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Context: Vitamin D deficiency is common among reproductive-aged women and has a role in
female reproduction.

Objective: This study evaluated the role of 1,25-dihydroxyvitamin D3 (vit D3) in ovarian follicular
development and steroidogenesis by using a human granulosa cell (GC) model.

Design, Setting, and Participants: Fifty-four women who underwent in vitro fertilization were
enrolled.

Intervention: Follicular fluid (FF) and mural and cumulus GCs were collected from small and large
follicles. In separate experiments, primary cumulus GCs were cultured with or without vit D3
followed by RT-PCR for mRNA expression levels. The effect of recombinant anti-Mullerian hormone
(AMH) on nuclear localization of phospho-Smad 1/5/8 was evaluated in the presence or absence of
vit D3 by using immunofluorescence. 25-Hydroxyvitamin D levels in FF as well as cell culture media
AMH, progesterone, and estradiol (E2) concentrations were determined by ELISA and RIA.

Main Outcome Measures: The following were measured: 1) mRNA expression levels; 2) 3�-hy-
droxysteroid dehydrogenase (3�-HSD) enzyme activity; 3) FSH-induced aromatase mRNA and E2
production; and 4) nuclear localization of phospho-Smad 1/5/8.

Results: In a multivariate analysis, 25 OH-D levels in FF negatively correlated with AMH and AMH
receptor (AMHR)-II mRNA levels in cumulus GCs of small follicles. Compared with women with
replete 25-hydroxyvitamin D levels in FF, those with insufficient/deficient levels had a 2-fold in-
crease in AMHR-II mRNA levels in cumulus GCs of small follicles (P � .02). Treatment with vit D3
caused a decrease in AMHR-II and FSH receptor mRNA but an increase in 3-�HSD mRNA levels
compared with control (P � .05). Vit D3 enhanced 3-�HSD enzyme activity as assessed by increasing
progesterone release; however, vit D3 did not affect FSH-induced aromatase mRNA and E2 pro-
duction, but it decreased the phosphorylation of Smad 1/5/8 and its nuclear localization.

Conclusion: These data suggest that vit D3 alters AMH signaling and steroidogenesis in human
cumulus GCs, possibly reflecting a state of GC luteinization potentiation. (J Clin Endocrinol Metab
99: E1137–E1145, 2014)

Vitamin D deficiency remains common in both the de-
veloped and developing world (1). In the United

States, 20%–90% of reproductive-aged women are vita-

min D deficient despite prenatal vitamin intake (1). Vita-
min D deficiency is associated with obstetrical and repro-
ductive complications including recurrent pregnancy loss,
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small-for-gestational-age babies, abnormal puberty, and
infertility (2–7). Among the many physiological processes
influenced by vitamin D, a critical role in reproductive
physiology has been suggested (2, 4, 6, 8). Available data
to date have correlated circulating vitamin D levels with
reproductive success, such as achieving a pregnancy using
assisted reproductive technology (2, 8). However, little is
known about the mechanisms by which vitamin D defi-
ciency affects reproduction. It was recently shown that
serum (2, 9) and follicular fluid (2) levels of 25-hydroxyvi-
tamin D (25 OH-D) were highly positively correlated and
that patients who achieved clinical pregnancies after in
vitro fertilization (IVF) exhibited significantly higher fol-
licular fluid and serum levels of 25 OH-D (2). Although
little is known about the mechanism of this relationship,
pregnancy rates after assisted reproductive technology
show seasonal variation in accordance with the seasonal-
ity of vitamin D (10–12).

