Journal of

%

Clinical Medicine

Article

The Relationships Between Serum DHEA-S and AMH Levels in
Infertile Women: A Retrospective Cross-Sectional Study

Li-Te Lin 1.2/3:*

check for

updates
Citation: Lin, L.-T.; Tsui, K.-H. The
Relationships Between Serum
DHEA-S and AMH Levels in Infertile
Women: A Retrospective
Cross-Sectional Study. J. Clin. Med.
2021, 10, 1211. https://doi.org/
10.3390/jem10061211

Academic Editor: Alberto Revelli

Received: 10 February 2021
Accepted: 11 March 2021
Published: 15 March 2021

Publisher’s Note: MDPI stays neutral
with regard to jurisdictional claims in
published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

and Kuan-Hao Tsui I

2,3

Department of Obstetrics and Gynecology, Kaohsiung Veterans General Hospital, Kaohsiung 81362, Taiwan;
khtsui@vghks.gov.tw

Institute of BioPharmaceutical Sciences, National Sun Yat-Sen University, Kaohsiung 80424, Taiwan
Department of Obstetrics and Gynecology, National Yang-Ming University School of Medicine,

Taipei 112, Taiwan

*  Correspondence: litelin1982@gmail.com; Tel.: +886-7-3422121 (ext. 4014)

Abstract: The relationship between serum dehydroepiandrosterone sulphate (DHEA-S) and anti-
Mullerian hormone (AMH) levels has not been fully established. Therefore, we performed a large-
scale cross-sectional study to investigate the association between serum DHEA-S and AMH levels.
The study included a total of 2155 infertile women aged 20 to 46 years who were divided into four
quartile groups (Q1 to Q4) based on serum DHEA-S levels. We found that there was a weak positive
association between serum DHEA-S and AMH levels in infertile women (r = 0.190, p < 0.001). After
adjusting for potential confounders, serum DHEA-S levels positively correlated with serum AMH
levels in infertile women (3 = 0.103, p < 0.001). Infertile women in the highest DHEA-S quartile
category (Q4) showed significantly higher serum AMH levels (p < 0.001) compared with women in
the lowest DHEA-S quartile category (Q1). The serum AMH levels significantly increased across
increasing DHEA-S quartile categories in infertile women (p = 0.014) using generalized linear models
after adjustment for potential confounders. Our data show that serum DHEA-S levels are positively
associated with serum AMH levels.

Keywords: DHEA-S; dehydroepiandrosterone; anti-Mullerian hormone (AMH); ovarian reserve;
infertile women

1. Introduction

Anti-Mullerian hormone (AMH), a member of the transforming growth factor beta
family, is specifically secreted by granulosa cells of small growing follicles [1]. Follicles
release increased amounts of AMH until the follicles grow to 8 mm, and then dominant
follicle selection is initiated by follicle-stimulating hormone (FSH). When follicles grow
to over 8 mm during the FSH-dependent stage, AMH expression rapidly declines until it
is absent [2]. Serum AMH levels are strongly and positively associated with the number
of growing follicles and can serve as a serum marker for functional ovarian reserve [3].
However, serum AMH levels negatively correlate with age in adult women. After 25 years
of age, serum AMH levels begin to drop steadily to undetectable levels at menopause [4,5].
Since serum AMH levels diminish yearly with age, it could be a possible predictor of
natural fecundability in women [6]. Furthermore, serum AMH levels have been suggested
to be an accurate predictor of ovarian responses to controlled ovarian hyperstimulation
in women undergoing in vitro fertilization (IVF) cycles [7,8]. Some factors, such as the
use of oral contraception and obesity, show potential negative correlations with serum
AMH levels; however, some factors, such as vitamin D deficiency and BRCA mutations,
demonstrate controversial results [3,9].

Dehydroepiandrosterone (DHEA), a 19 carbon endogenous steroid hormone, is nat-
urally synthesized in our body through the cholesterol to pregnenolone pathway [10].
DHEA is mainly produced by the zona reticularis of the adrenal gland and is subsequently
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converted to its sulfated conjugate, dehydroepiandrosterone sulphate (DHEA-S), by the
enzyme sulphotransferase [10,11]. DHEA and DHEA-S are the most abundant steroid
hormones in humans, which decline steadily with age [11]. DHEA and DHEA-S production
increases during adrenarche in children from the age of 6 to 8 years and reaches a peak at
around the age of 20 years. At the age of 25, DHEA and DHEA-S secretion begins to decline
and reaches very low or negligible levels after age 70 [11,12]. DHEA-S readily converts
back to DHEA through hydrolysis by a sulphatase in peripheral target tissues and serves
as a precursor to androgens and estrogens [12,13]. DHEA-S can enter the ovarian follicle
and is a key source of ovarian testosterone, which plays an important role in promoting
follicular development [14,15]. Meta-analyses have shown that oral administration of
DHEA supplementation was associated with an increase in serum testosterone [16] and
AMH levels [17].

Considering the abovementioned information, we hypothesized that there is a positive
association between serum DHEA-S and AMH levels. Since there are limited studies that
have examined this relationship, we performed a large cross-sectional study in infertile
women to explore the correlation between serum DHEA-S and AMH levels.

2. Materials and Methods
2.1. Study Design and Participants

In this retrospective cross-sectional study, we identified infertile women based on the
International Classification of Diseases, Ninth Revision, Clinical Modification (ICD-9-CM),
code 628, from the clinical database at the Kaohsiung Veterans General Hospital. Among
the infertile women identified by the ICD-9-CM code, in order to avoid any potential
misclassifications, only subjects who had received a complete infertility examination at
the Reproductive Center of Kaohsiung Veterans General Hospital were selected. A total of
2476 infertile women were identified from May 2013 to March 2020. Among them, subjects
who had experienced repeated examinations, who were aged <20 or >46 years, who had
been diagnosed with primary ovarian insufficiency, and who had androgen supplementa-
tion or hormonal therapy during the previous 3 months were excluded from this study. A
total of 2155 infertile women were finally included in the study. The study protocol was
approved by the institutional review board at the Kaohsiung Veterans General Hospital,
with the identifier KSVGH20-CT11-03, and conformed to the “Declaration of Helsinki for
Medical Research involving Human Subjects”. The requirement for informed consent was
waived by the institutional review board of the Kaohsiung Veterans General Hospital.

