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Abstract

Background: Androgens excess results in endoplasmic reticulum (ER) stress, which is an
important cause of f cells dysfunction. Here, we investigated the molecular regulation of
androgens excess, ER stress, and p-cell function in polycystic ovary syndrome (PCOS).
Methods: PCOS mouse model was established by injection of DHEA. Primary cultured
mouse islets were used to detect testosterone (TE)-induced ER stress. The response of
ER stress, apoptosis, and hyperinsulinemia were analyzed in INS-1 cells with or without
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TE exposure. Androgen receptor (AR) antagonist and ER stress inhibitor treatment was
performed to evaluate the role of TE in ER stress and proinsulin secretion of PCOS mice.
Results: PCOS mice had higher ER stress in islets. TE exposure induced ER stress and
apoptosis significantly through sustaining insulin overexpression in g cells, which in turn
impaired proinsulin maturation and secretion. Blocking this process could significantly
relieve ER stress and apoptosis and improve insulin homeostasis.

Conclusion: ER stress activated by androgens excess in PCOS contributes to § cell

dysfunction and hyperinsulinemia.
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Introduction

Polycystic ovary syndrome (PCOS), one of the most
common endocrine and metabolic disorders, affects
5-20% of women of reproductive age, is characterized
by hyperandrogenism, ovulatory dysfunction, and
polycystic ovarian morphology (1, 2). Women with PCOS
have increased risk for type 2 diabetes (T2DM), obesity,
infertility, obstetrical complications, mood disorders, and
endometrial cancer, which may also increase the risk of
cardiovascular diseases, venous thromboembolism, and
ovarian cancer (3, 4). In 2018, the economic losses caused
by PCOS was more than 4 billion dollars in the United
States, even without considering the cost of the increased
risk of obstetrical complications (3, 5, 6).

Although the etiology of PCOS is complex and
unclear, recent studies reveal that androgens excess
and endoplasmic reticulum (ER) stress play important
roles in the progression and pathogenesis of PCOS (7,
8, 9). Clinical studies showed that hyperandrogenism is
found in most of women who suffer from PCOS, which
indicates androgens excess have a causative role in PCOS
(10). Female patients with congenital adrenal hyperplasia
that have higher endogenous adrenal androgen levels, are
reported to present PCOS morphological features (11).
Androgen functions are mediated through the androgen
receptor (AR) that have been strongly linked to the
development of PCOS. Flutamide (Flut) is an AR antagonist
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that can restore the impaired menstrual regularity and
ovulation in some PCOS patients and repair reproductive
and metabolic disorders in PCOS models (12, 13, 14).
Moreover, knockdown of AR can inhibit the metabolic
and reproductive traits of PCOS in mouse model (15).

ER stress promotes the accumulation of unfolded
or misfolded proteins caused by numerous pathological
and physiological conditions, such as inflammation and
oxidative stress (16). ER stress activates various signal
transduction cascades generally termed as the unfolded
protein response (UPR) that reprogram gene transcription/
translation and protein translation/modification, relieve
the load of misfolded or unfolded proteins, and restore
homeostasis of cellular proteins (17). In PCOS patients
and mice, the androgen activates ER stress in granulosa
cells, which inhibit the development and growth of antral
follicles and result in ovarian fibrosis (1, 18). Recently,
Takahashi et al. reported that ER stress is stimulated in
granulosa cells of patients with PCOS and mouse model,
which induces the expression of pro-fibrotic growth
factors, such as transforming growth factor (TGEF-p),
fibroblast growth factor (FGF), and platelet-derived
growth factor (PDGF), during ovarian fibrosis (18).

