatment on sirt-1,
Nox4, Bax, Bcl-2, Bax/Bcl2 ratio, and Caspase-3 activation, western blot
analysis was performed in testicular tissue obtained from different
groups of study after 28 days of treatment. Based on the present western
blot results, CsA treatment significantly (P < 0.001) decreased sirt-1
(0.275 ± 0.01) and increased Nox4 (3.65 ± 0.17) protein expression
in the testes compared to the control (1 ± 0.0) group (Fig. 2 a, b, c).
However, curcumin treatment alleviated sirt-1 (0.33 ± 0.01)
(P < 0.01) and Nox4 (3.15 ± 1.06) (P < 0.05) protein expressions
in the testes of CsA treated animals. . Then, we further investigated the
role of CsA in the intrinsic apoptotic pathway, namely the ‘mitochon-
dria apoptotic pathway’, which has been shown to be critical in reg-
ulating apoptosis. We analyzed the expression of Bax and Bcl-2 and
calculated the ratio of Bax/Bcl-2 in testicular tissue. Anti-apoptotic
protein Bcl-2 as a key member in the Bcl-2 family, suppresses apoptosis
however, Pro-apoptotic protein Bax could promote apoptosis. As shown
in Fig. 3a and b, exposure to CsA increased the Bax protein expression
and decreased Bcl-2 protein expression in CsA treated rats. So, the Bax/
Bcl-2 ratio was increased (30.09 ± 3.94) in CsA treated rats compared
to control (0.98 ± 0.03) and sham (1.03 ± 0.04) group (P < 0.001),
which were reversed by curcumin administration (7.09 ± 0.88)
(P < 0.001). This result indicates that Bcl-2 family members are in-
volved in curcumin-induced anti-apoptosis in CsA–treated rats. As an
important mediator of apoptosis, in this study, we investigated the
enzymatic activity of the c-Caspase-3 with respect to p-Caspase-3 con-
ducting a western blot analysis. As it was shown in Fig. 3 a and c, c-
Caspase 3/p-Caspase 3 protein level notably enhanced in the CsA group
(7.21 ± 0.58) in comparison with control (1.01 ± 0.0) and sham
(1.04 ± 0.06) animals (P < 0.001). Nonetheless, curcumin admin-
istration could alleviate this ratio (7.09 ± 0.88) in the testes of CsA
treated animals (P < 0.001).

3.4. Mir-34a expression in the testicular tissue

As shown in Fig. 4 RT-qPCR results were employed to find out the
expressions of mir-34a in testicular tissues of rats in different groups.
Our data exhibited significant increase (P < 0.001) in the expression
levels of mir-34a in animals treated with CsA (12.1 ± 0.68) when
compared with control (1 ± 0.0) and sham (1.35 ± 0.26) groups,
while the expression of mir-34a was markedly (P < 0.001) down-
regulated in curcumin-treated rats (1.46 ± 0.27) and returned to a
normal state.
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3.5. Apoptotic cells in the testicular tissue

The apoptosis of testicular tissue was analyzed by a TUNEL assay.
The TUNEL positive cells as the indicator of apoptosis were rarely
identified in control and DMSO group, whereas a significant increase
(p < 0.001) of positive cells was exhibited in the testes of CsA group

(11.92 ± 0.7) compared with the control (1 ± 0.0) and DMSO
(1.45 ± 0.4) groups. Importantly, when compared with the CsA group,
curcumin treatment (10.2 ± 0.3) significantly (p < 0.05) reduced the
number of TUNEL-positive cells (Fig. 5 a, b).

Table 1
Body and testis weight of rats at the end of experiment.

Groups
Con Sham CsA CsA + cur

Body Weight (g) 301 ± 5.7
295 ± 5.2 211 ± 13.03*** 252 ± 9.1$

Testis Weight(g) 3.07 ± 0.07
3.05 ± 0.06 1.97 ± 0.1*** 2.43 ± 0.09$

testis coefficient 1.01 ± 0.02
1.02 ± 0.02 0.8 ± 0.03*** 0.92 ± 0.02$

All data are expressed as mean ± SEM (n = 7): ***P < 0.001 vs control and sham groups. $ P < 0.05 vs CsA group. Con: control, CsA: cyclosporine A, CsA + cur:
cyclosporine A + curcumin.