2.2. Biochemical Measurements

Blood levels including AMH, testosterone (T), DHEA-S, FSH, luteinizing hormone
(LH), estradiol, thyroid-stimulating hormone (TSH), prolactin, and 25(OH)Vitamin D were
checked in our routine infertility examinations. Serum AMH values were measured using
a Gen II Beckman Coulter AMH ELISA kit (Beckman Coulter, Marseille, France). The
lower limit of detection was 0.02 ng/mL. The intra-assay and inter-assay coefficients of
variation were 3.0% and 7.0%, respectively. In this study, diminished ovarian reserve (DOR)
was defined as serum AMH levels <1.2 ng/mL based on the POSEIDON criteria [18], and
serum AMH levels >5.0 ng/mL, modified from the revised Rotterdam criteria [19], were
considered to be excess ovarian reserve (EOR).

Serum T, DHEA-S, FSH, LH, estradiol, TSH, prolactin, and 25(OH)Vitamin D levels
were measured using a chemiluminescent microparticle immunoassay (CMIA) on the
ARCHITECT iSystem (Abbott, Longford, Ireland or Abbott, Wiesbaden, Germany). The
coefficient of variation of all the analyses were consistently from 3 to 10%. Blood samples
were collected on the 2nd or 3rd days of the menstrual cycle. The reference intervals
in the follicular phase are as follows: T, 0.14-0.53 ng/mL; DHEA-S, 35.0-430.0 nug/dL;
FSH, 4-13 mIU/mL; LH, 1-18 mIU/mL; estradiol, 39-189 pg/mL; TSH, 0.35-4.94 uIU/mL;
prolactin, 1.39-24.20 ng/mL; and 25(OH)Vitamin D, 30~100 ng/mL.
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2.3. Statistical Analysis

The normality of the distribution was examined using the Kolmogorov-Smirnov test.
Continuous variables are presented as the mean =+ standard deviation (SD). The association
between serum DHEA-S and AMH levels was examined using Pearson correlation coef-
ficient and multivariate linear regression. In the multivariate linear regression, potential
confounders including age, body mass index (BMI), FSH, and prolactin were adjusted.
Then, subjects were categorized into four quartile groups based on serum DHEA-S lev-
els. The characteristics of subjects among DHEA-S quartile categories were compared
using analysis of variance (ANOVA) for continuous variables. The AMH trends across
increasing DHEA-S quartile categories were confirmed by assessing p-values for trends
using generalized linear models after adjustment for potential confounders. All analyses
were performed using statistical software, Statistical Package for Social Sciences (SPSS)
version 20.0 (Chicago, IL, USA). All statistical tests used a two-tailed o of 0.05. Statistical
significance was defined as p < 0.05.

3. Results

Table 1 presents the characteristics of the study population. For the study population
(n = 2155), the mean age was 35.1 & 4.7 years (range 21-46 years), and the average BMI
was 22.4 4 3.8 kg/m? (range 14.7-40.8 kg/m?). The mean serum DHEA-S level was
240.7 £ 113.6 pg/dL (range 10.1-1122.0 pg/dL) and the average serum AMH level was
4.0 & 4.0 ng/mL (range 0.02-50.40 ng/mL). In the group of women <35 years (n = 972), the
mean serum DHEA-S level was 262.7 £ 107.6 ug/dL, and the mean serum AMH level was
5.2 &£ 4.5 ng/mL. In women > 35 years (n = 1183), the average serum DHEA-S level was
222.5 +115.3 ng/dL, and the average serum AMH level was 2.9 & 3.1 ng/mL.

Table 1. The characteristics of the study population.

All Population Age < 35 Years Age > 35 Years

(n = 2155) (n=972) (n =1183)

Age (years) 35.1+47 309 +27 38.6 +2.8

Body height (cm) 160.5 £ 5.8 160.8 £ 5.9 160.3 £ 5.7

Body weight (kg) 57.8 £10.5 56.8 +10.7 58.7 £ 10.4
BMI (kg/m?) 224+ 3.8 219 +3.9 22.8+3.8
TSH (uIU/mL) 1.7+ 14 1.7+ 17 1.7+ 1.1

Prolactin (ng/mL) 155+ 15.2 152 £ 12.0 157+ 174
25(0OH)vitamin D (ng/mL) 21.7 £ 6.9 21.0 £ 6.2 222+73
FSH (mIU/mL) 54 +4.0 49 +3.0 58 +4.6

Testosterone (ng/mlL) 0.35 + 045 0.38 £ 0.48 0.32 £0.43

DHEA-S (ng/dL) 240.7 + 113.6 262.7 + 107.6 2225+ 115.3

AMH (ng/mL) 4.0+4.0 52+45 29 +3.1

Data are presented as mean =+ standard deviation. BMI, body mass index; TSH, thyroid-stimulating hormone;
FSH, follicle stimulation hormone; DHEA-S, dehydroepiandrosterone sulphate; AMH, anti-Miillerian hormone.

As shown in Figure 1, considering all subjects, a weak positive correlation was ob-
served between serum DHEA-S and AMH levels for all subjects (r = 0.190, p-value < 0.001),
for women aged < 35 (r = 0.133, p-value < 0.001), and for women aged > 35 (r = 0.149,
p-value < 0.001).
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Figure 1. Correlations between serum DHEA-S and AMH levels. A weak positive correlation was
observed for (a) all subjects; (b) age < 35 years; (c) age > 35 years. * The p-value was generated using

Pearson correlation coefficient.

