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Background: The role of excess androgen in ovarian reserve remains unclear in patients
with polycystic ovary syndrome (PCOS). Our study highlights the associations of serum
androgen levels and ovarian reserve markers in PCOS and non-PCOS women.

Methods: Totally 584 menstrual abnormalities women of 20-45 years were
retrospectively evaluated at the Beijing Obstetrics and Gynecology Hospital between
January 2021 to October 2021. The enrolled patients were classified into two groups: the
PCOS group (n=288) and the non-PCOS group (n=296) based on the Rotterdam
consensus for PCOS diagnosis. The serum androgens, including testosterone (T), free
testosterone (FT, calculated), bioavailable testosterone (Bio-T, calculated),
androstenedione (A2), dihydrotestosterone (DHT), dehydroepiandrosterone (DHEA),
and dehydroepiandrosterone sulfate (DHEAS) were assessed with an in-house
developed liquid chromatography tandem mass spectrometry (LC-MS/MS) method.
The associations between the serum androgens and the hormone markers commonly
used for evaluating ovarian reserve function, such as anti-mullerian hormone (AMH) and
the ratio of luteinizing hormone (LH)/follicle stimulating hormone (FSH) were explored.

Results: The serum T, FT, Bio-T, A2, DHT, DHEA, DHEAS, AMH and LH/FSH of the
PCOS group were 51.7 ± 23.2 ng/dL/mL, 8.5 ± 5.0 pg/mL, 210.1 ± 127.7 pg/mL, 1.9 ±
0.8 ng/mL, 0.2 ± 0.1 ng/mL, 6.4 ± 4.2 ng/mL, 2431.0 ± 1030.7 ng/mL, 6.7 ± 3.8 ng/mL,
and 1.8 ± 1.4 respectively, which were significantly higher than those in the non-PCOS
group (p<0.05). In the group of PCOS patients, T and A2 levels were positively associated
with AMH in both multivariate linear regression analysis and Pearson’s correlation analysis.
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Similar but weaker associations were observed in the non-PCOS patients. In the PCOS
patients with hyperandrogenemia (HA), the AMH level was significantly higher in the
subjects with T increased than in the subjects with non-T androgen(s) increased (A2, DHT,
DHEA or DHEAS).

Conclusions: The serum androgen levels are positively associated with ovarian reserve
markers in both of the PCOS and the non-PCOS patients in our study. In the PCOS group,
the highest AMH level was observed in the subjects with the T elevation subgroup,
suggesting that T is more closely related with the increase of AMH when compared with
other androgens investigated.
Keywords: androgen, ovarian reserve, PCOS, LC-MS/MS, AMH
INTRODUCTION

Polycystic ovarian syndrome (PCOS) is the most common
endocrine disorder of reproductive-age women, affecting more
than 100 million women worldwide (1, 2). The Rotterdam
consensus workshop defined PCOS as the presentation of any
two of the following conditions: oligo-or anovulation,
hyperandrogenemia (HA) and polycystic ovarian morphology
(3). PCOS is also frequently associated with obesity, insulin
resistance and hyperinsulinemia. Further research revealed that
HA with elevated serum concentrations of androgens was the
most constant and important diagnostic component of PCOS
(4–6), which was believed to play a prominent role in the
pathogenesis of this syndrome (7–10).

In women the major circulating androgen precursors and
bioactive androgens, in the descending order of serum
concentrations are dehydroepiandrosterone sulfate (DHEAS),
dehydroepiandrosterone (DHEA), androstenedione (A2),
testosterone (T) and dihydrotestosterone (DHT) (11–13). Most
testosterone circulates tightly bound to sex hormone-binding
globulin (SHBG) or weakly bound to albumin, and the free
testosterone is believed to be the metabolically active fraction
(14). Increased clinical and laboratory evidence suggest that the
measurement of free testosterone is more sensitive and superior
to total testosterone for establishing the existence of androgen
excess (15–17).

