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Abstract

BACKGROUND: Vitamin is a well-known co-factor for many metabolic processes and its roles in fertility and follicular

growth have been studied. Vitamin supplementation is frequently achieved by daily ingestion in the form of a complex

capsule. However, the role of single and complex vitamins in in vitro maturation of murine follicles is not fully elucidated.

METHODS: In this study, we evaluated the effects of two forms of vitamins. Pure L-ascorbic acid, and multi-vitamin

(vitamin C ? vitamin B complex) was treated at two different concentrations (50 and 100 lg/ml), to pre-puberty murine

follicles during in vitro maturation. To determine the specific stage of growth that is affected by treatment with vitamins,

the vitamins were treated from day 0, 4, 9, and 13. Growth of each follicle was assessed by measuring diameters of whole

expanded area and of the granulosa cells. Expression of follicular and oocyte growth-related genes and the effect of vitamin

on the viability of follicles was assessed using senescence associated b-galactosidase staining.

RESULTS: Treatment with vitamins promoted the in vitro growth of murine follicles and the upregulated the expression

of granulosa cell- and oocyte-specific genes such as BMP15, Fsh receptor, and GDF9. The proliferation of the granulosa

cells was enhanced by the treatment of vitamin. Fifty lg/ml concentration vitamin showed greater effects compared to

higher concentration. The viability of in vitro grown follicles was also significantly improved in vitamin-treated follicles.

The effects of single L-ascorbic acid and complex vitamin were not significantly different to those of day 4 and day 9

follicles. Vitamins promoted murine follicle development in vitro with different effects on specific growth stage.

CONCLUSION: Supplementation of vitamins during in vitro maturation of murine follicles is an efficient strategy for

in vitro expansion of follicular cells. These results could be customized to the sophisticated culture of follicles retrieved

from aged or cancer-survived female that contain smaller number of follicles with reduced potential to develop into mature

follicles.

Keywords Vitamins � Murine follicle � In vitro maturation � L-ascorbic acid

& Byeong Cheol Kang

bckang@snu.ac.kr

& Seung-Yup Ku

jyhsyk@snu.ac.kr

1 Department of Obstetrics and Gynecology, Seoul National

University College of Medicine, 101 Daehak-ro, Jongno-Gu,

Seoul 03080, Republic of Korea

2 Department of Obstetrics and Gynecology, Korea University

Guro Hospital, 148 Gurodong-ro, Guro-gu, Seoul 08308,

Republic of Korea

3 Biomedical Research Institute, Seoul National University

Hospital, 101 Daehak-ro, Jongno-Gu, Seoul 03080, Republic

of Korea

123

Tissue Eng Regen Med (2019) 16(3):275–283 Online ISSN 2212-5469

https://doi.org/10.1007/s13770-019-00188-w

http://crossmark.crossref.org/dialog/?doi=10.1007/s13770-019-00188-w&amp;domain=pdf
https://doi.org/10.1007/s13770-019-00188-w


1 Introduction

Ovarian follicles provide a specialized nest for the matu-

ration of oocytes, and are developed through a complex

mechanism involving the selection of dominant follicles to

be grown and ovulated. Follicular development is a

dynamic process that requires structural remodeling,

energy consumption and synthesis of specific receptors for

follicle-stimulating hormone (FSH) in granulosa (G) cells

and of those for luteinizing hormone (LH) in theca

(T) cells. Ovary contains many immature oocytes at birth.

Until recruited and selected, immature oocyte remains

within undeveloped follicles for more than years until

puberty in humans and other mammals. During this fol-

liculogenesis, the apoptosis of many follicles occurs at

different developmental stage [1].

In vitro follicular maturation is strongly related to the

maturation of oocytes during development of preantral

follicles into mature follicles [2]. During this process,

proliferation of G and T cells, and synthesis of estradiol

due to stimulation of FSH, are accompanied [3]. The pro-

liferation of G cells has important roles in follicular

development, and is critically related to the maturation of

oocytes. Several studies have previously evaluated the

efficacy of different substances or conditions which could

enhance the in vitro follicular growth with controversial

data [4–6].

