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Short‐term rapamycin administration
elevated testosterone levels and
exacerbated reproductive disorder in
dehydroepiandrosterone‐induced
polycystic ovary syndrome mice
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Abstract

Background: Polycystic ovary syndrome (PCOS) is a multifactorial endocrinopathy that affects reproduction and
metabolism. Mammalian target of rapamycin (mTOR) has been shown to participate in female reproduction under
physiological and pathological conditions. This study aimed to investigate the role of mTOR complex 1 (mTORC1)
signaling in dehydroepiandrosterone (DHEA)-induced PCOS mice.

Results: Female C57BL/6J mice were randomly assigned into three groups: control group, DHEA group, and DHEA +
rapamycin group. All DHEA-treated mice were administered 6 mg/100 g DHEA for 21 consecutive days, and the
DHEA + rapamycin group was intraperitoneally injected with 4 mg/kg rapamycin every other day for the last 14 days of
the DHEA treatment. There was no obvious change in the expression of mTORC1 signaling in the ovaries of the control
and DHEA groups. Rapamycin did not protect against DHEA-induced acyclicity and PCO morphology, but impeded
follicle development and elevated serum testosterone levels in DHEA-induced mice, which was related with
suppressed Hsd3b1, Cyp17a1, and Cyp19a1 expression. Moreover, rapamycin also exacerbated insulin resistance but
relieved lipid metabolic disturbance in the short term.

Conclusions: Rapamycin exacerbated reproductive imbalance in DHEA-induced PCOS mice, which characterized by
elevated testosterone levels and suppressed steroid synthesis. This underscores the need for new mTORC1-specific and
tissue-specific mTOR-related drugs for reproductive disorders.
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Background
Polycystic ovary syndrome (PCOS) is a multifactorial
disorder affecting 6–20 % of premenopausal women [1,
2]. According to the Rotterdam consensus criteria, the
PCOS diagnosis requires two of the following three

features: excess androgen, oligo-ovulation, or polycystic
ovarian morphology [3]. PCOS is also associated with in-
sulin resistance, type 2 diabetes, obesity, dyslipidemia,
and cardiovascular disease [4]. Despite the harmful ef-
fects of PCOS on women’s health, little is known about
its etiology.
The mammalian target of rapamycin (mTOR) is a con-

served serine/threonine kinase of the phosphatidylinositol
kinase-related kinase family that regulates cell growth,
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metabolism, and autophagy [5]. mTOR contains two dis-
tinct multiprotein complexes known as mTOR complex 1
(mTORC1) and mTOR complex 2 (mTORC2), depending
on the sensitivity of each molecule to rapamycin [6].
mTORC1 signaling is recognized as an important factor
in regulating female reproductive functions, and is indis-
pensable in folliculogenesis, oocyte meiotic maturation,
and steroidogenesis [7–10]. In addition, mTORC1 signal-
ing is regarded as a critical regulator of glucose metabol-
ism and lipogenesis, which is hyperactivated in obesity
and type 2 diabetes [11]. Inhibition of mTORC1 can pro-
tect against diet-induced obesity and enhance insulin sen-
sitivity [11].
Based on these observations, we hypothesize that

mTORC1 signaling is involved in both reproductive and
metabolic dysfunctions associated with PCOS. Several
studies have reported altered expression of mTOR sig-
naling in the ovaries of PCOS mice models and in luteal
granulosa cells of patients with PCOS upon stimulation
with insulin, with inconsistent conclusions [12, 13]. In
this study, the change in mTORC1 signaling in the ovar-
ies of PCOS mice was further confirmed. Rapamycin, an
mTORC1 inhibitor, was transiently used in a mouse
model of PCOS in order to understand the related alter-
ations in ovarian activity and metabolic changes.