Androgen mediate their actions primarily via transcriptionally
activating the androgen receptor (AR) (18), which is an important
factor of androgen signaling pathway. T and DHT are the only
potent bioactive androgens that bind directly to the AR, while
DHEAS, DHEA and A2 are pro-androgens requiring conversion to
T and/or DHT to exert androgenic effects. Data from clinical studies
have demonstrated an important role for androgens in the
regulation of ovarian function and female fertility (19). The most
common biochemical perturbation in patients with PCOS is the
elevation of circulating T and A2 levels (20). Compelling evidence
suggested that the major source of androgens in women with PCOS
is the ovary (21), although the adrenal gland might also contribute
to androgen overproduction in a minority of patients (22, 23).

At present, the clinically and commonly used index of ovarian
reserve evaluation are sex hormones in combination with
ultrasound based ovarian function assessment. AMH is a
n.org 2
member of the transforming growth factor-b superfamily that
is produced by growing ovarian antral follicles (5, 24–26). Serum
AMH correlates with the total number of antral follicles in the
ovaries, and therefore has been proposed as a biomarker for
ovarian reserve evaluation (27, 28). In women with PCOS, an
alteration in gonadotropin-releasing hormone secretion caused
an increase in luteinizing hormone secretion with normal
follicle-stimulating hormone secretion, which has been widely
accepted as specific endocrine profiles (29). This hormone
secretion pattern results in an abnormal LH/FSH ratio, which
is considered a valuable marker for evaluating ovarian function
and assisting PCOS diagnosis (30). Other commonly used
biochemical ovarian reserve markers include but not limited
to, estradiol, inhibin B, provocative tests (i.e. clomiphene citrate
challenge test). Ultrasonographic measures of ovarian reserve
mainly include antral follicle count (AFC) and ovarian
volume (31).

Despite the well-established and pivotal roles of androgens in
female reproductive function, however, the association between
androgens and ovarian reserve function, especially in PCOS
remains largely unclear. In this study, we aimed to evaluate the
associations between serum androgen profiles measured by liquid
chromatography tandem mass spectrometry (LC-MS/MS) and
ovarian reserve markers in both PCOS and non-PCOS patients.
MATERIALS AND METHODS

From January 2021 to October 2021, the patients (between 20- 45
years) who visited the Department of Gynecological
Endocrinology or Human Reproductive Medicine and were
tested for hyperandrogenemia by our LC-MS/MS method were
initially considered for retrospective analysis. This study was
approved by the Ethics Committee of Beijing Obstetrics and
Gynecology Hospital, Capital Medical University (approval
number: 2022-KY-006-02). Diagnosis of PCOS was established
based on the Rotterdam 2003 consensus (3). The PCOS women
were either newly detected or treatment naive patients who had
never undergone treatment for this syndrome. The non-PCOS
women were those who came to our institute for infertility issues
and did not present menstrual abnormalities and met the
following exclusion criteria: diagnosis of PCOS, previous ovary
June 2022 | Volume 13 | Article 881740
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surgery, ovarian insufficiency, endometriosis, diabetes mellitus,
thyroid dysfunction, hyperprolactinemia, Cushing’s syndrome,
use of the drugs like spironolactone, aspirin, corticosteroid, and
metformin (6).

The serum androgen profiles including testosterone, free
testosterone (FT), bioavailable testosterone (Bio-T),
androstenedione, dihydrotestosterone, dehydroepiandrosterone,
and dehydroepiandrosterone sulfate were quantified with an in-
house developed LC-MS/MS method that was established and
validated previously (13). Briefly, the serum samples were
processed by protein precipitation followed by a solid phase
extraction step. The chromatographic separation was achieved
with a C18 column, using a linear gradient elution with two
mobile phases: 0.02% formic acid in water (phase A) and 0.1%
formic acid in methanol (phase B). The target analytes were
detected by positive or negative electrospray ionization mode
using multiple reaction monitoring (MRM). All participants had
their serum levels of anti-mullerian hormone (AMH), luteinizing
hormone (LH), follicle stimulating hormone (FSH) and
androgen profiles measured on day 2-5 of menstruation
period. The serum FSH, LH were determined by the ADVIA
Centaur XP Chemiluminescence Analyzer (Simens Healthcare
Diagnostics Inc.) and AMH was determined by an enzyme-
linked immunoassay (ELISA) method (Guangzhou Kangrun
Biological Technology Co., Ltd.). FT was more sensitive than
total T in PCOS diagnosis but its direct measurement was
cumbersome and laborious. In this study, relatively simple
methods were adopted for the estimation of FT and Bio-T, using
the parameters of total testosterone, SHBG and albumin (the online
calculator website: http://www.issam.ch/freetesto.htm) (32).

