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Testicular torsion and detorsion (TTD) is a serious urological condition affecting young males that is
underlined by an ischemia reperfusion injury (tIRI) to the testis as the pathophysiological mechanism.
During tIRI, uncontrolled production of oxygen reactive species (ROS) causes DNA damage leading to
germ cell apoptosis (GCA). The aim of the study is to explore whether inhibition of NADPH oxidase
(NOX), a major source of intracellular ROS, will prevent tIRI-induced GCA and its association with endo-
plasmic reticulum (ER) stress. Sprague-Dawley rats (n = 36) were divided into three groups: sham, tIRI
only and tIRI treated with apocynin (a NOX inhibitor). Rats undergoing tIRI endured an ischemic injury
for 1 h followed by 4 h of reperfusion. Spermatogenic damage was evaluated histologically, while cellular
damages were assessed using real time PCR, immunofluorescence staining, Western blot and biochemical
assays. Disrupted spermatogenesis was associated with increased lipid and protein peroxidation and
decreased antioxidant activity of the enzyme superoxide dismutase (SOD) as a result of tIRI. In addition,
increased DNA double strand breaks and formation of 8-OHdG adducts associated with increased phos-
phorylation of the DNA damage response (DDR) protein H2AX. The ASK1/JNK apoptosis signaling path-
way was also activated in response to tIRI. Finally, increased immuno-expression of the unfolded
protein response (UPR) downstream targets: GRP78, eIF2-a1, CHOP and caspase 12 supported the pres-
ence of ER stress. Inhibition of NOX by apocynin protected against tIRI-induced GCA and ER stress. In con-
clusion, NOX inhibition minimized tIRI-induced intracellular oxidative damages leading to GCA and ER
stress.
� 2020 The Author(s). Published by Elsevier B.V. on behalf of King Saud University. This is an open access

article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

Testicular ischemia reperfusion injury (tIRI) is the suggested
underlying mechanism for testicular torsion and detorsion (TTD),
which is a urological emergency that commonly affects young
males with a possibility of future infertility issues (Kessler and
Bauml, 2009). It is well documented that TTD/tIRI results in oxida-
tive DNA damage, seminiferous tubule (ST) atrophy and germ cell
apoptosis (GCA) (Asadi et al., 2017). Deciphering the cellular path-
ways following TTD/tIRI is critical in understanding male infertility
issues since the abnormal spermatozoa of infertile men are com-
monly linked to oxidative stress (Baker and Aitken, 2005). If the
intracellular antioxidant system is impaired and/or the production
of reactive species (ROS) exceeds the cellular defense capacity, this
will create oxidative stress (OS) (Masella et al., 2005).

NADPH oxidase (NOX) is one of the main endogenous sources of
ROS. It is composed of two membrane-bound subunits (gp91phox

and p22phox), three cytosolic subunits (p67phox, p47phox and
p40phox) and a guanine nucleotide-binding (G) protein (Babior,
2004). Subunit assembly of the enzyme is required to catalyze
the electron transfer from NADPH to oxygen and releasing the
superoxide anion according to the following reaction:
NADPH + 2O2 ? NADP+ + H+ + 2O2

�. The physiological importance
of NOX was emphasized by its association with chronic diseases or
diseases associated with excessive NOX-generated ROS (Lambeth,
2007). In the testes, NOX5 has been identified in spermatocytes,
which play an essential role in germ cell proliferation and fertiliza-
tion (Banfi et al., 2001). There is also growing evidence showing
enhanced ROS generation by NOX during endoplasmic reticulum
(ER) stress (Haynes et al., 2004). Physiologically, the ER produces
ROS during cell metabolism, however, it increases during ER stress
due to elevation in improper protein folding (Santos et al., 2009; Li
et al., 2010). It was found that some ER chaperones have functional
interactions with NOX in distinct cell types (Laurindo et al., 2012).
Furthermore, post-translational modifications of some NOX sub-
units are carried out by glucose-incorporating enzymes within
the ER membrane (DeLeo et al., 2000). Patients born with a congen-
ital deficiency of such enzymes suffer from neutrophil dysfunction
in association with compromised NOX activity (Hayee et al., 2011).
It has also been speculated that although some short and immature
NOX isoforms maintain their ability to produce ROS, however, they
lack the domains responsible for traffic and membrane anchoring,
which render them retained in the ER (Laurindo et al., 2014). These
reports are indicative of the possible role of ER in cellular redox
physiology and pathophysiology.

Excessive accumulation of unfolded or misfolded proteins in the
ER disturbs protein homeostasis generating ER stress, which pro-
vokes its quality control system namely the unfolded protein
response (UPR) pathway (Guzel et al., 2017). In normal conditions,
three ER transmembrane transducers are found bound to the chap-
erone glucose-regulated protein 78 (GRP78), a chaperone protein
that regulates the folding and trafficking of proteins and is upreg-
ulated during ER stress. The three transducers are inositol requir-
ing kinase 1 (IRE1), pancreatic ER kinase (PERK) and activating
transcription factor 6 (ATF6) that are maintained inactive by their
attachment to GRP78. Under ER stress, GRP78 overexpression
prompts the release of these transducers resulting in their activa-
tion and initiating the UPR pathway (Amodio et al., 2018).

