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Hyperglycaemia is an early symptom of diabetes mellitus (DM) and hyperglycaemia-induced apoptosis is
the most widely accepted cause for diabetes induced male infertility/subfertility. Aquaporin (AQP) iso-
forms (AQP0-12), are water channels involved in maintaining water homeostasis and regulate fluid
absorption and/or excretion; thus, play a key role in reproductive function. Further, AQPs regulate dia-
betic complications, apoptosis induced by hyperglycaemia/high glucose (HG) and also involved in insulin
regulation. Herein, we investigated AQP 9 role in hyperglycaemia-induced testicular Leydig cell apopto-
sis. In-vivo and in-vitro role of AQP 9 on hyperglycaemia induced Leydig cell apoptosis was analysed in
diabetic rat testis and LC-540 rat Leydig cells by Real Time-PCR, western blotting and siRNA knock-
down experiments. In addition, HG effect on viability and morphological changes due to apoptosis in cells
were assessed by MTT and fluorescence microscopy. In-vivo and in-vitro AQP 9 expressions were
increased in diabetic testicular Leydig cells. Hyperglycaemia caused apoptosis in testicular Leydig cells
by increasing Cytochrome c, Bax and decreasing Bcl-2. Furthermore, AQP 9 knock-down resulted in
downregulation of pro-apoptotic proteins and in contrast, upregulated anti-apoptotic protein expres-
sions; thereby decreased apoptosis in testicular Leydig cells under hyperglycemia. Our findings collec-
tively suggest, AQP 9 role in hyperglycaemia-induced apoptosis in testicular Leydig cells.
� 2022 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/).
1. Introduction

Diabetes mellitus (DM) is a metabolic disorder increasing at an
alarming rate over the last few decades with worldwide prevalence
of 537 million adults aged from 20 to 79 years and International
Diabetes Federation (IDF; Diabetic atlas, 10th Ed; 2021)) has pre-
dicted a rise in incidence of diabetes to 643 million by 2030 and
784 million by 2045. DM is characterized by high blood glucose
levels (hyperglycaemia) affecting insulin secretion and/or action;
persistent hyperglycaemia, either type 1 or 2 diabetes promotes
micro or macro vascular complications, including reproductive
dysfunction (Alves et al., 2013). However, reduced insulin sensitiv-
ity is involved in the pathogenesis leading to vascular complica-
tions and also acts as an important therapeutic target
(Ormazabal et al., 2018). The key events in development of diabetic
complications includes degeneration of lipids, reactive oxygen spe-
cies (ROS) formation and oxidative stress associated with hyper-
glycaemia (Kiritoshi et al., 2003, Sureka et al., 2015, Ramesh
2021). Epidemiology of type 1 and 2 diabetes is high among people
of reproductive age and is linked with reduction in birth rates and
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fertility (Kumar et al., 2021). Glucose metabolism in both human
and animals is an important event in the process of reproductive
function (Alves et al., 2013, Alkharfy et al., 2022, Zhang et al.,
2022, Zheng et al., 2022). Dysregulation of blood glucose and
hyperglycaemia caused by DM are closely associated with male
subfertility leading to reproductive dysfunction (spermatogenesis
and steroidogenesis), erectile dysfunction, decreased fertility, and
deprived reproductive outcomes (Alves et al., 2013, Zatecka et al.,
2021). In parallel, testosterone regulates genes involved in glucose
uptake and insulin signalling. Increased GLUT4 expression in mus-
cle cells, adipose tissue and testosterone deficiency may decrease
glucose transport and insulin resistance, leading to progression of
DM (Mattack et al., 2015). In the recent years, prevalence of testos-
terone deficiency is common among diabetic men but the exact
mechanism of action remains debatable, however, poor diabetes
control can lead to male sexual dysfunction.