Vitamin D receptor is expressed in ovarian tissue in-
cluding granulosa cells (GCs) (13). We have shown that
vitamin D plays an important role in ovulatory dysfunc-
tion in mice, likely mediated through anti-Mullerian hor-
mone (AMH) (14). AMH is produced by GCs in the ova-
ries in which it inhibits the loss of the oocyte pool by
slowing down growth followed by death of follicles con-
taining the oocytes (15–17). Additionally, an AMH gene
null mutation causes early depletion of the stock of oocyte
pool in the mouse ovary (15, 18). The relationship be-
tween vitamin D and AMH exists at both the genetic and
serum levels (3, 14, 19). The promoter region for the AMH
gene contains a vitamin D response element in human
prostate cell line (19). Thus, the active form of vitamin D
has been shown to up-regulate AMH production in cul-
tured human prostate cell lines (19, 20). In humans, we
have demonstrated that serum AMH correlates with se-
rum 25 OH-D levels in late reproductive-aged women (3).
Others have shown that there is a well-defined seasonal
variation in IVF success (11, 12) corresponding to a sea-
sonal variation in AMH levels, being 18% lower in the
winter when vitamin D levels are lowest (10). The extent
of seasonal variation in a woman’s AMH level correlated
with the extent to which her 25 OH-D levels varied (10).
Finally, vitamin D supplements were sufficient to block
the seasonal changes in both the 25 OH-D and AMH
serum levels (10). However, little is known about how
vitamin D affects AMH signaling, a pathway important in
folliculogenesis, and steroidogenesis in human ovaries. In
the present study, we hypothesized that alteration of ovar-
ian function occurring with vitamin D treatment would be
reflected by changes in GC function as reflected by follic-
ular differentiation and maturation. Our aim was to in-
vestigate the effect of vitamin D treatment in vitro on the

regulation of genes responsible for follicular development/
differentiation and steroidogenesis.

Materials and Methods

Subjects
Thirty-three infertile women undergoing fresh IVF and intra-

cytoplasmic sperm injection cycles using autologous oocytes at
the University of Vermont College of Medicine and Montefiore’s
Institute for Reproductive Medicine and Health/Albert Einstein
College of Medicine between July 2010 and August 2013 were
prospectively enrolled in the first experiment. Inclusion criteria
consisted of women with normal ovarian reserve defined as day
3 FSH less than 10 mIU/mL and day 3 estradiol (E2) less than 80
pg/mL. Reasons for infertility were male, tubal, unexplained,
endometriosis, and uterine factors. Women with polycystic ovar-
ian syndrome as defined by the Rotterdam criteria (21) were
excluded from the study. All patients gave informed consent, and
the study was approved by the Institutional Review Board of
both the University of Vermont College of Medicine (M13–062)
and Montefiore Medical Center (MMC 04–08-199E). In these
women, we compared AMH and AMH receptor (AMHR)-II
mRNA expression levels in both mural and cumulus GCs be-
tween those who were replete (�30 ng/mL) vs those who were
deplete and insufficient (�30 ng/mL) of follicular fluid 25 OH-D
(see below for details).

Collection of follicular fluid and GCs
Follicle size was estimated immediately at the time of oocyte

retrieval by ultrasound. Follicular fluid was obtained from small
(SFs; � 14 mm) and large follicles (LFs; � 14 mm) and collected
in separate tubes. The size cutoff for SFs and LFs was chosen as
previously described (22, 23). We studied SFs and LFs separately
to determine differences between mature and immature follicles
because AMH gene expression usually declines as a follicle ma-
tures (24). LFs were aspirated prior to SF to avoid confusion and
contamination. Follicular aspirates included mural GCs and
oocytes surrounded by cumulus GCs. The fluid from the first
aspirated follicle was used for hormonal protein measurement to
avoid blood contamination but was not used for mRNA expres-
sion evaluation because of possible contamination with vaginal
mucosa cells. After removal of the cumulus-oocyte complex by
the embryologist, fluid was pooled separately for all SFs and LFs
from each participant in order to isolate mural GCs.

