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Oxidative damage, inflammation, and apoptosis are the primary features of diabetic testicular damage. Curcumin protects against
diabetic testicular injury, but the underlying mechanisms remain obscure. This study examined the effect of curcumin on type 2
diabetes mellitus- (T2DM-) induced testicular injury, oxidative stress, and apoptotic changes. T2DM rats were intraperitoneally
injected with 40 mg/kg STZ after being fed a high-fat diet for 8 weeks. One week after STZ injection, 100 or 200 mg/kg curcumin
was administered orally to the diabetic rats for 16 weeks. Histological changes in the testes were determined by HE staining. Serum
testosterone was measured. Markers of superoxide levels, such as SOD activity and MDA content, and markers of cell death,
including the expression of Bax, Bcl-2, and MAPK family members, were measured by molecular biology or immunohistochemical
techniques. Degeneration and disruption of seminiferous tubule structure were observed in diabetic rats. Serum testosterone
levels were markedly lower in diabetic rats than in control rats. Moreover, testicular apoptosis and Bax expression were much
higher in diabetic rats than in control rats. Superoxide generation, the NADP*/NADPH ratio, and NADPH oxidase subunit
expression, including expression of the gp9 1Phox p47ph°x, and p67phox subunits, increased, while antioxidant enzyme levels decreased
in diabetic rats. Furthermore, the MAPK signaling pathway was activated in diabetic rats. Curcumin partially prevented diabetes-
induced microstructural abnormalities and significantly increased serum testosterone levels compared to untreated T2DM rats.
Additionally, curcumin reduced testicular apoptosis by regulating apoptotic proteins and markedly inhibited oxidative stress levels
by downregulating MDA expression, decreasing NADPH activity, and restoring antioxidant enzymes. Remarkably, curcumin
treatment also suppressed MAPK activation. Thus, curcumin may have therapeutic value in the treatment of diabetes-induced
testicular injury due to its prevention of testicular apoptosis and attenuation of oxidative stress.

male sexual and reproductive dysfunction, which occurs in
both diabetic animals and patients [2, 3]. Low testosterone

Diabetes mellitus (DM), a serious metabolic disorder, is
becoming a major health problem affecting millions of
people. In fact, the global incidence of DM is projected to
reach 642 million by 2040 [1]. Although many researchers
mainly pay attention to the most common complications of
diabetes, such as diabetic cardiomyopathy, nephropathy, and
retinopathy, researchers are becoming increasingly aware of

levels and testicular damage can lead to erectile dysfunction,
decreased sperm motility, and reduced seminal fluid volume
in the context of DM [4]. Even though diabetes-induced
testicular dysfunction is one of the most prevalent diabetic
complications, the underlying mechanisms in the testes that
lead to hypogonadism have not been thoroughly elucidated.
Apoptosis or programmed cell death is a form of cell death
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that eliminates dying cells from the proliferating or differen-
tiating cell population; this process is thought to play a pivotal
role in the pathogenesis of hypogonadism [5]. Apoptotic cell
death is significantly increased in the seminiferous tubules of
streptozotocin- (STZ-) induced diabetic mice and rats and is
considered one of the major reasons underlying infertility in
diabetic animals [6, 7].

Oxidative stress contributes to the pathophysiology of
impaired spermatogenesis and loss of germ cells [8, 9].
Both reactive oxygen species (ROS) overproduction and
diminished antioxidant defenses may result from excessive
oxidative stress in diabetic testes. If the balance between
ROS generation and ROS scavenging systems is lost, super-
oxide accumulation will eventually cause cellular damage
or dysfunction. Additionally, diabetes-mediated oxidative
stress can induce apoptosis [10]. Given the adverse effects
of oxidative stress, there is growing interest in the use of
antioxidants as potentially beneficial therapeutic agents [11].

