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Marrow adipose tissue is
increased in overweight and
obese women with PCOS
independently of
hyperandrogenism related
obesity and metabolic disorders
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Purpose: This study aimed to investigate the increase in bonemarrow adipose tissue

(BMAT) in overweight and obese women with polycystic ovary syndrome (PCOS)

and its relationship with hyperandrogenism, obesity, and metabolic disorders.

Methods: The study included 87 overweight or obese women with PCOS (mean

age 29 ± 4 years), as well as 87 age-matched controls recruited from a separate

population study. All PCOS patients were measured for anthropometric features,

abdominal adipose tissue areas, BMAT, biochemistry, and sex hormones. BMAT

was compared between the PCOS patients and controls. In PCOS patients,

subgroup comparisons of BMAT and its associations with body adiposity indices,

biochemistry, and sex hormones were analyzed. The odds ratios (ORs) of

elevated BMAT (defined as BMAT ≥ 38%) were calculated.

Results: On average BMAT was increased by 5.6% ( ± 11.3%) in PCOS patients

compared to controls. BMAT were significantly higher in the upper tertiles of

total cholesterol (TC) and low density lipoprotein-cholesterol (LDL-C). BMATwas

not correlated with abdominal adiposity indices or biochemistry except for LDL-

C (r = 0.253—0.263, p = 0.014—0.018). LDL-C was not significantly different

between the normal and abnormal androgen PCOS subgroups (p = 0.10-0.887).

LDL-C, follicle stimulating hormone (FSH), and total testosterone (TT) were risk

factors for elevated BMAT, with ORs of 1.899 (p = 0.038-0.040), 1.369 (p =

0.030-0.042), and 1.002 (p = 0.040-0.044) for each unit increase, respectively.

Conclusion: BMAT was increased in overweight and obese PCOS patients, but

the increase in BMAT was not associated with the hyperandrogenism related

obesity or metabolic disorders.

KEYWORDS

bone marrow adipose tissue, polycystic ovary syndrome, hyperandrogenism, obesity,
metabolic syndrome
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Introduction

Polycystic ovary syndrome (PCOS) is the most common

endocrine disorder among women of reproductive age.

Hyperandrogenism is the most consistent endocrine feature in

PCOS and is likely to play a key role in the etiology of the

condition (1, 2). PCOS is known to be associated with metabolic

abnormalities such as insulin resistance, dyslipidemia, chronic low-

grade inflammation, and arterial hypertension (3, 4).

Epidemiological data revealed that 30-70% of women with PCOS

are either overweight or obese (5–7). Obese women with PCOS have

a more severe phenotype than those who are less obese, with more

severe menstrual irregularities, infertility, miscarriage, and clinical

hyperandrogenism, glucose intolerance and/or type 2 diabetes

mellitus, and metabolic syndrome (8, 9).

In PCOS, the effects of hyperandrogenism on the adipose tissue

have been exhibited within the white adipose tissue and brown

adipose tissue (10). Bone marrow adipose tissue (BMAT) is a type of

unique adipose tissue in humans, and increases with age and

becomes a prominent component of bone marrow. It is well

known that increased BMAT is associated with decreased bone

mass and osteoporosis (11, 12). The accumulation of BMAT can be

accelerated by different pathophysiological conditions, including

obesity, diabetes, glucocorticoid therapy, anorexia nervosa, and

Cushing’s syndrome (13). However, it is not known whether

PCOS-related obesity and metabolic abnormalities in women lead

to an increase in BMAT. The adverse effect of hyperandrogenism on

increased BMAT, confirmed in rodent models, has not been verified

in women with PCOS (14, 15). In this study, we aimed to explore

the phenotype of BMAT in overweight or obese young PCOS

patients and furthermore to investigate the relationships between

the increase in BMAT and hyperandrogenism, obesity, and

metabolic disorders in PCOS.
Methodology

Study subjects

This was a prospective, single centered, clinical study. All

participants with overweight or obese PCOS were recruited from

consecutive patients visiting the gynecological endocrinology clinic

of the Beijing Obstetrics and Gynecology Hospital between

February and December 2019. According to the Chinese adult

overweight and obesity prevention and control guidelines (16),

overweight or obese was defined as a BMI ≥ 24 kg/m2

(overweight: 24 kg/m2 ≤ BMI < 28 kg/m2; obese: BMI ≥ 28 kg/

m2). PCOS was diagnosed using the Rotterdam ESHRE/ASRM

revised 2003 consensus criteria (17) as follows: oligo-ovulation,

anovulation, or irregular uterine bleeding; having one of the two

fol lowing abnormalit ies : ① cl inical manifestat ions of

hyperandrogenism or hyperandrogenemia, or ② typical polycystic

ovaries shown on ultrasound (the number of follicles with a

diameter of 2-9mm ≥ 12 in unilateral or bilateral ovaries, and/or

ovarian volume ≥ 10 cm3). All the other diseases that may cause
Frontiers in Endocrinology 02
hyperandrogenism or abnormal ovulation were excluded, including

Cushing’s syndrome, non-classical congenital adrenal hyperplasia

(NCCAH), ovary or adrenal gland tumors that secrete androgens,

functional hypothalamic amenorrhea, hyperprolactinemia, and

premature ovarian insufficiency (POI). The inclusion criteria

were: aged from 16 to 40 years; overweight or obese PCOS

patient; waist circumference (WC) ≥ 80cm. A total of 87 eligible

women were finally recruited for participation in the study.

Eighty-seven age-matched controls were recruited from a

separate population study to investigate the degeneration of spine

and knee (China Action on Spine and Hip study, CASH). All

participants were healthy adults who had lived in Beijing for more

than 5 years, and the inclusion criteria for that study were

previously published (18). Participants who had oligo-ovulation,

anovulation, or irregular uterine bleeding were excluded. Random

case-control matching was used to perform the age-matched

control sampling; 77 samples attained exact matching and 10

samples achieved fuzzy matching (± 1year).

The regional ethics committee of the Beijing Obstetrics and

Gynecology Hospital, Capital Medical University approved this

study (Protocol number 2018-ky-011-01; Registration number

ChiCTR1900020986). All participants provided signed, informed

consent. The study was carried out in accordance with The Code of

Ethics of the World Medical Association (Declaration of Helsinki).