Vitamin C (L-ascorbic acid), is a well-known co-factor

of metabolic pathways and acts as an anti-oxidant for

scavenging reactive oxygen species (ROS). Its role in fer-

tility and follicular growth has been studied in many ani-

mals. The ascorbic acid demonstrated a reduction in

apoptosis of follicles in cow [7]. Also, ascorbic acid sup-

plementation was related to the viability of caprine pre-

antral follicles mediated by interaction with Fsh [8]. The

other types of vitamins, vitamin B, also play important

roles in normal reproduction [9] and development of the

follicles in cattle [10, 11]. The ability of the follicles to

uptake ascorbic acid confers an advantage in terms of

granulosa cell survival in mice [12, 13]. Ascorbic acid

prevented the adverse effects of endocrine disrupting

chemical on rat ovary and exhibited the potential use as an

antioxidant [14]. However, to date, few studies have

investigated various concentrations of different vitamin

preparations.

In vitro maturation of undeveloped follicles is important

as an option of fertility preservation for aged women and

cancer survivors. Therefore, the establishment of optimal

in vitro follicular maturation condition that promotes

nourishment of the granulosa cells is important [15–18].

Despite known important roles of vitamins in reproduction,

those in in vitro follicle development and ovarian reserve

are not fully elucidated [19–21]. Furthermore, single or

combined type of vitamins may also be a determinant of

follicular development.

Therefore, we tried to demonstrate the effects of single

or multi vitamins on prolonged in vitro maturation of

murine ovarian follicles in this study.

2 Materials and methods

2.1 Ethics

The protocols for animal experiments were previewed and

approved by the IACUC of Seoul National University

Hospital (IACUC No. 18-0029-S1A0) and all experimental

procedures were performed under the regulation of Seoul

National University Hospital, Department of Experimental

Animal Research Unit.

2.2 Animal housing and ovary isolation

Mouse strain C57BL/6 was supplied from KoATech

(Pyeongtaeg-si, Kyunggi-do, Korea) and maintained at

animal facility of Seoul National University Hospital until

experiment. The facility has a cycle of 12 h light and 12 h

dark with air ventilation. Pre-sterilized feedstuff and water

were daily provided. Health status was checked regularly

by veterinarian.

Two week-old C57BL/6 female mice were sacrificed by

cervical dislocation and abdomen was open using micro-

scissor. The ovaries were isolated and transferred to Hank’s

Balanced Salt Solution (HBSS; Invitrogen, Calsbad, CA,

USA) for transport.

2.3 In vitro culture of murine ovarian follicles

Total number of animals used for the experiment was 60

(20 for each group) and of ovaries was 120 (40 for each

group) and of follicles were 7500 (2500 for each group).

The method of ovarian follicle seeding and in vitro

culture has been used in this study, which is previously

reported [2, 4, 5, 13, 22]. Briefly, isolated ovaries were

washed using pre-warmed HBSS and dissociated into sin-

gle follicle by mechanical dissection using a 26 1/2 gauge

syringe needle (BD Biosciences, San Jose, CA, USA).

Among the individually isolated follicles, pre-antral folli-

cles of diameter ranged from 100 to 140 lm were selected

and put as a single follicle to 20 ul of a single media drop in

a 60 mm tissue culture dish (Corning�, San Jose, CA,

USA) containing 25 drops covered with mineral oil

(Sigma-Aldrich, St. Louis, MO, USA). The medium con-

sisted of MEM alpha (Cat. No. A10490, Invitrogen, Cals-

bad, CA, USA) supplemented with 5% fetal bovine serum
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(FBS; Invitrogen, Calsbad, CA, USA), 19 insulin-trans-

ferrin-selenium (ITS; Invitrogen, Calsbad, CA, USA) and

100 U/ml penicillin–streptomycin (P/S; Calsbad, CA,

USA, Invitrogen). A final concentration of 200 mIU/ml of

follicle stimulating hormone (FSH; Sigma-Aldrich, St.

