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mass index [2]. Two main enzymes are involved in the synthesis of VD 
[3]. Hepatic 25-hydroxylase converts VD to 25-hydroxyvitamin D 
(25OHD, 25-hydroxycholecalciferol; the major circulating form of VD), 
and renal 1-alpha-hydroxylase converts 25OHD to the active form 
1,25-dihyroxyvitamin D3 (1,25(OH)2D3, 1,25- hydroxycholecalciferol, 
calcitriol, VD3) [4]. CYP2R1 is the most important 25-hydroxylase, and 
CYP27B1 is the key 1-alpha-hydroxylase. The active form VD3 is the li-
gand for the vitamin D receptor (VDR), which is present in many fe-
male reproductive organs, such as the ovary, endometrium, fallopian 
tube, and placenta [3]. VDR is present particularly in granulosa cells of 
the ovarian follicles; therefore, it is believed that VD plays an essential 
role in ovarian follicular development [3,5,6]. 

In a human granulosa cell culture model, VD3 supplementation in 
vitro enhanced 3-beta-hydroxysteroid dehydrogenase activity and 
progesterone production, but did not affect follicle-stimulating hor-
mone (FSH)-induced aromatase activity and estradiol production [5]. 
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Objective: We investigated the impact of vitamin D3 (VD3) supplementation during mouse preantral follicle culture in vitro and the mRNA 
expression of 25-hydroxylase (CYP2R1), 1-alpha-hydroxylase (CYP27B1), and vitamin D receptor (VDR) in mouse ovarian follicles at different 
stages. 
Methods: Preantral follicles were retrieved from 39 BDF1 mice (7–8 weeks old) and then cultured in vitro for 12 days under VD3 supplemen-
tation (0, 25, and 50 pg/mL). Follicular development and the final oocyte acquisition were assessed. Preantral follicles were retrieved from 15 
other BDF1 mice (7–8 weeks old) and cultured without VD3 supplementation. Three stages of mouse ovarian follicles were obtained (preant-
ral, antral, and ruptured follicles). Total RNA was extracted from the pooled cells (from 20 follicles at each stage), and then reverse transcrip-
tase-polymerase chain reaction was performed to identify mRNA for CYP2R1, CYP27B1, and VDR. 
Results: The survival of preantral follicles, rates of antrum formation and ruptured follicles (per initiated follicle) and the number of total or 
mature oocytes were all comparable among the three groups. Both CYP2R1 and CYP27B1 were expressed in antral and ruptured follicles, 
but not in preantral follicles. VDR was expressed in all three follicular stages. 
Conclusion: VD3 supplementation in vitro (25 or 50 pg/mL) did not enhance mouse follicular development or final oocyte acquisition. Follic-
ular stage-specific expression of CYP2R1, CYP27B1, and VDR was observed. 
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Introduction 

Vitamin D (VD) is a steroid hormone involved in calcium and phos-
phorus homeostasis and bone mineralization [1,2]. VD can be synthe-
sized in the skin through sun exposure or obtained via food intake [1]. 
The serum level of VD can be affected by age, race, season, and body 
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In women with polycystic ovary syndrome, VD supplementation was 
beneficial for follicular development, with a higher number of domi-
nant follicles and a more regular menstrual cycle [7]. 

In human in vitro fertilization (IVF) cycles, several studies have re-
ported an association between higher serum or follicular fluid (FF) 
25OHD concentrations and the clinical pregnancy rate; however, 
other studies have reported contradictory findings [3,6]. Further-
more, it was reported that FF 25OHD levels were inversely related to 
embryo quality [8,9]. Therefore, there are insufficient data to reach a 
definitive conclusion regarding the effect of VD supplementation for 
VD-depleted women undergoing IVF [6]. A few experiments have re-
ported that VD3 supplementation had a direct effect on ovarian fol-
licular development. In goats, VD3 supplementation in vitro during 
granulosa cell culture decreased the level of reactive oxygen species 
[10]. In rhesus macaques, VD3 supplementation in vitro increased 
preantral follicle survival up to the antral follicle stage [11,12]. 

However, no animal model studies have yet investigated the im-
pact of VD3 supplementation in vitro on the entire folliculogenesis 
process, up to oocyte acquisition. We investigated whether VD3 sup-
plementation in vitro affected follicular development and final oo-
cyte acquisition in a mouse model of preantral follicle culture. We 
also investigated whether 25-hydroxylase, 1-alpha-hydroxylase, and 
VDR were expressed in the three stages of mouse ovarian follicles. If 
there VD3 supplementation is beneficial for follicular development, a 
rationale will be provided to recommend sufficient VD intake to im-
prove IVF results. 

