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Abstract

Purpose Aromatase plays an important role in ovarian development, the normal progress of the menstrual cycle, and fertil-
ity status. Elevated aromatase activity is linked to obesity. There is a bidirectional relationship between obesity and thyroid
function. Few studies have investigated the relationship between TSH and ovarian aromatase in obesity. Our aim was to
investigate the effect of TSH on aromatase expression of ovarian granulosa cells in obese mice.

Methods Female mice pups were divided into an obesity group and a control group. Obese parameters and the time of puber-
tal onset were recorded. At the age of 5 weeks, blood and tissues were obtained. Serum aromatase and hormone concentra-
tions were measured using ELISA. The granulosa cells were isolated and exposed to variable concentrations (0 pM, 1 pM,
10 pM, 100 pM) of TSH. The expression of CYPI9A1 mRNA and protein were assessed via RT-qPCR and western blot.
Results In female mice, body weight, Lee’s obesity index, and serum levels of E2, aromatase, and TSH were significantly
higher in the obesity group compared to the control group, whereas the time of pubertal onset and serum T3 and T4 concen-
trations were significantly lower (all P <0.001). In granulosa cells, the expression of CYP/9A1 mRNA in the obesity group
was lower than that in the control group at 1 pM and 100 pM concentrations of TSH (both P <0.001). The expression of
CYP19A1 protein in the obesity group was higher than that in the control group after TSH stimulation (P =0.014, P <0.001,
and P =0.004, respectively). With the increase of TSH concentrations, the expression of CYPI9A1 mRNA and protein in
the two groups significantly increased (all P <0.001).

Conclusion Early puberty and elevated serum aromatase and TSH levels were found in obese female mice. In the granulosa
cells of obese mice, TSH directly regulates aromatase expression in a dose-dependent manner.
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Introduction

Over the past 50 years, the incidence of childhood obesity
has increased in almost all countries around the world [1].
Obesity, which has several adverse direct and indirect effects
on the function of multiple tissues and organs, has become
a growing global public health problem. Obesity impacts
the endocrine system. Multiple studies have demonstrated
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that girls with obesity have an increased risk of precocious
puberty [2]. The relationship between obesity and pubertal
onset in boys is an ongoing controversial issue, with some
studies showing that obese boys presented with early puberty
[3], while other studies found that obese boys experienced
delayed puberty [4]. Although there is undoubtedly a link
between pediatric obesity and pubertal onset, the pathogen-
esis behind this is not as yet fully understood. Regarding this
issue, up until now, most studies have focused on leptin, a
hormone secreted by adipose tissue which can activate the
hypothalamic-pituitary—gonadal axis, triggering pubertal
onset [5]. However, the leptin theory concerning this link
cannot fully explain the gender differences in pubertal onset
in obese children. It has been suggested that obesity may
affect pubertal onset by regulating sex hormones through
peripheral effects.
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Within the peripheral mechanism, aromatase is a rate-
limiting enzyme, a product of the CYP19A1 gene, that cata-
lyzes the conversion of androgens to estrogens. Aromatase is
primarily expressed in gonadal tissue, the latter being the
main site for the production of sex hormones, although adi-
pose tissue is considered to be the main extra-gonadal site
for production of aromatase in obesity [6]. Aromatase syn-
thesizes estrogens through the combined action of luteiniz-
ing hormone (LH) and follicle-stimulating hormone (FSH).
Androgens are synthesized by theca cells and transferred to
ovarian granulosa cells through the basement membrane. In
ovarian granulosa cells, FSH regulates the CYPI9A1 gene
promoter through the cAMP/PKA/CREB signaling pathway,
stimulating aromatase transcription [7]. Aromatase plays an
important role in ovarian development, the normal progress
of menstrual cycle, and fertility status [8]. In women, it is
possible that abnormal estrogen secretion may result in the
development of estrogen-dependent disorders such as ovar-
ian, endometrial, or breast cancer, an elevated incidence of
PCOS, and infertility problems [7]. Clinical studies have
indicated that estrogen levels are higher in obese children
than in normal weight children [9]. The high levels of estro-
gen may result in early puberty in girls and delayed puberty
in boys. Further studies are therefore needed to investigate
the expression of aromatase in gonads in obesity.