Louis, MO, USA) and 100 mIU/ml of luteinizing hormone

(LH; Sigma-Aldrich, St. Louis, MO, USA) was added from

the beginning of in the in vitro culture until induction of

ovulation. The medium was refreshed every other day and

total period of in vitro culture is 14 day and ovulation

induction for 48 h. Growing follicles were observed daily

and classified as well-grown or atresia based on the

expansion of granulosa cell and distinct oocyte within

follicle.

2.4 Treatment of vitamin reagents

Two groups indicated as Group I: complex vitamin (pro-

vided by Ildong Pharmaceutical Co. Ltd, Seoul, Korea)

containing Thiamine-B1, Riboflavin-B2, Pyridoxine-B3 and

ascorbic acid and Group S: vitamin C. Vitamin complex

contained capsuled complex was homogenized using ster-

ile mortar and pestle. Fifty or hundred lg/ml of each

vitamin powder was dissolved in distilled water (DW) and

mixed with culture media. Media with dissolved vitamins

was administered from day 0, 4, 9 and 13 until induction of

ovulation (Table 1).

2.5 Induction of ovulation

At day 14 of in vitro culture, grown follicles with mor-

phology of Graffian follicle with antrum formation were

selected for induction of ovulation and the ovulation was

induced by treatment with 1.5 IU/ml of human chorionic

gonadotropin (hCG; Sigma-Aldrich, St. Louis, MO, USA)

and 5 ng/ml of epidermal growth factor (EGF; Invitrogen,

Calsbad, CA, USA). Ovulation of cumulus-oocyte-com-

plex (COC) was observed after 36 h using a phase-contrast

microscope (Eclipse Ti-U; Nikon, Tokyo, Japan). Ovulated

COC was incubated with 0.1 mg/ml of hyaluronidase

(Sigma-Aldrich, St. Louis, MO, USA) for 5 min and

washed with HBSS. Existence of polar body (PB) was

observed and PB containing oocyte was determined as MII

stage oocyte and ovulation rate is calculated as following

2.6 Measurement of in vitro follicular growth

The diameter of each follicle was measured at day 1, 4, 9,

13 and 14 for each group of follicles. For the case of day 13

treatment, diameter was measured 24 h after treatments.

The images of follicle was acquired using a phase-contrast

microscope and the diameter was evaluated using i-Solu-

tions program (IMT i-Solution Inc, Burnaby, BC, Canada)

based on the area of expanded granulosa cells, and the

whole area of follicle (Fig. 1). The average diameter was

calculated and analyzed.

2.7 Senescence associated b-galactosidase (SA-b-gal)
staining

All reactions were performed according to manufacturer’s

protocol (Cell Biolabs, Inc., San Diego, CA, USA). The

samples were washed with 19 PBS and fixed with 19

fixing solution for 5 min at room temperature. Further,

samples were washed with 19 PBS and incubated with

freshly prepared cell staining working solution at 37 �C in

the dark conditions for 6 h. After 6 h of incubation, cell

staining working solution was removed and the samples

were washed three times with 19 PBS. The stained sam-

ples were then kept at 4 �C and images of positively

stained region were captured using phase-contrast micro-

scope (Eclipse Ti-U; Nikon, Tokyo, Japan).