ER stress has also been associated with triggering the apoptosis
cascades. ER-mediated apoptosis is mediated by the activation of:
(1) PERK/ATF6-induced expression of the transcription factor C/
EBP homologous protein (CHOP), (2) CHOP-activated ER-
associated caspase 12, and (3) the IRE1-induced ASK1/JNK apopto-
sis pathway (Garcia de la Cadena and Massieu, 2016; Choy et al.,
2018). During ER stress, procaspase 12 becomes activated by
homodimerization and elicits a cascade of reactions leading to
the activation of caspases 9 and 3 to eventually achieve a cyto-
chrome c-independent apoptosis (Morishima et al., 2002; Garcia
de la Cadena and Massieu, 2016).

Thus, we hypothesize that NOX-derived ROS plays a role in tIRI-
induced oxidative DNA damage and GCA in association with acti-
vation of the UPR pathway as a result of ER stress. The objective
of this study is to examine the role of NOX in ROS generation dur-
ing tIRI using its selective inhibitor, apopcynin, and prior to reper-
fusion of the ischemic testis and establish a direct link between ER
stress and NOX activity.
2. Materials & methods

2.1. Animals and ethics

Eight weeks old male Sprague Dawley (SD) rats (300–380 g)
(Charles River, Waltham, MA, USA) were equally divided into three
groups: sham (n = 12), unilateral tIRI (n = 12), and tIRI-treated with
apocynin (n = 12). Rats were kept at a 12 h’ light and dark cycle
with food and water provided at all times. The animals were
housed and cared for by the animal house at the Health Science
Center, Kuwait University. The surgical protocol was approved by
the ethics committee on animal research at Kuwait University.

2.2. Surgery

Prior to surgery, the anesthetic was prepared by mixing keta-
mine (50 mg/kg; Tekam, Hikma Pharmaceuticals, Jordan) and xyla-
zine (2 mg/kg; Rompun, Bayer GMP, Germany), which was
administered intraperitoneally (i.p.). When sedated, the inguinal
region was shaved and sterilized with Betadine and 70% ethanol.
The incision was made at the left ipsilateral side while the right
contralateral testis side remained intact serving as a positive inter-
nal control (Al-Maghrebi & Renno, 2016). The first group under-
went a sham operation whereby the left testis was exposed for
1 h before placing it back into the scrotal sac, the incision was
closed with surgical clips and rats were allowed to recover for
4 h. The other two groups endured an ischemic injury by clamping
the testicular artery using a straight bulldog clamp (700 g pres-
sure; Roboz Surgical Instrument Co., Gaithersburg, MD, USA) to
block blood flow to the left ipsilateral testis for 1 h. After 30 min
from inducing ischemia, the tIRI only-subjected rats were i.p.
injected with 250 ml of the vehicle dimethyl sulfoxide (DMSO).
The third group was i.p. injected with apocynin (50 mg/kg dis-
solved in DMSO; Selleckchem, Houston, TX, USA). The clamp was
removed to allow for blood re-flow. The reperfusion period lasted
for 4 h after which all animals were sacrificed by decapitation. Both
testes were harvested from each rat, one half from each testis was
stored at �80 �C for molecular and biochemical assays, while the
other half was fixed in Bouin’s solution (50% saturated picric acid,
35% distilled water, 10% formalin and 5% acetic acid) for histologi-
cal analysis.

The dosage and i.p. administration of apocynin (50 mg/kg) were
selected based on earlier studies using the same drug to investigate
cerebral IRI (Zhang et al 2015), striatum neurotoxicity (Dang et al
2016) and spinal cord injury (Sun et al 2017). The timing of apoc-
ycin injection during tIRI was decided based on the acute nature of
the injury and its relation to the clinical settings of TTD.

2.3. Histological analysis

Fixed testes were processed prior to embedding in paraffin
blocks. Tissue sections (4 mm) were stained with hematoxylin
and eosin (H&E) and were examined using the Zeiss LSM 700 light
microscope (Carl Zeiss Microscopy Ltd. Jena, Germany) at different
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magnifications (10�, 20� and 40�). For spermatogenesis evalua-
tion, images captured at 40� magnification were analyzed by the
Johnsen scoring system (Johnsen, 1970). Thirty STs per testis per
group were evaluated in a blinded manner.

Immunofluorescence (IF) staining of tissue sections (4 mm) was
carried out as previously described (Al-Kandari et al, 2019) using
the following primary antibodies: survivin and p-JNK (Santa Cruz
Biotechnology, Dallas, TX, USA), p-ASK1 (Bioss Antibodies, Woburn,
MA, USA), eIF2a1 (phospho S51), CHOP, GRP78 and caspase 12
(Abcam, Cambridge, UK) and c-H2AX (Cell Signaling, Danvers,
MA, USA). Slides were visualized with the Zeiss LSM 700 confocal
microscope (Carl Zeiss Microscopy Ltd. Jena, Germany) and the flu-
orescence intensity of 30 STs/testis/group was measured using the
ZEN black and ZEN blue software. A double sequential IF staining
was performed for the phosphorylated forms of ASK1 and JNK using
their respective antibodies and the above-mentioned dilutions.