Mural GCs were isolated and concentrated as previously de-
scribed (23). Briefly, mural GCs were added to 40% PureCeption
gradient solution (Cooper Surgical) and then centrifuged to re-
move red and white blood cells. Cells were then washed with PBS
and incubated with CD 45� tagged magnetic beads (Invitrogen)
for 20 minutes at �4°C to remove the remaining white blood
cells. The beads were then separated, and the remaining fluid was
centrifuged for 5 minutes at 600 � g to collect the mural GCs of
SFs and LFs separately.

After identification of the cumulus-oocyte complex in the
aspirate, cumulus GCs were mechanically collected by cutting
the cumulus cell layer from each oocyte then washed with PBS.
Cumulus GCs collected from SFs and LFs were pooled
separately.
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RNA extraction, reverse transcription, and real-
time PCR (RT-PCR)

For each patient, mural and cumulus GCs from either SFs or
LFs were pooled. RNA was isolated using Trizol reagent (Invit-
rogen) and chloroform extraction according to the manufactur-
er’s instructions. RNA quality analysis was assessed by a Nano-
drop spectrophotometer and Agilent bioanalyzer. Only samples
with a minimum concentration of 10 ng/�L and with an OD
260:280 ratio of 1.8–2.0 were used for the evaluation of AMH,
AMHR-II, FSH receptor (FSHR), aromatase (CYP19A1), 3�-
hydroxysteroid dehydrogenase (3�-HSD), LH receptor (LHR),
P450 side-chain cleavage enzyme (P450scc), steroidogenic acute
regulatory protein (StAR), and c-kit ligand mRNA expression
levels in GCs was achieved by RT-PCR kinetics using the SYBR
Green I chemistry as we described elsewhere (23). The primers
used (Supplemental Table 1) were synthesized by Fisher. Glyc-
eraldehyde-3-phosphate dehydrogenase primers were used as a
loading control, and the levels of mRNA for each gene relative to
glyceraldehyde-3-phosphate dehydrogenase was calculated us-
ing the ��cycle threshold method (25).

Cumulus GC culture with 1,25-dihydroxyvitamin
D3 (vit D3)

Eight additional women undergoing fresh IVF/intracytoplas-
mic sperm injection cycles were prospectively enrolled. Their
cumulus GCs were collected as described above. We decided to
study cumulus GCs in subsequent experiments because of the
following: 1) we did not find a significant correlation between
follicular fluid 25 OH-D and mRNA levels in the mural com-
partment, 2) we have previously shown that cumulus and mural
GCs responded similarly in cell culture (23), and 3) cumulus GCs
reflect the health of the oocyte more than mural GCs do (26, 27).
For these studies, all follicles were pooled together because we
did not find any difference in AMH or AMHR-II mRNA levels
between SFs and LFs (data not shown). Cumulus GCs of the eight
participants were briefly treated with 0.614 U/mL hyaluronidase
(Sigma), followed by 2� wash with PBS and centrifugation. The
pellet of cumulus GCs was washed with fresh medium (DMEM-
F12 and 1% fetal bovine serum ), counted in a hemocytometer,
and cell viability determined using trypan blue dye exclusion.

Cumulus GCs of each participant were then divided in half
and cultured in 24-well culture plates (pretreated with poly-L-
Lysine for 5 min) for 24 hours. The next day, cells were incubated
in fresh culture media with or without vit D3 (50–100 nM;
Sigma) for another 24 hours. These concentrations of vit D3 used
have been shown to stimulate AMH gene expression in human
prostate cancer cell lines (19, 20). Plates were incubated under a
humidified atmosphere of 95% air and 5% CO2 at 37°C. At the
end of the experiment, RNA extraction and RT-PCR for AMH,
AMHR-II, FSHR, 3�-HSD, CYP19A1, LHR, StAR, P450scc,
and c-kit ligand mRNA expression were performed as described
above.