2.8 Quantitative reverse transcription polymerase

chain reaction (qRT-PCR)

Total RNAs of in vitro developed follicles (at day 1, day 4,

day 9 and day 14) were isolated using TRIzol (Invitrogen,

Calsbad, CA, USA) according to manufacturer’s instruc-

tions. Isolated RNAs were quantitated using Epoch plate

Table 1 Composition of media with vitamins

I S

MEM alpha w/o ascorbic acid MEM alpha w/o ascorbic acid

Ascorbic acid Ascorbic acid

Thiamine

Riboflavin

Pyridoxine

I complex vitamin, S vitamin

Ovulation rate of each group

¼ Number of matured follicles containing MII oocyte ðbased on the existance of PBÞ
Number of grown follicles ðbased on morphologyÞ
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reader (BioTek, Winooski, VT, USA) and 0.5 lg of RNA

was reverse transcribed into cDNAs using Accute RT

premix (Bioneer, Daejun, Korea) with oligo dT primers.

cDNAs were mixed with QuantiTect SYBR� Green PCR

Kits (Qiagen, Valencia, CA, USA) and gene-specific for-

ward and reverse primers. The primer sequences used for

PCR reaction are listed in Table 2. Templates were dena-

tured for 5 min at 95 �C, and amplified as per the following

protocol (30 cycles): denatured at 95 �C for 15 s, amplified

at 58 �C for 60 s. All reactions were run in triplicate and

the relative gene expression was normalized to GAPDH

expression level as follows.

2.9 Statistical analysis

Statistical analysis was performed using SPSS version 21.0

(SPSS Inc., Chicago, IL, USA). Data are expressed as the

mean ± standard errors and were analyzed by Kruskal–

Wallis test. p value less than 0.05 considered to be statis-

tically significant.

Fig. 1 Experimental scheme of this study. Experimental scheme representing the measurement of diameter as indicated in drawing. a,
b diameter of expanded granulosa cells, c diameter of whole expanded follicle

Table 2 Primer sequences for

qRT-PCR
Gene Sequences (50 ? 30) Sequences (30 ? 50)

ESR1 TACTGACCAACCTGGCAGACAG TGGACCTGATCATGGAGGGT

ESR2 AGTTGGCCGACAAGGAGTTG CGCACTTGGTCGAACAGG

FSH Rc GCTCACCAAGCTTCGAGTCA GCCTTAAAATAGACTTGTTGC

BMP15 CAGTAAGGCCTCCCAGACGT AAGTTGATGGCGGTAAACCA

GDF9 AACCCAGCAGAAGTCACCTC AGGGGCTGAAGGAGGGAGG

ZP3 CCGAGCTGTGCAATTCCCAGA AACCCTCTGAGCCAAGGGTGA

GAPDH GAAGGTCGGTGTGAACGAAT TTTGATGTTAGCGGGGTCTC

ESR1 estrogen receptor alpha, ESR2 estrogen receptor beta, FSH Rc follicle-stimulating hormone receptor,

BMP15 bone morphogenetic protein 15, GDF9 growth differentiation factor 9, ZP3 zona pellucida gly-

coprotein 3

Relative expression ðD=DÞ

¼ ðGene expression in teated folliclesÞ=ðGAPDH expression in teated folliclesÞ
ðGene expression in non � treated CTL folliclesÞ=ðGAPDH expression in non � treated CTL folliclesÞ
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3 Results

3.1 Effects of vitamins on in vitro growth of follicles

and granulosa cells

The entire experimental scheme is demonstrated in Fig. 1.

Pre-antral follicles of 2-week-old mice were expanded for

14 days (Fig. 2). Follicles were treated with single vitamin,

L-ascorbic acid (indicated as S) or complex vitamin con-

taining vitamin B and C (indicated as I). Treated murine

follicles showed normal growing morphology at each

observed stage and fully matured follicle ovulated at a

higher rate than non-treated control (CTL).