Multiple linear regression analysis was performed to assess the relationship between
serum DHEA-S and AMH levels after adjusting for potential confounders (age, BMI, FSH,
and prolactin). Serum DHEA-S values were positively associated with serum AMH levels
for all subjects (3 = 0.103, p-value <0.001), for women aged < 35 (3 = 0.113, p-value = 0.004),
and for women aged > 35 years ( = 0.091, p-value = 0.009), as shown in Table 2.

Table 2. Multiple linear regression analysis on the correlations between serum dehydroepiandros-
terone sulphate (DHEA-S) and anti-Mullerian hormone (AMH) levels after adjustment for
potential confounders.

All Women Age < 35 Years Age > 35 Years
Variables
B P B P B 4
DHEA-S 0.103 <0.001 0.113 0.004 0.091 0.009
(ng/dL)
Age (years) ~0.336 <0.001 ~0.133 0.001 ~0.334 <0.001
BMI (kg/m?) 0.047 0.059 0.058 0.131 0.035 0.314
FSH (mIU/mL)  —0.070 0.005 ~0.076 0.045 ~0.076 0.027
Prolactin —0.034 0.172 —0.061 0.112 —0.022 0.521
(ng/mL)

BMI, body mass index; FSH, follicle stimulation hormone.

Next, the subjects were categorized into four quartile groups (Q1 to Q4) based on
serum DHEA-S levels (Table 3). AMH and T were positively associated with the DHEA-
S quartile category, whereas age and FSH decreased as the DHEA-S quartile category
increased from Q1 to Q4 (all p-values < 0.001). Furthermore, as compared with women in
the lowest DHEA-S quartile category (Q1), those in the highest DHEA-S quartile category
(Q4) demonstrated significantly higher serum AMH values.
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Table 3. The characteristics of the study population divided based on serum DHEA-S
quartile categories.

Quartile of Serum DHEA-S

-Value for
Q1(n=502) Q2(m=523) Q3(m=523) Q4@m=513 F Teends
DHEA-S (ug/dL) <168.05 168.05~221.0  221.0~292.95 >292.95

Age (years) 36.8 £ 45% 358 +45*% 344 +45% 334447 <0.001
Body height (cm) 160.6 +55  1608+55* 1603 +57 159.8 + 5.4 0.018
Body weight (kg) 57.4 +10.4 57.7 +10.3 57.3 + 10.0 57.9 + 10.9 0.669
BMI (kg/m?) 223439 223+38 223+38 26+41 0.161
TSH (uIU/mL) 17415 1.6+ 1.0 1.6+ 1.0 17419 0.931
Prolactin (ng/mL) 145+ 13.4 15.0 + 11.7 15.8 + 10.9 1654 22.1 0.025
Vitamin D (ng/mL) 216 +73 214 +69 217+ 65 23+69 0.192
FSH (mIU/mL) 57+42% 57 +48% 50+ 32 50427 <0.001
Testosterone (ng/mL) ~ 0.23+0.10*  028+014* 032+013*  037+0.15 <0.001
AMH (ng/mL) 29+29*% 38+37% 43+38 48+50 <0.001

Data are presented as mean + standard deviation; p-values for trends were generated by linear regression
analysis; * statistically significantly different from the highest quartile category (Q4) using Bonferroni’s method
in an analysis of variance (ANOVA) test. DHEA-S, dehydroepiandrosterone sulphate; BMI, body mass index;
TSH, thyroid-stimulating hormone; Vitamin D, 25(0OH)Vitamin D; FSH, follicle stimulation hormone; AMH,
anti-Miillerian hormone.

Generalized linear models were conducted to evaluate the correlation of serum DHEA-
S quartile categories with serum AMH levels after adjusting for potential confounding
factors including age, BMI, FSH, and prolactin. In the multivariate adjustment model,
shown in Figure 2a, the serum AMH levels significantly increased across increasing DHEA-
S quartile categories (p-value = 0.014). The overall proportions of subjects who met the
criteria for DOR (AMH < 1.2 ng/mL) and EOR (AMH > 5.0 ng/mL) were 20.5% (345/1681)
and 27.1% (456/1681), respectively. The prevalence of DOR among subjects in Q1, Q2,
Q3, and Q4 were 31.2% (122/391), 20.9% (89/425), 15.1% (66/436), and 15.9% (68/429),
respectively (Figure 2b). The prevalence of EOR among subjects in Q1, Q2, Q3, and Q4
were 18.4% (72/391), 26.8% (114/425), 31.0% (135/436), and 31.5% (135/429), respectively
(Figure 2c).

Table 4 shows the age-dependent distribution of serum DHEA-S levels for all subjects
(n =2061). The median of serum DHEA-S levels for all subjects was 221.0 pg/dL; the medi-
ans of serum DHEA-S levels for age groups 20-25, 26-30, 31-35, 3640, and 4146 years
were 272.3, 264.5, 234.2,206.1, and 181.4 png/dL, respectively.

Table 4. Serum DHEA-S level distribution (ug/dL) according to age.

A Percentile
ge
Mean n

(Years) 5th 10th Median 90th 95th
20~25 291.7 117.7 157.3 272.3 470.1 541.5 38
26~30 280.2 139.9 158.8 264.5 412.6 476.0 310
31~35 248.1 109.0 134.8 234.2 370.4 423.5 753
36~40 226.7 94.6 115.1 206.1 354.0 432.2 682
41~46 204.1 80.8 104.6 181.4 314.6 367.3 278

All 240.7 102.8 125.1 221.0 370.4 436.8 2061

DHEA-S, dehydroepiandrosterone sulphate.
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Figure 2. Correlations between serum DHEA-S quartile categories and AMH levels. (a) Serum AMH
levels significantly increased across the increasing DHEA-S quartile categories. * The p-value for the
trends was generated using generalized linear models after adjustment for potential confounders
including age, BMI, FSH, and prolactin. Error bars represent 95% confidence interval of serum
AMH levels; (b) prevalence of diminished ovarian reserve (DOR) according to serum DHEA-S
quartile categories. DOR was defined as serum AMH levels < 1.2 ng/mL; (c) prevalence of excess
ovarian reserve (EOR) based on serum DHEA-S quartile categories. EOR was defined as serum AMH
values > 5.0 ng/mL. AMH, anti-Mullerian hormone; DHEA-S, dehydroepiandrosterone sulphate; Q,
quartile category.