Data analysis was performed using statistical software SPSS
23.0. The Kolmogorov-Smirnov test was used to evaluate the
normality of the data distribution. Numerical values were
expressed as the mean and standard deviation (SD) for
variables with normal distribution and as the median and
percentiles for nonnormally distributed data. Comparisons
between the two groups were performed using the t-test (for
normal distribution) or Mann-Whitney-U test (for nonnormal
distribution). A one-way ANOVA (“analysis of variance”) was
applied to compare the means of three or more independent
groups to determine if there is a statistically significant difference
between the corresponding population means. Spearman’s
Frontiers in Endocrinology | www.frontiersin.org 3
correlation was used to evaluate linear relationship between
androgen levels and AMH or LH/FSH ratio. Multivariate
logistic regression was performed for assessing the strength of
the association between androgens and AMH or LH/FSH with
age adjustment as a co-variable. All tests were two-sided, and
p<0.05 was considered statistically significant.
RESULTS

Of the 980 subjects screened, 288 PCOS and 296 non-PCOS
women meeting the corresponding inclusion and exclusion
criteria were included for subsequent analysis. The subjects’
age, serum androgen profiles, AMH, and LH/FSH ratios were
listed and compared in Table 1. As shown in Supplementary
Figure 1, the levels of serum androgens including T, FT, Bio-T,
A2, DHT, DHEA, and DHEAS, were found significantly elevated
in the PCOS group than those in the non-PCOS group. For the
ovarian reserve function markers, both AMH and LH/FSH ratio
in the PCOS patients were 2-3 times higher than in the non-
PCOS controls, which was coincidently in line with a younger
average age observed in the PCOS group (Table 1 and
Supplementary Figure 1).

In a multivariate linear regression model adjusted for age which
was a well-known confounding factor for ovarian function
assessment, both serum T and A2 levels were positively associated
with serum AMH in the PCOS group (Table 2). Specifically, one
unit increase in T or A2 levels (ng/mL) were associated with an
increase of 0.039 or 1.122 units of AMH (ng/mL), respectively.
Similar positive association was observed in the non-PCOS group
between androgens (FT, BIO-T, and A2) and AMH levels.
However, variable or even contradictory associations were seen
between androgens and the LH/FSH ratio within the non-PCOS
patients: testosterone and its derivatives (FT, Bio-T) were
positively related with LH/FSH, but DHEA and DHEAS were
negatively associated.

To further examine the relationship between serum androgens
with indicators of ovarian function, Pearson correlation analysis was
performed. As shown in Supplementary Figure 2 and Table 3,
positive correlations between T, FT, Bio-T, A2 and AMH or LH/
FSH ratio were observed in both of the PCOS and the non-PCOS
groups (p<0.05). In the non-PCOS group, interestingly, the serum
TABLE 1 | The age, androgens, AMH and LH/FSH ratio of women in the PCOS and the non-PCOS group.