The terminal deoxynucleotidyl transferase dUTP nick end label-
ing (TUNEL) assay was performed using the in situ cell death detec-
tion kit (Roche, Basel, Switzerland) following the manufacturer’s
protocol. Stained slides were examined under the Zeiss LSM 700
confocal microscope (Carl Zeiss Microscopy Ltd. Jena, Germany)
and images were processed with the ZEN Black and ZEN Blue soft-
ware (Carl Zeiss Microscopy Ltd. Jena, Germany). The fluorescent
nuclei from 30 STs per testis per group were counted.

2.4. Biochemical assays

Total protein extracts were prepared from frozen testes using
the radio-immunoprecipitation assay (RIPA) lysis buffer (Santa
Cruz, Dallas, TX, USA) in the presence of protease inhibitors.

All assays were performed following the manufacturers’ proto-
cols. A standardized protein concentration was individually deter-
mined for use in each of the following biochemical assays.

The activity of the enzyme superoxide dismutase (SOD) was
determined indirectly using the SOD Determination Kit (Sigma-
Aldrich, St. Louis, MO, USA). Malondialdehyde (MDA) was assayed
using the BIOXYTECH� LPO-586TM kit (Oxis Research, Portland, OR,
USA). The level of cellular protein carbonylation was measured
using the protein carbonyl content (PCC) Assay kit (BioVision, Mil-
pitas, CA, USA). The NADP/NADPH Quantification Kit (Sigma-
Aldrich, St. Louis, MO, USA) was used as an indirect measure for
NOX activity. The enzyme activity of poly ADP-ribose polymerase
(PARP) was determined using the PARP universal colorimetric
assay kit (R&D Systems, Minneapolis, MN, USA). The caspase-9 col-
orimetric assay kit (BioVision, Milpitas, CA, USA) and the caspase 3
assay kit (Sigma-Aldrich, St. Louis, MO, USA) were used to measure
the enzyme activity of caspases 9 and 3, respectively. Survivin pro-
tein concentration in testicular tissue was quantified using the
competitive rat survivin enzyme-linked immunosorbent assay
(ELISA) kit (MyBioSource, San Diego, CA, USA).

2.5. Molecular assays

Genomic DNA (gDNA) was extracted from frozen testicular tis-
sue by using the DNeasy blood and tissue kit (Qiagen, Venlo,
Netherlands). The concentration of 8-hydroxy-20-deoxyguanosi
neis (8-OHdG) was quantified using the EpiQuikTM 8-OHdG DNA
damage quantification direct kit (Epigentek, Farmingdale, NY,
USA). The absolute concentration of 8-OHdG was calculated using
a standard curve made of purified 8-OHdG samples provided in the
kit.

RNA isolation, reverse transcription and realtime PCR was per-
formed as previously described (Al-Maghrebi & Renno, 2016).
Standardized gene-specific Taqman assays for Birc5 (survivin;
Rn00574012_m1), and b-actin (Rn00667869_m1) were purchased
(Applied Biosystems, Foster City, California, USA). Reactions were
carried out using the ABI Prism Sequence Detection System (SDS)
7500 (Applied Biosystems, Foster City, CA, USA) using the following
real-time PCR conditions: 50 �C for 2 min, 95 �C for 10 min fol-
lowed by 40 cycles of 95 �C for 15 s and 60 �C for 1 min. Relative
mRNA expression was quantified using the 2�DDCt method (Livak
and Schmittgen, 2001) by setting the gene expression in sham
samples to 1.00 (calibrator) and calculating the fold change in
expression in tIRI and apocynin-treated groups.

2.6. Western blot

The primary antibodies for GRP78, eIF2a1 (phospho S51), DDIT3
(CHOP) and caspase-12 were purchased from Abcam, Cambridge,
UK. In brief, 50 lg from each protein sample were resolved by a
10% SDS-PAGE, transferred to a PVDF membrane and incubated
overnight with the above antibodies individually at 4 �C. Secondary
antibodies and an ECL kit (Amersham, GE Healthcare, Chicago, IL,
USA) were used to visualize the specified proteins. Band intensities
were measured with the ChemiDocTM imaging system, which were
quantitated by the image lab software (Bio-Rad Laboratories, Her-
cules, CA, USA).

2.7. Statistical analysis

Results were statistically analyzed using the GraphPad Prism
software (GraphPad Software, San Diego, CA, USA). One-way anal-
ysis of variance (ANOVA) followed by the Holm-Sidak multiple
comparisons test were used for the analysis of raw data and for
in between group comparisons. Data are presented as the
mean ± standard deviation (SD) and were considered significant
if p was <0.05.

3. Results

3.1. Effect of apocynin on spermatogenesis

The tIRI-subjected testes had STs with disrupted morphology,
few number of spermatids with a low Johnsen score of
5.67 ± 0.72 as compared to sham (9.93 ± 0.25 *p < 0.0001) and
apocynin-treated rats (9.67 ± 0.48 #p < 0.0001) indicating an arrest
of spermatogenesis (Fig. 1). Normal histological features and sper-
matogenesis was observed for the STs of ipsilateral testes of sham
and apocynin-treated rats as well as contralateral testes from all
experimental groups (p > 0.05).