Methods 

1. Impact of VD3 supplementation in vitro on mouse preantral 
follicle development 

Female 7- to 8-week old BDF1 mice (Orient Co., Seoul, Korea) were 
nurtured under 12-hour day and a 12-hour night conditions at 23°C 
and fed ad libitum. The Institutional Animal Care and Use Commit-
tee (IACUC) of Seoul National University Bundang Hospital approved 
the experiment (No. BA1903-267/014-01). After 1 week of adapta-
tion, 39 mice were killed by cervical dislocation and bilateral ovaries 
were obtained. They were collected in 1 mL of L-15 medium (Wel-
GENE, Daegu, Korea) supplemented with 0.4% bovine serum albu-
min (Sigma-Aldrich, St. Louis, MO, USA). From the ovaries, intact pre-
antral follicles were isolated via mechanical tearing by a 1-mL tuber-
culin syringe [13] and randomly divided into three groups. 

Preantral follicles were cultured in a growth medium containing 
alpha-minimum essential medium (WelGENE), 5% fetal bovine se-
rum (Gibco, Paisley, UK), 10 mIU/mL recombinant FSH (Merck-Sero-
no, Geneva, Switzerland), 1% insulin-transferrin-selenium mixture 
(Sigma-Aldrich), and 1% penicillin-streptomycin mixture (Sigma-Al-

drich). All follicles were cultured in 96-well plates (BD BioCoat; BD 
Falcon, Franklin Lakes, NJ, USA) at 37°C in 5% CO2 for 10 days. Medi-
um changes were conducted every other day, and follicle survival 
and antrum formation were assessed. If granulosa cells appeared to 
be dark and fragmented, they were considered to be dead.  

After 10 days of culture in the growth medium, the follicles were 
transferred to maturation medium and cultured for another 16 hours 
at 37°C in 5% CO2 to obtain ruptured follicles. The maturation medi-
um was composed of 1.5 IU/mL human chorionic gonadotropin 
(Merck-Serono), and 5 ng/mL recombinant mouse epidermal growth 
factor (Sigma-Aldrich) was added to the growth medium. During the 
12 days of culture, supplementation with 0, 25, and 50 pg/mL of ac-
tive-form VD3 (1,25(OH)2D3, Sigma-Aldrich) was performed. 

Oocytes were harvested from the finally ruptured (ovulated) folli-
cles. Surrounding cumulus cells were removed by treatment with 
0.3% hyaluronidase (Sigma-Aldrich) and gentle pipetting. Oocytes 
were classified into five categories; germinal vesicle (GV), GV break-
down, metaphase II (MII), degenerated, or dead. If a polar body was 
present in the perivitelline space, the oocytes were considered to be 
MII oocytes. Fragmented or dark oocytes were classified as degener-
ated. If the oocytes were not enclosed by granulosa cells, they were 
classified as dead. The analysis was performed by one skilled embry-
ologist to minimize inter-observer variability. 

2. Isolation of mRNA, cDNA synthesis, and reverse 
transcriptase-polymerase chain reaction 

From 15 mice, preantral follicles were isolated and cultured in 
growth medium for 10 days and then transferred to maturation me-
dium for 16 hours, as described above (without VD3 supplementa-
tion). Twenty follicles in each stage of folliculogenesis (preantral, an-
tral, and ruptured follicles) were pooled, and the total RNA was ex-
tracted using the Dynabeads protocol (Dynabeads mRNA DIRECT 
Kit; Ambion, Oslo, Norway). The mRNA of CYP2R1 (encoding 25-hy-
droxylase), CYP27B1 (encoding 1-alpha-hydroxylase), and VDR was 
transcribed into cDNA using a PrimeScript first-strand cDNA Synthe-
sis Kit (Takara, Kusatsu, Japan) according to the manufacturer’s in-
structions. Each gene was amplified from cDNA using the reverse 
transcription system: 95°C for 1 minute followed by 35 cycles of 95°C 
for 15 seconds, 62°C for 15 seconds, and 72°C for 15 seconds. The fi-
nal extension was at 72°C for 3 minutes. Reverse transcriptase-poly-
merase chain reaction (RT-PCR) was carried out with a StepOne-Plus 
real-time PCR system with TaqMan probes (Applied Biosystems, Fos-
ter City, CA, USA) in a 20-μL reaction volume containing 10 μL of Ap-
plied Biosystems TaqMan Universal PCR Master Mix I (Cat. no. 
4427788), 2 μL of cDNA, and 6 μL of RNase-free water. The specific 
primers are listed in Table 1, and all were purchased from Integrated 
DNA Technology (Coralville, IA, USA). The amplified RT-PCR products 
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were purified and separated using 2% agarose gel electrophoresis. 
The assays were repeated three times per sample. 