Curcumin, a yellow curry pigment isolated from the
root of Curcuma longa has well-known powerful antioxidant
properties. In recent years, curcumin has attracted attention
because it possesses a variety of beneficial biological prop-
erties, such as anti-inflammatory [12], antitumor [13], and
antidiabetic [14] activities. Evidence supports the benefits
of 100 mg/kg curcumin against testicular injury from STZ-
induced diabetes via the inhibition of oxidative stress [15-17].
However, whether curcumin plays a beneficial role in testic-
ular injury by reducing nicotinamide adenine dinucleotide
phosphate (NADPH) oxidase remains unknown. Therefore,
this study was designed to evaluate the effect of different
doses of curcumin on STZ-induced diabetic testicular injury,
oxidative stress, apoptosis, and changes in NADPH oxidase.

2. Materials and Methods

2.1. Experimental Animals. Male Wistar rats, at approxi-
mately 4-5 weeks of age and weighing 70-90 g, were provided
by the Laboratory Animal Center of the Preventive Medicine
Academy of Hubei Province. This study was conducted in
accordance with the National Institutes of Health guidelines.
All animal procedures used here were approved by the
Institutional Animal Care and Use Committee of Hubei
University of Science and Technology.

2.2. Type 2 DM Induction and Treatment. Rats were randomly
divided into the following groups: nondiabetic group (con-
trol, n=10), diabetes group (DM, n=20), low-dose curcumin
treatment group (DM+Cur 100 mg/kg group, n=12), and
high-dose curcumin treatment group (DM+Cur 200 mg/kg
group, n=12). Control rats were fed a basal diet for 8 weeks
and then received injections of vehicle (0.1mol/L citrate
buffer). DM rats were fed a high-fat diet for 8 weeks and
then intraperitoneally injected with 40 mg/kg STZ (dissolved
in 0.1mol/L citrate buffer, pH 4.5). Rats with blood glu-
cose levels>11.6 mmol/L were considered diabetic. DM+Cur
groups were intragastrically given 100 or 200 mg/kg/day
curcumin mixed with 0.5% sodium carboxymethyl cellulose
(CMC-Na) to form a suspension for 16 weeks after one week
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of STZ injection. The DM-only and control groups were
intragastrically given vehicle (CMC-Na) only. All animals
were fed a basal diet from the time of STZ injection until the
completion of the experiment.

After the experiments, the rats were anesthetized with
5mg/kg urethane and euthanized. Blood samples were col-
lected, and the serum was separated. Testes were rapidly
removed for histopathological detection. The remaining tis-
sue was stored at —80°C for western blot analysis.

2.3. Measurement of Testosterone Level. Serum testosterone
hormone levels were determined using a testosterone
enzyme-linked immunosorbent assay (ELISA) kit (CUS-
ABIO Biotechnology Co. Ltd, China) in accordance with the
manufacturer’s instructions.

2.4. Histopathological Examination. Testes were fixed in
Bouins solution overnight at 4°C, embedded in parafhn,
sectioned into 5-um thick slices, deparaffinized, and stained
with hematoxylin and eosin (HE). The morphology of the
testes was evaluated under a light microscope.

2.5. Determination of Biochemical Indices. Testis tissue was
harvested and homogenized in 50 mmol/L phosphate buffer.
Subsequently, the homogenate was centrifuged at 3000x g at
4°C for 15 min. The levels of superoxide dismutase (SOD),
malondialdehyde (MDA), and glutathione peroxidase (GSH-
Px) in the resultant supernatant were measured according
to the appropriate detection kits purchased from Nanjing
Jiancheng Bioengineering Institute (China) [18].