3.2. Apocynin inhibits NOX activity

The activity of NOX was determined indirectly by measuring
the levels of NADP, NADPH and their ratio. A significant elevation
in NADP levels was measured (pmole/100 lg protein) in ipsilateral
tIRI (9.7 ± 1.4) compared to sham (3.0 ± 0.32, *p < 0.0001) and
apocynin-treated (3.3 ± 0.37, #p < 0.0001) (Fig. 2). Inversely,
NADPH concentration (pmole/100 lg protein) was significantly
decreased in tIRI-subjected ipsilateral testes (1.3 ± 0.14) in contrast
to sham (1.6 ± 0.19, *p = 0.015) and apocynin-treated groups
(1.7 ± 0.2, #p = 0.0003). The calculated NADP/NADPH ratio showed
a significant increase in ipsilateral tIRI-subjected testes (5.3 ± 0.61)
compared to sham (2.3 ± 0.7, *p < 0.0001) and apocynin-treated
rats (2.4 ± 0.6, #p < 0.0001) (Fig. 2).

3.3. Apocynin prevents testicular oxidative stress

The accumulation of ROS because of tIRI had its prominent
effect on significantly decreasing SOD activity (90.1 ± 1.45) in con-
trast to sham (96.4 ± 1.07, *p < 0.0001) and apocynin-treated rats



Fig. 1. Effect of apocynin on spermatogenesis. Rat ipsilateral testicular tissue sections stained with H&E demonstrating normal histological features of the STs and normal
spermatogenesis in both sham (A) and apocynin-treated (C). The sections from the tIRI group (B) displayed disrupted germ layers indicating damage to spermatogenesis.
Testicular sections were photographed at 10� (A, C and E) and 40� (B, D and F) magnifications.

Fig. 2. Apocynin activates NOX during tIRI. Bar Graphs representing the concentrations of (A) NADP+, (B) NADPH and (C) their ratio. While NADP displayed a significant
increase in NADP+ concentration during tIRI, NADPH levels were reduced as compared to sham and apocynin-treated groups. This resulted in a significant increase in the
NADP+/NADPH ratio during tIRI indirectly suggesting NOX activation during tIRI. No significant difference was obtained between contralateral testes (P < 0.05). Data are
presented as mean ± SD (n = 6/group). *tIRI compared to sham and #apocynin compared to tIRI. I = Ipsilateral and C = Contralateral.
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(95.2 ± 2.38, #p < 0.0001) (Fig. 3). Moreover, a significant increase
in MDA concentration was measured in ipsilateral tIRI-subjected
testes (8.8 ± 2.0) in contrast to sham (4.4 ± 1.4, *p < 0.0001) and
apocynin-treated (3.5 ± 1.0, #p < 0.0001) (Fig. 3). Similarly, PCC
was remarkably high in the tIRI ipsilateral testes (1.3 ± 0.5) in com-
parison to sham (0.59 ± 0.20, *p = 0.0021) and apocynin-treated
groups (0.43 ± 0.31, #p = 0.0002) (Fig. 3). There was no significant
difference in the levels of SOD, MDA and PCC in contralateral testes
(p > 0.05).

3.4. DNA damage and repair is diminished by apocynin

Single and double DNA strand breaks were detected by the
TUNEL assay (Fig. 4). The fluorescently labeled free 30 DNA ends
Fig. 3. Apocynin prevents testicular oxidative stress. Ipsilateral tIRI-subjected rats had
heightened PCC levels (nmole) as compared to sham and apocynin-treated groups, w
measured among contralateral testes (p > 0.05). Data are presented as mean ± SD (n = 6/g
and C = Contralateral.
were visualized using confocal microscopy. The ipsilateral testes
of tIRI rats displayed significant DNA strand breaks (51 ± 10) in
comparison to sham (0.0 ± 0.0, *p < 0.0001) and apocynin-treated
rats (0.9 ± 1.3, #p < 0.0001). Accumulation of 8-OHdG, a DNA
adduct, was found to be higher in the ipsilateral testes of tIRI
(25 ± 5.7) compared to sham (18 ± 2.1 *p = 0.0456) and
apocynin-treated rats (17 ± 3.8, #p = 0.0111) (Fig. 4). No significant
difference was observed between contralateral testes for DNA
strand breaks (p > 0.05). PARP activity, a sensor of DNA damage
and repair, was increased in tIRI-subjected testes (0.13 ± 0.02) in
contrast to sham and apocynin-treated (0.08 ± 0.02 *p = 0.0003,
0.09 ± 0.01 #p = 0.0019, respectively) (Fig. 4). Expression of the
DNA damage response protein, c-H2AX, was detected by IF stain-
ing (Fig. 4). A significant increase in c-H2AX immuno-expression
significantly (A) low SOD activity (%), (B) increased MDA concentration (lM) and (C)
hich showed baseline levels of SOD, MDA and PCC. No significant difference was
roup). *tIRI compared to sham and #apocynin-treated compared to tIRI. I = Ipsilateral