4. Discussion

To the best of our knowledge, the current study is the largest cross-sectional study to
examine the relationship between serum DHEA-S and AMH levels in infertile women. This
study demonstrated that higher serum DHEA-S levels correlated with higher serum AMH
levels in infertile women after adjusting for potential confounding factors. Consistently,
DHEA-S quartile categories were positively associated with serum AMH levels in infertile
women after adjustment for potential confounders.

DHEA acts as an indirect intermediate for androgens and estrogens. A meta-analysis
showed that testosterone levels were significantly increased after DHEA administration,
especially in healthy young women with higher DHEA dosage (>50 mg/day) and in-
tervention duration of <12 weeks [16]. Consistently, this study revealed that serum T
levels were positively related to the DHEA-S quartile category (Table 3). Moreover, Hu
et al. showed that DHEA supplementation could enhance the expression of the androgen
receptor (AR) in preovulatory granulosa cells [20]. Via the AR, androgens boost the ex-
pression of FSH receptor and stimulate FSH-mediated follicle development and granulosa
cell proliferation [21-23]. The AMH secretion increased after FSH-mediated granulosa cell
proliferation [24]. Thus, Dewailly et al. suggested that androgens increase AMH produc-
tion through enhancement of FSH action [25]. Indeed, some studies have shown a positive
correlation between serum T and AMH levels [26,27]. A meta-analysis of 24 random-
ized controlled trials involving 1429 participants revealed that serum insulin-like growth
factor-1 (IGF-1) levels were significantly increased following DHEA supplementation [28].
It has been suggested that IGF-1 may also enhance FSH-stimulated follicle growth and
granulosa cell differentiation [29-32]. Additionally, IGF-1 has been demonstrated to be able
to promote primordial follicle activation [33]. Follicular fluid IGF-I levels, which positively
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correlate with serum IGF-I levels, have been reported to be related to ovarian reserve [34].
Taken together, DHEA supplementation may enhance AMH production, probably through
increased levels of testosterone and IGF-1, which indirectly supports the results of the
present study. However, further studies are still mandatory to confirm the relationship
between serum DHEA-S and AMH levels and clarify the possible pathophysiology within
the relationship.

There are conflicting results regarding the effect of DHEA supplementation on serum
AMH levels. Several studies have shown that serum AMH levels significantly improved
after DHEA supplementation [35-39]. A retrospective cross-sectional and longitudinal
analysis of 120 women with DOR conducted by Gleicher et al. revealed that AMH levels
significantly increased after DHEA supplementation over time and were more pronounced
in women under age 38 years [35]. Yilmaz et al. performed a prospective study of 41 women
with DOR and showed that there were significant improvements in AMH levels (0.32 & 0.29
vs. 0.75 £ 0.70 ng/mL) before and after DHEA supplementation [36]. In a prospective study
of 50 poor ovarian responders (PORs), Zangmo et al. demonstrated a significant increase in
serum AMH levels from 1.20 & 0.40 to 2.67 & 0.80 ng/mL in women <35 years and from
0.90 £ 0.30 to 2.30 & 0.80 ng/mL in women >36 years following DHEA treatment [38]. A
meta-analysis also revealed that DHEA pretreatment resulted in significantly higher serum
AMH levels [17]. However, some studies have demonstrated no change of serum AMH
levels following DHEA supplementation [20,40,41]. A randomized controlled pilot study
of 32 PORs conducted by Yeung et al. showed that no statistically significant differences
in the ovarian reserve markers (AFC, AMH, or FSH) were found between the DHEA
and the placebo groups [41]. In a prospective cohort study of 103 women with DOR, Hu
et al. demonstrated that the DHEA and the control groups presented similar serum AMH
levels [20]. Thus, more large-scale, well-designed studies are needed to clarify the effect of
DHEA supplementation on serum AMH levels.

In addition to ovarian reserve, studies have shown that adjuvant treatment with
DHEA ameliorates oocytes and embryos quality and subsequent IVF outcomes in women
with DOR or PORs [17,42]. A network meta-analysis of randomized controlled trials
(RCTs) conducted by Zhang et al. demonstrated that DHEA supplementation resulted in
significantly higher clinical pregnancy rates as compared with a control group (odds ratio
(OR) 2.46, 95% CI 1.16 to 5.23) in PORs [42]. Mitochondpria plays a critical role in oocyte
maturation, fertilization, embryo development, and pregnancy [43,44]. It has been reported
that DHEA treatment improves mitochondrial function and reduces apoptosis of cumulus
cells [45-47]. A prospective cohort study, on 38 PORs and 28 normal ovarian responders,
showed that DHEA supplementation promoted mitochondrial mass, restored mitochon-
drial morphology, reduced mitochondrial fragmentation, increased mitochondrial fusion,
and prevented mitophagy [47]. Moreover, increased IGF-1 levels have been shown to be
associated with oocyte maturation, embryo development, and better IVF outcomes [48-50].
Taken together, DHEA supplementation may enhance both ovarian quantity and ovarian
quality, resulting in better IVF outcomes. In this study, an age-specific normal reference
range for serum DHEA-S levels was provided (Table 4). This table could help physicians to
decide whether DHEA pretreatment was needed for infertile women. However, further
large-scale, well-defined RCTs are still required to confirm the effectiveness of DHEA
supplementation on IVF outcomes.

Several potential limitations should be highlighted when interpreting our results.
First, the retrospective design poses a major limitation of this study. Second, a causal
relationship could not be determined based on a cross-sectional study, which could be
better examined in longitudinal studies. Thus, further longitudinal studies are required to
verify the relationship. Third, our results may not be applicable to the general population
since only infertile women were included in our study. Fourth, ethnicity in relation to
serum AMH levels was not evaluated because all subjects included in our study were
Taiwanese. Fifth, serum free T and sex hormone-binding globulin (SHBG) levels were not
measured in our routine infertility survey.
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In conclusion, our data demonstrated a positive association between serum DHEA-S
and AMH levels in infertile women. Long-term longitudinal studies are needed to verify
our results.