Fig. 1. The effect of CsA treatment on the 8-OHdg (a) and cytochrome c (b) levels in the testicular tissue in different groups. ***P < 0.001 vs con and sham groups, $
P < 0.05, $$ P < 0.01 vs CsA group. All data are expressed as the mean ± SEM (n = 7).
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Fig. 2. The effect of CsA treatment on the sirt-1 and Nox4 protein expressions in the testicular tissue of all experimental groups. The blotting images of sirt-1 and
Nox4 (a). The bar charts represent the quantitative analysis of the protein levels of sirt-1 and Nox4 (b, c) normalized against β-actin. All data are expressed as the
mean ± SEM (n = 7). ***p < 0.001 vs con and sham groups; $ p < 0.05, $$ p < 0.01 vs CsA group.
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4. Discussion

Although there have been few reports on the morphological and
functional impairments to testicular tissue affecting sperm quality
caused by CsA exposure, none has specifically focused on the possible

mechanism of testicular toxicity in response to CsA treatment leading to
male infertility.

The major findings of the present study were that after long-term
exposure to CsA: (i) CsA could affect the reproductive system of rats
with weight loss, decreased testicular weight, and testis coefficient; (ii)

Fig. 3. The effect of CsA treatment on the Bax, Bcl2 and also c-Caspase-3, p-Caspase-3 protein expressions in the testicular tissue of all experimental groups. The
blotting images of Bax and Bcl2 and also c-Caspase-3, p-Caspase-3 (a). The bar charts represent the quantitative analysis of the Bax/Bcl-2 ratio and c-Caspase-3/p-
Caspase-3 protein level (b, c) normalized against β-actin. All data are expressed as the mean ± SEM (n = 7). **p < 0.01, ***p < 0.001 vs con and sham groups; $
$$ p < 0.001 vs CsA group.
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CsA administration led to a significant increase in 8-OHdG and Nox4
levels as an oxidative stress manifestation in the testes of male rats; (iii)
an increase in testicular apoptotic cells was observed in CsA-treated rats
as evidenced by an increased Bax (therefore, an increased ratio of Bax/
Bcl-2), a decreased Bcl-2 expression, and a concomitantly increased
ratio of c-caspase3/p-caspase3 in the CsA-treated group compared to
the control group; (iv) further molecular analysis showed that CsA
elevated mir-34a gene expression and decreased sirt-1 protein level in
the testes of male rats. Moreover, significant amelioration of oxidative
stress manifestations and apoptosis indices was observed in the cur-
cumin-treated animals. These alterations were probably mediated
through the mir-34a/sirt-1 pathway.

Some studies have reported contradictory results on testicular
weight [1,5,38]. CsA administration alone caused a significant reduc-
tion in testicular weight in the present study, which can be attributed to
the sensitivity of rats used in different studies. The reduction in testi-
cular weight and testis coefficient may be explained by CsA-induced
testis atrophy mediated by ROS production, subsequently decreasing
testosterone production [39]. Turk et al. reported that CsA caused
testicular structural and functional disruptions including reduced sperm
concentration and motility, an increased abnormal sperm rate, and
decreased diameter of seminiferous tubules and germinal cell thickness
of the testes, as well as degeneration, necrosis, interstitial edema, des-
quamative germinal cells, and the deceleration of spermatogenesis.
These testicular abnormalities are associated with oxidative stress as
evidenced by a significant increase in MDA (malondialdehyde) level,
and a decrease in GSH (glutathione) level and GSH-PX (glutathione
peroxidase) and CAT (catalase) activities [5]. Therefore, oxidative
stress as a result of excessive generation of oxygen radicals or impair-
ment of antioxidant systems is a powerful cause of testicular toxicity
[1].