Materials and methods
Animal experiments
Immature (21-day-old) female C57BL/6J mice, supplied
by the Vital River Laboratories of Beijing, were subcuta-
neously injected daily with 6 mg/100 g body weight
(BW) dehydroepiandrosterone (DHEA; Sigma-Aldrich,
St. Louis, MO, USA) per 0.05 mL of sesame oil for 21
consecutive days to induce hyperandrogenic PCOS.
Control animals were injected with 0.05 mL of sesame
oil. Subsequently, DHEA-treated mice were assigned
into two experimental groups. One group was intraperi-
toneally injected every other day with 4 mg/kg BW rapa-
mycin reconstituted in dimethyl sulfoxide at 125 mg/mL
(Selleck Chemicals, Houston, TX, USA) diluted in
phosphate-buffered saline (PBS) for the last 14 days of
the DHEA treatment. The other group was treated with
the vehicle for the same duration. Mice were maintained
on a 12-h light/12-h darkness cycle and were provided
with food and water ad libitum. Mice were group-
housed with up to six mice per cage. All procedures
were approved by the Committee on the Ethics of Ani-
mal Experiments of Peking Union Medical College
Hospital.

Assessment of the estrous cycle
Vaginal smears were collected on glass slides in 30 µL of
PBS and then observed directly under a light microscope
with a 10× objective [14]. The four stages of the estrous

cycle were determined as previously described by analyz-
ing the proportion of three major cell types (epithelial
cells, cornified cells, and leukocytes) [15]. Consistent cy-
cles of proestrus, estrus, metestrus, and diestrus (4–5
days total) in mice were called “regular cycles.”

Ovary preparation, histology, and immunohistochemistry
(IHC) analysis
Dissected ovaries were weighed, fixed in 4 % paraformal-
dehyde overnight at 4 °C and stored in 70 % ethanol be-
fore histological processing. For histological examination
of ovarian morphology, ovaries were embedded in paraf-
fin, serially sectioned into 5-µm thick slices, and stained
with hematoxylin and eosin (H&E). Ovarian sections
prepared as described above were stained to demon-
strate the effects of treatment. Paraffin-embedded ovar-
ian sections were warmed and serially deparaffinized in
xylene and ethanol, introduced into an antigen unmask-
ing solution and blocked, and incubated overnight at
4 °C with 1:400-diluted antibodies against Ser235/236
phospho-S6 kinase (catalog no. 2211) from Cell Signal-
ing Technology (Danvers, MA, USA).

White adipose tissue analysis
One ovarian fat pad from each mouse was fixed in 4 %
paraformaldehyde overnight at 4 °C, embedded in paraf-
fin, and sectioned into 8 μm slice. Sections were stained
with H&E before images were obtained for histomor-
phometry at 20× magnification under a light micro-
scope. Two representative micrographs were obtained
per sample, with at least 200 μm separation between
these sections.
Adipocyte size was quantified using ImageJ software

(Fiji). In brief, micrographs were transformed to 8-bit
grayscale, and the threshold was set to cover the adipo-
cyte (= lipid droplet) areas and exclude anomalies such
as blood vessels. Thereafter, the micrographs were trans-
formed to a black-and-white binary image in which
broken adipocyte plasma membranes were mended by
applying the watershed function. The adipocytes were
further defined by circularity (0.5–1.0), on which the cell
area was determined.

Insulin and glucose tolerance tests
Insulin tolerance tests (ITTs) and glucose tolerance tests
(GTTs) were carried out as previously reported, with
modifications [16]. Six-hour-fasted mice underwent a
GTT by receiving an i.p. injection with 2 g of glucose
per kg of BW. Blood glucose was measured at 0, 15, 30,
60, 90, and 120 min. For ITT, three-hour-fasted mice
were intraperitoneally injected with 1 IU porcine insulin
per kg of BW. Blood glucose levels were measured at 0,
15, 30, 45, and 60 min for ITTs. Blood was obtained
from a tail prick, and blood glucose was measured on
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glucose strips and an Accu-Chek glucometer (Roche,
Diagnostics, Indianapolis, IN, USA). ITTs and GTTs
were carried out on day 18 of treatment.