Author Contributions: Conceptualization: L.-T.L. and K.-H.T.; methodology, L.-T.L.; software,
L.-T.L.; validation, L.-T.L. and K.-H.T.; formal analysis, L.-T.L.; investigation, L.-T.L.; resources,
K.-H.T.; data curation, L.-T.L.; writing—original draft preparation, L.-T.L.; writing—review and
editing, L.-T.L.; visualization, K.-H.T.; supervision, K.-H.T.; funding acquisition, L.-T.L. All authors
have read and agreed to the published version of the manuscript.

Funding: The APC was funded by grants from the Ministry of Science and Technology, Executive
Yuan (MOST 109-2314-B-075B-014 -MY2).

Institutional Review Board Statement: The study was conducted according to the guidelines of the
Declaration of Helsinki and approved by the Institutional Review Board of the Kaohsiung Veterans
General Hospital, with the identifier KSVGH20-CT11-03.

Informed Consent Statement: Patient consent was waived by the Institutional Review Board of the
Kaohsiung Veterans General Hospital due to the retrospective design.

Data Availability Statement: The data presented in this study can be available on request from the
corresponding author.

Acknowledgments: We acknowledge Huey-Shyan Lin for statistical counseling.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.

10.

11.

12.

13.

14.
15.

Dewailly, D.; Andersen, C.Y.; Balen, A.; Broekmans, F.; Dilaver, N.; Fanchin, R.; Griesinger, G.; Kelsey, TW.; La Marca, A.;
Lambalk, C.; et al. The physiology and clinical utility of anti-Mullerian hormone in women. Hum. Reprod. Update 2014, 20,
370-385. [CrossRef] [PubMed]

Jeppesen, ].V.; Anderson, R.A.; Kelsey, T.W.; Christiansen, S.L.; Kristensen, S.G.; Jayaprakasan, K.; Raine-Fenning, N.; Campbell,
B.K; Yding Andersen, C. Which follicles make the most anti-Mullerian hormone in humans? Evidence for an abrupt decline in
AMH production at the time of follicle selection. Mol. Hum. Reprod. 2013, 19, 519-527. [CrossRef]

Moolhuijsen, L.M.E.; Visser, ].A. Anti-Mullerian Hormone and Ovarian Reserve: Update on Assessing Ovarian Function. J. Clin.
Endocrinol. Metab. 2020, 105. [CrossRef] [PubMed]

Kelsey, T.W.; Wright, P.; Nelson, S.M.; Anderson, R.A.; Wallace, W.H. A validated model of serum anti-miillerian hormone from
conception to menopause. PLoS ONE 2011, 6, e22024. [CrossRef] [PubMed]

Lie Fong, S.; Visser, J.A.; Welt, C.K,; de Rijke, Y.B.; Eijkemans, M.].; Broekmans, FJ.; Roes, E.M.; Peters, W.H.; Hokken-Koelega,
A.C.; Fauser, B.C; et al. Serum anti-miillerian hormone levels in healthy females: A nomogram ranging from infancy to adulthood.
J. Clin. Endocrinol. Metab. 2012, 97, 4650-4655. [CrossRef]

Steiner, A.Z.; Herring, A.H.; Kesner, ].S.; Meadows, ].W.,; Stanczyk, F.Z.; Hoberman, S.; Baird, D.D. Antimiillerian hormone as a
predictor of natural fecundability in women aged 3042 years. Obstet. Gynecol. 2011, 117, 798-804. [CrossRef] [PubMed]

Broer, S.L.; Délleman, M.; van Disseldorp, J.; Broeze, K.A.; Opmeer, B.C.; Bossuyt, PM.; Eijkemans, M.].; Mol, B.W.; Broekmans, F.J.
Prediction of an excessive response in in vitro fertilization from patient characteristics and ovarian reserve tests and comparison
in subgroups: An individual patient data meta-analysis. Fertil. Steril. 2013, 100, 420-429.e427. [CrossRef]

Broer, S.L.; van Disseldorp, J.; Broeze, K.A.; Dolleman, M.; Opmeer, B.C.; Bossuyt, P.; Eijkemans, M.J.; Mol, B.W.; Broekmans, F.J.
Added value of ovarian reserve testing on patient characteristics in the prediction of ovarian response and ongoing pregnancy:
An individual patient data approach. Hum. Reprod. Update 2013, 19, 26-36. [CrossRef]

Oh, S.R.; Choe, S.Y.; Cho, Y.J. Clinical application of serum anti-Mullerian hormone in women. Clin. Exp. Reprod. Med. 2019, 46,
50-59. [CrossRef] [PubMed]

Sahu, P.; Gidwani, B.; Dhongade, H.J. Pharmacological activities of dehydroepiandrosterone: A review. Steroids 2020, 153, 108507.
[CrossRef]

Hornsby, PJ. Biosynthesis of DHEAS by the human adrenal cortex and its age-related decline. Ann. N. Y. Acad. Sci. 1995, 774,
29-46. [CrossRef]

Labrie, F; Luu-The, V.; Labrie, C.; Simard, J. DHEA and its transformation into androgens and estrogens in peripheral target
tissues: Intracrinology. Front. Neuroendocrinol. 2001, 22, 185-212. [CrossRef]

Longcope, C. Dehydroepiandrosterone metabolism. J. Endocrinol. 1996, 150, S125-5127. [CrossRef] [PubMed]

Walters, K.A.; Handelsman, D.J. Role of androgens in the ovary. Mol. Cell. Endocrinol. 2018, 465, 36—47. [CrossRef]