3. Statistical analysis 
Statistical analyses were performed using IBM SPSS ver. 25.0 (IBM 

Corp., Armonk, NY, USA). The Fisher exact test was used to compare 
the rates among the groups. Numerical data were compared using 
the Kruskal-Wallis test. If the value was significant, the Mann-Whit-
ney U-test with the Bonferroni correction was used for further analy-
sis. A p-value less than 0.05 was considered to indicate statistical sig-
nificance. 

Results 

The overall outcomes of in vitro growth of preantral follicles and 
the percentage of MII oocytes are presented in Table 2. Among the 
three VD3-supplemented groups (0, 25, and 50 pg/mL), the survival 

of preantral follicles and the rates of antrum formation or ruptured 
follicles (per initiated follicle) were all comparable. The number of to-
tal oocytes per initiated follicle (80.2%, 81.0%, and 76.2%) and ma-
ture oocytes per initiated follicle (24.6%, 27.8%, and 23.0%) were 
also similar among the three VD3-supplemented groups. Both CY-
P2R1 and CYP27B1 were expressed in antral and ruptured follicles, 
but not in preantral follicles (Figure 1). VDR was expressed in all three 
follicular stages.  

Discussion 

In the present work, the expression of mRNA for 25-hydroxylase 
(CYP2R1) and 1-alpha-hydroxylase (CYP27B1) was observed both in 
antral follicles and ruptured follicles, but not in preantral follicles. 
However, mRNA for VDR was expressed in preantral follicles as well 
as antral and ruptured follicles. It is known that VDR is expressed in 
mouse ovarian follicles [14]. In that study, however, the follicular 
stage-specific expression of VDR was not assessed. We obtained pre-
antral follicles as well as antral and ruptured follicles separately, 
through mouse preantral follicle culture, and confirmed that VDR 
was expressed in all three stages. Our research is significant because 
we observed the follicular stage-specific expression of VDR. 

Table 1. Gene primer sequences and their conditions for RT-PCR

Gene Primer sequence Product size (bp) Accession number Annealing temperature (°C) Cycle
CYP2R1 F: 5’-TAGATGAGATGGATCAAGGTCAAA-3’ 226 NM_177382.4 62 35

R: 5’-CATTTGTATTCCCAAGAAGGTCTC-3’
CYP27B1 F: 5’-CTCTCCTGGACACTCTATGAGCTT-3’ 265 NM_010009.2 62 35

R: 5’-TGGCATAGTGACATAGGGAGACTA-3’
VDR F: 5’-AACCAGTCTTTTACCTTGGATGAC-3’ 273 NM_009504.4 62 35

R: 5’-GTAGGTCTGCAGTGTGTTGGATAG-3’

RT-PCR, reverse transcriptase-polymerase chain reaction; F, forward; R, reverse.

Figure 1.  Expression of mRNA for 25-hydroxylase (CYP2R1), 
1-alpha-hydroxylase (CYP27B1), and vitamin D receptor (VDR) in the 
three stages of mouse ovarian follicles.

Table 2. Outcomes of in vitro growth of mice preantral follicle 
under vitamin D supplementation

Variable
Vitamin D supplementation

0 pg/mL 25 pg/mL 50 pg/mL
No. of preantral follicles 126 126 126
No. of follicles survived at day 10  

(% per initiated follicle)
124 (98.4) 125 (99.2) 126 (100)

No. of follicles with antrum formation  
(% per initiated follicle)

113 (89.7) 113 (89.7) 106 (84.1)

No. of follicles with spontaneous rupture 
(% per initiated follicle)

104 (82.5) 102 (81.0) 99 (78.6)

No. of total oocytes  
(% per initiated follicle)

101 (80.2) 102 (81.0) 96 (76.2)

No. of degenerated oocytes 2 1 1
No. of GV oocytes 27 29 28
No. of GVBD oocytes 43 38 39
No. of MII oocytes 31 35 29
  % Per initiated follicle 24.6 27.8 23.0
  % Per total oocytes 30.7 34.3 30.2

All parameters were similar among the three groups.
GV, germinal vesicle; GVBD, germinal vesicle breakdown; MII, metaphase II.