2.6. Terminal Deoxynucleotidyl Transferase-Mediated dUTP
Nick End-Labeling (TUNEL) Assay. TUNEL assays were
performed following the manufacturer’s instructions (Roche
Applied Science, USA). Briefly, samples were dewaxed with
xylene, rehydrated using 100% to 50% ethanol, incubated in
1% Triton X-100 at room temperature for 15 min, and then
placed in 3% H,0,-methanol solution at room temperature
for 10 min. Subsequently, 20 mg-mL~" proteinase K was added
to sections and incubated for 15 min. The sections were then
incubated with TdT-enzyme at 37°C for 1 h and washed with
phosphate-buffered saline (PBS) three times. Then, 100 uL
of digoxigenin (conjugated to horseradish peroxidase, POD)
was placed on each section. 3, 3'-Diaminobenzidine (DAB)
was used as a staining agent. Apoptotic cells were stained
brown and analyzed by randomly counting TUNEL-positive
cells under a fluorescence microscope at 400x magnification
(Olympus BX53, Japan) [19].

2.7. Immunohistochemical Determination of Bcl-2 and Bax
Expression. Samples were sliced into 5-ym thick sections and
mounted onto glass slides. B cell lymphoma 2 (Bcl-2) and Bcl-
2-associated X (Bax) primary antibodies (1:200, Santa Cruz
Biotechnology, USA) were applied to each sample, and the
samples were incubated at 4°C overnight. After three washes
with PBS, a biotinylated horse anti-mouse immunoglobulin
G (IgG) solution was added to the samples and incubated
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for 30 min. The samples were then incubated with avidin-
biotin-peroxidase complexes. The reaction was visualized
after incubation with a DAB solution. Images were captured
under a microscope at 200x magnification.

2.8. Measurement of Superoxide in Testes by DHE Staining.
Testicular tissue was embedded in an optimal cutting temper-
ature gel, sliced to a thickness of 5 ym with a cryotome, and
then placed on glass slides. Specimens were incubated in a
light-impermeable chamber at 37°C for 30 min after applica-
tion 0of 10 M dihydroethidium (DHE, Life Technology, USA)
and washed twice with PBS. In the presence of superoxide,
DHE is converted to the red fluorescent 2-hydroxyethidium
molecule. Images of testicular tissue (400x magnification)
were captured using an inverted fluorescence microscope
(Olympus IX71, Japan).

2.9. Determination of the NADP*/NADPH Ratio. Because
NADPH oxidase activation is closely related to the promotion
of oxidant production, we evaluated NADPH oxidase activity
and the expression of some of its isoforms. NADP and
NADPH levels were determined using an EnzyChromTM
NADP*/NADPH assay kit (Bioassay Systems, CA) according
to the manufacturer’s instructions. The assay is based on a
glucose dehydrogenase cycling reaction. Concentrations of
NADP" and NADPH were measured at 565 nm and recorded
with a Bio-tek ELx800.

2.10. Western Blot Analysis. Testicular tissue was homog-
enized in 1x radioimmunoprecipitation assay (RIPA) lysis
buffer (Cell Signaling Technology, USA) and centrifuged
at 12000 rpm for 15min at 4°C. Protein concentrations in
the supernatant were measured by a bicinchoninic (BCA)
protein assay (Beyotime, China). An equal concentration of
protein was loaded and separated by sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE), and the fol-
lowing antibodies were used for western blotting: Bcl-2, Bax,
p67°M°%, p38 mitogen-activated protein kinase (MAPK), and
phospho-p38 MAPK (Thr180/Tyr182); Jun NH2-terminal
kinase (JNK) and phosphor-JNK (Thr183/Tyr185); extracellu-
lar signal-related kinase (Erk)1/2MAPK and phosphor-Erk1/2
MAPK (Thr202/Tyr204) (1:1000, Cell Signaling Technology,
USA); and p47°"* and gp91P"** (1:200, Santa Cruz Biotech-
nology, USA). The membranes were then incubated with
the appropriate secondary antibodies for 1h at 37°C. Blots
were visualized with enhanced chemiluminescence (ECL)
kits (Pierce Biosciences, USA).

2.11. Statistical Analysis. Data are presented as the mean+SD
from repeated experiments. Statistical analysis was per-
formed using one-way analysis of variance (ANOVA). Dif-
ferences were considered statistically significant at a P
value<0.05.