The expansion of follicles was calculated by measuring

the diameter of whole follicle (Fig. 3) and the expansion of

granulosa cells (Fig. 4). The diameters of the treated group

on day 4 and day 9 were 1.5-fold larger compared to those

of non-treated CTL. Diameters of treated group on day 0

(early) and day 13 (late stage) were not significantly

affected by treatment of vitamins at both concentrations

(50 lg/ml and 100 lg/ml). Treatment with I at 50 and

100 lg/ml showed more prominent effects in day 0 and 4

treated groups (*p\ 0.05), while S at 50 and 100 lg/ml

showed more highly proliferative effects in day 9 and day

13 treated groups (*p\ 0.05). Vitamin C treatment

enhanced the proliferation of granulosa cells. Evaluation of

granulosa cell diameter, excluding the diameter of oocyte,

showed that I at 50 lg/ml was more effective on the pro-

liferation of granulosa cells (*p\ 0.05).

Taken together, treatment at day 4 and day 9 enhanced

the expansion effectively and the effects were more

prominent at 50 lg/ml concentration in both vitamin

groups.

3.2 Expression of specific genes altered by vitamins

treatment

The expression of bone morphogenetic protein 15

(BMP15), growth differentiation factor 9 (GDF9), zona

pellucida glycoprotein 3 (ZP3), follicle stimulating hor-

mone receptor (Fsh Rc), estrogen receptor alpha (ESR1),

and estrogen receptor beta (ESR2) was evaluated in CTL

and vitamin groups at day 0, 4, 9, and 13 (Fig. 5). The

expression of BMP15 and GDF9 were slightly upregulated

in groups treated with vitamin at day 4, 9 and 13. The

expressions of ESR1 and ESR2 were upregulated in both

groups treated on day 4 and 9 (*p\ 0.05). The expression

of GDF9 and ZP3 was highest with treatment of I at 50 lg/
ml on day 0.

Taken together, these results demonstrated that vitamins

have up-regulating effects on the proliferation of granulosa

cells and oocyte-specific genes involved in in vitro murine

follicular maturation.

3.3 Effects on senescence of in vitromatured follicles

Staining degree of SA-b-gal, a common biochemical

marker for the senescence, was observed in each group of

follicles. Granulosa cells of central and peripheral regions

were positively-stained and the theca cells of outer region

are relatively weakly stained. Treatment with vitamins

A

B

Fig. 2 Observation of in vitro developing murine ovarian follicles.

The follicles were grown with or without each vitamin and the

ovulation was induced at day 14. A In vitro matured morphology of

follicles and oocytes cultured for 2 weeks from pre-puberty mice.

B Morphology of ovulated oocytes from each group
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Fig. 4 Measured diameters of granulosa cells (G cells) in in vitro grown follicles. The diameter of granulosa cells was calculated by excluding

the diameter of oocyte from that of whole follicle

Fig. 3 Measured diameters of in vitro grown whole follicle. The

diameter of each follicle was measured at day 1, 4, 9, 13 and 14. For

the case of day 13 treatment, diameter was measured 24 h after

treatments. The average diameter of grown follicles showed that the

vitamins showed stimulatory effects on the growth of follicles

(*p\ 0.05). However, the effect of vitamins from different resource

showed differential effects
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significantly reduced the intensity of positively-stained

region in day 9-treated follicles (Fig. 6).

These results indicated that treatment with vitamins

retarded the senescence of early developed granulosa cells

during in vitro maturation of follicles.

4 Discussion

The unique property of follicles is critically related to the

infertility and reproductive life span of women. Therefore,

maintenance and acquisition of healthy and stable status of

follicles or oocytes is extremely important. Many mole-

cules have been presented as protective or enhancing ele-

ments that may act as indirect or direct supplement during

in vitro maturation of oocytes [2]. With growing age of

Fig. 5 Expression of oocyte-specific genes in in vitro cultured

follicles. The expression of genes in groups treated with vitamin at

day 0, 4, 9 and 13 was analyzed by qRT-PCR. The relative expression

was calculated by normalizing with corresponding to GAPDH

expression CT value (*p\ 0.05)

Fig. 6 Biochemical staining of vitamin-treated, cultured follicles. The proliferated cells catalyze the hydrolysis of X-gal and produced a blue

color. The degree of staining was diminished in vitamin-treated groups
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pregnancy and in vitro fertilization (IVF) application,

maintenance of healthy follicle, especially for assisted

reproductive technology, is an emerging issue in repro-

ductive medicine field [23].