Serum analysis
To avoid the influence of different estrous cycle stages
on the levels of serum hormones, orbital blood was ob-
tained at diestrus in control mice under anesthetized
conditions with pentobarbital (3 mg/100 mL, i.p.) after
fasting for six hours, while samples were taken from the
DHEA-exposed mice regardless of estrus phase because
these mice were acyclic. Serum (350 µL) was separated
by centrifugation at 4 °C and stored at − 80 °C until ana-
lysis. Serum luteinizing hormone (LH) and follicle-
stimulating hormone (FSH) levels were assayed using a
mouse ELISA kit (JM-02865M1 and JM-02838M1;
Jiangsu Jingmei Biological Technology Co. Ltd, China).
Serum testosterone levels were analyzed using a testos-
terone ELISA kit (IB79174; IBL-America, Minneapolis,
MN, USA). Levels of triglycerides (TG), total cholesterol
(T-CHO), low-density lipoprotein cholesterol (LDL-C),
and high-density lipoprotein cholesterol (HDL-C) were
measured using ELISA kits provided by Jiangsu Jingmei
Biological Technology Co. Ltd (Jiangsu, China).

Pancreatic insulin content
For the insulin content assay, the isolated pancreas was
frozen in liquid nitrogen and stored at − 80 °C until use.
The pancreas was thawed and homogenized with an acid/
ethanol solution (0.18 M HCl, 70 % ethanol). The homog-
enates were stored overnight at 4 °C and then centrifuged
(10,000 × g; 20 min; 4 °C), and the supernatant was pre-
pared for the insulin assay (10-1247-01, Mercodia Inc,
Sweden). The total protein concentration was measured
using a protein assay kit from Beyotime Biotechnology
(Shanghai, China). Pancreatic insulin content was normal-
ized to total protein content in each sample.

Western blotting
Ovarian proteins were extracted using RIPA lysis buffer
(Beyotime Biotechnology, Shanghai, China) with protease

inhibitor cocktails (No. 04693132001, Roche, USA) and
phosphatase inhibitor cocktail (No. 04906845001, Roche,
USA). They were separated by electrophoresis and trans-
ferred to polyvinylidene fluoride membranes. After blocking
in 1% bovine serum albumin-TBST (tris-buffered saline
containing 0.1 % Tween 20) for 60 min, the membranes
were incubated overnight at 4 °C with specific antibodies.
Antibodies against rpS6 (catalog no. 2217), p-rpS6 (S235/
236) (catalog no. 2211), and β-actin (catalog no. 4970) were
purchased from Cell Signaling Technology. Horseradish
peroxidase-conjugated goat anti-rabbit IgG (Zhong Shan
Jin Qiao, Beijing, China) were used to detect proteins
through enhanced chemiluminescence and autoradiog-
raphy using x-ray film.

RNA preparation and real‐time PCR
Total RNA was isolated from 7 to 8 ovaries in each
group using an RNAprep pure Tissue Kit (TIANGEN
Biotech, Beijing, China) according to the manufacturer’s
instructions and was quantified with a spectrophotom-
eter (NanoDrop 2000c; Thermo Fisher Scientific, Wal-
tham, MA, USA). RNA (500 ng/reaction per sample)
was reverse-transcribed using a FastQuant RT Kit
(TIANGEN Biotech) to obtain cDNA. Quantitative real-
time PCR was performed using Eva Green qPCR Master
Mix (Applied Biological Materials Inc., Richmond, BC,
Canada) on an ABI Step One Plus platform (Thermo
Fisher Scientific). The specificity of the PCR products
was assessed by melting curve analyses, and amplicon
size was determined by electrophoresis in 2 % agarose
gels. Quantification of various mRNAs was performed
using the Gapdh amplification signal as an internal con-
trol. The specific primers used are shown in Table 1.

Statistical analysis
Data are shown as the mean ± SEM. Comparisons be-
tween groups were made using one-way ANOVA with
Tukey’s post hoc test. Differences between groups with
P < 0.05 were considered significant. All analyses were
performed using GraphPad Prism software (GraphPad
Software Inc., San Diego, CA, USA).