3. Results

3.1. Curcumin Improved the Basic Conditions of DM Rats.
After the 16-week treatment period, eight rats died in the DM

TABLE 1: Serum testosterone concentration in different groups.

Groups Testosterone (ng/ml)
Control 724 £1.09

DM 1.23+0.36"
DM+Cur 100 mg/kg 2.88 +0.82"
DM+Cur 200 mg/kg 4.70 +1.24

Control: control group; DM: diabetes model group; DM+Cur 100 mg/kg:
low-dose curcumin treatment group (100 mg/kg); and DM+Cur 200 mg/kg:
high-dose curcumin treatment group (200 mg/kg). Values are presented
as the mean=SD. *P<0.05 versusthe control group. *P<0.05 versusthe DM
group. n=7-9.

group, while three and two rats died in the 100 mg/kg and
200 mg/kg curcumin treatment groups, respectively. These
rats died due to diabetic ketoacidosis, infection, or cardiomy-
opathy. Throughout the experimental period, control group
rats had white or light-colored fur. In the DM group, the
fur of the rats gradually lost its luster and became dull.
Moreover, three rats had diabetic complications such as
cataracts. Compared with rats in the DM group, rats in the
DM+Cur groups exhibited shiny fur and improvements in all
symptoms.

3.2. Curcumin Prevented Metabolic Changes in Diabetic Rats.
The DM group exhibited typical symptoms of diabetes,
including hyperglycemia, polydipsia, and polyuria. As shown
in Figure 1, body weight was remarkably reduced, while the
level of blood glucose was significantly increased in the DM
group (P<0.05 versus the control group). These metabolic
abnormalities were reversed in all of the curcumin treatment
groups in a dose-dependent manner (P<0.05 versus the DM

group).

3.3. Curcumin Ameliorated the DM-Induced Reduction of
Testosterone Hormone. The serum testosterone levels of dif-
ferent groups are shown in Table 1. Compared with the
control group, the DM group showed a significant decrease in
the serum testosterone concentration (P<0.05). In addition,
the serum testosterone concentration was significantly higher
(P<0.05) in the curcumin treatment groups than in the DM

group.

3.4. Curcumin Attenuated DM-Induced Pathological Changes.
Histological sections from the testes of all groups are pre-
sented in Figure 2. Examination of HE-stained sections of
testicular tissue from the control group showed normal tes-
ticular structure. Germinal cells in the testes of diabetic rats
showed abnormal changes, including degeneration, disorga-
nization, and interstitial edema. Low-dose curcumin treat-
ment ameliorated the testicular histological damage, with
the exception of germinal disorganization, interstitial edema,
and congestion. High-dose curcumin treatment resulted in
normal histology and architecture.

3.5. Curcumin Decreased DM-Induced Apoptosis in the Testis.
Apoptosis in the different groups, as indicated by TUNEL-
positive staining, is presented in Figure 3(a). In the present
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FIGURE 1: Curcumin prevented metabolic changes in diabetic rats. (a) Curcumin elevated the body weight of rats. (b) Curcumin reduced
the blood glucose levels in rats. n=7-9. Values are presented as the mean=+SD. * P<0.05 versus the control group. “P<0.05 versus the DM group.
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FIGURE 2: Histological changes in testes visualized using hematoxylin-eosin staining. (a) Representative images at 200x magnification;
bar indicates 50 ym. n=5. (b) Representative images at 400x magnification; bar indicates 20 ym. n=5. (I) Control group; (II) STZ-diabetes
group; (III) treated with a low dose of curcumin; and (IV) treated with a high dose of curcumin (magnification=400x).
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FIGURE 3: Curcumin decreased DM-induced apoptosis in the testis. (a) Representative images of apoptotic cells stained by TUNEL
(magnification=400x; bar indicates 20 ym). (b) Representative immunohistochemical staining of Bcl-2 (magnification=200x; bar indicates
50 um). (c) Representative immunohistochemical staining of Bax (magnification=200x; bar indicates 50 ym). (d) Representative images of
Bcl-2 and Bax protein; f-actin served as the loading control. (e) Quantitative analysis of Bcl-2 expression. (f) Quantitative analysis of Bax
expression. (g) Analysis of TUNEL-positive cells. n=4. Values are presented as the mean+SD. *P<0.05 versus the control group. *P<0.05

versus the DM group.