The existence of a complex bidirectional relationship
between obesity and thyroid function has been described
[10], the latter being more prevalent in the obese population.
Serum thyroid-stimulating hormone (TSH) levels tend to
be higher and free thyroxine (FT4) levels tend to be lower
in obese children compared with normal weight children
[11]. Elevated TSH levels are associated with a large num-
ber of diseases. TSH can affect the metabolism in obese
children regardless of the severity of obesity [12]. Clinical
studies have shown that elevated TSH levels may be related
to pubertal onset [13]. Chronic and mild stimulation of ele-
vated TSH levels may lead to intermittent estrogen produc-
tion [14]. In our previous work, we also discovered that girls
with primary hypothyroidism showed precocious puberty
and elevated levels of TSH and estradiol (E2). Both TSH
and E2 levels returned to normal after thyroxine replace-
ment therapy [15, 16]. Boys with primary hypothyroidism
showed testicular enlargement and normal levels of serum
testosterone (T) [17]. It is therefore reasonable to consider
the potential relationship between TSH and aromatase.

In vitro, TSH directly inhibits testosterone secretion in
Leydig cells by binding to the TSH receptor (TSHR) [18].
In Sertoli cells of male rats, aromatase activity and estrogen
secretion increased due to hypothyroidism and decreased
after thyroid hormone replacement treatment [19]. These
results point to the close relationship between TSH and
gonadal aromatase. However, few studies have investi-
gated the relationship between TSH and ovarian aromatase
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in obesity. Therefore, the aim of the present study was to
investigate the changes in aromatase and thyroid function as
well as the effect of TSH on aromatase expression of ovarian
granulose cells in obese mice.

Materials and methods
Experimental animals

The pregnant C57BL/6 J mice used in this study were pur-
chased from Henan SCBS Biotechnology Co., Ltd. They
were allowed free access to water and food. Their environ-
ment was controlled in terms of light, temperature, and
humidity (12-12 h light-dark cycle; temperature 23 +2°C;
55 + 15% relative humidity). The experimental protocol was
approved by the Ethics Committee of Xuzhou Medical Uni-
versity. Animal maintenance and research were conducted in
accordance with the Guide for the Care and Use of Labora-
tory Animals.

On the day of delivery, maternal mice were randomly
divided into two groups, the obesity group and the con-
trol group. The control group received regular chow
(300 kcal/100 g, 17% fat, 29% protein, 54% carbohydrate);
the obesity group received high fat chow (460 kcal/100 g,
60%fat, 20% protein, 20% carbohydrate). The pups were
weaned in the 3rd postnatal week. The female offspring
(n=28 per group) were selected to be fed the same chow for
2 weeks. The obesity parameters included body weight and
body length. Lee’s obesity index was calculated as follows:
[body weight (g) x 1000/body length (cm)] 1/3. The vaginal
opening is an external signal of pubertal onset. The time of
pubertal onset was recorded. In the 5rd postnatal week, the
female mice were anesthetized with chloral hydrate. Termi-
nal blood was extracted via heart puncture. The mice were
then euthanized by decapitation to obtain tissue samples.

Measurement of aromatase and hormone levels

Serum aromatase, estradiol (E2), testosterone (T), triiodo-
thyronine (T3), thyroxine (T4), and TSH concentrations
were measured using enzyme-linked immunosorbent assay
(ELISA) quantification kits (Shanghai Fanke Biotechnology
Co., Ltd.). Serum samples were diluted and analyzed accord-
ing to the manufacturer’s instructions. The ELISA assays
were run in duplicates for each sample, which were averaged
for comparison. The intra-assay and inter-assay coefficients
of variation were less than 10%, respectively.