Characteristics PCOS (n=288) Non-PCOS (n=296) p value

Age (years) 30.2 ± 4.8 33.3 ± 6.4 <0.001
T (ng/dL) 51.7 ± 23.2 25.1 ± 10.0 <0.001
FT (pg/mL) 8.5 ± 5.0 3.7 ± 1.7 <0.001
Bio-T (pg/mL) 210.1 ± 127.7 89.2 ± 43.1 <0.001
A2 (ng/mL) 1.9 ± 0.8 1.0 ± 0.4 <0.001
DHT (ng/mL) 0.2 ± 0.1 0.2 ± 0.2 0.032
DHEA (ng/mL) 6.4 ± 4.2 4.5 ± 2.4 <0.001
DHEAS (ng/mL) 2431.0 ± 1030.7 1733.3 ± 716.4 <0.001
AMH (ng/mL) 6.7 ± 3.8 1.9 ± 2.4 <0.001
LH/FSH 1.8 ± 1.4 0.9 ± 0.7 <0.001
June 2022 | Volume 13 | Article
Values are presented as mean ± standard deviation. T, testosterone; FT, free testosterone; Bio-T, bioavailable testosterone; A2, androstenedione; DHT, dihydrotestosterone; DHEA,
dehydroepiandrosterone; DHEAS, dehydroepiandrosterone sulfate; AMH, anti-mullerian hormone; LH, and the ratio of luteinizing hormone; FSH, follicle stimulating hormone.
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DHEAS level was positively correlated with AMH (r=0.164,
p=0.006) but negative correlated with LH/FSH ratio (r=-0.136,
p=0.031) (Table 3).

Next, the serum levels of AMH and the LH/FSH ratio were
compared between the three subgroups of the PCOS subjects
(Table 4): T subgroup (HA with T elevated), non-T subgroup
(HA with other androgens elevated but T, such as A2, DHT,
DHEA or DHEAS), non-HA subgroup (no androgen elevated).
As shown in Table 4, the AMH was higher in the T subgroup
than that in the non-T and non-HA subgroups (p<0.05); but
there was no significant difference between non-T and non-HA
subgroups for AMH level. There was no statistical difference for
the LH/FSH ratio among the three groups compared in Table 4
by one-way ANOVA analysis.
DISCUSSION

In this study, as expected, serum androgen levels were
significantly increased in the women with PCOS compared to
the non-PCOS controls (Table 1 and Supplementary Figure 1).
According to the report by Jonard and Dewai l ly ,
hyperandrogenism had become the core event of PCOS and
had an essential impact in disturbing folliculogenesis (33, 34). As
shown in Supplementary Figure 2, both in the PCOS and non-
PCOS groups, there were positive correlations between T, FT,
Bio-T, A2 and AMH or LH/FSH, suggesting that those
androgens play a vital part in maintaining the health of the
female reproductive system. Serum levels of androgens, AMH
and FSH presented complex interactions during folliculogenesis
Frontiers in Endocrinology | www.frontiersin.org 4
(35). Specifically, with its receptors enhanced by androgens, FSH
would indirectly stimulate the AMH production through
granulosa cell (GC) proliferation. However, a stimulating effect
from androgens on AMH production remains controversial as
indicated by both in vivo and in vitro experiments. Further,
accumulated evidence showed that elevated androgens may lead
to abnormal frequency and amplitude of gonadotropin-releasing
hormone (GnRH) release, resulting in the production of LH
from the pituitary gland and therefore increased LH/FSH ratio
(36). As the biology holds true regardless a patient’s diagnosis,
positive associations were observed in our study between
androgens and ovarian reserve parameters in both PCOS and
non-PCOS women. Recently, a large retrospective cross-
sectional study by Lin et al. in 1935 infertile women of which
only 9.6% were diagnosed with PCOS, showed a strong positive
association between serum testosterone and AMH levels (37).

Similar observations were made in the multivariate linear
regression model adjusted for age in Table 2, where both T and
A2 were positively associated with AMH or LH/FSH ratio.
However, a negative correlation between DHEA/DHEAS and
LH/FSH ratio, was noted in the non-PCOS patients whose chief
complaint was infertility (Table 3). This may be explained by the
fact that DHEA/DHEAS affects early follicle maturation and LH/
FSH ratio by increasing expression of androgen receptor (AR)
and FSH receptor (FSHR) in granulosa cells of in diminished
ovarian reserve women (38).

More importantly, the increase of AMH was majorly
contributed by testosterone elevation, not other androgens
measured simultaneously, as suggested by Table 4. The causes
of hyperandrogenism in PCOS patients are multifactorial and
TABLE 3 | Pearson correlation analysis between androgens and AMH or LH/FSH.