Table 1 Sequences of primers used in qRT-PCR

Forward primer Reverse primer

Cyp11a1 GTACCCTGGTGTCCTTTATAGCCTCCT TGTGTGCCATCTCATAAAGGTTCCACT

Cyp17a1 GCTGGCCAGAGAAGTGCTCGT CTTGGTCCGACAAGAGGCCTAGAG

Hsd3b1 CTGTTGTCATCCACACTGCTGCTG TGCTTGAACACAGGCCTCCAATAG

Cyp19a1 CAGCCCCTGACACCATGTCG ACAGGCTGGTACCGCATGCTT

Fshr TTTTCCAGGGAGCCTCTGGGC AAGCCATGGTTGGGCAGGGAA

Lhr CCTCCAGAGAAAAATTCACCAGCCTACT TCGCTTCTCTAACTGTGCTTTCACATTG

Gapdh AATGGATTTGGACGCATTGGT TTTGCACTGGTACGTGTTGAT
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Results
Rapamycin did not protect DHEA-induced acyclicity and
PCO morphology
To investigate the effects of rapamycin administration
on the DHEA-induced PCOS, we monitored estrous cy-
clicity, follicle population, and sex hormone levels. As
expected, mice in the control group showed normal es-
trous cyclicity, while DHEA treatment resulted in con-
tinuous anestrus (mostly pseudoestrus). Rapamycin
administration did not prevent loss of estrous cyclicity
induced by DHEA, which was spent in the pseudodies-
trus cycle most of the time (Fig. 1a and b). Consistent
estrous cyclicity results, all ovaries of the control group
contained fresh corpora lutea, which indicated recent
ovulation, whereas DHEA-exposed mice, irrespective of
rapamycin treatment, showed little or no corpora lutea
in the ovaries (Fig. 1c). In addition, the ovaries in
DHEA-treated mice presented PCO morphology, includ-
ing follicular cysts, increased theca cell layer, and de-
creased granulosa cell layer. Ovarian weight was not

affected by DHEA but decreased after the administration
of rapamycin (Fig. 1d).
Undetectable levels of serum testosterone were found

in control mice under evaluation. In contrast, DHEA ex-
posure resulted in elevated serum testosterone levels.
Rapamycin further significantly increased testosterone
levels (P = 0.022; Fig. 1e) compared to DHEA treatment.
FSH levels were similar among all groups (Fig. 1g), but
LH levels and the LH/FSH ratio increased in response to
DHEA exposure. Rapamycin decreased LH levels and
the LH/FSH ratio (Fig. 1f and h).

Treatment with DHEA did not significantly alter mTOR
signaling in ovaries
We further performed a western blot analysis to measure
the expression of phosphorylated rpS6, the mTORC1
downstream target, in the ovaries; p-rpS6 did not change
as much in DHEA-induced ovaries. However, rapamycin
significantly reduced p-rpS6 expression in ovaries exposed
to DHEA (P=0.023, Fig. 2a and b).

Fig. 1 Phenotypic evaluation of control; dehydroepiandrosterone (DHEA), and DHEA + rapamycin mice. a Representative estrous cyclicity
assessment in 5-week-old female mice for eight consecutive days by vaginal cytology. The graph shows representative cycles from the three
groups. Each box indicates one animal, and dots represent a day. M, metestrus; D, diestrus; P, proestrus; E, estrus. b Data are presented in a violin
plot showing the frequency distribution curves. c Ovarian morphology by H&E staining. d Mean ovarian weights. Analysis of serum
concentrations of testosterone (e), luteinizing hormone (LH) (f), follicle-stimulating hormone (FSH) (g), and LH/FSH (h) as measured by ELISA (n =
7–8/group). The data are presented as means ± SEM
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Following immunoblotting of whole-ovary lysates, IHC
was used to assess the activity of mTORC1 using rpS6
phosphorylation. P-rpS6 was strongly expressed in oo-
cytes, cumulus cells, peri-antral granulosa cells, theca
cells, and luteal cells in control and DHEA ovaries (Fig.
2c and d). Phosphorylation of rpS6 was effectively
blocked by rapamycin (Fig. 2c and d).