3�-HSD enzyme activity
The effect of vit D3 on progesterone (P4) release by GCs was

used as an indicator of 3�-HSD activity. The enzyme 3�-HSD is
responsible for the synthesis of P4 from pregnenolone (28). To
study the effect of vit D3 on the 3�-HSD activity, cumulus GCs
of three participants were briefly treated with 0.614 U/mL hy-
aluronidase (Sigma) followed by a wash with fresh medium
(DMEM-F12 and 1% fetal bovine serum) and centrifugation.

The pellet of cumulus GCs was then washed with fresh media and
divided in half and then cultured in 24-well culture plates (as
described previously) for 24 hours with no other treatment for
the cells to attach to the plate. After the first day of culture, the
media were collected and recorded as the baseline P4 level. The
culture media were then replaced with the addition of preg-
nenolone (10�7 M) added to the fresh media of each plate and
cultured with or without vit D3 (50 nM) for another 24 hours.
Because there was no difference in the mRNA expression levels
when using 50 or 100 nM of vit D3, the 50 nM dose was used in
subsequent experiments. The media were collected for the mea-
surement of P4 concentrations at 24 hours after the addition of
the substrate pregnenolone.

FSH-induced aromatase mRNA expression and E2
production

Recombinant FSH induces aromatase mRNA expression and
E2 release by GCs (29). GCs isolated from follicles of six addi-
tional participants were pooled and cultured as described above.
Cells were treated with media alone (controls) or with recom-
binant FSH (10 IU; urofollitropin; Ferring Pharmaceuticals Inc)
in the presence or absence of vit D3 (50 nM). Cells were incu-
bated for 24 hours as described above. The culture media were
collected for E2 measurement and cells were lysed for aromatase
mRNA quantification by RT-PCR, as described above.

Immunofluorescence for phospho-Smad 1/5/8
AMH signals intracellularly via Smad 1/5/8 (30, 31), and

thus, we tested the effect of recombinant AMH on Smad 1/5/8
nuclear localization in cumulus GCs that were treated with vit
D3 or media alone (control). Cumulus GCs obtained from ad-
ditional four participants were cultured on glass cover slides. The
cells were cultured in media with or without vit D3 (50 nM) for
24 hours were then serum starved overnight. The next day, GCs
were treated with AMH (50 ng/mL) for 45 minutes. Cells were
fixed in 3.7% formaldehyde and permeabilized in 0.2% Triton
X-100 for 10 minutes at room temperature, and nonspecific
binding was inhibited by blocking with BSA in 1% PBS for 1
hour. Fixed GCs were incubated with primary antibody for
phospho-Smad 1/5/8 (1:100 dilution; Cell Signaling Technology
Inc) overnight at 4°C, washed, and then incubated in a secondary
antibody (1:200 dilution; Alexa Fluor 488 goat antirabbit IgG;
Invitrogen) for 1–2 hours at room temperature. Slides were
mounted with 4�,6�-diamino-2-phenylindole (DAPI) mounting
media (Vector Laboratories, Inc) and observed on a Zeiss 510
META laser-scanning confocal microscope. Cellular images
were captured using the Plane-NEOFLUAR �25 immersion ob-
jective lens. Using MetaMorph software analysis (Molecular De-
vices), a threshold of 62 (0–255 scale of intensity) was used to
exclude any background produced by DAPI. Grading was done
blinded to treatment.

Measurement of 25 OH-D levels, AMH protein, P4,
and E2 concentrations

Follicular fluid and cell culture media levels of AMH protein
were measured with an ELISA kit (Beckman Coulter, Inc) ac-
cording to the manufacturer’s recommendations, as we previ-
ously described (32, 33). Follicular fluid 25 OH-D measurement
was performed using liquid chromatography/mass spectrosco-
py/tandem spectroscopy (3). Progesterone and E2 were quanti-
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fied in cell culture media by RIA. The interassay coefficients of
variation for all assays ranged between 7% and 14%.