Ovarian morphology and immunohistochemistry

Ovarian specimens were rapidly fixed in 4% paraformalde-
hyde fixative, embedded in paraffin, and sectioned at 4 pm
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for hematoxylin and eosin (H&E) and immunohistochemis-
try (IHC) staining. H&E staining was performed to exam-
ine the morphologic structure of the ovaries. After dewax-
ing in distilled water, the slides were then incubated with
the primary polyclonal rabbit antibodies of anti-aromatase
(ab18995, Abcam, 1:400) and anti-TSHR (14450-1-AP,
ProteinTech Group, Inc., 1:50) for 12 h at 4 °C in a humid
environment. Horseradish peroxidase (HRP)-conjugated
goat anti-rabbit IgG secondary antibody (GB23303, Service-
bio, 1:200) was applied to the sections and incubated for 1 h
incubation at 37 °C. The sections were stained with diam-
inobenzidine (G1212, Servicebio). IHC staining was con-
ducted to detect aromatase expression and TSHR in ovaries
with an optical microscope (Eclipse E100, Nikon, Japan).
The positive expression of the targeted protein was brown-
ish yellow. The integral optical density (IOD) and areas of
these regions were measured using Image-Pro Plus 6.0. The
average optical density (AOD) value was calculated using
the following formula: AOD =10D/area.

Isolation and culture of mouse granulosa cells

The 35-day-old mice were pretreated with 5 IU pregnant
mare serum gonadotropin (PMSG) (Ningbo, Zhejiang,
China) for 48 h. The female mice were sacrificed and their
ovaries were removed. Following Dulbecco’s modified
Eagle medium/F12 (DMEM/F12, Hyclone, USA) washing
of the ovaries, granulosa cells were collected using the fol-
licle puncture method. The granulosa cells were centrifuged
(1000 rpm, 5 min) and washed with DMEM/F12 medium
three times. After discarding the supernatants, the pellets
were preserved. The granulosa cells were seeded in 6-well
plates and cultured in DMEM/F12 supplemented with 10%
feta bovine serum (FBS, Hyclone, USA) and 1% penicillin/
streptomycin (Hyclone, USA) at 37 °C in a humidified envi-
ronment containing 5% CO2. During incubation, the culture
media were replaced every 24 h. The purity of the isolated
granulosa cells was verified via immunofluorescence stain-
ing with follicle-stimulating hormone receptor (FSHR),
which is a specific marker of granulosa cells. The standard
procedure for immunofluorescence staining was similar to
the THC staining described above. The polyclonal anti-FSHR
antibody (1:100, Proteintech) was used to determine the
expression of FSHR protein in granulosa cells. Finally, the
slices were observed using an optical microscope (Eclipse
E100, Nikon, Japan).

MTT assay

Granulosa cell viability was measured using the MTT assay
(Sangon Biotech, Shanghai, China). Briefly, granulosa
cells were plated at a density of 2000 cells/well in 96-well
plates in DMEM/F12 supplemented with 10% FBS and 1%

penicillin/streptomycin for 24 h. After incubation, the granu-
losa cells were exposed to variable concentrations (0 pM,
1 uM, 10 pM, 100 pM) of TSH (HY-107916, MedChemEx-
press, China) for an additional 24 h. The relative cell num-
bers were investigated by incubating the cells with MTT for
4 h. After the reaction, the supernatant was removed and
the remaining formazan was dissolved in dimethyl sulfoxide
(DMSO) to measure absorbance at 490 nm using a spec-
trophotometer (Thermo Fisher Scientific, Vantaa, Finland).

Real-time quantitative PCR (RT-qPCR)

The granulosa cells were incubated with different concen-
trations of TSH for 24 h. Total RNA was extracted from
the granulosa cells using an Ultrapure RNA Extraction kit
(CWO0581M, CWBIO, Beijing, China) following the man-
ufacturer’s instructions for subsequent cDNA synthesis.
Real-time quantitative PCR (RT-qPCR) was measured using
SYBR Green Premix Pro Tag HS qPCR Kit (Accurate Biol-
ogy, Shanghai, China). The GAPDH gene was selected as a
reference gene in this study. Prime sequences used in the pre-
sent experiment were as follows: GAPDH forward,5’- GGT
GAAGGTCGGTGTGAACG -3’, reverse, 5’-CTCGCTCCT
GGAAGATGGTG-3’ (233 bp), CYPI9AI forward, 5’-CAC
ATCATGCTGGACACCTCTAA-3’, reverse, 5’-AGCTGT
GGAAACTTTGTGTCTCT-3" (231 bp). The Ct value for
each reaction tube was calculated using a real-time PCR
instrument (Bio-Rad, USA) automatically, and the relative
gene expression was calculated using the 2-A ACt method.