Pancreatic p cells have a large amount of ER that
reflects their physiological function as proinsulin
maturation and insulin secretion, and disruption of ER
homeostasis in B cells affect their physiological function
and result in excessive amount of insulin in circulation,
hyperinsulinemia, which in turn may aggravate the ES
stress of B cells (19, 20, 21). However, the relationships
among androgens excess, hyperinsulinemia, and ER
stress in p cells of PCOS is still unclear. To address this
question, we first detected the ER stress status in islets
of the well-established dehydroepiandrosterone (DHEA)-
induced PCOS animal model and revealed the effects
of testosterone (TE) on ER stress and apoptosis in both
INS-1 cells and primary cultured mouse islets. Finally,
we demonstrated that TE induced ER stress by sustained
insulin overexpression in vitro and in vivo through
performing AR antagonist (Flut) and ER stress inhibitor
(TUDCA) administrations.

Materials and methods
Animal model and treatment

28-day old C57BL/6] female mice were purchased from
Wenzhou medical University and divided into three
groups: control, dehydroepiandrosterone (DHEA)-induced
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PCOS, and DHEA+flutamide (Flut, an AR antagonist).
PCOS mouse model was created by the administration
of DHEA as described previously (22, 23). Briefly, control
mice were subcutaneously injected with sesame oil and,
and implanted subcutaneously with an empty pellet;
PCOS mice were subcutaneously injected with DHEA
(Sigma-Aldrich) and implanted subcutaneously with
an empty pellet; DHEA+Flut mice were subcutaneously
injected with sesame oil and implanted subcutaneously
with a pellet containing 20 mg flutamide (Innovative
Research of America, Sarasota, FL, USA). The treatment
was continued daily for 20 consecutive days. Each group
had 10-12 mice. The study was approved by the ethics
commitment of Assisted Reproduction Unit, Sir Run Run
Shaw Hospital, Zhejiang University School of Medicine.

Islet isolation and culture

The islets were isolated from the female mice as
previously described (24, 25). CS57BL/6] female mice
were anesthetized by intraperitoneal injecting 100 mg/kg
pentobarbital (Nembutal, Abbott Laboratories). Then their
pancreatic gland was isolated and digested by collagenase.
Pancreatic islets were then separated from the digest by
density gradient centrifugation using Histopaque 1077.
Microdissected, and hand-picking were conducted under
a stereomicroscope to ensure high purity.

Cell culture and treatment

Isolated islets and INS-1 cells were cultured in the RPMI
1640 medium (Thermo Fisher Scientific Inc.), which
contained 10% PBS, 11.1 mM glucose, 100 pg/mL
streptomycin, and 100 U/mL penicillin, and placed at 37°C
in 5% CO, incubator. Culture medium was changed every
2 days. Five groups of treatment: Control, no treatment;
Cytokine cocktail (CC, 10 ng/mL IL-1f, 100 ng/mL
IFN-y, and 25 ng/mL TNF-a) treatment as positive control
of ER dysfunction; and three TE treatments with the
concentration 0f0.01,0.1and 1 pg/mL. Theislets and INS-1
cells were treated under the above conditions for 72 h,
and then were harvested for gene expression analysis.

Real-time quantitative reverse transcription
PCR (qRT-PCR)

Total RNA of islets and INS-1 cells was extracted by
using the TRIzol™ Reagent (Invitrogen), according to
the manufacturer’s instructions. Total RNA and M-MLV
Reverse Transcriptase (Beyotime, Shanghai, China)
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were used to synthesize the cDNA. The qRT-PCR was
conducted using Bio-Rad MylIQ IQ1 single-color real-time
PCR detection system (Bio-Rad Laboratories, Inc.). The
expression of target genes was normalized by GAPDH
and calculated by using 2-22°T method. The primers were
(5'-3"):