Nox4 is one of the principal sources of ROS generation in several
tissues contributing to oxidative stress [40–43]. It belongs to the
members of the Nox family of NADPH oxidases which is generally
considered the predominant source of ROS through redox signaling
regulators [44]. It is more general than those of some other Nox en-
zymes which are extensively expressed in many other cell types in-
cluding the testes [44–46]. The increased Nox4 activity in these tissues
may critically contribute to the formation of ROS, leading to oxidative
stress [44,46]. It was clearly exhibited that Nox4 is a pro-oxidant gene
and structurally active, playing a critical role in the toxicity of toxicant
agents by accelerating the reaction of the production of nitric oxide

(NO) and superoxide free radicals [47]. Mohammadi et al. demon-
strated that a high expression of Nox4 in Mancozeb (as a fungicide)-
treated rats may result in oxidative stress in the testes of male albino
mice [48]. Increased Nox4 also has been shown in children with un-
descended testes [46] and in diabetic reproductive damage [49]. This is
the first study that examines Nox4 levels in CsA-treated rats. The Nox4
levels were significantly higher following CsA exposure as determined
in our study.

Another finding of the present study was the significant increase in
oxidative DNA damage in the testes of the CsA-treated group compared
to control and sham groups. This undesirable effect is manifested by a
high level of 8-OHdG in CsA treatment [5]. The 8-OHdG level is a
ubiquitous marker of oxidative stress which shows the endogenous
oxidative damage to DNA [50]. It is generally considered as a bio-
marker of mutagenesis consequent to oxidative stress due to dis-
turbances in the macromolecular structure. This potential marker of
DNA damage is formed from oxidation a hydroxyl group that is added
to the 8th position of the guanine molecule, known as 8-OHdG [51].
Studies exhibited that 8-OHdG elevation positively contributes to poor
semen quality, infertility, and birth defects, thereby having a negative
relationship with reproductive success [52]. Previously, it was reported
that exposure to CsA results in a remarkable increase in spermatozoa
DNA damage and a significant decrease in fertilization rate [53]. Since
8-OHdG is a kind of DNA oxidation production which has the slowest
repair kinetics, it is the most popular adduct originating in the DNA
oxidative process [54].

Hence, oxidative stress induction in this study, indicated by elevated
expression of 8-OHdG and Nox4 protein levels, contributes to testicular
damage following CsA treatment.

A growing body of evidence has demonstrated that ROS production
is clearly responsible for inducing apoptosis [49,55]. Apoptosis has a
deleterious effect on testicular tissue and leads to irreversible damage
to spermatogenesis [49]. Pan et al. have reported increased DNA
breakage and a marked elevation in spermatogenic apoptotic cells in
CsA-treated mice [55]. To provide mechanistic insight into molecular
aspects of CsA-induced apoptosis, in the present study, we examined
mitochondrial apoptotic molecular alterations which were approved as
a main lethal apoptotic pathway in CsA-induced cell death [10]. Our
analysis for the first time revealed that CsA administration increases
Bax and caspase 3 and decreases Bcl-2 protein expressions, thereby
increasing the ratio of Bax/Bcl-2 in the testis tissues, wherein the
number of TUNEL-stained cells also concomitantly increased.

Fig. 4. The effect of CsA treatment on the mir-34a gene expression in the testicular tissue in different groups. ***P < 0.001 vs con group and sham groups, $$$
P < 0.001 vs CsA group. All data are expressed as the means ± SEM (n = 7).

A.M. Ghazipour, et al. Chemico-Biological Interactions 327 (2020) 109180

7



Fig. 5. Assessment of apoptosis in different groups. a) Images of apoptotic cells in the testicular tissue of rats treated with CsA with TUNEL staining. CsA exposure
caused an increased number of apoptotic cells in the testicular tissue (black arrow). Magnification × 400. b) Quantitative analysis of the apoptotic index (percentage
of TUNEL-positive nuclei, %). All data are expressed as the mean ± SEM (n = 7). ***p < 0.001 vs con and sham groups; $ p < 0.05 vs CsA group. Scale bars are as
indicated.

A.M. Ghazipour, et al. Chemico-Biological Interactions 327 (2020) 109180

8



The mitochondrial, or intrinsic, apoptotic pathway is modulated by
the members of the Bcl-2 protein family [56]. Bcl-2 family proteins
consist of anti-apoptotic and pro-apoptotic proteins which are critical
apoptotic regulators, involved in cell death. The pro-apoptotic Bax
stimulates cytochrome c release and caspase activation, contributing to
cell apoptosis, which could be counteracted by Bcl-2, an anti-apoptotic
protein [57]. An increased ratio of Bax/Bcl-2 may activate caspase 3
which is a critical mediator of apoptosis, resulting in apoptosis [57].