study, TUNEL-positive cells were rarely observed in the con-
trol group. Germ cells demonstrated the typical morphologi-
cal features of apoptosis, including chromatin condensation
and cytoplasmic budding; these cells were stained brown
and were markedly observable in the testes of DM rats.
Curcumin administration remarkably decreased the number
of apoptotic germ cells, confirming its protective effect by
targeting apoptosis.

To further assess the impact of curcumin on testis sur-
vival, we analyzed apoptosis-related proteins by immunohis-
tochemistry and western blot analysis. As shown in Figures
3(b)-3(f), Bcl-2 was downregulated and Bax was upregulated
in the DM group. Compared with the DM group, the

DM+Cur groups exhibited a significant decrease in Bax and
an increase in Bcl-2.

3.6. Curcumin Inhibited DM-Induced Oxidative Stress. As
shown in Figures 4(a)-4(c), there was greater accumulation
of lipid peroxides in the testes of rats in the DM group, with
a concordant reduction in both SOD and GSH-Px activities
as well as an increase in MDA release(P<0.05 versus the
control group). After treatment with curcumin, both SOD
and GSH-Px activities were significantly elevated, and the
concentration of MDA was greatly reduced. The observed
difference was statistically significant (P<0.05 versus the DM

group).



G
'
S

1

SOD
(U/mgprot)
GSH-Px
(U/mgprot)
s ¢ ¢

=

BioMed Research International

15

1]

S

MDA
(mmol/mgprot)

=l

11: DM group

: Control group

III: DM+Curl00mg/kg group

>
O’
‘@\ o“\‘ o}@c oé‘é%
S 5 &
RS o
& &
X X
o o
(c)
400
1V: DM+Cur200mg/kg group =) *
Z 5300
o £
=) g #
¥ 3 *
25200 ;
-
g =100 T
=
0 ; T
& s & P
& \@ ’\SQ
xo& xoo‘
Ov\ 0‘3

(d)

&

(e)

FIGURE 4: Curcumin inhibited DM-induced oxidative stress. (a) Curcumin elevated SOD activity in testes. (b) Curcumin enhanced GSH-Px
activity in testes. (c) Curcumin reduced the MDA content in testes. (d) Representative images of DHE staining. (e) Analysis of the fluorescence
signal from DHE, n=4. Values are presented as the mean+SD. *P<0.05 versus the control group. *P<0.05 versus the DM group.

ROS, a key contributor to oxidative stress, was detected
with DHE staining. As presented in Figure 4(d), superoxide
fluorescence, which is representative of the ROS concentra-
tion, was significantly increased in the testes of the DM group.
After treatment with curcumin, a decrease in superoxide
fluorescence was observed.

3.7. Curcumin Attenuated DM-Induced NADPH Oxidase Iso-
form Expression and Decreased the NADP*/NADPH Ratio in
Testes. As shown in Figure 5, the ratio of NADP*/NADPH
and the expression levels of p47Ph%, p67P™°%, and gp91P°*
were significantly increased in the DM group compared with
those in the control group. The ratio of NADP*/NADPH and
the expression levels of p47°"*, p677"°%, and gp91P"** were
markedly inhibited in the curcumin administration groups
compared with those in the DM group (P<0.05). From these
results, we concluded that the protective effect of curcumin
against DM-induced testis injury is largely attributed to the
suppression of NADPH oxidase-mediated ROS production.