Rapamycin decreased genes involved in sex hormone
steroidogenesis in ovaries
Using qPCR, we measured the ovarian gene expression of
four enzymes involved in sex hormone steroidogenesis: 3β-

hydroxysteroid dehydrogenase, 11α-hydroxylase, 17α-
hydroxylase, and 19α-hydroxylase encoded by Hsd3b1,
Cyp11a1, Cyp17a1, and Cyp19a1, respectively. DHEA expos-
ure significantly affected all these enzymes. Apart from
Cyp19a1, the expression levels of all enzymes decreased.
Rapamycin decreased Hsd3b1, Cyp17a1, and Cyp19a1 ex-
pression. Moreover, rapamycin-induced testosterone expres-
sion was increased probably due to the conversion of
androgens to estrogens catalyzed by Cyp19a1. In addition,
the expression of Lhr, a receptor for LH and human chori-
onic gonadotropin (hCG) involved in ovulation, dramatically
decreased after treatment with rapamycin (Fig. 3).

Fig. 2 Rapamycin downregulates downstream expression of p-rpS6 pathway in the ovary. a Western blots of ovarian proteins with specific
antibodies for p-rpS6 (S235/236), rpS6, and β-actin. Densitometry of western blots was quantified and is shown by p-rpS6 (S235/236)-to-rpS6
ratios (n = 6/group). The data are presented as means ± SEM. b Representative results from p-rpS6 immunohistochemistry are shown. (d) is higher
magnifications of insets in (c)
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Rapamycin worsened glucose metabolism
Glucose tolerance was lower in DHEA-exposed mice
than in controls as determined by the area under the
curve during GTTs. DHEA-exposed mice had similar in-
sulin sensitivity levels compared to controls. After treat-
ment with rapamycin, significantly lower glucose
tolerance and more insulin resistance were found com-
pared to DHEA-exposed mice without rapamycin
(Fig. 4a and b). The DHEA-treated mice tended to have
decreased pancreatic insulin content, and rapamycin
treatment further reduced it significantly (Fig. 4c).

Rapamycin protected against DHEA-induced adipocyte
hypertrophy and dyslipidemia
BW gain was significantly greater in DHEA-treated mice
than in control mice. Rapamycin treatment significantly
decreased BW (P = 0.044; Fig. 5a). The mean adipocyte
size in gonadal adipose tissue was about two-fold larger
in DHEA-exposed mice than in controls. Rapamycin
treatment significantly led to smaller adipocytes in
DHEA-induced mice and prevented DHEA-induced adi-
pocyte hypertrophy (Fig. 5b and c). Furthermore, serum
levels of T-CHO levels were significantly higher in

Fig. 3 Mean mRNA expression levels of Cyp11a1, Cyp17a1, Cyp19a1, Hsd3b, Fshr, and Lhr in the ovaries from control, DHEA, and DHEA + rapamycin
mice (n = 7–8/group). The data are presented as means ± SEM. *P < 0.05, **P < 0.01, *** P < 0.001, **** P < 0.0001
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DHEA-exposed mice which were reduced by rapamycin.
Rapamycin also decreased DHEA-induced elevated LDL-
C and increased DHEA-induced suppression of HDL-C.
However, serum TG levels were elevated by DHEA, al-
though not significantly, and were rarely affected by
rapamycin (Fig. 5d).

Discussion
The mTOR pathway is regarded as an important
pathophysiological basis for PCOS, but the effects of
related drugs on a PCOS mouse model have rarely
been investigated. In the current study, we showed
that rapamycin worsened the development of repro-
ductive dysfunction and increased DHEA-induced ele-
vated testosterone, which was probably related to
suppressed steroid synthesis. Rapamycin also exacer-
bated insulin resistance but relieved lipid metabolic
disturbance in the short term.
mTOR modulates many key processes at the cellular

level, including protein synthesis, biomass accumulation,
and autophagy, and coordinates the storage and
mobilization of nutrients and energy at the organismal
level [11]. As a critical regulator of metabolic syndrome,
the mTOR pathway underwrites many diseases of over-
eating, including obesity and type 2 diabetes. Further-
more, inhibition of the mTORC1 might reverse the
metabolic dysregulation and diseases [11]. The mTOR