Statistics
Data were tested for normality. Comparisons were per-

formed using paired or unpaired t test if the data were normally
distributed and Wilcoxon matched-pairs signed rank test or
Mann-Whitney test if the data were not normally distributed.
Demographic and clinical data were expressed as mean 	 SEM.
RT-PCR results were expressed as relative number of copies 	
SEM. Univariate and multivariate linear regression analyses of
follicular fluid 25 OH-D levels with AMH and AMHR-II mRNA
levels were performed. Area under the curve (AUC) for total P4
release by GCs was calculated and difference in AUC was com-
pared between vit D3-treated and -untreated GCs. All statistical
procedures were run on STATA software (StataCorp). P � .05
will be considered statistically significant.

Results

AMHR-II mRNA expression levels are elevated in
women with insufficient follicular fluid 25 OH-D

Eighteen women (54%) had insufficient/deficient fol-
licular fluid 25 OH-D and 15 women (46%) had replete
follicular fluid 25 OH-D. Women with insufficient/defi-
cient and replete follicular fluid 25 OH-D did not differ in
age, body mass index, or day 3 FSH (Supplemental Table
2). Compared with women with replete follicular fluid 25
OH-D levels, those with insufficient/deficient follicular
fluid 25 OH-D levels had a significant 2-fold increase in
AMHR-II mRNA levels (P � .02) in the cumulus GCs of
their SF (Figure 1). Women with replete and insufficient/
deficient follicular fluid 25 OH-D did not have a statistical
difference in AMH or AMHR-II mRNA expression levels
in the cumulus GCs of LFs and mural GCs (of both SFs and
LFs).

In all participants, after adjusting for age, body mass
index, and day 3 FSH, there was a negative correlation
between follicular fluid 25 OH-D and AMH and

AMHR-II mRNA levels in cumulus GCs of SFs (P � .05).
Cumulus GCs of LFs trended to be correlated with AMH
and AMHR-II (P � .06) (Table 1). There was no corre-
lation between follicular fluid 25 OH-D and AMH or
AMHR-II mRNA levels in the GCs of the mural compart-
ment in either SFs or LFs (data not shown).

Effect of vit D3 treatment on steroidogenic
enzymes in cumulus GCs

There was no difference in mRNA expression levels in
cells treated with 50 or 100 nM of vit D3 (data not shown).
Cumulus GCs cultured with vit D3 had a 32% decrease in
AMHR-II mRNA levels, 18% decrease in FSHR mRNA
levels, and 36% increase in 3�-HSD mRNA levels com-
pared with control (P � .05; Figure 2). Culture with vit D3
did not cause a difference in AMH, CYP19A1, LHR, or
c-kit ligand mRNA levels. Although there was an increase
in StAR (14%) and P450scc (17%) mRNA levels, it did
not reach statistical significance (P � .20; Figure 2). AMH
protein levels in the culture media were not different when
GCs were cultured with media alone (0.51 	 0.04 ng/mL)
or with vit D3 (0.49 	 0.03 ng/mL; P � .46).

Effect of vit D3 treatment on 3-�HSD enzyme
activity

To further study the effect of vit D3 on 3�-HSD activity
as reflected by timed cumulus GC P4 production, we cul-
tured cumulus GCs with or without vit D3 when the pre-
cursor substrate pregnenolone was provided in excess
(Figure 3). The addition of pregnenolone significantly in-
creased P4 release over the 24-hour period in both the vit
D3-treated and the vit D3-untreated GCs (P � .001).
Treatment with vit D3 increased total P4 release as rep-
resented by an increase in AUC by 15% 	 7% at 24 hours
when compared with controls (P � .05; Figure 3).