Astapova, O.; Minor, BM.N.; Hammes, S.R. Physiological and Pathological Androgen Actions in the Ovary. Endocrinology 2019,
160, 1166-1174. [CrossRef]


http://doi.org/10.1093/humupd/dmt062
http://www.ncbi.nlm.nih.gov/pubmed/24430863
http://doi.org/10.1093/molehr/gat024
http://doi.org/10.1210/clinem/dgaa513
http://www.ncbi.nlm.nih.gov/pubmed/32770239
http://doi.org/10.1371/journal.pone.0022024
http://www.ncbi.nlm.nih.gov/pubmed/21789206
http://doi.org/10.1210/jc.2012-1440
http://doi.org/10.1097/AOG.0b013e3182116bc8
http://www.ncbi.nlm.nih.gov/pubmed/21422850
http://doi.org/10.1016/j.fertnstert.2013.04.024
http://doi.org/10.1093/humupd/dms041
http://doi.org/10.5653/cerm.2019.46.2.50
http://www.ncbi.nlm.nih.gov/pubmed/31181872
http://doi.org/10.1016/j.steroids.2019.108507
http://doi.org/10.1111/j.1749-6632.1995.tb17370.x
http://doi.org/10.1006/frne.2001.0216
http://doi.org/10.1111/j.1749-6632.1995.tb17378.x
http://www.ncbi.nlm.nih.gov/pubmed/8943796
http://doi.org/10.1016/j.mce.2017.06.026
http://doi.org/10.1210/en.2019-00101

J. Clin. Med. 2021, 10, 1211 9 of 10

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

Li, Y,; Ren, J.; Li, N,; Liu, J.; Tan, S.C.; Low, T.Y,; Ma, Z. A dose-response and meta-analysis of dehydroepiandrosterone (DHEA)
supplementation on testosterone levels: Perinatal prediction of randomized clinical trials. Exp. Gerontol. 2020, 141, 111110.
[CrossRef] [PubMed]

Zhang, M.; Niu, W.; Wang, Y.; Xu, J.; Bao, X.; Wang, L.; Du, L.; Sun, Y. Dehydroepiandrosterone treatment in women with poor
ovarian response undergoing IVF or ICSI: A systematic review and meta-analysis. J. Assist. Reprod. Genet. 2016, 33, 981-991.
[CrossRef] [PubMed]

Poseidon, G.; Alviggi, C.; Andersen, C.Y.; Buehler, K.; Conforti, A.; De Placido, G.; Esteves, S.C.; Fischer, R.; Galliano, D.; Polyzos,
N.P; et al. A new more detailed stratification of low responders to ovarian stimulation: From a poor ovarian response to a low
prognosis concept. Fertil. Steril. 2016, 105, 1452-1453. [CrossRef]

Lauritsen, M.P,; Bentzen, ].G.; Pinborg, A.; Loft, A.; Forman, J.L.; Thuesen, L.L.; Cohen, A.; Hougaard, D.M.; Nyboe Andersen, A.
The prevalence of polycystic ovary syndrome in a normal population according to the Rotterdam criteria versus revised criteria
including anti-Mullerian hormone. Hum. Reprod. 2014, 29, 791-801. [CrossRef] [PubMed]

Hu, Q.; Hong, L.; Nie, M.; Wang, Q.; Fang, Y.; Dai, Y.; Zhai, Y.; Wang, S.; Yin, C.; Yang, X. The effect of dehydroepiandrosterone
supplementation on ovarian response is associated with androgen receptor in diminished ovarian reserve women. J. Ovarian Res.
2017, 10, 32. [CrossRef]

Sen, A ; Prizant, H.; Light, A.; Biswas, A.; Hayes, E.; Lee, H.].; Barad, D.; Gleicher, N.; Hammes, S.R. Androgens regulate ovarian
follicular development by increasing follicle stimulating hormone receptor and microRNA-125b expression. Proc. Natl. Acad. Sci.
USA 2014, 111, 3008-3013. [CrossRef]

Laird, M.; Thomson, K.; Fenwick, M.; Mora, J.; Franks, S.; Hardy, K. Androgen Stimulates Growth of Mouse Preantral Follicles In
Vitro: Interaction With Follicle-Stimulating Hormone and with Growth Factors of the TGF( Superfamily. Endocrinology 2017, 158,
920-935. [CrossRef] [PubMed]

Hickey, T.E.; Marrocco, D.L.; Amato, E; Ritter, L.J.; Norman, R.J.; Gilchrist, R.B.; Armstrong, D.T. Androgens augment the
mitogenic effects of oocyte-secreted factors and growth differentiation factor 9 on porcine granulosa cells. Biol. Reprod. 2005, 73,
825-832. [CrossRef] [PubMed]

Taieb, J.; Grynberg, M.; Pierre, A.; Arouche, N.; Massart, P.; Belville, C.; Hesters, L.; Frydman, R.; Catteau-Jonard, S.; Fanchin, R.;
et al. FSH and its second messenger cAMP stimulate the transcription of human anti-Miillerian hormone in cultured granulosa
cells. Mol. Endocrinol. 2011, 25, 645-655. [CrossRef] [PubMed]

Dewailly, D.; Robin, G.; Peigne, M.; Decanter, C.; Pigny, P.; Catteau-Jonard, S. Interactions between androgens, FSH, anti-Mullerian
hormone and estradiol during folliculogenesis in the human normal and polycystic ovary. Hum. Reprod. Update 2016, 22, 709-724.
[CrossRef] [PubMed]

Lv, PP; Jin, M; Rao, J.P; Chen, J.; Wang, L.Q.; Huang, C.C.; Yang, S.Q.; Yao, Q.P,; Feng, L.; Shen, ].M.; et al. Role of anti-Mullerian
hormone and testosterone in follicular growth: A cross-sectional study. BMC Endocr. Disord. 2020, 20, 101. [CrossRef]

Pigny, P.; Merlen, E.; Robert, Y.; Cortet-Rudelli, C.; Decanter, C.; Jonard, S.; Dewailly, D. Elevated serum level of anti-mullerian
hormone in patients with polycystic ovary syndrome: Relationship to the ovarian follicle excess and to the follicular arrest. J. Clin.
Endocrinol. Metab. 2003, 88, 5957-5962. [CrossRef]