Perk
Forward: CGCGTCGGAGACAGTGTTT
Reverse: GTCCTCCACGGTCACTTCG

Atf6
Forward: TCGCCTTTTAGTCCGGTTCTT
Reverse: GGCTCCATAGGTCTGACTCC

Ire1
Forward: ATGGCGAGACCAGTCCAGA
Reverse: TCCGTCCAAGGTAGACACAAA

Xbp1(s)
Forward: AGCTTTTACGGGAGAAAACTCAC
Reverse: CCTCTGGAACCTCGTCAGGA

Chop
Forward: AAGCCTGGTATGAGGATCTGC
Reverse: TTCCTGGGGATGAGATATAGGTG

DR5
Forward: CGGGCAGATCACTACACCC
Reverse: AGTTCCCTTCTGACAGGTACTG

Gapdh
Forward: AGGTCGGTGTGAACGGATTTG
Reverse: GGGGTCGTTGATGGCAACA

Apoptosis assay

The apoptotic status of the INS-1 cells under different
treatments (control, CC, TE (0.1 pg/mL), TE+Flut (5§ pM),
and TE+TUDAC (100 pM, an ER stress inhibitor)) were
detected by using Annexin V/PI staining (Thermo Fisher
Scientific Inc.), followed with flow cytometry analysis.
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The treated INS-1 cells or islets were lysed using the
medium RIPA lysis buffer (Beyotime) with fresh protease
inhibitor cocktail (Promega). Target proteins expression
was determined by Western blot as previous described (26).
Primary antibodies of Bcl-2 (1:1000 dilution), Bax (1:1000
dilution), GAPDH (1:2000 dilution), and cleaved caspase3
(1:1000 dilution) were ordered from CST (Danvers, U.S.);
Proinsulin MAB (D3E7) and insulin MAB (ICBTACLS)
were obtained from Thermo Fisher Scientific Inc.

Western blot

ELISA

The INS-1 cells were treated by PBS control and TE for
24 h, then harvested the conditional medium at 24-,
36-, 48-, 60-, and 72-h for the proinsulin and insulin
measurement. The concentration of proinsulin and
insulin was determined by using ELISA kit (ALPCO, Salem,
USA) following the manufacturer’s instructions.

Statistical analysis

Statistical analyses were performed by using the GraphPad
Prism (https://www.graphpad.com/). One or two-way
ANOVA and Student's t-test methods were used to analyze
the differences between groups. The data were represented
as mean * s.p., *P < 0.05, **P < 0.01, and ***P < 0.001
compared to control group; *#P < 0.01, and #P < 0.001
compared to TE treated group.

Results
ER stress is elevated in the islets of PCOS mice

In order to evaluate the ER stress status in PCOS mice,
created by the administration of DHEA, islets of controls
and mice with PCOS were isolated for gene expression
analysis by qRT-PCR. First, we examined protein kinase
RNA-like ER Kkinase (PERK), activating transcription
factor-6 (ATF6), and inositol-requiring enzyme-1 (IRE1),
the key regulators of UPR pathway, and found all of
them were upregulated in PCOS mice compared to those
in controls (Fig. 1). XBP1 is the downstream regulator
of UPR, which was also significantly increased in PCOS
mice (Fig. 1). The sustaining ER stress will activate the
apoptosis signaling pathway, which is mainly mediated
by UPR transcription factor C/EBP homologous protein
(CHOP) and death receptor (DR) (27). Interestingly, both
CHOP and DRS were also significantly increased in PCOS
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Figure 1

Expression of UPR-related genes in islets of control and mice with PCOS.
Levels of PERK, ATF6, IRE1, XBP1(S), CHOP and DR5 mRNA in islets of
controls and mice with PCOS (n = 12 for each group) were measured by
real-time PCR and normalized against GAPDH. UPR, unfolded protein
response. XBP1(S), spliced XBR1. CHOP, UPR transcription factor C/EBP
homologous protein. DR5, Death receptor5. Values represent means + s.D.
*%P < 0.01, ***P < 0.001 compared with control.

mice relative to those in controls (Fig. 1). These results
suggested that the obvious ER stress and apoptosis were
underway in the islets of PCOS mice.

Testosterone induces ER stress in INS-1 cells

Hyperandrogenism is the most consistent feature
observed in PCOS patients, therefore, we investigated
the ER stress status of p cells after the TE administration
by gRT-PCR. The cytokine cocktail (50 ng/mL IL-18,
100 ng/mL IFN-y, and 25 ng/mL TNF-a) was used as the
positive control that induced the expression of all three
ER stress markers XBP1(S), CHOP, and DRS in INS-1 cells
(Fig. 2A). Three constrictions of TE were set up, 0.01,
0.1, and 1 pg/mlL, and the results showed that ER stress
markers were significantly upregulated along with the
consistence increase and presented a dose-dependent
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pattern (Fig. 2A). Similar trend was observed in primary
cultured mouse islets (Fig. 2B). The above data indicated
that testosterone induced the ER stress status in  cells.