Fig. 4. DNA damage and repair is attenuated by apocynin. (A-C) Rat ipsilateral testicular tissue sections labeled by TUNEL showing increased DNA damage in tIRI testes in
comparison to sham and apocynin-treated groups at 40x magnifications. (D-F) Ipsilateral testicular tissue sections subjected to IF staining for c-H2AX (yellow) showing
increased immune-expression in the spermatogonia of tIRI compared to sham and apocynin-treated groups at 40x magnification. (G) Bar Graph representing 8-OHdG
concentration (ng) showing that ipsilateral testes of tIRI had significantly higher concentration of 8-OHdG in comparison to sham and apocynin-treated groups. No significant
difference was obtained among contralateral testes (p-value > 0.05). Data are presented as mean ± SD (n = 6/group). *tIRI compared to sham and #apocynin-treated compared
to tIRI. I = Ipsilateral and C = Contralateral.
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was mainly detected in the spermatogonia of tIRI ipsilateral testes
with an IF intensity of 1216 ± 112 compared to sham (728 ± 56,
*p < 0.0001) and apocynin-treated rats (793 ± 67, #p < 0.0001).
No significant difference was observed among contralateral testes
for both PARP activity and c-H2AX (p > 0.05).
3.5. Apocynin attenuates germ cell apoptosis

The activities of caspases 9 and 3 were increased by 66% and
53% in ipsilateral tIRI rats, respectively as compared to sham
(p < 0.0001) and apocynin-treated (p < 0.0001) (Table 1). There
was no notable activation of caspases 9 and 3 in contralateral
testes of the three experimental groups (p > 0.05).

The protein expression for survivin, an inhibitor of apoptosis,
was visualized and quantified by real-time PCR and ELISA
(pg/ml) (Table 1). Survivin protein levels were notably higher by
64% and 82% in ipsilateral sham and apocynin-treated groups,
respectively, in contrast to tIRI (*p = 0.0038 and #p = 0.0002,
respectively). The tIRI-suppressed survivin protein expression
was due to a transcriptional down regulation of its encoding gene
Birc5 (Table 1). The relative expression of Birc5 mRNA was down-
regulated by a fold change of 1.5 and 1.3 in comparison to sham
and apocynin-treated groups (p < 0.0001). No significant difference
was obtained for the survivin mRNA and protein expression
Table 1
Expression of apoptosis and DNA damage markers.

Sham - I tIRI - I tIRI +

Caspase 9 (A405) 0.03 ± 0.00 0.05 ± 0.01* 0.03
Caspase 3 (mmol pNA/min/ml) 15 ± 4.5 33 ± 7.1* 16 ±
Survivin (pg/ml) 968 ± 31 591 ± 91* 1079
Birc5 (Normalized fold expression) 1.0 ± 0.0 0.39 ± 0.07* 0.90
p-ASK1 (IF intensity) 225 ± 15 1,028 ± 123 319
p-JNK (IF intensity) 280 ± 29 861 ± 125 198
c-H2AX (IF intensity) 728 ± 56 1216 ± 112 793

Data are presented as mean ± SD (n = 6).
Data analysis was determined by the one-way analysis of variance (ANOVA) accompani

1 Rats received an i.p. injection of apocynin (50 mg/kg) 30 min prior to reperfusion.
* tIRI compared to sham.
# tIRI + Apocynin compared to tIRI.
in the contralateral testes from the three experimental groups
(p > 0.05).

The activation of ASK1 and JNK was confirmed by an increase in
the phosphorylation of ASK1 within spermatogonia and spermato-
cytes, while JNK phosphorylation was mostly localized to sperma-
tocytes only (Fig. 5 and Table 1). Ipsilateral tIRI-subjected testes
were found to have significantly higher p-ASK1 IF intensity when
compared to sham and apocynin-treated groups (81%,
*p < 0.0001 and 73%, #p < 0.0001, respectively). Similarly, p-JNK
displayed high fluorescence intensity among ipsilateral tIRI-
induced testes in contrast to sham (67%, *p < 0.0001) and
apocynin-treated (77%, #p < 0.0001). A double immunofluores-
cence staining for simultaneous detection of ASK1 and p-JNK was
performed displaying an overlapping expression (yellow) in the
ipsilateral tIRI testicular sections (Fig. 5). In contralateral testes,
phosphorylation of both kinases was similar to sham levels with
no significant difference (p-value > 0.05).
3.6. Apocynin modulates the expression of ER stress markers

The protein expression of the key proteins within the PERK
mediator of UPR pathway: GRP78, eIF2a1 (phospho S51), caspase
12 and CHOP, was determined by IF staining and WB analysis
(Fig. 6 and Table 1). All four proteins were significantly expressed
Apocynin - I1 Sham - C tIRI - C tIRI + Apocynin - C1

± 0.006# 0.03 ± 0.01 0.03 ± 0.004 0.03 ± 0.01
5.4# 16 ± 6.4 16 ± 3.8 13 ± 2.4
± 133# 898 ± 116 1128 ± 121 1035 ± 249
± 0.17# 1.0 ± 0.0 1.1 ± 0.09 0.90 ± 0.17
± 62 357 ± 39 393 ± 49 392 ± 44
± 42 350 ± 26 301 ± 52 236 ± 24
± 67 745 ± 85 784 ± 120 814 ± 97

ed by the Holms-Sidak multiple comparisons test.