Androgens PCOS group Non-PCOS group

AMH LH/FSH AMH LH/FSH

r p value r p value r p value r p value

T 0.301 <0.001 0.198 0.003 0.12 0.049 0.267 <0.001
FT 0.187 0.009 0.235 <0.001 0.13 0.032 0.249 <0.001
Bio-T 0.185 0.010 0.255 <0.001 0.13 0.032 0.239 <0.001
A2 0.319 <0.001 0.396 <0.001 0.267 <0.001 0.314 <0.001
DHT 0.049 0.496 0.06 0.375 -0.027 0.656 -0.048 0.453
DHEAS -0.005 0.948 0.031 0.645 0.164 0.006 -0.136 0.031
DHEA -0.04 0.582 -0.061 0.367 -0.059 0.332 -0.119 0.06
June 2022 | V
olume 13 | Article
TABLE 2 | Multivariate linear regression studies between androgens and AMH or LH/FSH.

Androgens PCOS group Non-PCOS group

AMH LH/FSH AMH LH/FSH

b p value b p value b p value b p value

T 0.039 0.001 0.008 0.095 0.022 0.117 0.012 0.006
FT 0.091 0.094 0.021 0.313 0.204 0.023 0.062 0.025
Bio-T 0.004 0.081 0.001 0.209 0.007 0.038 0.003 0.02
A2 1.122 0.001 0.49 <0.001 1.372 <0.001 0.264 0.013
DHT 0.85 0.704 -0.124 0.883 -0.452 0.573 -0.166 0.491
DHEAS -0.0003 0.213 0.0001 0.46 0.0001 0.554 -0.0002 0.009
DHEA -0.047 0.405 -0.021 0.362 -0.105 0.066 -0.049 0.006
881740

https://www.frontiersin.org/journals/endocrinology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/endocrinology#articles


Li et al. Divergent Androgen Levels in PCOS
involve both of the hypothalamus-pituitary-ovarian axis and
adrenal axis. PCOS patients with increased secretion of GnRH
and LH can enhance follicles activity of androgen synthesis rate
limiting enzyme P450c17a in membrane cells. In addition, the
insulin resistance is enhanced in PCOS patients, which can
directly stimulate the production of the ovarian androgen. It
can also increase free testosterone levels by inhibiting the
synthesis of SHBG in liver (8).

PCOS is characterized by an increased number of ovarian
follicles at all growing stages. This increase is particularly seen in
the pre-antral and small antral follicles. It is precisely those
follicles that mainly produce AMH. Consistent with our
research, several studies have shown that serum AMH was
positively correlated with androgen levels and the level of
AMH was found 2-4 folds higher in women with PCOS than
in healthy women (39). This elevated serum AMH level was
considered a reflection of the increased stock of pre-antral and
small antral follicles within PCOS (40). In addition, it could also
result from an increased production of AMH per follicle,
suggesting a probable over-expression of AMH by the GCs
from antral follicles in PCOS women. On the other hand, an
indirect effect of androgens leads to an increase in the number of
FSH receptors (FSHR) and/or estradiol receptors alpha (41).
Consequently, the stimulating effect of FSH on AMH expression
that occurs in small growing follicles from normal ovaries would
be amplified in PCOS. The excessive level of AMH reduces the
sensitivity of FSH stimulated follicles by reducing the expression
of aromatase, inhibits the maturation of follicles, interferes with
the growth and differentiation of antral follicles, and prevents the
convers ion of androgens to es trogen, aggravat ing
hyperandrogenism. However, it remains controversial whether
androgens can directly stimulate AMH secretion. For example,
an androgen-inhibitory effect of androgens on the secretion of
AMH by Sertoli cells in men has been clearly demonstrated (42).
The contradictory results may be explained by the great
variability of the models used (i.e., different animal species, cell
types, analysis methods).