All the overweight and obese women with PCOS received blood

serum tests, and on the same day, both routine and chemical shift

encoded magnetic resonance imaging (CSE-MRI) scans were

performed for the measurements of abdominal adipose tissue and

BMAT. All controls underwent a quantitative computed

tomography (QCT) scan for the measurements of abdominal

adipose tissue, and 40 controls underwent a CSE-MRI scan for

the measurement of BMAT on the same day.
MR scan and measurements

MR scans were obtained on a clinical 3T whole-bodyMRI system

(Ingenia 3.0T; Philips Healthcare, Best, The Netherlands) with a 32-

channel dS Torso Body coil. The routine abdominal T2-weighted

turbo spin echo (TSE) axil sequence was acquired with the

parameters as: time of repetition (TR) = 3500 ms, time to echo

(TE) = 110 ms, slice thickness = 6 mm, slice gap = 2 mm, field of view

(FOV) = 440 × 385 mm2, voxel size = 1.6 × 1.6 mm2, number of

signals acquired (NSA) = 1. T2-weighted TSE axial images were

analyzed by using the OsiriX MD version 6 software (Pixmeo SARL,

Bernex, Switzerland). Total adipose tissue (TAT), visceral adipose

tissue (VAT), and subcutaneous adipose tissue (SAT) areas (cm2)

were semi-automatically measured at the level of the umbilicus.

CSE-MRI was obtained by mDixon-quant, a 3D spoiled

gradient-echo sequence using multiple acquired echoes to

generate water, fat, T2*, R2*, and in-phase and oppose-phase

images synthesized from the water-fat images. The scan

parameters of the single breath-hold mDixon-quant were

described previously (19). The CSE-MRI dataset were processed

with ISP version 7 software (Philips Healthcare, Best, the

Netherlands). Region of interests was drawn manually on the
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central L2, L3, and L4 axial proton density fat fraction (PDFF) map

images, and the mean PDFF (%) of each vertebra was evaluated.

BMAT was calculated as the mean value of L2 to L4 PDFF.
QCT scan and measurements

According to the protocols of the CASH study, abdominal QCT

scan was performed on a Toshiba CT scanner (Aquilion Prime

ESX-302A; Toshiba Medical Systems Corporation, Otawara, Japan)

with a five-rod calibration phantom (Model 3 phantom; Mindways

Inc., Austin, TX, USA) placed beneath the subject and scanned

simultaneously (18).

The CT volumetric datasets were transferred to a QCT

workstation and analyzed using Mindways QCT PRO tissue

composition module software version 4.2. As described previously

(20), TAT, VAT, and SAT areas (cm2) were semi-automatically

measured at the level of the umbilicus.
Blood serum analyses

A fasting, morning blood sample was taken from each

overweight or obese PCOS patient on the 2nd - 5th day after

spontaneous menses or on any day for those with amenorrhea for

more than 3 months. The blood samples were assayed for

triglyceride (TG, mmol/L), total cholesterol (TC, mmol/L), high

density lipoprotein-cholesterol (HDL-C, mmol/L), low density

lipoprotein-cholesterol (LDL-C, mmol/L), and glucose (mmol/L)

by using a Synchron LX-20 automated analyzer (Bechman Coulter,

CA, US). Sex hormones and insulin (pmol/L) assays were

conducted by chemiluminescence immunoassay using an ADVIA

Centaur XP automated analyzer (Siemens Healthcare Diagnostics,

CA, US). Sex hormones that were measured included follicle

stimulating hormone (FSH, IU/L), luteinizing hormone (LH, IU/

L), estradiol (pg/mL), progesterone (ng/mL), total testosterone (TT,

pg/mL), free testosterone (FT, pg/mL), sex hormone-binding

globulin (SHBG, nmol/L), and prolactin (ng/mL). The ratio of LH

to FSH (LH/FSH ratio = LH (IU/L)/FSH (IU/L)) was

then calculated.
Statistical analysis

Distributions of the variables were examined for departure from

normality by the Shapiro-Wilk test. Data were presented as the

mean ± standard deviation (SD), median (interquartile, IQR), and

95% confidence interval (CI). For the inter-group comparisons

between the PCOS patients and controls, the Student t test was

used for normally distributed variables and the Mann-Whitney U

test was used for skewed variables.

A one-way ANOVA or Mann-Whitney U test was used to

compare the differences of adiposity indices and biochemistry
Frontiers in Endocrinology 03
measurements among the PCOS subgroups stratified by the level

of androgens, LH, and LH/FSH ratio, respectively. Pearson and

partial correlations were calculated between BMAT and body

adiposity indices and biochemistry measurements. BMAT was

also compared between the tertiles of body adiposity indices and

biochemistry measurements.

Multivariate linear regression analysis was performed to

estimate the contribution of each sex hormone to BMAT, without

(model 1) and with adjustments for age, BMI (model 2), and

additionally for biochemistry (model 3). BMAT was considered to

be elevated when BMAT was higher than the 90% upper limit of the

BMAT range of the controls. The odds ratios (ORs) of elevated

BMAT was calculated by univariate logistic regression models

without (model 1) and with adjustments for age, BMI, and

biochemistry (model 2). Furthermore, cut off values for

diagnosing elevated BMAT were calculated for those significant

risk factors by the maximum value of Youden’s Index (Youden’s

Index = sensitivity + specificity - 1) using the receiver operating

characteristic (ROC) curve, and those risk factors were then

transformed into dichotomous variables according to the cut off

values. Multivariate binary logistic regression analysis was

performed to evaluate the predictors for elevated BMAT.

All data managements and analyses were completed using SPSS

version 22.0 (SPSS Inc., Chicago, IL, USA). A two-sided p value of <

0.05 was considered to indicate statistical significance.
Results

Discrepancy of adiposity indices between
overweight and obese PCOS patients and
age-matched controls

The characteristics and adiposity indices of the overweight and

obese PCOS patients and controls are presented in Table 1.

Compared to the age-matched controls, a larger SAT and TAT

area was found along with the higher weight and BMI in the

overweight or obese PCOS patients. Although VAT area was also

found to be larger, the difference was insignificant. BMAT was

higher in the overweight or obese PCOS patients with a mean

difference of 5.6% ( ± 11.3%).
Changes of sex hormones in overweight
and obese PCOS patients and their
relations to adiposity indices
and biochemistry

The values of biochemistry and sex hormone measurements of

the overweight or obese PCOS patients are presented in Table 2.

About one-third to half of the patients had abnormal triglyceride

and cholesterol levels. Two-thirds of the patients had a decreased
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TABLE 1 Comparisons of characteristics and adiposity indices between overweight and obese PCOS patients and age-matched controls.