Effect of vit D3 on FSH-induced aromatase mRNA
expression and E2 production

Recombinant FSH stimulated aromatase mRNA ex-
pression and increased E2 concentration in culture media
by 2-fold in cumulus GCs (P � .03). The addition of vit D3
did not change the FSH-stimulated effect on aromatase

Figure 1. AMHR-II mRNA expression levels in women with replete or
insufficient/deficient follicular fluid 25 OH-D. Graph showing mRNA
expression of AMHR-II in GCs from women with either replete (n �
15) or insufficient/deficient (n � 18) 25 OH-D levels. Women with
insufficient/deficient follicular fluid 25 OH-D levels had a significant
2-fold increase in the AMHR-II mRNA expression levels in cumulus GCs
of small follicles when compared with the women with replete
follicular fluid 25 OH-D levels. *, P � .05 vitamin D replete vs
insufficient/deficient.

Table 1. Correlation Between Follicular Fluid 25 OH-D
Concentrations and AMH/AMHR-II mRNA Levels in
Cumulus GCs

Gene
Follicle Size
(Cumulus)

RNA Sample
Size

R
Value

P
Value

AMH Large 15 �0.50 .06
Small 18 �0.52 .03

AMHR-II Large 13 �0.70 .009
Small 16 �0.54 .03
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mRNA (P � .79) or the FSH-induced E2 concentration
(P � .50) (Figure 4).

Nuclear localization of phospho-Smad 1/5/8 is
reduced by vit D3

Nuclear localization of phosphorylated Smad 1/5/8 by
vit D3 is shown in Figure 5. There was low staining of
phospho-Smad 1/5/8 in the control GCs treated with me-
dia alone. Recombinant AMH (50 ng/mL) markedly in-
creased the phosphorylation of Smad 1/5/8 and its local-
ization to the nucleus in GCs compared with controls (P �
.0001). When GCs were treated with vit D3 (50 nM) in the
presence of recombinant AMH (50 ng/mL), the accumu-
lation of phospho-Smad 1/5/8 in the nucleus was signifi-
cantly reduced to levels lower than controls (P � .0001).

Discussion

The objective of this study was to determine the effect of
vit D3 on GC genes involved in follicular development and
steroidogenesis. We found that there was a negative cor-
relation between follicular fluid 25 OH-D levels and
AMHR-II mRNA expression levels in cumulus GCs of
SFs. To further evaluate this relationship, we studied the
cause-effect relationship of vit D3 on AMHR-II mRNA

and found that vit D3 in vitro signif-
icantly decreased AMHR-II and
FSHR mRNA expression levels
in cumulus GCs. Interestingly,
AMHR-II and FSHR are two of the
top four genes differentially ex-
pressed between cumulus GCs of im-
mature (metaphase I) and mature
(metaphase II) oocytes (34). Vit D3
not only lowered the expression of
AMHR-II mRNA levels but it also
slowed down the effect of recombi-
nant AMH action on cumulus GCs
by reducing phospho-Smad 1/5/8
nuclear localization. Lastly, our re-
sults indicated that vit D3 induced
steroidogenesis by increasing 3�-
HSD mRNA expression levels and
by increasing P4 release by GCs, sug-
gesting enhancement of 3�-HSD en-
zyme activity.

Our findings indicated that vit D3
might promote the differentiation
and development of GCs. AMH is
known to inhibit the primordial to
primary follicle transition and to in-
hibit the rate of the primordial folli-

cle assembly (15, 24, 35). AMH interacts with a highly
specific type II receptor (AMHR-II) and signals via Smad
1/5/8 (30, 31). Consistent with its inhibitory role, AMH is
usually up-regulated during primordial follicle assem-
bly and down-regulated during the primordial to pri-
mary follicle transition (15, 24, 35). By inhibiting
AMHR-II expression, vit D3 may counteract the repres-
sive effect of AMH on GC differentiation. The lesser
AMH sensitivity allows follicles to reach terminal mat-
uration and ovulation (36). Clinically, follicular devel-
opment helps determine the reproductive capacity in
women and ultimately the response to controlled ovar-
ian hyperstimulation during IVF as well as IVF outcome
(ie, number of total and mature oocytes retrieved) (37).
The effect of vit D3 on the AMH/AMHR-II system
could partly explain the positive observational corre-
lation between vitamin D status and pregnancy out-
come after IVF. Unlike what happens in the hen ovaries
(38), vit D3 in our study did not seem to down-regulate
AMH expression or affect AMH protein release by GCs.
Our results were also different from the prostate cell line
study in which vit D3 was found to up-regulate AMH
expression (19). The discrepancies in the results from
the current study may be due to differences in species
and/or gender.