The interaction between AMH and androgens are
complicated and not sufficiently addressed. In a cross-sectional
study by Lv et al. (43), it was reported that T was positive
correlated with AMH level in both diminished ovarian reserve
(DOR) and PCOS which are manifested with insufficient AMH
and excessive AMH respectively, suggesting total testosterone
plays an important role in follicular growth. Zhang et al. (44)
Frontiers in Endocrinology | www.frontiersin.org 5
showed that testosterone, not DHT, caused an increase in AMH
mRNA in granulosa cells from mouse antral follicles, implying
divert roles of different androgens in AMH overexpression. In
another interesting clinical study in DOR women, there was no
statistically improvement in the ovarian reserve markers (AFC,
AMH or FSH) after DHEA treatment; however, DHEA
supplementation did upregulate the expression of AR and
FSHR in GC cells, suggesting an alternative mechanism that
non-T androgens such as DHEA may contribute to PCOS
pathogenesis (38). Therefore, in PCOS patients, testosterone
seems to be more closely related to ovarian reserve markers
evaluated by serum AMH level, which may provide alternative
insight for the future mechanism studies of PCOS.

Strengths and Limitations
The serum androgens were measured by a previously validated LC-
MS/MS, which is the recommended and considered as “gold-
standard” methodology for androgen quantitation in female (7,
14). The application of LC-MS/MS warrants better accuracy of
androgen measurements compared with conventional
immunoassays. Significantly, in the PCOS patients, the highest
AMH level was observed in the subjects with the T elevation
subgroup, suggesting that T is more closely related with the
increase of AMHwhen compared with other androgens investigated.

A few limitations exist in this study. First, as a multifactorial
and complex disease, in addition to age of subjects, many other
factors could have impact on the relationship between androgens
and ovarian reserve markers. However, these contributing
factors, such as body weight, BMI, insulin resistance and oral
glucose tolerance test (OGTT) status, and AFC, unfortunately
are not retrievable due to the retrospective nature of the study.
Second, lack of pregnancy or in vitro fertilization (IVF) outcome
limits its application in clinical practice for the interaction
between androgens and ovarian reserve markers.
CONCLUSION

In present study, the serum androgen levels were found
significantly increased in women with PCOS compared to the
non-PCOS controls. Both in the PCOS and the non-PCOS
groups, there were positive correlations between T, FT, Bio-T,
A2 and AMH or LH/FSH. Last but not least, the AMH level in
the T-elevation subgroup of PCOS patients was significantly
TABLE 4 | Comparison of the serum AMH and LH/FSH ratio between the three subgroups of the PCOS patients.

ANOVA Multiple comparisons

F value P value Subgroups Mean ± Sd. p value

AMH (ng/mL) 3.38 0.04 T 7.23 ± 3.61 0.039 (vs non-T)
Non-T 5.86 ± 3.98 0.746 (vs non-HA)
Non-HA 5.73 ± 3.82 0.045 (vs T)

LH/FSH 0.47 0.63 T 1.82 ± 1.28 0.962 (vs non-T)
Non-T 1.83 ± 1.39 0.396 (vs non-HA)
Non-HA 1.57 ± 1.86 0.356 (vs T)
June 2022 | Volume 1
T subgroup (hyperandrogenemia (HA) with T elevated), non-T subgroup (HA with other androgens elevated but T, such as A2, DHT, DHEA or DHEAS), non-HA subgroup (no androgen
elevated). A one-way analysis of variance (ANOVA), followed by a LSD (Least Significant Difference) test, was used in comparison among three groups.
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higher than that in the non-T elevation or the non-HA subgroup.
This interesting finding may be used to predict the ovarian
response in pat ients rece iv ing control led ovar ian
hyperstimulation. However, whether testosterone plays a
different role in the pathogenesis of PCOS requires further
clinical and mechanistic studies.
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Supplementary Figure 1 | Box plots representing the serum levels of
testosterone (T), free testosterone (FT), bioavailable testosterone (Bio-T),
androstenedione (A2), dihydrotestosterone (DHT), dehydroepiandrosterone
(DHEA), dehydroepiandrosterone sulfate (DHEAS), anti-mullerian hormone (AMH)
and the ratio of luteinizing hormone (LH)/follicle stimulating hormone (FSH) in the
PCOS and non-PCOS groups. Asterisk (*) indicates p<0.05.

Supplementary Figure 2 | Pearson’s correlations between serum AMH level or
LH/FSH ratio and androgens (T, FT, Bio-T, A2, DHT and DHEAS) in both of the
PCOS and non-PCOS patients.
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