Mean ± SD Median
(P25, P75)

95%CI Normality test
(Shapiro-Wilk)

Inter-group comparisons
(Student t test/Mann-Whitney U test)

Age (years) Group POCS 29 ± 4 29
(27, 31)

20—38 p = 0.056 p = 0.208

Group control 29 ± 4 29
(27, 32)

21—38 p = 0.174

Difference PCOS-control 0 ± 0 0
(0, 0)

-1—1 p < 0.001

Height (m) Group POCS 1.62 ± 0.05 1.62
(1.60, 1.66)

1.52—1.72 p = 0.283 p = 0.141

Group control 1.61 ± 0.05 1.62
(1.58, 1.64)

1.52—1.71 p = 0.195

Difference PCOS-control 0.01 ± 0.06 0.02
(-0.03—0.05)

-0.12—0.11 p = 0.057

Weight (kg) Group POCS 76.2 ± 10.1 75.0
(70.0, 80.0)

63.0—105.4 p < 0.001 p < 0.001

Group control 59.4 ± 9.2 58.0
(53.0, 65.0)

45.0—84.0 p = 0.003

Difference PCOS-control 16.8 ± 12.8 16.0
(9.0, 24.0)

-10.4—43.6 p = 0.20

BMI (kg/m2) Group POCS 28.9 ± 3.5 28.3
(26.2, 30.9)

24.1—37.0 p < 0.001 p < 0.001

Group control 22.8 ± 3.4 22.5
(20.1, 24.7)

18.0—30.3 p = 0.003

Difference PCOS-control 6.1 ± 4.4 5.3
(3.4, 9.3)

-3.3—15.7 p = 0.20

VAT area
(cm2)

Group POCS 77.8 ± 27.4 73.5
(57.4, 97.3)

34.7—130.6 p = 0.004 p = 0.233

Group control 73.8 ± 26.0 70.1
(57.0, 84.3)

34.5—160.0 p < 0.001

Difference PCOS-control 4.0 ± 33.4 2.6
(-15.1, 28.6)

-69.9—63.7 p = 0.20

SAT area (cm2) Group POCS 294.2 ± 84.1 274.8
(228.9,
344.7)

171.9—540.5 p < 0.001 p < 0.001

Group control 167.5 ± 67.8 162.3
(126.3,
213.3)

40.7—327.2 p = 0.002

Difference PCOS-control 126.7 ± 104.3 120.0
(61.4, 203.5)

-84.2—359.4 p = 0.20

TAT area (cm2) Group POCS 372.0 ± 96.5 357.8
(296.5,
423.8)

218.1—675.0 p < 0.001 p < 0.001

Groupcontrol 241.3 ± 87.2 233.6
(179.9,
282.0)

82.1—456.1 p < 0.001

Difference PCOS-control 130.7 ± 121.0 121.7
(50.5, 211.7)

-118.2—
393.9

p = 0.20

BMAT (%) Group POCS 34.5 ± 8.2 35.6
(29.0, 39.5)

18.5—51.0 p = 0.868 p = 0.003

Groupcontrol
a 29.0 ± 7.0 28.1

(26.4, 33.3)
14.2—46.3 p = 0.327

(Continued)
F
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TABLE 1 Continued

Mean ± SD Median
(P25, P75)

95%CI Normality test
(Shapiro-Wilk)

Inter-group comparisons
(Student t test/Mann-Whitney U test)

Difference PCOS-control
a

5.6 ± 11.3 4.8
(-2.5, 10.4)

-14.8—33.9 p = 0.20
F
rontiers in Endocrinology
 05
aBMAT was measured in a total of 40 subjects in the control group, and therefore the comparison of BMAT between PCOS patients and controls was obtained in 40 pairs.
SD, standard deviation; CI, confidence interval; BMI, body mass index; VAT, visceral adipose tissue; SAT, subcutaneous adipose tissue; TAT, total adipose tissue; BMAT, bone marrow
adipose tissue.
The bold values mean statistically significant (p < 0.05).
TABLE 2 Levels of biochemistry measurements and sex hormones in overweight and obese PCOS patients.

Mean ±
SD

Median
(P25,
P75)

95% CI Normality test
(Shapiro-Wilk)

Reference
Standard

Number of subjects (percentage) within
normal range

TG
(mmol/L)

2.06 ± 1.34 1.72
(1.27,
2.49)

0.59—6.97 p < 0.001 ≤ 1.70 N = 42 (48.3%)

TC
(mmol/L)

5.01 ± 0.97 4.82
(4.2, 5.66)

3.48—7.14 p = 0.079 ≤ 5.18 N = 52 (59.8%)

HDL-C
(mmol/L)

1.09 ± 0.21 1.05
(0.96,
1.25)

0.72—1.64 p = 0.023 > 1.04 N = 45 (51.7%)

LDL-C
(mmol/L)

3.08 ± 0.80 3.0
(2.45,
3.68)

1.72—4.93 p = 0.20 ≤ 3.34 N = 57 (65.5%)

Glucose
(mmol/L)

5.17 ± 0.58 5.07
(4.81,
5.44)

4.25—6.7 p = 0.018 ≤ 6.10 N = 83 (92.2%)

Insulin
(pmol/L)

109.91 ±
70.83

89.59
(64.23,
149.43)

13.96—
335.17

p = 0.001 21—174 N =70 (80.5%)

FSH
(IU/L)

5.98 ± 1.76 5.97
(4.91,
7.25)

2.27—9.37 p = 0.942 2.5—10.2 N = 85 (97.7%)

LH
(IU/L)

9.38 ± 6.0 7.71
(4.95,
11.99)

1.91—
25.33

p < 0.001 1.9—12.5 N = 66 (75.9%)

LH/FSH
ratio

1.59 ± 0.91 1.28
(0.98,
2.05)

0.40—4.30 p < 0.001 ≤ 2 N = 64 (73.5%)

Estradiol
(pg/mL)

60.43 ±
45.01

49.91
(42.81,
61.3)

18.22—
209.73

p < 0.001 19.5—144.2 N = 81 (93.1%)

Progesterone
(ng/mL)

1.08 ± 3.17 0.49
(0.27,
0.75)

0.03—7.59 p < 0.001 ≤ 1.4 N = 80 (92.0%)

TT
(pg/mL)

486.26 ±
216.78

439.31
(314.4,
604.54)

208.52—
1065.7

p < 0.001 90—550 N = 57 (65.5%)

FT
(pg/mL)

9.02 ± 4.87 8.98
(5.93,
12.4)

1.08—
20.58

p = 0.101 0.8—7.4 N = 38 (43.7%)

SHBG
(nmol/L)

48.9 ±
58.06

26.6
(16.8,
45.7)

9.02—
250.0

p < 0.001 > 34.3 N = 29 (33.3%)

(Continued)
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SHBG, and more than 20% of the patients had increased FT

(56.3%), TT (34.5%), LH (24.1%), and LH/FSH ratio (26.5%).