3.8. Curcumin Inhibited DM-Induced Mitogen-Activated Pro-
tein Kinase (MAPK) Pathway Activation in Testes. The MAPK

pathway is involved in both cell survival and apoptosis. To
determine the protective effects of curcumin, we measured
the expression of MAPK family members, including JNK,
p38MAPK, and ERK, in the different groups. As shown in
Figure 6, a greater increase in the phosphorylated forms
of p38, JNK, and ERK1/2 was observed in the DM group
than those of control group (P<0.05). However, curcumin
administration significantly alleviated the diabetes-induced
activation of MAPK in the testes (P<0.05).

4. Discussion

The salient findings from our study suggested that cur-
cumin exerts a protective effect on STZ-induced testicu-
lar impairment by increasing testosterone hormone secre-
tion, ROS/O2” production, and apoptosis. Glucose toxicity-
induced testicular injury is believed to contribute to oxidative
stress in diabetes. However, treatment of testicular injury
remains challenging; curcumin may serve as an alternative
treatment for testicular injury in diabetes. In a previous
study, researchers used 100 mg/kg curcumin to treat diabetic
rats and found that curcumin inhibited lipid peroxidation;
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FIGURE 5: Curcumin inhibited NADPH oxidase activity and subunit expression. (a) Representative images of p47°"**, p67°, and gp91°"*
protein. (b) Curcumin reduced the NADP*/NADPH ratio. (c) Quantitative analysis of p47Phox expression. (d) Quantitative analysis of p67Phox
expression. (e) Quantitative analysis of gp911’h°x expression. n=4-5 per group. Values are presented as the mean+SD. *P<0.05 versus the

control group. “P<0.05 versus the DM group.

however, the mechanism underlying the beneficial effect of
curcumin on ROS in the testis was not elucidated [15-17].
In our study, we first used different doses of curcumin to
determine its effect on STZ-induced testicular injury and
found that 200 mg/kg curcumin induced greater improve-
ment than 100 mg/kg curcumin, indicating a dose-dependent
antioxidant effect from curcumin as well as inhibition of ROS
generation. Our data also revealed that inhibition of NADPH
oxidase in the testes is an advantageous effect of curcumin.

Accumulating evidence has demonstrated that diabetes
plays an essential role in the etiology of testicular dysfunction
by causing atrophy of seminiferous tubules and loss of
spermatogenetic cells [20], which serve as morphological
markers of spermatogenesis malfunction [21]. In our study,
serum testosterone levels were decreased, and noticeable
morphological changes in testes, including disruption of the
structure of seminiferous tubules and a considerable reduc-
tion in the number of spermatogenic cells, were observed
in diabetic rats. Curcumin treatment attenuated testicular
injury by increasing serum testosterone levels and mitigating
these pathologic alterations.

Our data suggest that diabetes induces apoptosis in
testicular tissue in a manner somewhat similar to that in
earlier reports [6, 22]. Apoptosis is considered the main
contributing factor to the pathogenesis of testicular injury in

experimental animals with DM. Thus, inhibition of diabetes-
induced apoptosis is believed to represent a potential thera-
peutic approach for the treatment of testicular damage. Bcl-
2, an antiapoptotic protein, inhibits mitochondrial apoptosis
by suppressing Bax oligomerization followed by inhibition of
cytochrome c release. Diabetes increases apoptotic cell death
in testicular tissue through upregulation or downregulation
of Bcl-2 family proteins [23]. Zhao et al. also supported this
finding by reporting a marked increase in the Bax/Bcl-2
ratio in diabetic testes [24]. In parallel with morphological
changes, curcumin reduces the number of TUNEL-positive
cells by increasing Bcl-2 expression and decreasing Bax
expression in the testes of diabetic rats. Thus, curcumin
potentially exerts protective effects through inhibition of
mitochondria-dependent apoptosis.