Figure 2. Vit D3-induced alterations in AMHR-II, FSHR, and 3�-HSD mRNA expression. Graphs
show mRNA levels (n � 8) in cumulus GCs treated with vit D3. Treatment with vit D3 increased
3�-HSD mRNA but caused a decrease in AMHR-II and FSHR mRNA expression levels. There was
no effect on other mRNA expression analyzed. *, P � .05 control vs vit D3-treated.
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The relationship between circulating 25 OH-D levels
and IVF outcomes, more specifically clinical pregnancy
rates, has been assessed in several studies and the results
have been inconsistent (2, 8, 39). Although some studies
demonstrated a positive correlation between serum and
follicular fluid 25 OH-D levels and clinical pregnancy
rates after embryo transfer by IVF (2), other studies have

demonstrated an inverse or no correlation (8, 39). A major
confounder among these studies is the fact that embryo
quality and implantation heavily rely on several other fac-
tors such as sperm quality and endometrial environment.
Clinical trials are needed to address this subject.

In our model of human GCs, vit D3 suppressed FSHR
expression possibly indicating a more mature follicular
state. During a women’s follicular phase, the follicle that
contains the most number of FSHRs (ie, most sensitive to
FSH) emerges as dominant at the time of intercycle FSH
rise (40). After the selection, the follicle becomes less de-
pendent on FSH and more dependent on LH; this is fol-
lowed by terminal maturation and ovulation (40). Similar
to AMHR-II, FSHR expression in cumulus GCs has been
found to be highest in small immature follicles and grad-
ually diminishes during folliculogenesis (40, 41). Addi-
tionally, FSHR is highly expressed in cumulus GCs and is
critical for oocyte maturation (42). Its expression de-
creases along with the progression of maturation of
oocytes in vitro and in vivo after human chorionic gonad-
otropin administration (43). Indeed, Catteau-Jonard et al

Figure 3. Vit D3-induced P4 release by cumulus GCs. Graph shows
the increase in P4 concentration over time after cumulus GCs (n � 3)
were cultured with or without vit D3 (50 nM). Pregnenolone
significantly increased P4 release in both vit D3-treated and vit D3-
untreated GCs. GCs treated with vit D3 had significantly higher P4
release in the culture media when compared with vit D3-untreated
GCs, as determined by AUC (inset). *, P � .05 for AUC between vit
D3-treated vs vit D3-untreated. **, P � .001 baseline vs 24 hours after
the addition of pregnenolone.

Figure 4. Effect of vit D3 on FSH-induced aromatase mRNA
expression and estradiol (E2) production. Graph shows the increase in
aromatase mRNA expression and E2 concentration after cumulus GCs
(n � 6) were cultured with recombinant FSH (rFSH; 10 IU) with or
without vit D3. The addition of vit D3 did not alter the FSH-induced
aromatase mRNA expression or the FSH-induced E2 concentration in
cell culture media. *, P � .05 between controls vs FSH-treated and FSH
� vit D3 treated.