Testosterone increases apoptosis of INS-1 cells

The UPR-induced apoptosis pathway was significantly
increased in islets of PCOS mice (Fig. 1), next, we
investigated the regulatory role of TE on apoptosis of
B cells in vitro. Similar to the CC positive control, TE
(0.1 pg/mL) administration induced apoptosis of INS-1
cells detected by Hoechst 33342 staining significantly
(Fig. 3A and B). Moreover, the protein level of apoptotic
markers, cleaved caspase3 and Bax, was significantly
upregulated after TE administration, accordingly, protein
level of Bcl-2 was downregulated with TE treatment (Fig.
3C and D). To further examine the TE-induced apoptosis
in INS-1 cells, we performed TE+Flut (an AR antagonist)
and TE+TUDAC (an ER stress inhibitor) to block the AR
and ER stress processes in INS-1 cells. The results showed
that blocking AR signaling pathway significantly reduced
the TE-induced apoptosis on Hoechst 33342 staining (Fig.
3A and B) and apoptotic markers (Fig. 3C and D) levels,
strikingly, the inhibitory effect of Flut (AR antagonist)
and TUDAC (ER stress inhibitor) were comparable (Fig.
3A, B, C and D). These results suggested that TE increased
apoptosis of B cells which could be reduced by the
inhibition of AR signaling and ER stress.

Testosterone induces ER stress by sustained
insulin overexpression

Chronic androgens excess results in hyperinsulinemia
and insulin resistance, which in turn injury the function
of p cells (28, 29). Next, we examined the proinsulin and
insulin levels in conditional medium of INS-1 cells after
TE administration using ELISA. As shown in Fig. 4A and
B, the concentration of both proinsulin and insulin in
conditional medium was significantly increased along
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% ? Figure 2
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Figure 3

Inhibition of ER stress ameliorates TE-induced apoptosis in INS-1 cells. (A and B) Cell was treated as described in the ‘Materials and methods’ section. The
apoptosis rate was detected by Annexin V/PI staining. (C) Expression of cleaved caspase-3, Bax and Bcl-2 were detected by Western blot analysis. Values
represent means + s.0. **P < 0.01, ***P < 0.001 compared with control. P < 0.05, #P < 0.01, ##P < 0.001.

with the TE treatment times. Western blot analyses of  blocked the production of insulin, could decrease the
proinsulin and insulin showed the same trend (Fig. 4C). expression of ER stress markers significantly (Fig. 4D).
However, INS-1 cells were treated by the combination  The above data indicated that TE-induced ER stress was
TE and Cyclo (an inhibitor of protein synthesis), which  sustained by insulin overexpression in § cells.
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Insulin secretion and proinsulin maturation are
impaired in islets of PCOS mice

Next, we investigated the serum proinsulin and insulin
levels in controls, PCOS, and PCOS plus Flut treatment
mice. As shown in Fig. 5A, DHEA-induced PCOS mice had
higher serum insulin level, which could be reduced by
Flut treatment. A similar phenomenon was also happened
for proinsulin (data not shown). Similarly, the proinsulin/
insulin ratio was significantly elevated in PCOS mice, and
restored to a lower level after Flut treatment (Fig. 5B).
Moreover, Western blot of proinsulin and insulin presented
the same trend that AR antagonist could partially restore
the impaired insulin secretion and proinsulin maturation
(Fig. 5C and D), which further suggested that androgen-
regulated ES stress and f cell function in islets.