Streptozotocin (STZ) induction in rats is an extensively used
experimental model for type-1 DM. STZ induced chronic hyper-
glycemia; imbalance of ROS and RNS (Reactive Nitrogen Species)
leads to glucotoxicity, also the main pathogenic mechanisms
leading to diabetic complications (Li et al., 2018). The primary
response to high glucose levels is production of ROS which leads
to apoptotic cell death (Li et al., 2018). Hyperglycemia associated
oxidative stress and apoptosis leads to the development of dia-
betic complications viz nephropathy, cardiomyopathy, neuropa-
thy, endothelial and neurological dysfunctions (Alkharfy et al.,
2022, Xiang et al., 2022, Zhang et al., 2022). Furthermore, chronic
hyperglycemia is also a cause for reproductive complications;
increasing apoptosis in testicular cells and oxidative stress lead-
ing to infertility/subfertility (Khalil et al., 2021). In testicular cells,
HG treatment induced spermatogenic cell damage via increased
apoptosis and in turn decreased cell viability (Zheng et al.,
2022). Leydig cells treated with high glucose have shown to
decrease cell proliferation, increase apoptosis, and cause
decreased testosterone secretion (Hu et al., 2021, Wang et al.,
2021a).

Aquaporins (AQPs) are water channels containing 13 iso-
forms (AQP 0–12), belongs to a transmembrane superfamily
with differential expression in different cell types including Ley-
dig cells, involved in fluid absorption and/or excretion (Kannan
et al., 2022). Water movement across the reproductive tract in
male and female is crucial in the maintenance of fertility.
Hyperglycemia/high glucose associated diabetes complications,
apoptosis, and insulin secretion are all regulated by AQP
(Madonna et al., 2020, Aggeli et al., 2021). Under hyper-
osmotic stress, a differential expression of AQP 1 and AQP 7
regulates apoptosis in cardio myoblasts (Aggeli et al., 2021).
Interestingly, AQP 1 expression in endothelial cells suppressed
hyperglycemia-induced apoptosis, increasing mitochondrial ROS
(mtROS) (Sada et al., 2016). Furthermore, AQP 4 is involved in
controlling neuronal apoptosis pathways in brain-related disor-
ders and ischemic injury (Wang et al., 2021b). Earlier studies
also suggests that, AQPs also inhibited cancer progression,
migration, invasion and promote cell apoptosis (Liu et al.,
2022). It is also interesting that, AQP 8 is involved follicular
development of granulosa cells by regulating apoptosis and cell
cycle progression (Cao et al., 2021).

Despite intensive research in the field of reproductive
sciences in recent years, we are in need to search and identify
unknown factors affecting male infertility. These new indica-
tors/biomarkers will specifically allow us to determine male
reproductive potential. Since, maintenance and development of
the testes is mediated by Leydig cells, disruption of these crucial
pathways contributes to testicular dysfunction. AQP 9 is reported
to play an important role in cell proliferation and apoptosis. Ear-
lier reports from our laboratory highlight the role of AQP 9 in
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male reproductive function under hyperglycaemia (Kannan
et al., 2022). Hence, the present study is aimed at exploring
the potential role of AQP 9 in hyperglycaemia induced testicular
apoptosis.

2. Materials and methods

2.1. Chemicals

Streptozotocin (STZ), reagents and chemicals required for in-
vivo and in-vitro experiments were procured from HiMedia, Sigma
Chemicals and Sisco Research Laboratories.

2.2. In-vivo experimental design

In this study, male albino rats (Wistar strain) weighing
200 ± 25 g were maintained under standard humidity with tem-
perature 25 ± 2 ⁰C and 12 hrs of dark and light cycle. Experimental
rats were housed in large cages with free accesses to pelleted diet
and water. Our animal experiments were approved by our institu-
tion ethical committee BDU/IAEC/P04/2018. Experimental design,
duration and treatment is same as described earlier (Kannan
et al., 2022). A schematic representation is as shown below in
Fig. 1.

Group I: (Controls) citrate buffer (0.1 M) treated animals.

Group II: (DM) animals received intraperitoneal injection of STZ
(60 mg/kg; b.w)
Group III (DM + INS) diabetic animals (intraperitoneal injection
of STZ (60 mg/kg; b.w) with 2 U/Kg b.w. of insulin
2.3. In-vitro experimental design and transfection

The LC-540 Leydig cells were cultured in Minimum Essential
Medium (MEM) (AL047S) with antibiotics and serum; in a CO2

incubator. In-vitro expression of AQPs as a result of hyper-
glycemia were determined on LC-540 cells treated with differ-
ent glucose (1 mM, 5.5 mM, 20 mM and 30 mM)
concentrations for 24 hrs (5.5 mM as control) and 30 mM man-
nitol on a serum free medium for 24 hrs as osmotic control.
Knock-down experiments on LC-540 cells were carried out with
AQP 9 siRNA (Cat.no: SR-NP001-001; Eurogentec) and also
NCsiRNA (Sigma Aldrich). The AQP 9 siRNA at a concentration
of 60 nM was used to transfect LC-540 cells with RNAiMAX
reagent as per the manual.