Fig. 5. Apocynin inhibits activation of the ASK1/JNK signaling pathway. Ipsilateral testicular tissue sections subjected to IF staining against the phosphorylated forms of
(A-C) ASK1 (green) and (D-F) JNK (red) showing an increased immune-expression in germ cells and spermatocytes of tIRI, respectively, compared to sham and apocynin-
treated groups. (G-I) Sequential double IF staining of ipsilateral testis combining p-ASK1, p-JNK and DAPI where the overlap is displayed as yellow color. Images were
captured at 40x magnification.
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during tIRI in comparison to sham and apocynin-treated groups
(p < 0.0001) with different cellular localization within the STs.
The GRP78 protein expression was found to be remarkably
increased in spermatocytes and spermatids of tIRI-subjected rats
in contrast to sham by 42% and apocynin-treated rats by 36%
(*p < 0.0001 and #p < 0.0001, respectively). The phosphorylated
eIF2a1 was detected in the spermatocytes of ipsilateral tIRI-
subjected testes as it displayed high fluorescence intensity com-
pared to sham and apocynin-treated groups (38%, p < 0.0001). No
significant phosphorylation was observed within contralateral
testes of the three experimental groups (p > 0.05). Likewise, CHOP
IF expression was also elevated in the spermatocytes of ipsilateral
testes of tIRI in contrast to sham by 43% and apocynin-treated
group by 45% (p < 0.0001). Whereas, contralateral testes showed
almost equal CHOP IF expression (p > 0.05). Moreover, caspase
12 was found to be remarkably upregulated in the spermatocytes
of ipsilateral tIRI-subjected rats when compared to sham and
apocynin-treated groups (46% and 50%, respectively, p < 0.0001).
No significant difference was seen in the contralateral testes of
sham, tIRI or apocynin-treated groups (p > 0.05).
Except for CHOP, the immune-expression of the above UPR pro-
teins were detected byWB analysis (Fig. 7 and Table 1). During tIRI,
the expression of GRP78, p-eIF2a1 and caspase 12 was augmented
by 57%, 52% and 54% in comparison to sham, respectively, and
higher by 35%, 21% and 46% in comparison to apocynin-treated
rats, respectively. No significant difference was obtained among
contralateral testes (p-value > 0.05).
4. Discussion

The testis is the essential male reproductive organ responsible
for spermatogenesis. Thus, any aberrations in sperm production
can cause male infertility issues. Oxidative stress is suggested to
be the major cause for such spermatogenic abnormalities. Since
NOX is one of the major endogenous sources of cellular ROS, its
increased activity has been suggested as one mechanism for ROS-
mediated death signals in spermatozoa. The current study demon-
strates NOX’s regulation of spermatogenesis, TOS, redox status and
GCA.



Fig. 6. Apocynin modulates the expression of ER stress markers by IF staining. NOX-induced oxidative and ER stresses through activation of the UPR pathway components
in tIRI-subjected testes. Significant upregulation of UPR proteins is demonstrated as high fluorescence intensity in tIRI (B, E, H, K) compared to baseline expression in sham (A,
D, G, J) and apocynin-treated groups (C, F, I, L). GRP78 (A-C, blue), p-eIF2a (D-F, green), CHOP (G-I, magenta), and caspase 12 (J-L, green). Images were captured at 40�
magnification.
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Fig. 7. Detection of ER stress markers by Western Blot. During tIRI, the immune-
expression of GRP78, p-eIF2a and caspase 12 was increased by 57%, 52% and 54% as
compared to sham (p > 0.001) and was higher by 35, 21% and 46% in comparison to
apocynin-treated group (p > 0.001). Data are presented as mean ± SD (n = 6/group).
*tIRI compared to sham and #apocynin-treated compared to tIRI. I = Ipsilateral.
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In this study, the tIRI-subjected testes demonstrated clear dam-
age to spermatogenesis reflected by the reduction in germ cell lay-
ers and atrophy to seminiferous tubule overall structure, which
was associated with increased lipid and protein peroxidation prod-
ucts. These damages were prevented by the use of apocynin, a
plant-derived medicinal herb that interferes with the assembly of
the functional NOX complex (Touyz, 2008). The inhibitory and
therapeutic effect of apocynin was demonstrated in many cells
and organs including cancer and has been commonly utilized as
a regular NOX inhibitor in research investigations (Suzuki et al.,
2013; Qin et al., 2017; Min et al., 2018; Du et al., 2019). In male-
factor infertility, oxidative stress is thought to affect the fluidity
of the sperm plasma membrane and ROS-induced DNA damage,
which may accelerate the process of germ cell apoptosis leading
to the decline in sperm counts (Agarwal et al., 2003). Thus, male
infertility has been connected to increased ROS production
(Aitken and Baker, 2004). NOX has been suggested as a possible
candidate for physiological ROS generation in spermatozoa
(Baker et al., 2004). NOX-derived ROS was proposed to be vital
for spermatocyte maturation and acrosome formation and capaci-
tation through a NOX-dependent apoptosis (Bedard and Krause,
2007). In Nox1- deficient mouse spermatogonial stem cells (SSCs),
ROS levels were depleted and SSCs had reduced self-renewal divi-
sions through activation of the p38 MAPK and JNK pathways
(Morimoto et al., 2013). Later, the same group identified NOX3 as
another ROS contributor to SSCs self-renewal by using short hair-
pin RNA (Morimoto et al., 2015). ROS generated by NOX4 in male
germ cells was also reported to function as a second messenger
in signaling pathways and regulating gene expression (Galardo
et al., 2014).