Western blot analysis

The granulosa cells were incubated with different concen-
trations of TSH for 24 h. Total protein concentration was
extracted from the granulosa cells using a BCA protein assay
kit (Beyotime Biotechnology, Beijing, China). After 10%
sodium dodecyl sulfate—polyacrylamide gel electrophoresis,
whole-cell lysates were separated and transferred onto poly-
vinylidene fluoride membranes (Merck Millipore, Temecula,
USA). The membranes were blocked in a solution of 5%
powdered skim milk in tris-buffered saline (TBS) for 2 h
and incubated overnight at 4 °C with primary antibodies
against GAPDH (1:5,000, Proteintech), CYP19A1 (1:1,000,
ab18995, Abcam), followed by incubation with a secondary
antibody (1:10,000, AB-2301, Zsbio, China) for 2 h. The
experiments were repeated three times. The membranes
were incubated with goat anti-rabbit secondary antibodies
(1:10,000, Zsbio, China) for 1 h at 25 °C following wash-
ing with Tris-buffered saline with Tween (TBST). Protein
bands were visualized using the enhanced chemilumines-
cence (ECL) detection system and analyzed using Image J
software.
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Statistical analysis

The data from in vivo and in vitro experiments were
expressed as median (interquartile range). The Mann—Whit-
ney test was used to compare the parameters of the obesity
group and the control group. Multiple comparisons among
different times and concentrations were analyzed using the
Kruskal-Wallis test. P <0.05 was regarded as statistically
significant. Data analysis was analyzed using SPSS version
20.0 (IBM Corp. Released 2011. IBM SPSS Statistics for
Windows, Version 20.0. Armonk, NY, USA: IBM Corp).

Results

Obesity parameters and pubertal onset time

The body weights and lengths of the C57BL/6 J mice in
the obesity and control groups gradually increased with

time (both P <0.001). Lee’s obesity index in the two
groups gradually decreased with time (P <0.001) (Fig. 1A,
B, C). At 2, 3, 4, and 5 weeks, the body weights and Lee’s
obesity index were significantly higher in the obesity
group when compared to the control group (all P <0.001).
There was no difference in body length between the two
groups (all P>0.05) (Fig. 1B). The time of pubertal onset
was significantly earlier in the obesity group than in the
control group (P =0.002). (Fig. 1D).

Aromatase and hormone levels

As shown in Table 1, serum E2, aromatase, and TSH levels
were significantly increased in the obesity group compared
with the control group (all P <0.001). Serum T3 and T4
concentrations were significantly decreased in the obesity
group compared with the control group (both P <0.001).
There was no significant difference in T concentrations
between the two groups (P =0.083).

Fig. 1 Parameters and pubertal A B
onset time in C57BL/6 J mice. 18.0 = 100.0
Curves show the changes of 16.0 90.0
body weights (A), lengths (B), 14.0 0.0
Lee’s index (C), and pubertal S 120 E
onset time (D) in the obesity % 10.0 4 700
group and the control group. g 8.0 S 600
Data are shown as box and 6.0 ~ 500
whisker§ plots. Box plots show a0 B Control 200 B Control
the median, lower, and upper [ Obesity [ Obesity
. . 2.0 30.0
quartiles, and the whiskers as 1w 2w 3w 4w Sw W 2w 3w iw 5w
minimum and maximum values. Time Time
*P<0.05, **P <0.001 vs. the c D
control group (Mann—Whitney 28 1.2
test, Kruskal-Wallis test) 2.7 - = g 10 R
26 2 3 v
25 ke 5 0.8
3 24 2 o6
£ 23 3
® 22 2 04
< 24 £ 02
20 H Control § 0.0 ~@- Control
:: [ Obesity | & —- Obesity
' 1w 2w 3w aw 5w 23d 24d 25d 26d 27d 28d 29d 30d 31d 32d
Time Time
Table 1 Aromatqse and . Parameters The control group The obesity group P value
Hormone Levels in the obesity (n=8) (n=38)
group and the control group
E2(pmol/L) 174.69 (171.66, 184.27) 222.37 (209.38, 245.24) <0.001
T(nmol/L) 8.67 (6.96, 9.62) 9.75 (8.72, 10.84) 0.083
Aromatase(ng/L) 670.79 (622.88, 683.83) 745.65 (727.23, 768.37) <0.001
T3(pmol/L) 30.12 (29.61, 31.05) 26.40 (25.58,26.81) <0.001
T4(pmol/L) 1034.28 (990.20, 1062.93) 829.73 (816.09, 851.13) <0.001
TSH(pg/mL) 38.98 (36.87, 4.10) 56.55 (54.02, 60.37) <0.001
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Expression of aromatase and TSHR in ovarian tissues