2.4. Cytotoxicity assay - MTT (3-[4,5-Dimethythiazol-2-yl]-2,5-
diphenyltetrazolium bromide;thiazolyl blue)

MTT assay was performed to determine the cell viability of LC-
540 cells grown in serum free medium; treated with low glucose
(LG;1 mM), normal glucose (NG;5.5 mM), high glucose
(HG;20 mM and 30 mM) and 30 mM of mannitol at different time
points 12, 24 and 48 hrs. After incubation, 0.5 mg/ml concentration
of MTT was added and left for 3–4 hrs. DMSO was added and the
absorbance was read using an ELISA reader.

2.5. Dual acridine orange/ethidium bromide (AO/EB) fluorescence
staining

AO/EB dual staining were performed to differentiate apoptotic,
necrotic and normal cells. Briefly, LC-540 cells were grown in
serum free medium were exposed to various glucose concentra-
tions and mannitol for a period of 24 hrs and stained with
10 lM of AO/EB. The images were observed with fluorescence
microscope.

http://Cat.no


Fig. 1. Schematic representation of experimental design and treatment.

Table 2
Primary and secondary antibodies used for western blotting.

Antibody Dilution Catalogue.no
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2.6. Hoechst 33,258 nuclear damage staining

To assess the nuclear damage; LC-540 cells were grown in
serum free medium with varied glucose concentrations (1 mM,
5.5 mM, 20 mM, 30 mM) and 30 mM mannitol for 24 hrs. After
the treatment period 2 lg/ml of Hoechst 33,258 were added and
observed for nuclear aggregation under fluorescence microscope.

2.7. DCF-DA cellular ROS detection assay

Briefly, LC-540 Leydig cells grown in an incomplete medium on
6-well plates were exposed to different glucose concentrations and
mannitol for 24 hrs and exposed to 10 lM DCFDA and observed
under fluorescence microscope.

2.8. Cell based mitochondrial membrane potential (MMP) assay

Rhodamine-123 was used at a concentration of 10 lg/ml in cell
based MMP (DWm) assay, LC-540 cells treated with glucose and
mannitol for 24 hrs and after the treatment period cells were
exposed to Rhodamine-123 and observed under fluorescence
microscope.

2.9. Tissue and cell lysates preparation

Briefly, tissue homogenate from testes and cell lysates from LC-
540 cells were prepared as described earlier (Kannan et al., 2022).

2.10. Isolation of RNA, cDNA synthesis and quantitative real time
polymerase chain reaction (qRT-PCR) analysis

In-vivo and in-vitro RNA isolation, and cDNA synthesis were
performed using One step RNA TRIzol Reagent and iScript cDNA
synthesis kit (Bio-Rad Laboratories) following the manufacturer’s
protocol. The qRT-PCR was performed using SSO Advanced Univer-
sal SYBR Green Supermix according to the manufacturer’s protocol
(Bio-Rad Laboratories, Inc., USA). The real time gene expression
was assessed on Himedia (Insta Q96TM) PCR with specific primers
for target genes as given in Table 1. Fold differences in target gene
expression were calculated using the formula 2DDCt. The gene
expressions were normalized with corresponding internal control.
Table 1
Primer sequences for the genes Aquaporin 9, Bax, Bcl-2 and b-actin.