pathway is essential for folliculogenesis and steroidogen-
esis in the ovary [7, 17]. Blockade of mTORC1 also de-
creases LH secretion in rodents, which is regulated by
the neuroendocrine hypothalamus [18]. Thus, it can be
assumed that the mTOR pathway participates in the de-
velopment of PCOS, a common endocrinopathy disease
involving both reproduction and metabolism.
However, the functional regulation of the mTOR path-

way in PCOS is exponentially more complex because
mTOR coordinates different physiological processes
across different tissues. Furthermore, divergent results
involving the expression of the mTOR pathway in PCOS
were observed. mTOR phosphorylation was increased in
the ovary of DHEA-treated PCOS mice, whereas S6K1
phosphorylation, downstream of mTORC1 and up-
stream of rpS6, was decreased [12]. We did not observe
significant changes in the expression of rpS6 phosphor-
ylation. We postulated that the results were partly be-
cause of the effect of mixing different kinds of cells from
ovarian tissues, as proven by the IHC results that p-rpS6
was expressed in oocytes, cumulus cells, peri-antral
granulosa cells, theca cells in follicles and luteal cells in
corpus luteum [19]. As the mTOR pathway is expressed
differently in follicles and corpus luteum, changes in the
percentage of follicles and corpus luteum can lead to
bias risks. Thus, the exact expression of a specific type
of cell could be more accurate. mTOR expression in

Fig. 4 Oral glucose tolerance test (GTT; a), insulin tolerance test (ITT; b), and pancreatic insulin content (c). n = 7–8/group in a-c. The data are
presented as means ± SEM
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granulosa cells of PCOS patients has also been investi-
gated. A recent study showed that granulosa cells of
PCOS patients had higher mTOR expression and phos-
phorylation than those of non PCOS patients; this
mTOR expression could be reduced by berberine, a qua-
ternary compound extracted from plants regulating glu-
cose metabolism [20]. Another study found that mTOR
expression in luteal granulosa cells was similar in PCOS
patients and healthy individuals, but it was less in luteal
granulosa cells in PCOS patients than in controls upon
stimulation with insulin [13]. Given the impacts of insu-
lin involvement in both studies, it can be postulated that
glucose metabolism affects the aberrant expression of
mTOR in granulosa cells of PCOS patients.
As few differences in mTOR expression in the ovarian

tissue were found between control and DHEA-treated
mice, rapamycin was used as an inhibitor to investigate

the impact of mTOCR1 on reproductive imbalance in
PCOS. As expected, follicle development was impeded,
as mTOR is indispensable for follicle development and
maturation. With less mature follicle, granulosa cells ex-
pressing Lhr reduced, consistent with the findings of
previous report [21]. Surprisingly, testosterone was fur-
ther elevated following treatment with rapamycin in
DHEA-exposed mice, despite LH being significantly sup-
pressed. To explain this phenomenon, mRNA expression
of genes involved in steroidogenesis was explored. Con-
sistent with previous results, DHEA exposure decreased
Cyp11a1, Hsd3b, and Cyp17a1 expression, which was
likely due to negative feedback of DHEA, but increased
Cyp19a1 expression, which converts excess DHEA into
estrogens [22, 23]. Treatment with rapamycin further re-
duced Cyp11a1, Cyp17a1, and Cyp19a1 expression,
probably because cyclic adenosine monophosphate

Fig. 5 Body weight, adipocyte size of gonadal adipose tissue, and serum lipid levels in control; dehydroepiandrosterone (DHEA), and DHEA +
rapamycin mice. a Body weight gain and body weight after treatment (n = 8/group); b Adipocyte size of gonadal adipose tissue (n = 4/group); c
Histological sections showing adipose tissue; d Serum lipid levels (n = 6–8/group). The data are presented as means ± SEM
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response element-binding protein, downstream of S6K1,
could be significantly decreased by rapamycin and medi-
ates changes in gene expression [9, 10]. This
phenomenon was validated by in vitro experimental
data, which showed that rapamycin reduced hCG-
induced upregulation of Cyp11a1, Hsd3b, and Cyp17a1
in mice interstitial cells and human granulosa lutein cells
[9, 10, 24]. Excess androgens could not be converted
into estrogens because of the decreased Cyp19a1 expres-
sion mediated by rapamycin; thus, testosterone levels
were further elevated. Apart from the direct influence of
rapamycin on the ovaries, steroidogenesis can also be in-
directly altered by changes in insulin resistance and
metabolic actions induced by rapamycin, which can fur-
ther exacerbate ovulatory disturbances [25].
PCOS presents insulin resistance and visceral adipos-