To determine whether aromatase and TSHR were expressed
in ovaries, IHC staining was conducted. In the ovarian tis-
sues, the expression of aromatase and TSHR protein were
present in the granulosa cells (Fig. 2A). The AOD values
of aromatase and TSHR protein were significantly higher
in the obesity group than in the control group (P=0.005,
P <0.001). (Fig. 2B).

Effect of TSH on viability of granulosa cells

Compared to the control group, granulosa cell viability was
significantly lower at 0 pM, 10 pM, and 100 pM concentra-
tions of TSH in the obesity group (P=0.002, P=0.024, and
P <0.001, respectively). With the treatment of increasing
concentrations of TSH, granulosa cell viability in the obe-
sity group and the control group increased gradually (all
P <0.001). (Fig. 3).

Aromatase

A

Control

Obesity

AOD

Fig.2 Expression of aromatase and TSHR in ovaries. Representa-
tive images of IHC staining of aromatase and TSHR expression in the
ovaries of C57BL/6 J mice (A). The AOD quantified are presented as

Effects of TSH on aromatase and hormone levels
in granulosa cells

Under the stimulation of different concentrations of TSH,
the E2 level of granulosa cells in the obesity group was
higher than that in the control group, and the T level
was lower than that in the control group (all P <0.001)
(Fig. 4A, B). Aromatase levels in the obesity group were
lower than those in the control group at 0 pM concentra-
tions of TSH (P=0.001). At 1 pM, 10 pM, and 100 pM
concentrations of TSH, the aromatase level of granulosa
cells in the obesity group was higher than that in the con-
trol group (P=0.024, P <0.001, and P <0.001, respec-
tively) (Fig. 4C). With the treatment of increasing con-
centrations of TSH, the E2 and aromatase of granulosa
cells in the obesity group and the control group gradu-
ally increased and the T level gradually decreased (all
P <0.001) (Fig. 4).
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box and whiskers plots (B). Box plots show the median, lower, and
upper quartiles, and the whiskers as minimum and maximum values.
*P<0.05, **P <0.001 vs. the control group (Mann—Whitney test)

Fig.3 Effect of TSH on viabil- 0.3

ity of granulosa cells in vitro.
After the stimulation of differ-
ent concentrations of TSH, the
viability of granulosa cells was
measured using the MTT assay.
Data are shown as box and
whiskers plots. Box plots show
the median, lower, and upper
quartiles, and the whiskers as
minimum and maximum values.
*P<0.05, **P <0.001 vs. the
control group (Mann—Whitney
test, Kruskal-Wallis test)
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Fig.4 Effect of TSH on hormone and aromatase levels in granu-
losa cells. After the stimulation of different concentrations of TSH,
the concentrations of E2 (A), T (B), and aromatase (C) in the cul-
ture were measured using an ELISA kit. Data are shown as box and

Effects of TSH on CYP79A7 mRNA and protein
expression in granulosa cells

The effects of TSH on CYP19A1 mRNA and protein expres-
sion are shown in Fig. 5. At 1 pM and 100 pM concen-
trations of TSH, the expression of CYPI9A1 mRNA in
granulosa cells in the obesity group was lower than that in
the control group (P=0.001, P <0.001). There was no sig-
nificant difference in the expression of CYPI9A] mRNA
between the two groups at O pM and 10 pM concentrations
of TSH (both P> 0.05). After the stimulation of different
concentrations of TSH, the expression of CYPI9A1 protein
in granulosa cells in the obesity group was higher than that
in the control group (P=0.014, P <0.001, and P=0.004,
respectively). With the increase of TSH concentrations, the
expression of CYPI9A1 mRNA and protein in granulosa
cells in the obesity group and the control group significantly
increased (all P <0.001).