Figure 5. Effect of vit D3 on AMH-induced phospho-Smad 1/5/8
nuclear localization. Immunofluorescence (a, b, and c) and phase
contrast (d, e, and f) micrographs of human GCs (n � 4) cultured with
media alone (a), recombinant AMH (b), or recombinant AMH with vit
D3 (c) is shown. The positive signal is seen in green. Recombinant
AMH markedly increased nuclear staining when compared with the
controls. When GCs were treated with vit D3 in the presence of
recombinant AMH, nuclear staining was significantly reduced. Bars
represent mean 	 SEM. *, P � .0001 between control vs AMH; **,
P � .0001 between control vs AMH � vit D3 treated and between
AMH vs AMH � vit D3 treated.
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(22) demonstrated that FSHR together with AMH and
AMHR-II are overexpressed in GCs from stimulated fol-
licles of women with polycystic ovarian syndrome, possi-
bly indicating an oocyte maturation defect. It is well doc-
umented that there is an indirect interaction and strong
positive correlation between AMHR-II and FSHR gene
expression (30, 34, 35). The mechanism by which vit D3
affects FSHR is not clear, but it could involve AMH sig-
naling. It is possible that vit D3 alters a common intracel-
lular pathway involved in the regulation of both AMHR-II
and FSHR; however, further studies are needed to clarify
this complex relationship.

In the current study, consistent with other findings on
GCs (44), we evaluated whether vit D3 induced steroid-
ogenic enzymes such as aromatase (CYP19A1), an enzyme
critical for E2 production, and did not find any significant
effect on aromatase. This result is not surprising because
the effect of vit D3 on aromatase has been shown to be
dose and tissue specific (45, 46). For instance, calcitriol
decreases aromatase expression in breast cancer cells and
the breast adipose tissue surrounding these cells, whereas
it increases aromatase expression in bone cells (47). Ad-
ditionally, aromatase transcription is primarily driven by
its tissue specific promoters (46). Conversely, vit D3 in-
creased 3�-HSD mRNA levels and 3�-HSD enzyme ac-
tivity by increasing P4 production and release when GCs
were supplemented with the substrate pregnenolone.
These results confirm previous findings (13) and suggest
that vit D3 enhances key steroidogenic enzymes respon-
sible for P4 synthesis such as 3�-HSD. Although vit D3
increased other enzymes responsible for P4 production
such as P450scc and StAR, this effect did not reach sta-
tistical significance. Luteinized GCs ultimately form cor-
pus luteum that produces large amounts of P4, which in-
duces endometrial changes such as decidualization to
support a pregnancy. Our findings suggest that vit D3 may
potentiate GC luteinization as reflected by increased P4
production, thus potentially providing a better endome-
trial environment.

There are several limitations to our study that should be
noted. Sample sizes for gene expression analyses were
smaller than the number of participants because we used
only high-quality samples with enough extracted RNA for
RT-PCR. A second limitation is that we used a luteinized
GC model because these cells were collected from women
who were hyperstimulated with gonadotropins. How-
ever, although this model may not be the best for studying
AMH/AMHR-II system, we (23) and others (22) have
shown that these GCs are responsive to several hormonal
treatments in vitro. Lastly, our study is somewhat limited
by the paucity of cumulus GCs such that we were unable

to divide these cells from the same patient into more than
three groups to perform more dose-response effects for vit
D3 in vitro treatment. The reason for this is that the RNA
quantity and quality was insufficient for RT-PCR when
samples were further divided.

In summary, we found that vit D3 alters AMH signaling
and steroidogenesis in human cumulus GCs, reflecting a
state of GC luteinization potentiation. Cumulus GCs are
unique cells for studying ovarian health because oocytes
and cumulus GCs grow and develop in a highly coordi-
nated and mutually dependent manner (48). Indeed, some
studies have provided evidence showing that cumulus GCs
present potential biomarkers to predict embryo quality
and pregnancy outcomes after IVF (48). With the global
epidemic of vitamin D insufficiency/deficiency among re-
productive-aged women and given our findings, assess-
ment of vitamin D status might be considered in premeno-
pausal women desiring conception. Whether appropriate
supplementation of those deemed depleted of vitamin D
will translate into improved fertility outcome needs to be
determined in future studies.
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