ity, which results from excess androgen and further facil-
itates androgen secretion by the ovaries and adrenal
glands [2]. Insulin resistance, adipocyte hypertrophy, and
dyslipidemia were present in DHEA-induced mice in
this study, validating this PCOS model as regards meta-
bolic alterations [22]. mTORC1 is a critical regulator of
glucose metabolism and lipogenesis across various tis-
sues, and is hyperactivated in diseases caused by exces-
sive nutrients and mitogens, including PCOS [11].
However, direct pharmacological inhibition of mTORC1
by rapamycin in DHEA-exposed mice exacerbated insu-
lin resistance [11]. This is probably because rapamycin
also inhibits mTORC2 in addition to mTORC1 in a
dose-, time- and cell-type-dependent manner [26]. In
contrast, rapamycin decreased BW and served as a nega-
tive regulator of adipocyte development in DHEA-
exposed mice. Furthermore, rapamycin significantly de-
creased LDL-C and increased HDL-C, which relieved
dyslipidemia. Despite relieving the dysregulation of lipid
metabolism in DHEA-mice in the short term, rapamycin
has been shown to lead to ectopic accumulation of lipids
in the muscle and liver on the long term [27].
The pathogenesis and development of PCOS can be

described as a vicious circle in which excess androgens
lead to insulin resistance, hyperinsulinism, and abdom-
inal visceral adiposity, further facilitating androgen se-
cretion by the ovaries and adrenal glands [2]. Thus,
drugs treating any parts of this vicious circle can theor-
etically be used to cure PCOS. On the other hand, drugs
aggravating any part of the circle can also exacerbate the
disease. The mTOR pathway plays a central role in
maintaining cellular homeostasis and is active in various
tissues, indicating that suppression of mTOR could
affect the whole body [11]. Taking this study as an ex-
ample, rapamycin suppressed the ovulation and steroid
synthesis, elevating testosterone. Testosterone elevation
further increased insulin resistance, and finally aggra-
vated steroidogenesis imbalance. Thus, it is important to

interpret results systematically. Furthermore, it is prob-
ably more practical to transform systemically functional
drugs into tissue-specific targeted drugs to relieve their
side effects.
The strength of the study is that we systematically dis-

played the effects of short-term rapamycin on
reproduction and metabolism in DHEA-induced PCOS
mice in vivo, which has been investigated little. We
found that rapamycin further exacerbated reproductive
imbalance in DHEA-induced PCOS mice by impeding
follicle development, elevating testosterone, and sup-
pressing steroid synthesis, emphasizing the necessity of
evaluating these mixed functions when administering a
systematic drug. Thus, mTORC1-specific and tissue-
specific new drugs are needed to bypass the adverse ef-
fects resulting from direct pharmacological inhibition of
mTORC1 [11]. Our study has some limitations. DHEA-
induced PCOS mice cannot completely mimic the aber-
rant regulation of steroid metabolism in PCOS patients,
who reportedly show reduced expression of CYP11A1
and HSD17B1 and increased expression of SULT1E1 in
granulosa-lutein cells [28]. Thus, effects of rapamycin on
steroidogenesis in PCOS patients may be different. In
addition, we mainly examined rapamycin-induced repro-
ductive imbalance in DHEA-induced PCOS mice.
Hence, metabolic disturbances induced with rapamycin
administration warrant further investigation to help
understand PCOS pathophysiology.

Conclusions
Our study demonstrated that serum testosterone was
significantly elevated by rapamycin in DHEA-mice,
which was correlated with the suppression of steroid
synthesis. Furthermore, new drugs that are mTORC1-
specific and tissue-specific are needed to bypass the ad-
verse effects of rapamycin when administering mTOR-
related drugs for reproductive disorders.
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