Cumulative evidence suggests that diabetes-induced tes-
ticular apoptosis is mostly due to elevated oxidative stress
[25]. Oxidative stress induces testicular damage in many
ways. Increased ROS production induces lipid peroxidation
and mitochondrial lesions in germ cells, leading to dys-
function in testicular spermatogenesis and steroidogenesis
[26, 27]. Moreover, increased ROS generation leads to DNA
damage and germ cell abnormalities due to its genotoxic
effects in the testes [28]. Therefore, ameliorating oxidative
stress in diabetic rats represents a method to attenuate
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FIGURE 6: Curcumin inhibited the MAPK pathway. (a) Representative images of p-p38, p38, p- INK, JNK, p-ERK, and ERK. (b) Quantitative
analysis of the p-38/p38 ratio. (c) Quantitative analysis of the p-JNK/JNK ratio. (d) Quantitative analysis of the p-ERK/ERK ratio. n=3-4 per
group. Values are presented as the mean+SD. * P<0.05 versus the control group. * P<0.05 versus the DM group.

testicular injury. In the present study, endogenous antioxi-
dant enzymes, including SOD and GSH-Px, were suppressed,
while the lipid peroxidation biomarker, MDA, was signifi-
cantly elevated in the testes of diabetic rats. Moreover, the
present data clearly confirmed the marked increase in ROS
in diabetic rat testes. These results are consistent with the
increased cellular oxidative stress and lipid peroxide accu-
mulation previously demonstrated in experimental diabetic
animals [28].

NADPH oxidase is composed of four cytosolic subunits
(p40P™%, p47PhoX| p67Pho% and Racl) and two membrane
subunits (gp911°hox and p22ph°x). Active oxidase (O°7) gen-
erates superoxide by transferring reducing equivalents from
NADPH or NADH to oxygen [29]. A body of evidence
has indicated that NADPH oxidase is broadly expressed

in tissues and is the major source of ROS in diabetic
animals [30, 31]. ROS derived from NADPH oxidase plays
a key role in boosting the development of diabetes-induced
testicular damage. Xu M et al. demonstrated that the level of
NADPH oxidase subunits p22P"%, p47°" and p67P"°* was
significantly higher in diabetic testes than in normal testes
and that elevated NADPH oxidase activity leads to significant
diabetes-induced testicular damage [32]. Consistent with that
report, our study showed that the expression of NADPH
oxidase isoforms p47°™*, p67°"%, and gp91°"** was higher
and that the NADP"/NADPH ratio was also significantly
higher in diabetic testes. Moreover, curcumin effectively
reversed the diabetes-induced overactivation of NADPH oxi-
dase, decreasing the expression of isoforms p47°™°*, p67P1x,
and gp91P™*, Thus, sustained NADPH oxidase inactivation
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during curcumin treatment could potentially contribute to
the suppression of ROS generation.

MAPK acts as a pivotal regulator of cell apoptosis-
and cell proliferation-related signaling pathways. P38 MAPK
activation is involved in diabetes-induced testicular apoptotic
cell death through the mitochondrial cell death pathway
[24]. JNK is activated by cellular stress conditions, such as
oxidative stress, and participates in mitochondrial apoptosis
by increasing the translocation of Bax to the mitochondria,
thereby promoting mitochondrial pore formation in dia-
betic animals [33]. Recent reports have demonstrated that
increased phosphorylation of ERK is closely associated with
testicular damage in streptozotocin-induced diabetic rats [34,
35]. Therefore, we tested the levels of these proteins to inves-
tigate their role in diabetes-induced testicular dysfunction.
MAPK was also activated in the testes of diabetic animals,
and curcumin inhibited the diabetes-induced activation of
MAPK. Curcumin may help suppress the MAPK pathway
and ultimately block apoptosis to exert its protective effect.

In conclusion, our study provided convincing evidence
that curcumin rescues STZ-induced testicular damage,
oxidative stress, and apoptosis possibly via regulation of
NADPH oxidase activity and the MAPK pathway. These out-
comes demonstrate that curcumin is a potential therapeutic
agent for the recovery of STZ-induced testicular injury. Thus,
these findings merit further study in a more clinically relevant
setting.
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