Xie, M.; Zhong, Y.; Xue, Q.; Wu, M.; Deng, X.; Santos, H.O.; Tan, S.C.; Kord-Varkaneh, H.; Jiao, P. Impact of dehydroepianrosterone
(DHEA) supplementation on serum levels of insulin-like growth factor 1 (IGF-1): A dose-response meta-analysis of randomized
controlled trials. Exp. Gerontol. 2020, 136, 110949. [CrossRef]

Monte, A.P.O.; Barros, V.R.P; Santos, ].M.; Menezes, V.G.; Cavalcante, A.Y.P; Gouveia, B.B.; Bezerra, M.E.S.; Macedo, T.J.S.; Matos,
M.H.T. Immunohistochemical localization of insulin-like growth factor-1 (IGF-1) in the sheep ovary and the synergistic effect of
IGF-1 and FSH on follicular development in vitro and LH receptor immunostaining. Theriogenology 2019, 129, 61-69. [CrossRef]
Baumgarten, S.C.; Convissar, S.M.; Fierro, M.A.; Winston, N.J.; Scoccia, B.; Stocco, C. IGFIR signaling is necessary for FSH-
induced activation of AKT and differentiation of human Cumulus granulosa cells. J. Clin. Endocrinol. Metab. 2014, 99, 2995-3004.
[CrossRef]

Zhao, J.; Taverne, M.A.; Van Der Weijden, G.C.; Bevers, M.M.; Van Den Hurk, R. Insulin-like growth factor-I (IGF-I) stimulates the
development of cultured rat pre-antral follicles. Mol. Reprod. Dev. 2001, 58, 287-296. [CrossRef]

Magalhaes-Padilha, D.M.; Fonseca, G.R.; Haag, K.T.; Wischral, A.; Gastal, M.O.; Jones, K.L.; Geisler-Lee, J.; Figueiredo, J.R.; Gastal,
E.L. Long-term in vitro culture of ovarian cortical tissue in goats: Effects of FSH and IGF-I on preantral follicular development
and FSH and IGF-I receptor mRNA expression. Cell Tissue Res. 2012, 350, 503-511. [CrossRef]

Bezerra, M.E.S.; Barberino, R.S.; Menezes, V.G.; Gouveia, B.B.; Macedo, T.J.S.; Santos, ].M.S.; Monte, A.P.O.; Barros, VR.P,;
Matos, M.H.T. Insulin-like growth factor-1 (IGF-1) promotes primordial follicle growth and reduces DNA fragmentation through
the phosphatidylinositol 3-kinase/protein kinase B (PI3K/AKT) signalling pathway. Reprod. Fertil. Dev. 2018, 30, 1503-1513.
[CrossRef] [PubMed]

Stadtmauer, L.; Vidali, A.; Lindheim, S.R.; Sauer, M.V. Follicular fluid insulin-like growth factor-I and insulin-like growth
factor-binding protein-1 and -3 vary as a function of ovarian reserve and ovarian stimulation. J. Assist. Reprod. Genet. 1998, 15,
587-593. [CrossRef] [PubMed]

Gleicher, N.; Weghofer, A.; Barad, D.H. Improvement in diminished ovarian reserve after dehydroepiandrosterone supplementa-
tion. Reprod. Biomed. Online 2010, 21, 360-365. [CrossRef]


http://doi.org/10.1016/j.exger.2020.111110
http://www.ncbi.nlm.nih.gov/pubmed/33045358
http://doi.org/10.1007/s10815-016-0713-5
http://www.ncbi.nlm.nih.gov/pubmed/27094195
http://doi.org/10.1016/j.fertnstert.2016.02.005
http://doi.org/10.1093/humrep/det469
http://www.ncbi.nlm.nih.gov/pubmed/24435776
http://doi.org/10.1186/s13048-017-0326-3
http://doi.org/10.1073/pnas.1318978111
http://doi.org/10.1210/en.2016-1538
http://www.ncbi.nlm.nih.gov/pubmed/28324051
http://doi.org/10.1095/biolreprod.104.039362
http://www.ncbi.nlm.nih.gov/pubmed/15972887
http://doi.org/10.1210/me.2010-0297
http://www.ncbi.nlm.nih.gov/pubmed/21330407
http://doi.org/10.1093/humupd/dmw027
http://www.ncbi.nlm.nih.gov/pubmed/27566840
http://doi.org/10.1186/s12902-020-00569-6
http://doi.org/10.1210/jc.2003-030727
http://doi.org/10.1016/j.exger.2020.110949
http://doi.org/10.1016/j.theriogenology.2019.02.005
http://doi.org/10.1210/jc.2014-1139
http://doi.org/10.1002/1098-2795(200103)58:3&lt;287::AID-MRD7&gt;3.0.CO;2-G
http://doi.org/10.1007/s00441-012-1498-1
http://doi.org/10.1071/RD17332
http://www.ncbi.nlm.nih.gov/pubmed/29843892
http://doi.org/10.1023/A:1020377209952
http://www.ncbi.nlm.nih.gov/pubmed/9866066
http://doi.org/10.1016/j.rbmo.2010.04.006

J. Clin. Med. 2021, 10, 1211 10 of 10

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

Yilmaz, N.; Uygur, D.; Inal, H.; Gorkem, U.; Cicek, N.; Mollamahmutoglu, L. Dehydroepiandrosterone supplementation improves
predictive markers for diminished ovarian reserve: Serum AMH, inhibin B and antral follicle count. Eur. . Obstet. Gynecol. Reprod.
Biol. 2013, 169, 257-260. [CrossRef]

Singh, N.; Zangmo, R.; Kumar, S.; Roy, K.K.; Sharma, ]J.B.; Malhotra, N.; Vanamail, P. A prospective study on role of dehy-
droepiandrosterone (DHEA) on improving the ovarian reserve markers in infertile patients with poor ovarian reserve. Gynecol.
Endocrinol. 2013, 29, 989-992. [CrossRef] [PubMed]