Values of the adiposity indices and biochemistry measurements

were compared between the overweight and obese PCOS patient

subgroups divided between those with normal values of androgens,

LH, and LH/FSH ratio and those with abnormal values, respectively

(Figure 1). None of the adiposity indices or biochemistry
Frontiers in Endocrinology 06
measurements were significantly different between the normal and

abnormal TT subgroups. BMI (Figure 1A) and insulin (Figure 1K)

were higher (p = 0.003—0.013) in the subgroups with abnormal FT and

abnormal SHBG. Moreover, in the subgroup with abnormal SHBG,

there was a higher VAT area (p = 0.003) (Figure 1B) and lower HDL-C

(p < 0.001) (Figure 1H). Glucose (Figure 1J) was lower (p = 0.019) in

the subgroup with abnormal LH, and insulin (Figure 1K) was lower
TABLE 2 Continued

Mean ±
SD

Median
(P25,
P75)

95% CI Normality test
(Shapiro-Wilk)

Reference
Standard

Number of subjects (percentage) within
normal range

Prolactin
(ng/mL)

11.42 ±
5.49

10.44
(8.13,
13.35)

4.43—
31.07

p < 0.001 2.8—29.2 N = 85 (97.7%)
SD, standard deviation; CI, confidence interval; TG, triglyceride; TC, total cholesterol; HDL-C, high density lipoprotein-cholesterol; LDL-C, low density lipoprotein-cholesterol; FSH, follicle
stimulating hormone; LH, luteinizing hormone; LH/FSH, luteinizing hormone/follicle stimulating hormone; TT, total testosterone; FT, free testosterone; SHBG, sex hormone-binding globulin.
D

A B

E F

G IH

J K

C

FIGURE 1

Color scale diagram of the values of adiposity indices and biochemistry measurements in each overweight and obese PCOS patient subgroup
divided according to the value of sex hormones. The overweight and obese PCOS patients were divided into two subgroups according to the value
(normal/abnormal) of total testosterone (TT), free testosterone (FT), sex hormone-binding globulin (SHBG), luteinizing hormone (LH), and ratio of
luteinizing hormone to follicle stimulating hormone (LH/FSH ratio), respectively. The values of body mass index (BMI) (A), visceral adipose tissue
(VAT) area (B), abdominal subcutaneous adipose tissue (SAT) area (C), abdominal total adipose tissue (TAT) area (D), bone marrow adipose tissue
(BMAT) (E), triglyceride (TG) (F), total cholesterol (TC) (G), high density lipoprotein-cholesterol (HDL-C) (H), low density lipoprotein-cholesterol (LDL-
C) (I), glucose (J), and insulin (K) in each PCOS subgroup were displayed with blue scale heat map, and the p values of the inter-subgroup
comparisons were shown accordingly.
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(p = 0.011 and p = 0.049) in the subgroups with abnormal LH and

abnormal LH/FSH ratio. There was no significant difference in BMAT

between any of the subgroups (Figure 1E).
The relationships between bone marrow
adipose tissue and abdominal adiposity
indices and biochemistry in overweight
and obese PCOS patients

According to the inter-tertile comparisons, BMAT in the upper

tertiles of TC and LDL-C were significantly higher compared to the

lower and middle tertiles, and BMAT in the middle tertiles of BMI

and TG were significantly higher than that in the lower tertiles

(Figure 2). For all the other biochemistry measurements and all the

abdominal adiposity indices, no significant difference of BMAT was

detected between the tertiles (Figure 2).

Table 3 shows the Pearson and partial correlations between BMAT

and abdominal adiposity indices and biochemistry measurements in

the overweight and obese PCOS patients. Only LDL-C showed a

statistically significant correlation with BMAT (r = 0.253—0.263, p =

0.014—0.018) with or without adjustments for age and BMI (model 2),

and additionally for FT, SHBG, and LH (model 3).
Contributions of sex hormones to elevated
bone marrow adipose tissue in overweight
and obese PCOS patients

Multivariate linear regression analysis showed that FSH was an

independent risk factor (b = 0.284, p = 0.009) for the increase of

BMAT in overweight and obese PCOS patients even after adjusting
Frontiers in Endocrinology 07
for age, BMI, and LDL-C (Table 4), while estradiol was an

independent protecting factor (b = -0.226, p = 0.039). Neither

androgens nor LH or LH/FSH ratio were associated with BMAT

before or after adjusting for confounders (Table 4).

When defined by the 90% upper limit of the BMAT range of the

controls, BMAT was considered elevated if BMAT was higher than

38%. A total of 27 (31%) of the overweight or obese PCOS patients

were found with elevated BMAT. By unadjusted and adjusted

univariate logistic regression analysis involving all the sex

hormones, body adiposity indices, and biochemistry, LDL-C, FSH,

and TT were found to be risk factors for the occurrence of elevated

BMAT (Figure 3). For each unit increase in LDL-C, there was an

89.9% (p = 0.040) higher risk of an overweight or obese PCOS patient
FIGURE 2

Comparisons of bone marrow adipose tissue between the tertiles of
body adiposity indices and biochemistry measurements. The
overweight and obese PCOS patients were stratified according to
the tertiles of body mass index (BMI), visceral adipose tissue (VAT)
area, abdominal subcutaneous adipose tissue (SAT) area, abdominal
total adipose tissue (TAT) area, triglyceride (TG), total cholesterol
(TC), high density lipoprotein-cholesterol (HDL-C), low density
lipoprotein-cholesterol (LDL-C), glucose, and insulin, respectively.
Bone marrow adipose tissue (BMAT) were compared between the
tertiles of each index or parameter.
TABLE 3 Pearson and partial correlations between bone marrow adipose tissue and body adiposity indices and biochemistry measurements in
overweight and obese PCOS patients.

Pearson correlations Partial correlationsa Partial correlationsb Partial correlationsc

R p R p R p R p

BMI 0.006 0.959 0.012 0.914 — — — —

VAT area 0.075 0.489 0.087 0.427 0.106 0.336 0.088 0.431

SAT area -0.037 0.736 -0.034 0.753 -0.059 0.589 -0.036 0.749

TAT area -0.011 0.086 -0.006 0.953 -0.026 0.814 -0.007 0.950

TG -0.068 0.529 -0.064 0.560 -0.066 0.549 -0.078 0.486

TC 0.20 0.063 0.210 0.052 0.210 0.054 0.209 0.060

HDL-C -0.024 0.829 -0.030 0.787 -0.028 0.803 0.027 0.811

LDL-C 0.253 0.018 0.263 0.014 0.263 0.015 0.262 0.017

Glucose 0.053 0.629 0.066 0.544 0.066 0.550 0.057 0.613

Insulin -0.013 0.908 -0.011 0.920 -0.018 0.870 -0.011 0.920
fro
aPartial correlations adjusted for age;
bPartial correlations adjusted for age and BMI;
cPartial correlations adjusted for age, BMI, FT, SHBG, and LH.
BMI, body mass index; VAT, visceral adipose tissue; SAT, subcutaneous adipose tissue; TAT, total adipose tissue; TG, triglyceride; TC, total cholesterol; HDL-C, high density lipoprotein-
cholesterol; LDL-C, low density lipoprotein-cholesterol.
The bold values mean statistically significant (p < 0.05).
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having elevated BMAT, after adjusting for age and BMI. After