Discussion

ER stress and correspondingly apoptosis are important
causes of the dysfunction of islet § cells (29). As one of
the major features of PCOS, ER stress can be induced
by androgens excess (1). Meanwhile, androgens excess
also result in hyperinsulinemia in female mice (28).
However, the relationships among androgens excess,
hyperinsulinemia, and ER stress in p cells of PCOS is
unclear. XBP1 haploinsufficiency mice succumb to ER
stress and develop hyperinsulinemia, and impaired
insulin and glucose tolerance relative to WT mice
(30). In hyperinsulinemic status, misfolded proinsulin
accumulates in the ER of pancreatic p cells, which results
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in the activation of UPR signaling and then leads to
B cell apoptosis. In addition, ER stress also correlates
with inflammation in pancreatic f§ cells,
strategies targeting cytokines such as IL-22 and IL-24
could ameliorate insulin secretion and insulin resistance
through suppressing ER stress and inflammation (31). The
current study showed the significantly increased ER stress
status in islets of PCOS mouse, which could be induced
by TE exposure. In addition, TE treatment also resulted
in apoptosis of p cells significantly. Mechanistically,
TE induces ER stress and apoptosis of p cells through
sustaining insulin overexpression, which in turn impair
proinsulin maturation and insulin secretion, and finally
aggravate the development and progression PCOS.
Importantly, blocking this process by using AR antagonist
(Flut) or ER stress inhibitor (TUDAC) could significantly
relieve ER stress and apoptosis, and improve insulin
homeostasis.

The ER stress is involved in the development of insulin
resistance and hyperinsulinemia (31). Nonesterified fatty
acids (NEFAs) derived from visceral adipose tissue in
obese patients are able to induce ER stress and elevate
the expression of cytokines such as IL-6 and TNF-a
through UPR signaling pathway, which induces positive
ER stress feedback, inhibit insulin action, and result in
hyperinsulinemia (32, 33, 34). In this study, we found that
TE possessed a similar promoting effect on proinsulin and
insulin expression, notably, there was more significant
increase of proinsulin level than insulin in the TE treated
mice (higher proinsulin:insulin ratio), which indicates
that more unfolded and modified insulin are secreted into
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serum after TE exposure. It's worth noting that androgens
excess, TE exposure was higher than its physiological
level here, causes ER stress and insulin elevation in both
insulinoma cell lines and islets, indicating this might
be a kind of conserved response in p-cells that can be
applied in other related studies. In addition, Azhary et al.
demonstrated that androgen could activate ER stress
in granulosa cells, and then enhance DRS mediated
apoptosis (1). Ours and others findings suggested that
chronic androgen excess impairs the balance of ER protein
folding process and cellular protein requirement and lead
to accumulation of unfolded or misfolded insulin in ER,
and then induces UPR response and apoptosis.

Bidirectional modulation of insulin homeostasis
regulated by TE in male and females is one of the most
sexually dimorphic aspects of metabolic control (35).
In male, the deficiency of testosterone result in insulin
resistance and T2DM. For example, testosterone therapy
improves p cell function and glycemic control in obese
men who had secondary hypogonadism (36). In contrast,
androgens excess predisposes women to insulin resistance
and hyperglycemia. Female rats treated by androgens
excess using DHEA show higher transcription of the
insulin in pancreatic p cells and hyperinsulinemia traits
(37). Rat cell lines were used to dissect the effect of
androgens excess on ER stress and hyperinsulinemia,
this study is unable to encompass the entire aspects of
in vivo experiments, which need to be further addressed
in future studies. In the current study, we focused on
the regulatory role of TE in female mice and found
that TE exposure could significantly disrupt the insulin
homeostasis in PCOS mice, which is consistent with the
above bidirectional modulation of TE in male and female.
Moreover, we found the detrimental effect of TE in female
was mediated by the elevated ER stress and apoptosis
in islets.

Conclusion

We demonstrated that TE exposure activates ER
stress, induces apoptosis in p cells, and disrupt insulin
homeostasis in PCOS mice. Our findings suggest that ER
stress activated by androgens excess in PCOS contributes
to B cell dysfunction and hyperinsulinemia.
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