Gene Forward Primer (50-30) Reverse Primer (50-30)

Aquaporin 9 CTCAGTCCCAGGCTCTTCAC ATGGCTCTGCCTTCATGTCT
Bax GAGCTGCAGAGGATGATTGCT GCAAAGTAGAAGAGGGCAACCA
Bcl-2 TGGGATGCCTTTGTGGAACT CAGGTATGCACCCAGAGTGATG
b-actin AAGATCATTGCTCCTCCTG AAAGAAAGGGTGTAAAACGC

3

2.11. Western blot analysis

Proteins isolated from tissue and LC-540 cells were separated
on SDS-PAGE and blotted onto a nitrocellulose membrane. The
specific antibodies used are as shown in the Table 2. The mem-
brane were visualised using BCIP/NBT substrate as described ear-
lier (Kannan et al., 2022). The results were analysed using Lab
image platform ver 2.1. The target protein expression was normal-
ized with corresponding controls.

2.12. Data analysis

The data values are expressed as mean ± standard deviation
(SD). One-way ANOVA was used to assess the differences
between the groups and post-hoc testing was performed for
inter-group comparisons using Tukey’s multiple comparisons test
with Graph pad Prism 9.0. Values were considered significant at
p < 0.05.
3. Results

3.1. Glucose induces cell death in testicular Leydig cells

In this study, dose and time-dependent effect of varied glu-
cose concentrations on cell viability were assessed in LC-540
Leydig cells. The results show a significant decrease in cell via-
bility at high glucose concentrations 20 mM and 30 mM in com-
parison to control at both 24 and 48 hrs (Fig. 2). Further, the cell
viability at 1 mM glucose concentration was reduced but was
not significant compared to control. On the other hand, the LC-
540 cells treated with 30 mM mannitol (osmotic control) com-
pared to the control showed significant decrease in cell viability.
The cell viability results were almost similar at 24 and 48 hrs, so
we decided to use 24 hrs time period for our further
experiments.
Aquaporin 9# 1:500 ABP57801
Cytochrome c (A-8)$ 1:1000 SC13156
Bax (B-9)$ 1:500 SC7480
Bcl-2 (C-2)$ 1:1000 SC7382
b-actin (AC-15)$ 1:500 SC69879
Secondary Anti-Mouse IgG* 1:5000 ab97020
Secondary Anti-Rabbit IgG* 1:2000 ab6722

# Abbkine, Inc., China.
$ Santa Cruz Biotechnology, Inc., Santa Cruz, CA.
* Abcam, Cambridge, UK.
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Fig. 2. Effect of glucose at different concentrations on viability of LC-540 cells at various time intervals (12, 24, and 48 hrs). Significance at *p < 0.05, **p < 0.01, and
***p < 0.001(n = 3).
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3.2. Morphological changes in LC-540 cells on glucose treatment by
fluorescence microscopy

To identify, whether glucose treatment induces apoptosis-
associated changes in LC-540 cells, cells were fluorescent stained
with different dyes and observed under the fluorescent micro-
scope. In our experiments, morphological changes like cell round-
ing, detachment, floating, and shrinkage on treatment with various
concentrations of glucose were observed in LC-540 cells after 24
hrs treatment under inverted microscope. After 24 hrs of glucose/-
mannitol treatment LC-540 cells stained using AO/EB showed obvi-
ous morphological changes with viable cells stained with AO, while
green and orange cells indicate early apoptosis with condensed
chromatin, nuclei impaction, and fragmentation at HG concentra-
tions and these changes were more obvious in mannitol compared
to the control cells showing normal morphology with uniform flu-
Fig. 3. Effect of glucose on morphological changes in LC-540 cells after 24 hrs; observed u
apoptosis differentiating live and dead cells and also early apoptotic cells; F-J: Hoechst s
damage; K-O: ROS production were analyzed using 20 ,70-dichlorodihydrofluorescein diace
Rhodamine-123). Scale-100 lm; 20X Magnification.
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orescence in nuclei and cytoplasm as shown in the Fig. 3 (A-E).
Similarly, to identify if glucose treatment induces nuclear damage,
LC-540 cells after 24 hrs of treatment were stained with the
nuclear stain Hoechst 33,258 dye. The high glucose and mannitol
treated cells showed increased nuclear aggregation compared to
controls indicating glucose induced nuclear damage (Fig. 3 (F-J).
DCFHDA dye to assess ROS production in LC-540 Leydig cells trea-
ted with glucose. The LC-540 cells exposed to high-glucose/
mannitol showed higher ROS generation. The cells treated with
1 mM glucose has increased ROS generation compared to control
but lesser compared to high glucose and mannitol treatment as
observed in the microscopic images Fig. 3 (K-O). Mitochondrial
membrane potential was assessed using Rhodamine-123 stain in
LC-540 rat Leydig cells treated with glucose/mannitol the control
cells exhibited increased fluorescence whereas high glucose and
mannitol fluorescence intensity was reduced indicating decreased
nder fluorescence microscope. (A-E: AO/EB staining to analyze cellular damage and
taining for assessing nuclear damage with increased fluorescence indicating nuclear
tate (H2DCFDA); P-T: Mitochondrial membrane potential (DWm) was assessed with
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membrane potential (Fig. 3 (P-T). These findings substantiate our
hypothesis that, glucose induces apoptosis, increasing nuclear
damage, generation of ROS and loss of membrane integrity but also
the effect of osmotic stress cannot be denied.