adjusting for age, BMI, and LDL-C, there was a 36.9% (p = 0.042)

higher risk of an overweight or obese PCOS patient having elevated

BMAT for a one-unit increase in FSH. There was only a small

increase in risk (OR = 1.002, p = 0.040-0.044) for each unit increase of

TT, before and after adjusting for cofounders. The cut off values of

LDL-C, FSH, and TT for diagnosing elevated BMAT were 3.47

mmol/L, 4.925 IU/L, and 378.275 pg/mL, respectively. These three

risk factors were transformed into dichotomous variables according

to their cut off values and the results of multivariate binary logistic

regression analysis are presented showing the predictors of elevated

BMAT in overweight and obese PCOS patients (Table 5). FSH (OR =

12.043, p = 0.023) was the strongest predictor for elevated BMAT in

overweight and obese PCOS patients, followed by TT (OR = 4.005,

p = 0.019) and LDL-C (OR = 3.962, p = 0.013).
Discussion

This study is the first to explore the phenotype of BMAT in

overweight or obese young PCOS patients and the relationships

between the increased BMAT and hyperandrogenism, obesity, and

metabolic abnormalities in PCOS. In doing so, we found that

BMAT of the L2 to L4 vertebra is increased by an average of

5.6% ( ± 11.3%) in overweight and obese PCOS patients compared

to the age-matched controls. However, the increase in BMAT was

unrelated to the majority of abnormal sex hormones in PCOS,

including FT, SHBG, LH, and LH/FSH ratio, nor to the

exacerbation of body adiposity or metabolic parameters related to

those abnormal sex hormones. LDL-C was the only metabolic risk

factor for an elevated BMAT and was positively correlated with

BMAT. However, LDL-C levels were unrelated to the abnormal sex

hormones in overweight and obese PCOS patients. FSH was

independently associated with the increase in BMAT and was the
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strongest predictor for an elevated BMAT even after adjusting for

age, BMI, and LDL-C, although its level remained normal or slightly

decreased in overweight or obese PCOS patients. TT was also

shown to be a risk factor for elevated BMAT but lacked a linear

relationship with BMAT. An abnormally elevated TT was unrelated

to the exacerbation of body adiposity or metabolic parameters.

The most likely etiology of PCOS is functional ovarian

hyperandrogenism. Hyperandrogenism causes a series of

pathophysiological changes in PCOS patients, including insulin

resistance (21), hyperinsulinemia, and dyslipidemia (22), and

conversely, hyperinsulinemia and obesity in PCOS play an

important role in the establishment of hyperandrogenism (23).

Hyperinsulinemia stimulates the production of ovarian androgens

through its effects on the fully functional post-receptor MAP-K

insulin pathway (24), and insulin also suppresses the hepatic

production of SHBG, thereby accounting for the suppressed

serum levels of SHBG in PCOS (25, 26). Other growth factors,

inflammatory factors, and adipokines resulting from obesity may

further stimulate excess ovarian androgen production or inhibit the

aromatization of androgens to estrogens (27, 28). In our present

study, BMI and insulin in overweight or obese PCOS patients were

found to be higher in the subgroup with elevated FT or

reduced SHBG.

Abdominal obesity is a condition related to hyperandrogenism

with testosterone increased lipogenesis in visceral fat deposits in

women (10, 29). According to a meta-analysis, increased abdominal

subcutaneous and visceral fat accumulation was identified in

women with PCOS compared to the BMI-matched healthy

controls, but this difference disappeared when imaging methods

were restricted to MRI or CT (30). In our present study, abdominal

visceral and subcutaneous adipose tissue of overweight or obese

PCOS patients were compared to their age-matched healthy

controls, but there were no comparisons with BMI-matched

controls. Considering the obvious difference in BMI between the
TABLE 4 Multivariate linear regression analysis showing the sex hormonal factors determining bone marrow adipose tissue in overweight and obese
PCOS patients.

Unadjusted MV adjusteda MV adjustedb

b p b p b p

FSH 0.311 0.003 0.313 0.004 0.284 0.009

LH 0.098 0.369 0.098 0.372 0.131 0.234

LH/FSH ratio -0.067 0.536 -0.068 0.534 -0.027 0.808

Estradiol -0.261 0.015 -0.260 0.016 -0.226 0.039

Progesterone -0.143 0.188 -0.141 0.197 -0.187 0.089

TT 0.138 0.203 0.135 0.217 0.124 0.262

FT 0.117 0.281 0.117 0.284 0.092 0.407

SHBG -0.133 0.220 -0.136 0.215 -0.102 0.354

Prolactin -0.055 0.613 -0.065 0.555 -0.078 0.480
aMV model adjusted for age and BMI;
bMV model adjusted for age, BMI, and LDL-C.
FSH, follicle stimulating hormone; LH, luteinizing hormone; LH/FSH, luteinizing hormone/follicle stimulating hormone; TT, total testosterone; FT, free testosterone; SHBG, sex hormone-
binding globulin.
The bold values mean statistically significant (p < 0.05).
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two groups, it is unsurprising that the abdominal SAT quantified by

SAT area was significantly higher in the PCOS patients. However, as

unexpected, abdominal VAT quantified by VAT area was not

significantly different between overweight or obese PCOS patients

and age-matched controls. Despite the absence of increase in

overweight or obese PCOS patients, abdominal VAT was found

to be higher in the subgroup with reduced SHBG.
Frontiers in Endocrinology 09
Androgen excess has a deleterious impact on metabolic

homeostasis in women with PCOS, acting on different metabolic

tissues such as the adipose tissue, liver, muscle, and the pancreas. A

decrease in HDL-C and an increase in TG levels are well known lipid

profile characteristics in women with PCOS (31, 32), and the free

androgen index (FAI) positively correlates with TC, TG, and

homeostasis model assessment for insulin resistance (HOMA-IR),

and negatively with HDL-C (33, 34). PCOS women with elevated FT

levels have an adverse metabolic phenotype (35). Other sex steroids,

such as estradiol and TT, showed no significant relationship with

metabolic parameters (BMI, waist circumference, glycemia, insulin,

HOMA-IR, TC, TG, LDL-C, HDL-C) (33). The aforementioned

findings are consistent with the results of this study, which showed

lower HDL-C in the subgroup with reduced SHBG and higher insulin

in the subgroup with elevated FT or reduced SHBG. Many studies

have reported that LDL-C is increased in women with PCOS, but the

reason for this is not clear yet. Obesity or overweight (and higher

insulin resistance) is not the only reason for elevated LDL-C in

PCOS. Increased LDL-C levels in women with PCOS may be

related to hyperandrogenism or genetic factors (36–38). The exact

relationship between hyperandrogenism and elevated LDL-C is still

controversial due to heterogeneity among different studies. The

meta-analysis conducted by Yang, et al. showed that there was a

statistically significant difference in HDL-C between the PCOS/

hyperandrogenism and PCOS/non-hyperandrogenism groups, but

there was no significant difference in LDL-C between the PCOS/

hyperandrogenism and PCOS/non-hyperandrogenism groups (39).