TSH1uM

B

TSH 104M TSH 1004M TSH ouM TSH 1uM TSH 104M TSH 100M

whiskers plots. Box plots show the median, lower, and upper quar-
tiles, and the whiskers as minimum and maximum values. *P <0.05,
*#P <0.001 vs. the control group (Mann—Whitney test, Kruskal-Wal-
lis test)

Discussion

In the present study, we identified the occurrence of early
puberty and elevated serum aromatase and TSH levels in
obese female mice. In the ovarian granulosa cells of obese
mice, TSH directly regulates aromatase expression in a
dose-dependent manner. Our data confirm the relationship
between TSH and aromatase expression in obese mice.

The prevalence of childhood obesity and precocious
puberty has increased significantly over the past few dec-
ades. A number of studies have shown that obesity is asso-
ciated with early puberty in girls [20]. Animal experiments
also showed earlier vaginal opening in obese mice than in
normal-weight mice [21]. Our results were similar to those
of the above research studies.

At present, the potential mechanisms of obesity-induced
early pubertal onset include the following. (1) Leptin is
a protein-like endocrine factor secreted by peripheral
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Fig.5 Effect of TSH on CYPI9A1 mRNA and protein expression in
granulosa cells. Granulosa cells were stimulated with different con-
centrations of TSH for 24 h. A CYPI9A1 mRNA was measured by
RT-qPCR. B CYPI19AI protein was assessed by Western blot. Data
were normalized to GAPDH mRNA or protein levels. Data are shown
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as box and whiskers plots. Box plots show the median, lower, and
upper quartiles, and the whiskers as minimum and maximum values.
*P<0.05, **P<0.001 vs. the control group (Mann—Whitney test,
Kruskal-Wallis test)
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adipocytes. Leptin stimulates the release of kisspeptin from
the hypothalamus by binding its receptor, indirectly affect-
ing the release of gonadotropin-releasing hormone (GnRH)
and promoting pubertal onset [22]. However, injections of
leptin alone into young mice and children with leptin defi-
ciency did not induce the onset of puberty [23]. Leptin has
a permissive role in pubertal onset, but it is not the trigger
for pubertal onset [24]. (2) Insulin resistance in obesity can
activate the hypothalamic—pituitary—adrenal axis, increase
androgen synthesis, reduce sex hormone-binding globulin
(SHBG), and elevate the production of sex hormone, this
potentially leading to premature adrenarche and precocious
puberty [25]. (3) Moreover, large amounts of inflammatory
cytokines secreted by adipocyte tissue in obesity may also
promote early puberty [26] (4) Meanwhile, other factors
such as genetic background, prenatal and postnatal environ-
ments, and endocrine disruptors are also associated with
obesity and early puberty [27]. However, the above mecha-
nisms cannot fully explain the inconsistencies between girls
and boys at pubertal onset. (5) The peripheral effects of obe-
sity are worthy of note. Given that adipose tissue exerts aro-
matase activity which increases the conversion of androgens
to estrogens [2], the excess estrogens may promote early
puberty in girls and delay puberty in boys. More research is
certainly needed to determine how the peripheral hormones
affect pubertal onset.

One study has shown that E2 levels increase due to
enhanced aromatase expression from peripheral adipose
tissue in obese postmenopausal females [28]. Furthermore,
Chen et al. found that when women’s body mass index
(BMI) increased, there was an increase in aromatase activity
(E2-to-T ratio) [29]. In men with abdominal obesity, serum
aromatase levels were increased, accompanied by increased
E2 and decreased T levels [30]. On the other hand, few
studies have reported the aromatase profiles in obese chil-
dren. However, in our preliminary experiments, we noted
increased levels of aromatase in obese children, while in the
present study, we found elevated aromatase and E2 in obese
female mice, this being consistent with the above reports.
Taken together, these results demonstrate a link between
obesity and aromatase.

Aromatase deficiency, a very rare autosomal reces-
sive disorder, has been described in hyperandrogensim,
sexual differentiation, reproductive disease, delayed bone
maturation, progressive linear growth, osteoporosis, insu-
lin resistance, and in individuals with an abnormal lipid
profile. Aromatase excess syndrome is a rare autosomal
dominant disorder. Recombination arrangements in the
upstream region and the use of alternative more active
promoters might result in a gain of function mutation in
the CYPI9AI gene [31]. The CYPI9AI gene is not only
affected by uncommon mutations. It has been shown that the
CYP19A1 gene has more common genetic polymorphisms.