Zangmo, R.; Singh, N.; Kumar, S.; Vanamail, P.; Tiwari, A. Role of dehydroepiandrosterone in improving oocyte and embryo
quality in IVF cycles. Reprod. Biomed. Online 2014, 28, 743-747. [CrossRef]

Agarwal, R.; Shruthi, R.; Radhakrishnan, G.; Singh, A. Evaluation of Dehydroepiandrosterone Supplementation on Diminished
Ovarian Reserve: A Randomized, Double-Blinded, Placebo-Controlled Study. ]. Obstet. Gynaecol. India 2017, 67, 137-142.
[CrossRef]

Yeung, TW,; Li, RH,; Lee, V.C,; Ho, P.C.,; Ng, E.H. A randomized double-blinded placebo-controlled trial on the effect of
dehydroepiandrosterone for 16 weeks on ovarian response markers in women with primary ovarian insufficiency. J. Clin.
Endocrinol. Metab. 2013, 98, 380-388. [CrossRef] [PubMed]

Yeung, T.W.; Chai, J.; Li, R.H.; Lee, V.C.; Ho, P.C; Ng, E.H. A randomized, controlled, pilot trial on the effect of dehydroepiandros-
terone on ovarian response markers, ovarian response, and in vitro fertilization outcomes in poor responders. Fertil. Steril. 2014,
102, 108-115.e101. [CrossRef]

Zhang, Y.; Zhang, C.; Shu, J.; Guo, J.; Chang, HM.; Leung, PC.K; Sheng, ].Z.; Huang, H. Adjuvant treatment strategies in ovarian
stimulation for poor responders undergoing IVF: A systematic review and network meta-analysis. Hum. Reprod. Update 2020, 26,
247-263. [CrossRef] [PubMed]

Santos, T.A.; El Shourbagy, S.; St. John, ]J.C. Mitochondrial content reflects oocyte variability and fertilization outcome. Fertil.
Steril. 2006, 85, 584-591. [CrossRef] [PubMed]

Tsai, H.D.; Hsieh, Y.Y.; Hsieh, ].N.; Chang, C.C.; Yang, C.Y.; Yang, ].G.; Cheng, W.L.; Tsai, EJ.; Liu, C.S. Mitochondria DNA
deletion and copy numbers of cumulus cells associated with in vitro fertilization outcomes. J. Reprod. Med. 2010, 55, 491-497.
Lin, L.T.; Wang, PH.; Wen, Z.H.; Li, C.J.; Chen, S.N.; Tsai, E.M.; Cheng, ].T.; Tsui, K.H. The Application of Dehydroepiandrosterone
on Improving Mitochondrial Function and Reducing Apoptosis of Cumulus Cells in Poor Ovarian Responders. Int. ]. Med. Sci.
2017, 14, 585-594. [CrossRef] [PubMed]

Tsui, K.H.; Wang, PH.; Lin, L.T.; Li, C.J]. DHEA protects mitochondria against dual modes of apoptosis and necroptosis in human
granulosa HO23 cells. Reproduction 2017, 154, 101-110. [CrossRef]

Li, CJ.; Chen, S.N,; Lin, L.T.; Chern, C.U.; Wang, P.H.; Wen, Z.H.; Tsui, K.H. Dehydroepiandrosterone Ameliorates Abnormal
Mitochondrial Dynamics and Mitophagy of Cumulus Cells in Poor Ovarian Responders. J. Clin. Med. 2018, 7, 293. [CrossRef]
[PubMed]

Ramer, I; Kanninen, T.T.; Sisti, G.; Witkin, S.S.; Spandorfer, S.D. Association of in vitro fertilization outcome with circulating
insulin-like growth factor components prior to cycle initiation. Am. J. Obstet. Gynecol. 2015, 213, 356.e1-356.e6. [CrossRef]
[PubMed]

Nasioudis, D.; Minis, E.; Irani, M.; Kreines, F.; Witkin, S.S.; Spandorfer, S.D. Insulin-like growth factor-1 and soluble FMS-like
tyrosine kinase-1 prospectively predict cancelled IVF cycles. . Assist. Reprod. Genet. 2019, 36, 2485-2491. [CrossRef]

Wang, T.H.; Chang, C.L.; Wu, HM.; Chiu, YM.; Chen, C.K.; Wang, H.S. Insulin-like growth factor-II (IGF-II), IGF-binding
protein-3 (IGFBP-3), and IGFBP-4 in follicular fluid are associated with oocyte maturation and embryo development. Fertil. Steril.
2006, 86, 1392-1401. [CrossRef]


http://doi.org/10.1016/j.ejogrb.2013.04.003
http://doi.org/10.3109/09513590.2013.824957
http://www.ncbi.nlm.nih.gov/pubmed/24004296
http://doi.org/10.1016/j.rbmo.2014.01.019
http://doi.org/10.1007/s13224-016-0941-8
http://doi.org/10.1210/jc.2012-3071
http://www.ncbi.nlm.nih.gov/pubmed/23144466
http://doi.org/10.1016/j.fertnstert.2014.03.044
http://doi.org/10.1093/humupd/dmz046
http://www.ncbi.nlm.nih.gov/pubmed/32045470
http://doi.org/10.1016/j.fertnstert.2005.09.017
http://www.ncbi.nlm.nih.gov/pubmed/16500323
http://doi.org/10.7150/ijms.18706
http://www.ncbi.nlm.nih.gov/pubmed/28638275
http://doi.org/10.1530/REP-17-0016
http://doi.org/10.3390/jcm7100293
http://www.ncbi.nlm.nih.gov/pubmed/30241351
http://doi.org/10.1016/j.ajog.2015.04.026
http://www.ncbi.nlm.nih.gov/pubmed/25935785
http://doi.org/10.1007/s10815-019-01618-3
http://doi.org/10.1016/j.fertnstert.2006.03.064

	Introduction 
	Materials and Methods 
	Study Design and Participants 
	Biochemical Measurements 
	Statistical Analysis 

	Results 
	Discussion 
	References