We also did not find any significant difference in LDL-C between

subgroups with different androgen levels in overweight or obese

PCOS patients.

Although BMAT is poorly investigated in obese populations, it

has been verified that young obese subjects have higher L4 marrow fat

compared to normal-weight control subjects (40). BMAT in the long

bones is also increased in the obese mouse model with spontaneous

leptin disruption or a high-fat diet (41, 42). In response to metabolic

variations, BMAT development differs from that of other fat depots in

both humans and rodents. Serum LDL-C levels were found to be

significantly correlated with vertebral BMAT, leading to an increase

in BMAT in patients with type-1 diabetes and the middle-aged

general population, and these results are consistent with ours in

overweight and obese PCOS patients (43, 44). Statins are commonly

used to lower cholesterol by competitively inhibiting 3-hydroxy-3-

methylglutaryl-CoA (HMG-CoA) reductase, the rate-limiting

enzyme of the mevalonate pathway, thus lowering LDL-C and
FIGURE 3

Forest plot of the unadjusted and adjusted odds ratios for potential
determinants of elevated bone marrow adipose tissue. The odds
ratios (ORs) for elevated bone marrow adipose tissue (BMAT) were
calculated by univariate logistic regression models without (model 1)
and with adjustments for age, body mass index (BMI), and low
density lipoprotein-cholesterol (LDL-C) (model 2) for each unit
increase of BMI (adjusted for age and LDL-C in model 2), visceral
adipose tissue (VAT) area, abdominal subcutaneous adipose tissue
(SAT) area, abdominal total adipose tissue (TAT) area, triglyceride
(TG), total cholesterol (TC), high density lipoprotein-cholesterol
(HDL-C), LDL-C (adjusted for age and BMI in model 2), glucose,
insulin, follicle stimulating hormone (FSH), luteinizing hormone (LH),
ratio of luteinizing hormone to follicle stimulating hormone (LH/FSH
ratio), estradiol, progesterone, total testosterone (TT), free
testosterone (FT), sex hormone-binding globulin (SHBG), and
prolactin, respectively.
TABLE 5 Multivariate binary logistic regression analysis for predictors of elevated bone marrow adipose tissue in overweight and obese
PCOS patients.

Elevated BMAT (>38%) Nagelkerke R2

OR 95% CI p

LDL-C(≥3.47 mmol/L) 3.962 1.343—11.687 0.013 0.343

FSH(≥4.925 IU/L) 12.043 1.406—103.122 0.023

TT (≥378.275 pg/mL) 4.005 1.257—12.760 0.019
OR, odds ratio; CI, confidence interval; BMAT, bone marrow adipose tissue; LDL-C, low density lipoprotein-cholesterol; FSH, follicle stimulating hormone; TT, total testosterone. The bold
values mean statistically significant (p < 0.05).
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raising HDL-C concentrations. Interestingly, statins have been

reported to play protective roles in bone metabolism (45).

Simvastatin also decreased Oil Red O staining and inhibited the

gene expression of lipoprotein lipase (LPL) and peroxidase

proliferator activated receptor gamma (PPARg) in a dose-

dependent fashion. These results indicate that simvastatin has

anabolic effects on bone that might be associated with the

inhibition of adipocytic differentiation (46). Except for LDL-C, the

associations between BMAT and other serum lipids reported in

previous publications were not confirmed in our present study (40,

43, 44). The relationship between BMAT and metabolic

abnormalities seems to be diverse and dependent on the disease

characteristics, age, gender, and degree of obesity.

Regarding FSH, our findings confirmed the results in older

postmenopausal women from the AGES- Reykjavik study, which

showed that those with higher serum FSH had higher BMAT (47). In

overweight and obese PCOS patients, FSH is the strongest predictor

for an elevated BMAT, although its level was within the normal

range. Lower endogenous estradiol was not significantly associated

with higher BMAT in older postmenopausal women from the AGES-

Reykjavik study (48). In previous clinical studies, exogenous estradiol

has been reported to reduce BMAT in both premenopausal and

postmenopausal women (49, 50). In the presents study, endogenous

estradiol was negatively correlated with BMAT, but a decrease in

estradiol did not induce an elevated BMAT in overweight or obese

PCOS patients. Our findings imply that a fluctuation of estradiol

within the normal range is not enough to induce elevated BMAT in

premenopausal women. The effects of endogenous estradiol on

BMAT seem to be variable among female populations at different

estradiol levels or menstrual status.

To our knowledge, the AGES- Reykjavik study by Mistry et al. is

the only one to investigate the relationships between androgens and

BMAT in women, and none of the androgens, including FT, TT,

and SHBG, showed a significant association with BMAT in older

postmenopausal women (48). In the female rodent models of PCOS

induced by testosterone propionate or dehydroepiandrosterone

(DHEA), lower marrow fat volume was detected in the normal

control group and the group with a shorter injection period, which

demonstrated that the increase in BMAT was due to exogenous

testosterone (14, 15). In overweight and obese PCOS patients, FT

and SHBG were also not associated with increased BMAT, even

though their levels increased in varying degrees, but TT was shown

to be a risk factor for elevated BMAT despite the lack of a linear

association with BMAT. Based on the above findings, we

hypothesize that testosterone does not lead to the elevation of

BMAT in women before its level reaches a certain threshold.

The main limitation of this study was that only 40 controls

underwent CSE-MRI measurement for BMAT so that the threshold

for an elevated BMAT was based on a relatively small reference

sample size. In the future studies of BMAT, it will be necessary to

establish a larger reference database involving different age groups

and BMI levels. Second, due to the absence of a BMI-matched

control group, we are unable to compare BMAT between PCOS and

non-PCOS overweight or obese women. Third, we were unable to

measure abdominal adipose tissue volume in this study, and
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therefore the identification of an evaluated abdominal fat mass

using abdominal adipose tissue area may not be sufficiently

accurate. In addition, Anti-Mullerian hormone (AMH) is a

unique dimeric glycoprotein and also plays an important role in

the pathophysiology of PCOS. Women with PCOS are noted to

have higher levels of AMH and increased levels of serum AMH

correlate highly with PCOS, polycystic ovarian morphology,

hyperandrogenism, and oligo/amenorrhea (51, 52). Serum AMH

has potentially important values in the diagnosis and evaluation of

PCOS. In this group of women with PCOS, the relationships

between AMH level and increased BMAT were not assessed

because of the lack of AMH measurements. Despite these

limitations, this study found an increase in BMAT in overweight

and obese PCOS patients, as well as a link to hyperandrogenism,

obesity, and metabolic abnormalities and its risk factors, and it

paves the way for future research to clarify the mechanisms of the

effects of androgens and cholesterol on BMAT.
Conclusion

BMAT is increased in overweight or obese PCOS patients

compared to the age-matched controls, and the increase in

BMAT was unrelated to the majority of abnormal sex hormones

in PCOS or the exacerbation in body adiposity or metabolic

parameters related to hyperandrogenism. LDL-C and FSH were

independently associated with the increase in BMAT. Although it

lacked a linear relationship with BMAT, TT was also a risk factor

for elevated BMAT besides LDL-C and FSH.