3.3. Effect of hyperglycaemia on anti-apoptotic and pro-apoptotic
expression in-vivo and in-vitro

It is well-established that, prolonged hyperglycemia induces
dysfunction of several organ systems in diabetic patients via apop-
tosis. In-vivo and in-vitro apoptotic gene expression were analysed
using real-time PCR. In-vivo analysis on diabetic rat testis showed
significant increase in Bax expression along with decreased Bcl-2
in comparison to control. Interestingly, insulin treatment signifi-
cantly decreased Bax gene expression and increased Bcl-2 expres-
sion in when compared to diabetic testis Fig. 4 (A). In-vitro analysis
on effect of hyperglycaemia were assessed in LC-540 rat Leydig
cells with various glucose concentrations. The pro-apoptotic gene
Bax was significantly upregulated and Bcl-2 was downregulated
on HG treatment compared to normal and low glucose treated
cells. However, mannitol treated LC-540 Leydig cells also showed
significant increase in Bax along with decreased Bcl-2 in compar-
ison to control Fig. 4 (B). These results all collectively suggests that,
hyperglycaemia induces apoptosis in both in-vivo and in-vitro. Fur-
thermore, to confirm the same we analysed the protein expression
by western blotting experiments.

In-vivo protein expression showed a significant increase in
Cytochrome c on diabetic rat testis in comparison with control.
Insulin treatment significantly decreased the expression of Cyto-
Fig. 4. Hyperglycaemia effect on apoptosis using real time PCR (qRT-PCR). A) In-vivo stud
of on effect of hyperglycaemia on pro- and anti-apoptotic genes in LC-540 cells treated
mannitol (osmotic control) for 24 hrs (n = 3). Significance at *p < 0.05, **p < 0.01, and *

Fig. 5. Hyperglycaemia effect on anti- and pro-apoptotic protein expression using wes
diabetic rat testis (n = 6). B) In-vitro studies on Cytochrome c, Bax and Bcl-2 protein ex
30 mM mannitol treatment (n = 3). Significance at *p < 0.05, **p < 0.01, and ***p < 0.00
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chrome c compared to the diabetic testis. Similar to gene expres-
sion results, the Bax protein expression was significantly
increased along with a significant decrease Bcl-2 expression in dia-
betic rat testis. On the other hand, insulin treatment significantly
upregulated Bcl-2 protein expression along with a significant
downregulation in Bax expression in comparison with diabetic tes-
tis Fig. 5 (A). Similarly, in-vitro analysis on pro-apoptotic and anti-
apoptotic protein expression was also analysed in LC-540 rat Ley-
dig cells after treatment with glucose and mannitol. The Cyto-
chrome c protein expression was significantly increased on HG
and mannitol treated cells compared to control. HG and mannitol
treatment significantly increased the Bax protein expression and
Bcl-2 was significantly downregulated in HG treated cells com-
pared to control; along with increased expression on low glucose
treatment compared to high glucose as indicated in Fig. 5 (B).