CYP2R1 
(226 bp)

Preantral follicle
Antral
follicle

Ruptured
follicle

CYP27B1 
(265 bp)

VDR 
(273 bp)
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Bieche et al. [15] observed that most of the CYP2 family, including 
CYP2R1 (except CYP2F1), were expressed at variable levels in the 
human ovary. In that study, however, follicular stage-specific expres-
sion of the CYP2 family was not assessed. In the macaque, VDR, CY-
P2R1, and CYP27B1 were expressed in preantral and small antral fol-
licles [12]. In contrast, we did not observe the expression of CYP2R1 
and CYP27B1 mRNA in mouse preantral follicles. The reason for this 
difference is largely unknown. However, the absence of the two en-
zymes in mouse preantral follicles does not mean that VD3 has no 
effect on the growth of mouse preantral follicles. Based on our ob-
servations, since VDR is expressed in mouse preantral follicles, we 
can assume that VD3 can act on preantral follicles in mice. Overall, 
VDR is expressed in preantral follicles, and CYP2R1 and CYP27B1 are 
expressed in antral follicles in mice; therefore, the intrinsic VD regu-
lating system is present in the antral follicles. 

Nonetheless, VD3 supplementation in vitro (25 or 50 pg/mL) did 
not enhance the full development of mouse preantral follicles (just up 
to the ruptured follicle stage) or oocyte acquisition in our study. In a 
macaque experiment, Xu et al. [11] observed that 25 pg/mL VD3 sup-
plementation in vitro improved preantral follicle survival at week 2, 
but 100 pg/mL supplementation in vitro did not. Instead, 100 pg/mL 
VD3 supplementation in vitro led to a larger diameter of antral follicles 
at week 5. Thus, they argued that VD locally acts on primate follicular 
development, in a dose- and stage-dependent manner. 

The optimal supplemental concentration of VD3 for preantral folli-
cle culture in animals is unknown. Usually, in humans, a serum level 
of 25OHD (major circulating VD) higher than 30 ng/mL is regarded as 
replete, and serum level of 25OHD less than 20 ng/mL is regarded as 
deficient [16]. In the study by Potashnik et al. [17], the average level 
of 25OHD was 9.1 ± 1.8 ng/mL in human FF and 16.9 ± 1.9 ng/mL in 
human serum; in contrast, the average level of active VD3 was 
22.3 ± 3.4 pg/mL in human FF and 48.5 ± 8.7 pg/mL in human serum 
at the time of oocyte pickup. Although there have been no reports 
regarding the appropriate level of active VD3 in mouse FF, we as-
sumed that the 2 VD3 concentrations in our experiment (25 or 50 
pg/mL) were sufficient. 

In humans, three meta-analyses have reported that women under-
going IVF who have deficient or insufficient 25OHD levels have a low-
er live birth rate than women who have sufficient 25OHD levels [18-
20]. However, the results from individual studies are inconsistent. For 
example, in a review by Pacis et al. [21], one study demonstrated a 
negative relationship between VD status and assisted reproductive 
technology (ART) outcomes, while two studies showed no associa-
tion; the remaining five studies concluded that ART outcomes im-
proved after VD supplementation. Furthermore, no association of se-
rum 25OHD levels with IVF outcomes, in terms of the clinical preg-
nancy rate and live birth rate, has yet been reported [22,23]. More-

over, intake of calcitriol (an active form of VD) did not enhance the 
clinical pregnancy rate of IVF in women with 25OHD deficiency [24]. 
Therefore, there is no consensus on whether serum 25OHD levels are 
related to the IVF pregnancy rate, or whether VD supplementation 
could improve the IVF pregnancy rate in women with 25OHD defi-
ciency. 

Measurement of various steroid hormone levels or genes related 
to the VD3 metabolic pathway after VD3 supplementation would 
help to elucidate the role of VD3 in folliculogenesis. In a recent study, 
Makieva et al. [25] found that oral VD supplementation altered the 
hormonal milieu of FF and the transcriptomic profile of luteinized 
granulosa cells in women with 25OHD deficiency. They found upreg-
ulation of VDR, glutathione-S-transferase A3 (GSTA3), and the inter-
leukin-21 receptor, and downregulation of prostaglandin-endoper-
oxide synthase 2 (PTGS2), Kruppel-like factor 4 (KLF4), transient re-
ceptor potential cation channel subfamily C member (TRPC4), vas-
cular endothelial growth factor, retinoid X receptor beta, and ad-
vanced glycation end-product specific receptor by oral VD supple-
mentation. The mechanistic pathway of folliculogenesis after VD3 
supplementation in vitro should be further investigated in animal 
models. 

In conclusion, in the current study, we found follicular stage-spe-
cific expression of VDR, CYP2R1, and CYP27B1 in mice. Unfortunate-
ly, VD3 supplementation in vitro (25 or 50 pg/mL) was not helpful for 
the full development of preantral follicles and the resultant oocyte 
acquisition. Further studies are needed to verify whether VD3 sup-
plementation in vitro is effective for the stage-specific development 
of mouse preantral follicles. 
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