The variations may influence expression of CYPI9A1 gene,
activity of the enzyme, and susceptibility to cancer develop-
ment [32]. Elevated aromatase activity is linked to aging,
obesity, hyperthyroidism, idiopathic gynecomastia, and
tumors such as testicular tumors, breast cancer, and endo-
metrial cancer [31]. Aromatase is expressed in many tis-
sues, such as the gonads, brain, adipose, and placental tis-
sues [7]. Most studies focused on the increased expression
of aromatase in adipose tissue in obesity [33]. Many studies
reported that aromatase was expressed in ovarian tissues,
mainly in patients with polycystic ovary syndrome, ovarian
hyperstimulation, ovarian cancer, and other diseases [7, 29,
34]. However, there are few reports of aromatase expression
in the ovaries of obese women. In the present study, our
results demonstrated enhanced aromatase expression in the
ovarian tissues of obese mice.

It is well known that FSH is the most important inducer
of aromatase in ovarian granulosa cells. FSH binds to the
G protein-coupled receptors (GPCRs) on the surface of
gonadal cells, activates the cAMP/PKA/CREB signaling
pathway, and promotes CYP19A1 gene expression [8]. FSH
is regulated by many factors, with T3 and T4 being inhibi-
tory factors [35]. In Sertoli cells of male rats, aromatase
activity and estrogen secretion were increased in hypothy-
roid patients and decreased after thyroid hormone replace-
ment treatment [19]. TSH and FSH are both glycoprotein
hormones, consisting of an identical a-subunit and a unique
B-subunit. TSH has a cross effect with FSH in promoting the
proliferation of granulosa cells [36]. Both TSHR and FSHR
belong to the subfamily of GPCRs. TSHR is expressed in
several tissues, and also in gonadal tissue [37]. TSH may
promote the expression of the CYP/9A1 gene by binding to
TSHR and FSHR on the surface of gonadal cells, inducing
the transcription of aromatase. Serum TSH levels tend to
be higher and FT4 levels tend to be lower in obese children
compared with normal weight children [11]. Thus, there is
a link between abnormal thyroid function and aromatase
expression in obesity. In our study, we found that TSH lev-
els were increased in obese female mice and their granulosa
cells. In obese female mice, TSHR protein was expressed in
ovarian tissues and granulosa cells. TSH stimulated granu-
losa cell viability in a dose-dependent manner. The viability
of granulosa cells was better in the control group than in the
obesity group. TSH plays a role in promoting proliferation
of gonadal cells [38]. However, emerging evidence indicates
that obesity impairs granulosa cell function [39]. It is pos-
sible that elevated estrogen in obesity inhibits granulosa cell
viability [40]. In our study, we found that TSH stimulated
the expression of CYPI/9A1 mRNA and protein in a dose-
dependent manner in both groups. Compared to the control
group, CYPI9A] mRNA levels were higher at 1 pm TSH,
indifferent at 10 pm TSH, and lower at 100 pm TSH in ovar-
ian granulosa cells of obese mice. It has been reported that
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TSH mediates a biphasic effect on gene expression in a num-
ber of cell systems. Low doses of TSH upregulate and higher
TSH doses decrease the levels of mRNAs [41]. In the obesity
group, the expression of CYPI/9A1 mRNA was lower than
that in the control group, but the expression of CYPI19A1
protein was higher than that in the control group. These find-
ings might be explained by differentially expressed miRNAs
regulating CYP19A1 mRNAs in the obese mice and normal-
weight mice [7]. The specific molecular mechanism remains
unknown. Further in-depth research is needed.

This study has some limitations. First, it is only a pre-
liminary exploration of the effect of TSH on aromatase
expression of ovarian granulosa cells. Extensive research is
needed to investigate the deeper molecular mechanisms of
these effects. Moreover, we decided not to explore aromatase
activity in the gonadal tissues of male mice due to the exist-
ence of findings in previous research. We intend to carry
out further research to enrich our knowledge concerning the
molecular mechanism if sufficient funds are available.

In conclusion, our study demonstrates the relationship
between TSH and ovarian aromatase and the effect of TSH
on aromatase expression of granulosa cells in obese mice.
While our results provide new ideas for the promotion of
clinical and basic research, further studies are required to
investigate the specific molecular mechanisms.
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