Mir-34a is documented as a pro-apoptotic microRNA in various cell
types [16]. Guo et al. [58] found that mir-34a knockout leads to a
significant increase in progressive sperm motility in zebrafish. Some
genes including apoptotic (p53) and anti-apoptotic (Bcl2 and sirt1)
genes have been revealed to be mir-34a targets [59]. Mir-34a could
stimulate apoptosis by down-regulating anti-apoptotic proteins [59].
Mir-34a was proved to modulate sirt1 expression at the transcription
level. Sirt1 is a class III protein deacetylase and can modulate DNA
function through histone deacetylation and influence several tran-
scription factors such as those controlling ROS generation, e.g. FoxO
pathways [60]. It appears that free radicals leading to oxidative stress
can, in turn, control the activity of sirt1 [61]. Recently, the critical role
of mir-34a/sirt-1pathway was established in testicular apoptotic cell
death induced by diabetes [11].

Interestingly, in this study, we observed that the up-regulation of
mir-34a expression in the testes of CsA-treated animals was associated
with a reduction in sirt-1 protein level.

Considering the above, our results suggest that CsA administration
induces oxidative stress and apoptosis via the mir-34a/sirt-1 signaling
pathway. These findings classify redox-sensitive, mitochondrial apop-
totic pathway, and mir-34a/sirt-1 alterations as novel mechanisms
causing CsA-induced testicular toxicity.

The second point addressed in this study was that the protective
effects are likely related to anti-oxidative and anti-apoptotic effects of
curcumin, which were possibly mediated by suppressing the activation
of mir-34a/sirt-1 pathway [49].

A large body of evidence has revealed that the curcumin protective
effects on sexual glands are in part due to its antioxidant and anti-
apoptotic properties. Previous studies have shown that curcumin sup-
plementation modulates oxidative stress manifestation such as super-
oxide dismutase, glutathione peroxidase enzyme activities, and lipid
peroxidation in testicular injury [26–28,48]. In addition, inhibiting
apoptosis by modulating Bax/Bcl-2 expression after curcumin treat-
ment has been verified in testicular disturbances in oxidative conditions
[26,28,30,62]. Accordingly, if CsA consumption induces testicular in-
jury through oxidative stress and apoptosis, as confirmed by the present
study, the rescue effects of curcumin supplementation on these ab-
normalities will be due to antioxidant and anti-apoptotic properties of
curcumin.

Based on the above information, curcumin could reduce apoptotic
cells in testicular tissue, but there is some apoptotic cells left in the
peripheral layer where the diploid germ cells adjacent to the basement
membrane is located (spermatogonia). According to the literature,
there was high sensitivity to various deleterious toxicant exposures in
spermatogonia rather than other epithelial cells [63]. It was estimated
that decrease in the activity of antioxidant enzymes following toxicants
exposure may lead to the more accumulation of free radicals and in-
creased level of lipid peroxidation in peripheral layers contributed to
more cell death [64].

To the best of our knowledge, this is the first investigation to show
curcumin-mediated protection against CsA-induced oxidative and
apoptotic injury by modulating the mir-34a/sirt-1 pathway, thereby
preventing the testicular tissue from injury induced by CsA. This might
confirm a novel mechanism for curcumin-mediated attenuation of tes-
ticular tissue injury induced by CsA.

5. Conclusion

Results of the present study provide new insight into the fact that
CsA induces testicular damage as evidenced by an increase in oxidative
stress damage markers and apoptotic cells, which are mediated, at least
in part, by mir-34a/sirt-1 pathways. Administration of curcumin along
with CsA exerts beneficial effects on the testes and might, therefore, be
effective in CsA-induced testicular damage. Therefore, curcumin is an
effective therapeutic agent with which one can mitigate oxidative stress
and apoptosis in the testes of CsA-treated rats. However, further re-
search is still required to define the exact details of the mechanisms
through which CsA exposure exerts its deleterious effects on testes,
causing abnormalities.
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