3.4. Effect of AQP 9 knockdown on Leydig cell apoptosis under
hyperglycaemia

Our earlier reports on expression of AQPs isoforms revealed
that, AQP isoforms 0, 1, 3, 4, 5, 6,7, 8, 9,11, and 12 were expressed
in testis and Leydig cells and AQP2 was below detection limit and
AQP 10 was not analyzed; further, hyperglycaemia significantly
increased AQP 9 expression in testis and Leydig cells (Kannan
et al., 2022). In this present study, in-vivo AQP 9 gene and protein
expression were significantly increased under hyperglycaemia as
reported earlier. On insulin treatment diabetic testis showed sig-
nificant decrease in AQP 9 gene and protein expression compared
to diabetic rat testis Fig. 6 (A). In-vitro analysis showed a significant
y on expression of apoptotic markers in diabetic rat testis (n = 6). B) In-vitro analysis
with varied glucose concentrations (1 mM, 5.5 mM, 20 mM, 30 mM) and 30 mM
**p < 0.001.

tern blot. A) In-vivo studies on Cytochrome c, Bax and Bcl-2 protein expression in
pression in LC-540 Leydig cells on glucose (1 mM, 5.5 mM, 20 mM, & 30 mM) and
1.



Fig. 6. Hyperglycaemia/high glucose effect on Aquaporin 9 expression. A) In-vivo studies on AQP 9 gene and protein expression in diabetic rat testis (n = 6). B) In-vitro studies
on expression of AQP 9 gene and protein in LC-540 Leydig cells upon glucose (1 mM, 5.5 mM, 20 mM, & 30 mM) and 30 mM mannitol treatment (n = 3). Significance at
*p < 0.05, **p < 0.01, and ***p < 0.001.

A. Kannan, K. Anbarasu, Abubucker Peer Mohideen et al. Journal of King Saud University – Science 34 (2022) 102160
increase in AQP 9 gene and protein expression on HG treatment
compared to 5.5 mM glucose as shown in Fig. 6 (B). Surprisingly,
on mannitol treatment AQP 9 gene and protein expression were
decreased compared to HG treated cells. Further, AQP 9 knock-
down and its effect on apoptotic protein expression were studied.
LC-540 cells transfected with AQP 9 siRNA decreased expression by
almost 50% as shown in the Fig. 7 (A). Further, to evaluate the effect
of AQP 9 on apoptosis, NC siRNA and AQP 9 siRNA transfected LC-
540 cells treated with HG (30 mM) and the protein expressions of
Cytochrome c, Bax and Bcl-2 were analysed by western blotting.
Interestingly, AQP 9 knockdown significantly downregulated Cyto-
chrome c, Bax and upregulated Bcl-2 protein levels in HG treated
LC-540 cells as shown in Fig. 7 (B). These findings confirms that
AQP 9 knockdown ameliorates the apoptotic index in high-
Fig. 7. Knockdown of AQP 9 and its effect on anti- and pro-apoptotic protein expression i
its effect on expression of Cytochrome c, Bax and Bcl-2 (n = 3). Data represents mean ±

6

glucose treated LC-540 cells indicating its role in diabetic
apoptosis.

4. Discussion

Infertility is a complex problem dependent on several factors
that affects couples worldwide and are often diagnosed with unex-
plained or idiopathic infertility. Diabetes affects spermatogenesis
and/or steroidogenesis altering cellular proliferation and apopto-
sis; thereby leads to male sexual dysfunction. The prevalence of
DM is increased among males of childbearing age and is closely
associated with the decline of fertility (Kumar et al., 2021). Dia-
betic complications have been linked to diabetes-induced persis-
tent hyperglycemia as a result of glucose dysmetabolism caused
n LC-540 cells. (A) knockdown of AQP 9 in LC-540 cells. (B) Knockdown of AQP 9 and
SD (*p < 0.05, **p < 0.01, and ***p < 0.001).