Vitamin C (L-ascorbic acid), is one of the most well-

known anti-oxidants and dietary supplement, and its direct

correlation with generation of ROS may lead to the infer-

ence that vitamin C could be a viable supplement for the

health of follicle [24]. The effects of vitamin C or vitamin

family on fertility have been reported by many studies

[25–27]. However, those studies were focused on whole

ovary [28] or follicle level with L-ascorbic acid only. In

this study, we demonstrated the effects of vitamins, single

(S) or combined complex (I), on in vitro development of

follicles retrieved from pre-pubertal mice.

During in vitro follicular maturation, granulosa cells

drastically expanded. This in vitro environment for matu-

ration of cells usually lasts at least ten days or more without

sub-culture [2, 5, 13, 21, 29] and this kind of long-term

culture system leads to a decrease in the proliferation of

early-onset proliferating cells, therefore, differentiated

granulosa cells of outer layer that lie with theca cells

possibly had decreased proliferation. Treatment of vitamins

drastically reduced the degree of SA-b-gal staining in

follicles during development in G cells. Granulosa cells are

those facing the oocytes and the status of this cell type is

critically related to the maturation of oocyte through

secretion of paracrine factors and nourishing of estradiol.

In our study, vitamins significantly enhanced the expansion

of G cells and this result is similar to that obtained in

previous studies [12]. This phenomenon was observed for

both concentrations of vitamins, however, the effects were

more prominent in lower dose of single L-ascorbic acid at

middle stage (day 9) (*p\ 0.05) and of complex vitamin

at early stage (day 4) (*p\ 0.05). There results imply that

treatment of vitamin has positive effects on developing

follicles and complex vitamin is more efficient, especially

on those of early day 0 and day 4 seeded follicles.

These results were in line with previous reports. Treat-

ment of vitamin C significantly enhanced the survival and

reduced the apoptosis in the follicles [12]. Rossetto et al.

reported that vitamin C contributed to caprine follicle

vitality and interaction with Fsh [8]. However, they only

used L-ascorbic acid as the source of vitamin.

In this study, we compared the effects of L-ascorbic acid

and vitamin complex (B and C) prepared as combined

(I) and L-ascorbic acid (S). In vitro maturation of follicle is

an emerging technology for fertility preservation in cancer

survivors, with premature ovarian failure, or in peri-

menopausal age women [30]. Ovaries of these patients

have reduced number of hormone responsive follicles,

instead their major follicle population is composed of pri-

mordial follicles with no response to hormones [31].

Therefore, the effects of vitamins as single or combined

form on follicle health and in vitro maturation should be

demonstrated in this setting.

Our study only focused the effects of vitamins in pre-

puberty mice. As aforementioned, in vitro follicular mat-

uration is a promising alternative technology for improving

fertility in aged women, therefore, the effects should be

evaluated in an aged model or other mammals in the future

[32]. Vitamins have known to affect ovulation related

symptoms such as polycystic ovary syndrome [33]. Since

vitamin families are generally taken as a subtype or com-

bination, in the form of capsule, the combined effects of

two or more vitamin families also have to be studied in-

depth regarding their effects on in vitro follicular matura-

tion. Furthermore, these effects should also be clinically

confirmed in those who are infertile women and who has

genetic or epigenetic incompetence [34–37].

Vitamins promote murine follicle development in vitro

with different effects on specific growth stage. Treatment

with vitamin drastically enhanced expansion of follicles

during in vitro maturation process. These results also

demonstrated that vitamins could be used for in vitro fol-

licle maturation either alone or in combination with

hormones.
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