Data availability statement

The raw data supporting the conclusions of this article will be

made available by the authors, without undue reservation.
Ethics statement

The studies involving human participants were reviewed and

approved by Regional Ethics Committe of Beijing Obstetrics and

Gynecology Hospital, Capital Medical University, and Regional

Ethics Committe of Beijing Jishuitan Hospital. The patients/

participants provided their written informed consent to

participate in this study.
Author contributions

The first authorship of LX and MM is of an equal rank. LX and

MM designed the study and prepared the first draft of the paper. XL

contributed the experimental work and data collection. GB edited

the draft. KZ was responsible of the statistical analysis of the data.

XC and XR supervised the study and paper organization. All

authors agree to be accountable for the work and to ensure that

any questions relating to the accuracy and integrity of the paper are
frontiersin.org

https://doi.org/10.3389/fendo.2023.1168806
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org


Xu et al. 10.3389/fendo.2023.1168806
investigated and properly resolved. All authors contributed to the

article and approved the submitted version.
Funding

This work was funded by the grants from the National Key

Research and Development Program of China [No. 2020YFC

2004902], the Beijing Hospitals Authority Clinical Medicine

Development of Special Funding Support [No. ZYLX202107], the

National Natural Science Foundation of China [No. 81771831, 2018],

and the High-Level Talents “Discipline backbone” Project of Beijing

Jishuitan Hospital [No. XKGG2021123].
Acknowledgments

We thank our study participants for contributing their time and

efforts. We wish to thank the Radiology Department of Beijing
Frontiers in Endocrinology 11
Jishuitan Hospital for the QCT and MRI measurements and the

Clinical Laboratory of Beijing Obstetrics and Gynecology Hospital

for laboratory testing.
Conflict of interest

The authors declare that the research was conducted in the

absence of any commercial or financial relationships that could be

construed as a potential conflict of interest.
Publisher’s note

All claims expressed in this article are solely those of the authors

and do not necessarily represent those of their affiliated

organizations, or those of the publisher, the editors and the

reviewers. Any product that may be evaluated in this article, or

claim that may be made by its manufacturer, is not guaranteed or

endorsed by the publisher.
References
1. Bozdag G, Mumusoglu S, Zengin D, Karabulut E, Yildiz BO. The prevalence and
phenotypic features of polycystic ovary syndrome: a systematic review and meta-
analysis. Hum Reprod (2016) 31(12):2841–55. doi: 10.1093/humrep/dew218

2. Azziz R, Woods KS, Reyna R, Key TJ, Knochenhauer ES, Yildiz BO. The
prevalence and features of the polycystic ovary syndrome in an unselected
population. J Clin Endocrinol Metab (2004) 89(6):2745–9. doi: 10.1210/jc.2003-032046

3. Dokras A. Cardiovascular disease risk factors in polycystic ovary syndrome.
Semin Reprod Med (2008) 26(1):39–44. doi: 10.1055/s-2007-992923

4. Escobar-Morreale HF. Polycystic ovary syndrome: definition, aetiology, diagnosis
and treatment. Nat Rev Endocrinol (2018) 14(5):270–84. doi: 10.1038/nrendo.2018.24

5. Pirotta S, Joham A, Grieger JA, Tay CT, Bahri-Khomami M, Lujan M, et al.
Obesity and the risk of infertility, gestational diabetes, and type 2 diabetes in polycystic
ovary syndrome. Semin Reprod Med (2020) 38(6):342–51. doi: 10.1055/s-0041-1726866

6. Hoeger KM. Obesity and lifestyle management in polycystic ovary syndrome.
Clin Obstet Gynecol. (2007) 50(1):277–94. doi: 10.1097/GRF.0b013e31802f54c8

7. Hahn S, Tan S, Sack S, Kimmig R, Quadbeck B, Mann K, et al. Prevalence of the
metabolic syndrome in German women with polycystic ovary syndrome. Exp Clin
Endocrinol Diabetes. (2007) 115(2):130–5. doi: 10.1055/s-2007-967093

8. Baillargeon JP, Nestler JE. Commentary: polycystic ovary syndrome: a syndrome
of ovarian hypersensitivity to insulin? J Clin Endocrinol Metab (2006) 91(1):22–4. doi:
10.1210/jc.2005-1804

9. Glueck CJ, Goldenberg N, Pranikoff J, Khan Z, Padda J, Wang P. Effects of
metformin-diet intervention before and throughout pregnancy on obstetric and
neonatal outcomes in patients with polycystic ovary syndrome. Curr Med Res Opin
(2013) 29(1):55–62. doi: 10.1185/03007995.2012.755121

10. Sanchez-Garrido MA, Tena-Sempere M. Metabolic dysfunction in polycystic
ovary syndrome: pathogenic role of androgen excess and potential therapeutic
strategies. Mol Metab (2020) 35:100937. doi: 10.1016/j.molmet.2020.01.001

11. Veldhuis-Vlug AG, Rosen CJ. Clinical implications of bone marrow adiposity. J
Intern Med (2018) 283(2):121–39. doi: 10.1111/joim.12718

12. Ambrosi TH, Scialdone A, Graja A, Gohlke S, Jank AM, Bocian C, et al.
Adipocyte accumulation in the bone marrow during obesity and aging impairs stem
cell-based hematopoietic and bone regeneration. Cell Stem Cell (2017) 20(6):771–
784.e6. doi: 10.1016/j.stem.2017.02.009

13. Li Z, Hardij J, Bagchi DP, Scheller EL, MacDougald OA. Development,
regulation, metabolism and function of bone marrow adipose tissues. Bone. (2018)
110:134–40. doi: 10.1016/j.bone.2018.01.008

14. Tamura N, Kurabayashi T, Nagata H, Matsushita H, Yahata T, Tanaka K. Effects
of testosterone on cancellous bone, marrow adipocytes, and ovarian phenotype in a
young female rat model of polycystic ovary syndrome. Fertil Steril. (2005) 84 Suppl
2:1277–84. doi: 10.1016/j.fertnstert.2005.06.017
15. Doretto-Silva L, Steiner ML, Veridiano JM, Petri G, Luz MCB, Neofiti-Papi B,
et al. White, brown, and bone marrow adipose tissue behavior in DHEA-induced PCOS
mice. Gynecol Endocrinol (2021) 37(1):15–20. doi: 10.1080/09513590.2020.1772228

16. Chen C, Lu FC. Department of disease control ministry of health, PR china. the
guidelines for prevention and control of overweight and obesity in Chinese adults.
BioMed Environ Sci (2004) 17 Suppl:1–36.