Increased oxidative DNA damage was clearly demonstrated in
this study by the detection of single and double DNA strand breaks
and the formation of 8-OHdG adducts, which were attenuated by
NOX inhibition with apocynin. The importance of NOX enzymes’
contribution to oxidative DNA damage is well established by sev-
eral studies. Using specific NOX siRNA or apocynin hindered the
interaction of p47phox and gp91phox subunits, thus considerably
reducing DNA damage in esophageal cells (Stefanska and
Pawliczak, 2008). The H2O2 generated from NOX isoforms serves
as a signaling molecule downstream of the oxidative DNA damage
response (DDR) pathways, 8-oxoguanine DNA glycosylase1 (OGG1)
and ataxia telangiectasia-mutated (ATM) (Choudhary et al., 2016).
Interestingly, it was also recently shown that changes in redox
homeostasis could be induced by UVB radiation leading to NOX1
activation, which can prime a transient surge in intracellular ROS
that will trigger a series of redox reactions (Raad et al., 2017). Inhi-
bition of UVB-induced NOX activity in both human keratinocytes
and in SKH-1 hairless mice led to the quenching of DNA damage
and stimulation of the DDR pathway to promote cell survival.
Although it is considered as the first line of defense in preserving
genomic integrity, The ATM/DDR pathway is also involved in regu-
lating cellular redox status, mitochondrial function and metabolic
control. In the presence of DNA double strand breaks, ATM is auto
phosphorylated at Ser 1981 to release 2 activated ATM monomers,
which will in turn phosphorylate downstream proteins like histone
2A family member X (H2AX), p53, checkpoint kinase 2 homolog
(Chk-2) (Bakkenist and Kastan, 2003; Matsuoka et al., 2007). The
phosphorylation of ATM at Ser 1981 is induced by TGF-b1 through
several redox-sensitive mechanisms using the NOX1/NOX2/NOX4
pathway in rat kidney fibroblasts (Overstreet et al., 2015). In
phagocytes, the ATM kinase inactivates NOX2 activity by phospho-
rylation of Ser 486 in its active site (Beaumel et al., 2017). Under
physiological conditions, H2AX activation is thought to be sec-
ondary to indirect DNA double strand breaks produced by cellular
process such as DNA replication and repair as well as directly due
to early oxidative DNA damage (Sedelnikova et al., 2010). A novel
ROS signaling pathway was established where the overexpression
of c–H2AX upregulates Nox1-mediated ROS generation after DNA
damage (Kang et al., 2012). It was also revealed that ROS genera-
tion was increased by both DNA damage and c–H2AX overexpres-
sion, which creates a signaling loop that, will eventually trigger
apoptosis. In addition, ROS-mediated H2AX activation was
reported to be a consequence of apoptosis induction rather than
the cause of caspase activation (Bekeschus et al., 2019). This was
confirmed by the abrogation of both H2AX phosphorylation and
apoptosis upon inhibition of caspase activity. In conclusion, c-
H2AX is greatly involved in cell death signaling as demonstrated
in this study during tIRI-induced apoptosis. In response to c radia-
tion, PARP deficient cells exhibit increased DNA damage and ATM-
kinase activity associated with decreased c-H2AX formation
(Aguilar-Quesada et al., 2007). Activation of PARP was also found
to inhibit the phosphorylation of p53, an ATM substrate
(Watanabe et al., 2004). This is in agreement with our previous
finding (Al-Maghrebi and Renno, 2016) and further supports our
current results since NOX inhibition suppresses PARP activity,
deters DNA damage and prevents H2AX phosphorylation during
tIRI.

The source of ROS-triggering oxidative stress and its signaling
pathways during tIRI is not well defined. Recently, ER stress has
been associated with various physiological and chronic pathologi-
cal conditions but with several gaps in other acute conditions such
as TTD-induced tIRI (Malhotra and Kaufman, 2007; Ron and
Walter, 2007). It was previously proposed that NOX-derived ROS
could participate in ER stress (Li et al., 2010; Santos et al., 2014).
The ER adapts to oxidative stress by activation of the three UPR
pathways: IRE1, PERK and ATF6, which is initiated by upregulation
of the GRP78 protein (Guzel et al., 2017). The PERK transducer
phosphorylates eIF2a that will eventually lead to upregulation of
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CHOP transcription (Huang et al., 2018). In the current study, the
immuno-expression of GRP78, p-eIF2a and CHOP was significantly
increased as a consequence of tIRI. The tIRI-induced UPR activation
was repressed by apocynin inhibition of NOX, thus, establishing a
direct link between NOX activity and induction of ER stress. Using
spontaneously hypertensive rat (SHR) revealed that PERK is Nox1-
regulated while IRE1 is Nox4-regulated in vascular smooth muscle
cells (VSMC) (Camargo et al., 2018). This differential modulation of
ER stress pathways was confirmed to contribute to the irreversible
oxidation of the VSMC proteome and vascular dysfunction in
hypertension. Cerebral ischemia/reperfusion (I/R) revealed pro-
nounced brain damage, massive neuronal loss and DNA fragmenta-
tion in association with induced ER stress reflected by the
enhanced expression of GRP78, caspase-12 and CHOP (Nakka
et al., 2010). The activation of the UPR pathway was counteracted
by the use of a selective inhibitor of eIF2a dephosphorylation that
led to reduced brain damage after I/R injury. In Nox2-/- macro-
phage cells, NOX was found to play a major role in triggering ER
stress through the CHOP/Ca+/CaMKII/JNK apoptosis pathway (Li
et al., 2010). By using Nox2-/- mice, lack of NOX2 attenuated ER
stress–induced renal cell apoptosis, CHOP expression and renal
dysfunction (Li et al., 2010). These studies are in agreement with
the current findings confirming the direct regulation of ER stress
by JNK.