A. Kannan, K. Anbarasu, Abubucker Peer Mohideen et al. Journal of King Saud University – Science 34 (2022) 102160
by insulin resistance or pancreatic dysfunction. (Mattack et al.,
2015, Ormazabal et al., 2018). Hyperglycemia’s detrimental effects
on male reproductive dysfunction has been well documented. The
transport of glucose from blood-to-germ cell and other metabolic
intermediates in testicular cells are tightly regulated by several
metabolic features. Moreover, DM affects glucose metabolism in
testicular cells, various studies are focussed on understanding the
molecular mechanisms responsible for the alterations induced in
male reproductive potential. STZ induced diabetic model has been
widely used to study DM induced testicular dysfunctions leading
to male infertility/subfertility (He et al., 2021). In this study, the
pro- and anti-apoptotic genes were evaluated, Bax was signifi-
cantly increased and Bcl-2 was significantly decreased in diabetic
testis, on insulin treatment the pro-and anti-apoptotic expression
were restored. Zha et al. also have reported testicular apoptosis
with increased Bax/ Bcl-2 ratio in diabetic testes (Zha et al.,
2018). Moreover, our findings are in coherence with the earlier
studies that, hyperglycaemia induces apoptosis in diabetic testis
(Zha et al., 2018, Khalil et al., 2021). The proper functioning of
hypothalamic-pituitary–gonadal axis and proper insulin regulation
helps in maintenance of fertility (Schoeller et al., 2012) and also
high insulin levels or insulin resistance play a key role in male
infertility (Yan et al., 2015). Earlier studies suggests that, hyper-
glycemia and/or lack of insulin contributes to Leydig cell dysfunc-
tion and apoptosis. Hence, this could be the possible explanation
that insulin restored the pro- and anti- apoptotic genes in our
study (Wagner et al., 2021). Insulin treatment prevented hyper-
glycemia, thus decreased apoptotic index in diabetic rat testis. This
decrease in apoptotic index is the result of reduced insulin secre-
tion and not resistance.

Leydig cells are important for the growth and maintenance of
the testes, and their improper functioning contributes signifi-
cantly to testicular dysfunction. Our in-vivo findings also indi-
cates that, hyperglycaemia induces apoptosis in diabetic rat
testis. To further confirm our results, we studied the effect of
hyperglycaemia in-vitro using LC-540 cells treated with varied
glucose levels. Firstly, MTT assay showed decreased cell viability
on glucose and mannitol treatment in LC-540 Leydig cells. How-
ever, the drastic decrease in cell viability was observed in manni-
tol treatment and this might be due to hyperosmotic stress, and
hence, we speculate that hyperosmolar effect created upon high
glucose treatment in LC-540 cells could also play a possible role
in cell viability along with hyperglycaemia leading to apoptosis
(Lakshmanan et al., 2013). Our data also suggests that high glu-
cose induced apoptosis in LC-540 cells and could also possibly
play a role in diabetes induced male infertility/subfertility and
our results are in par with earlier findings reported (Wang
et al., 2021a). Furthermore, LC-540 cells treated with glucose/-
mannitol were stained for AO/EtBr, Hoechst, DCFDA, and
Rhodamine-123, these microscopic staining revealed morpholog-
ical changes such as condensed chromatin, nuclei impaction,
fragmentation, decreased membrane potential, decreased mito-
chondrial function, along with increased nuclear aggregation,
nuclear damage, and ROS generation upon high glucose treat-
ment and these changes were obvious in mannitol. Our findings
suggests that, HG induce apoptosis in Leydig cells and the find-
ings are similar to the earlier reports (Hu et al., 2021, Wagner
et al., 2021).

Apoptosis is necessary for the development and maturation of
testicular Leydig cells. The proper functioning of testes is well
maintained by apoptosis and oxidative damage in Leydig cells;
any changes might lead to male infertility (Wang et al., 2019).
Apoptosis is considered as one of the important factors in the aeti-
ology of testicular dysfunction associated with DM (Hu et al.,
2021). The pro-apoptotic Bax and antiapoptotic Bcl-2 are impli-
cated in cell death, and the ratio of Bax/ Bcl-2determines the fate
7

of cells. Therefore, an intricate balance exists between these factors
that induce or counteract apoptosis. However, to further under-
stand the molecular mechanisms behind hyperglycaemia induced
apoptosis, the upstream events were analysed in-vitro on LC-540
cells. The Bax gene expression was significantly increased, while
the level of Bcl-2 was decreased, in the HG treated cells. In addi-
tion, the protein expression of Cytochrome c and Bax were
increased, while the anti-apoptotic factor Bcl-2 was decreased in
parallel, the in-vivo results indicated the same. Collectively these
results demonstrate that, hyperglycaemia-induced apoptosis in
both in-vivo and in-vitro. It has also been reported that, increased
apoptosis may lead to decline in testosterone produced by Leydig
cells and thus disrupts male reproductive functions (Chen et al.,
2018). Bcl-2, an antiapoptotic protein, supresses Bax oligomeriza-
tion and inhibits Cytochrome c release and thus inhibits mitochon-
drial apoptosis. Diabetes induces Leydig cell apoptosis via
downregulation of Bcl-2 family proteins and our results are in
par with the earlier reports (He et al., 2021, Hu et al., 2021). Nev-
ertheless, the upstream pathway of Bax induction and Bcl-2 inhibi-
tion remain to be defined in hyperglycaemia induced apoptosis.