17. Rotterdam ESHRE/ASRM-sponsored PCOS consensus workshop group. Revised
2003 consensus on diagnostic criteria and long-term health risks related to polycystic
ovary syndrome (PCOS). Fertil Steril (2004) 81(1):19–25. doi: 10.1093/humrep/deh098

18. Zhang Y, Zhou Z, Wu C, Zhao D, Wang C, Cheng X, et al. Population-stratified
analysis of bone mineral density distribution in cervical and lumbar vertebrae of
Chinese from quantitative computed tomography. Korean J Radiol (2016) 17(5):581–9.
doi: 10.3348/kjr.2016.17.5.581

19. Xu L, Zhao Q, Li K, Zhang Y, Wang C, Hind K, et al. The role of sex
hormones on bone mineral density, marrow adiposity, and muscle adiposity in
middle-aged and older men. Front Endocrinol (2022) 13:817418. doi: 10.3389/
fendo.2022.817418

20. Cheng X, Zhang Y, Wang C, Deng W, Wang L, Duanmu Y, et al. The optimal
anatomic site for a single slice to estimate the total volume of visceral adipose tissue by
using the quantitative computed tomography (QCT) in Chinese population. Eur J Clin
Nutr (2018) 72(11):1567–75. doi: 10.1038/s41430-018-0122-1

21. Li A, Zhang L, Jiang J, Yang N, Liu Y, Cai L, et al. Follicular hyperandrogenism
and insulin resistance in polycystic ovary syndrome patients with normal circulating
testosterone levels. J BioMed Res (2017) 32(3):208–14. doi: 10.7555/JBR.32.20170136

22. Torre-Villalvazo I, Bunt AE, Alemán G, Marquez-Mota CC, Diaz-Villaseñor A,
Noriega LG, et al. Adiponectin synthesis and secretion by subcutaneous adipose tissue
is impaired during obesity by endoplasmic reticulum stress. J Cell Biochem (2018) 119
(7):5970–84. doi: 10.1002/jcb.26794

23. Zhou G, Gu Y, Zhou F, Zhang H, Zhang M, Zhang G, et al. Adipocytes-derived
extracellular vesicle-miR-26b promotes apoptosis of cumulus cells and induces
polycystic ovary syndrome. Front Endocrinol (2022) 12:789939. doi: 10.3389/
fendo.2021.789939

24. Barber TM, Franks S. Obesity and polycystic ovary syndrome. Clin Endocrinol
(2021) 95(4):531–41. doi: 10.1111/cen.14421

25. Nestler JE, Powers LP, Matt DW, Steingold KA, Plymate SR, Rittmaster RS, et al.
A direct effect of hyperinsulinemia on serum sex hormone-binding globulin levels in
obese women with the polycystic ovary syndrome. J Clin Endocrinol Metab (1991) 72
(1):83–9. doi: 10.1210/jcem-72-1-83

26. Yki-Järvinen H, Mäkimattila S, Utriainen T, Rutanen EM. Portal insulin
concentrations rather than insulin sensitivity regulate serum sex hormone-binding
globulin and insulin-like growth factor binding protein 1 in vivo. J Clin Endocrinol
Metab (1995) 80(11):3227–32. doi: 10.1210/jcem.80.11.7593430
frontiersin.org

https://doi.org/10.1093/humrep/dew218
https://doi.org/10.1210/jc.2003-032046
https://doi.org/10.1055/s-2007-992923
https://doi.org/10.1038/nrendo.2018.24
https://doi.org/10.1055/s-0041-1726866
https://doi.org/10.1097/GRF.0b013e31802f54c8
https://doi.org/10.1055/s-2007-967093
https://doi.org/10.1210/jc.2005-1804
https://doi.org/10.1185/03007995.2012.755121
https://doi.org/10.1016/j.molmet.2020.01.001
https://doi.org/10.1111/joim.12718
https://doi.org/10.1016/j.stem.2017.02.009
https://doi.org/10.1016/j.bone.2018.01.008
https://doi.org/10.1016/j.fertnstert.2005.06.017
https://doi.org/10.1080/09513590.2020.1772228
https://doi.org/10.1093/humrep/deh098
https://doi.org/10.3348/kjr.2016.17.5.581
https://doi.org/10.3389/fendo.2022.817418
https://doi.org/10.3389/fendo.2022.817418
https://doi.org/10.1038/s41430-018-0122-1
https://doi.org/10.7555/JBR.32.20170136
https://doi.org/10.1002/jcb.26794
https://doi.org/10.3389/fendo.2021.789939
https://doi.org/10.3389/fendo.2021.789939
https://doi.org/10.1111/cen.14421
https://doi.org/10.1210/jcem-72-1-83
https://doi.org/10.1210/jcem.80.11.7593430
https://doi.org/10.3389/fendo.2023.1168806
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org


Xu et al. 10.3389/fendo.2023.1168806
27. Willis D, Franks S. Insulin action in human granulosa cells from normal and
polycystic ovaries is mediated by the insulin receptor and not the type-I insulin-like
growth factor receptor. J Clin Endocrinol Metab (1995) 80(12):3788–90. doi: 10.1210/
jcem.80.12.8530637

28. de Medeiros SF, Rodgers RJ, Norman RJ. Adipocyte and steroidogenic cell cross-
talk in polycystic ovary syndrome. Hum Reprod Update. (2021) 27(4):771–96. doi:
10.1093/humupd/dmab004

29. Björntorp P. The regulation of adipose tissue distribution in humans. Int J Obes
Relat Metab Disord (1996) 20(4):291–302.

30. Zhu S, Li Z, Hu C, Sun F, Wang C, Yuan H, et al. Imaging-based body fat
distribution in polycystic ovary syndrome: a systematic review and meta-analysis. Front
Endocrinol (2021) 12:697223. doi: 10.3389/fendo.2021.697223

31. Scicchitano P, Dentamaro I, Carbonara R, Bulzis G, Dachille A, Caputo P, et al.
Cardiovascular risk in women with PCOS. Int J Endocrinol Metab (2012) 10(4):611–8.
doi: 10.5812/ijem.4020

32. Kim JJ, Choi YM. Dyslipidemia in women with polycystic ovary syndrome.
Obstet Gynecol Sci (2013) 56(3):137–42. doi: 10.5468/ogs.2013.56.3.137
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