If ER stress persists and the UPR fails to adapt, ER stress-
mediated apoptosis will be activated (Amodio et al., 2018). The
present study demonstrated the phosphorylation of ASK1/JNK
apoptosis pathway and the ER stress related caspase 12 during tIRI
while suppressing the expression of the inhibitor of apoptosis
(IAP), survivin. These modulations were normalized by apocynin-
inhibition of NOX. To our knowledge, this is the first study to prove
the activation of ER-stress mediated apoptosis due to NOX-induced
OS following tIRI. The involvement of ER stress-induced apoptosis
of both male and female reproductive cells and different diseases
has been reported and reviewed in several studies (Liu et al.,
2016; Karna et al., 2019). It was also reported that cadmium-
induced GCA resulted from mitochondrial cytochrome-c release,
upregulation of GRP67 and CHOP and phosphorylation of eIF2a
and JNK in testes (Ji et al., 2011). Mouse testes subjected to
repeated cycles of hypothermia led to the activation of the UPR sig-
naling pathway causing spermatocytes to undergo apoptosis (Kim
et al., 2013). Testes from hypoxic rats exhibited enhanced protein
expression of p22/p47phox, NOX2 and PERK, which were all nor-
malized by NOX inhibition with apocynin and raisanberine, thus,
preventing testicular hypogonadism by ER stress suppression
(Zhang et al., 2013). Using a common NOX inhibitor other than
apocynin exerted a similar protective effect on attenuating apopto-
sis (Coyoy et al., 2008; Dong et al., 2017; Kim et al., 2019). This
indicates that NOX’s inhibition by itself is necessary to suppress
GCA regardless of the type of inhibitor. The ER transmembrane
proteins ATF6, IRE1a and PERK are also recognized as mediators
of apoptosis (Szegezdi et al 2006). During chronic ER stress, the
IRE1a-TRAF2 complex is formed that will activate the ASK1/JNK
apoptosis signaling pathway (Urano et al., 2000; Nishitoh et al.,
2002). Furthermore, CHOP, JNK and caspase 3 were shown to be
activated through the PERK/ATF6, IRE1a/TRAF2/ASK1 and caspase
12, respectively (Lai et al., 2007). Activation of ASK1/JNK signaling
pathway have been recently shown to induce GCA via modulation
of the thioredoxin system (Al-Kandari et al., 2019). Caspase 12, an
ER stress apoptosis mediator, activates caspase 9 that further
cleaves caspase 3 to execute apoptosis in a cytochrome-c manner
(Morishima et al., 2002; Huang et al., 2014; Zhang et al., 2016).
Down regulation of survivn, a well-known IAP and a mitotic regu-
lator, was previously associated with the induction of male repro-
ductive diseases including TTD/tIRI (Weikert et al., 2004; Weikert,
et al., 2005; Al-Maghrebi et al., 2010). Interestingly, survivin
expression was also found to be regulated by alterations in the
redox status of the cell (Hu et al., 2007). Augmented ROS levels
leading to apoptosis were shown to be associated with survivin
down regulation in many systems (White-Gilbertson et al., 2009;
Ahamed et al., 2011). Nox4-transduced VSMC primary cultures
caused the downregulation of survivin protein and mRNA expres-
sion (McCrann et al., 2009). In human breast tumors, elevated
expression of NOX1/p67/p47 was associated with reduced survivin
expression (Pervin et al., 2013). Human colon carcinoma cell line
HCT116 transfected with NOX4 siRNA provided evidence that
NOX4 is directly involved in the expression of the survivin-
associated radio-adaptive responses (Murley et al., 2018). These
studies including the current one clearly indicate the critical
involvement of NOX-induced ER stress in triggering cell death/sur-
vival mechanisms in testicular and non-testicular tissues. Collec-
tively, increased NOX activity during tIRI led to activation of
GRP78, which phosphorylated eIF2a1 that through ATF4 up-
regulates the gene expression of CHOP. This indicates that the
PERK sensor of UPR is activated. While activation of ASK1/JNK
pathway is indicative of activation of the IRE1 sensor of UPR. Such
activation of UPR is deactivated by NOX inhibition with apocynin
treatment during ischemia prior to reperfusion.

5. Conclusion

Our findings demonstrated a novel direct link between the
NOX-induced testicular oxidative stress during tIRI and the inci-
dence of ER stress and its involvement in induction of GCA. Future
studies are needed to understand the interaction mechanism
between the UPR pathway components and triggering GCA cas-
cade. In addition, the efficacy of apocynin as a therapeutic agent
was validated in many research papers (Chiang et al., 2011;
Uysal et al., 2015; Deng et al., 2016) including the current study,
which could also be helpful in reducing the adverse effects of tIRI
as a result of TTD.
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