Water movement in cells alters the intracellular environment
leading to cell shrinkage and initiates apoptosis; thus, indicating
the importance of water homeostasis in apoptosis and mainte-
nance of male reproductive function (Delpire and Gagnon 2018,
Bortner and Cidlowski 2020). Alterations in AQPs expression, func-
tion and/or regulation impacts on the pathophysiology of various
clinical conditions viz cancer, diabetes, metabolic disorders, apop-
tosis and reproductive function (Ribeiro et al., 2021). AQPs are
involved in seminiferous tubule lumen fluid secretion during testis
development, as well as fluid movements during spermatogenesis,
sperm concentration, and maturation (Kannan et al., 2022). In this
study, we speculate the role of AQPs in hyperglycaemia-induced
apoptosis in diabetic infertility. Earlier in our laboratory, we have
demonstrated that, hyperglycaemia induced AQP 9 expression
inhibits Leydig cell steroidogenesis (Kannan et al., 2022). AQP 9
expression was found to be increased in both type 1 and type 2 dia-
betic liver, but the expression was decreased with the circulating
insulin levels and knockdown of AQP 9 is found to decrease hyper-
glycaemia in diabetic and obese mice (Spegel et al., 2015).
Recently, it has also been reported that insulin downregulates
AQP 9 in a concentration-dependent manner in human placenta
(Castro Parodi et al., 2011). In-vitro treatment with mannitol
increased expression of AQP 9, our results are in agreement with
that of a previous study, though augmentation by mannitol was
not statistically significant compared with high glucose treatment.
Osmotic stress may damage DNA and proteins, resulting in impair-
ment of cell function and also in initiation of repair and protection
processes. Recent reports indicates that, the expression of AQPs is
induced in mammalian cells by hyperosmotic stress, in brain cor-
tex and astrocytes after brain injury or ischemia, though hyperos-
motic mannitol solution increases the expression of AQP4 and AQP
9 (Liu et al., 2012, Salman et al., 2022). Surprisingly, AQP 4 expres-
sion was found to be decreased in the ARPE-19 retinal cells under
osmotic stress, resulting in pathophysiological mechanisms lead-
ing to the formation of macular oedema (Willermain et al.,
2014). The differences in the expression of brain and testis might
be due to an adaptation to hyperosmotic stress for AQP 9 in differ-
ent environment. Hence, we investigated the role of AQP 9 in tes-
ticular diabetic apoptosis, knockdown of AQP 9 in LC-540 Leydig
cells decreased Cytochrome c, pro-apoptotic and increased anti-
apoptotic protein expression. Similarly, it has been reported that
knockdown of AQP 9 decreased apoptosis in diabetic myocardial
cells (Zhao and Sun 2015). Thus, our findings confirm that AQP 9
plays a pivotal role in hyperglycaemia induced apoptosis in Leydig
cells, and might inhibit cell proliferation leading to male
infertility/subfertility.
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5. Conclusion

Diabetes associated hyperglycaemia-induced apoptosis is a pro-
ven cause for male infertility. Our findings suggest that,
hyperglycaemia-induced AQP 9 expression plays a key role in Ley-
dig cell apoptosis. The effects of hyperglycaemia-induced apoptosis
are also mediated by hyperosmotic stress; since similar effects
were observed on mannitol treated cells except for the slight
increase in AQP 9. Further, the knock down of AQP 9 ameliorated
apoptotic index by increasing Bcl-2 expression, decreasing Cyto-
chrome c and apoptotic Bax expression in Leydig cells under hyper-
glycaemia. Hence, we conclude from our findings that AQP 9
regulates hyperglycaemia-induced apoptosis leading to male infer-
tility/subfertility and also could be a potential therapeutic target
for hyperglycaemia-induced testicular dysfunction.
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