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Although adipose-derived stem cells (ASCs) show promise for cell therapy, there is a tremendous need for
developing ASC activators. In the present study, we investigated whether or not vitamin C increases the
survival, proliferation, and hair-regenerative potential of ASCs. In addition, we tried to find the molecular
mechanisms underlying the vitamin C-mediated stimulation of ASCs. Sodium-dependent vitamin C transporter
2 (SVCT2) is expressed in ASCs, and mediates uptake of vitamin C into ASCs. Vitamin C increased the
survival and proliferation of ASCs in a dose-dependent manner. Vitamin C increased ERK1/2 phosphorylation,
and inhibition of the mitogen-activated protein kinase (MAPK) pathway attenuated the proliferation of ASCs.
Microarray and quantitative polymerase chain reaction showed that vitamin C primarily upregulated expression
of proliferation-related genes, including Fos, E2F2, Ier2, Mybl1, Cdc45, JunB, FosB, and Cdca5, whereas Fos
knock-down using siRNA significantly decreased vitamin C-mediated ASC proliferation. In addition, vitamin
C-treated ASCs accelerated the telogen-to-anagen transition in C3H/HeN mice, and conditioned medium from
vitamin C-treated ASCs increased the hair length and the Ki67-positive matrix keratinocytes in hair organ
culture. Vitamin C increased the mRNA expression of HGF, IGFBP6, VEGF, bFGF, and KGF, which may
mediate hair growth promotion. In summary, vitamin C is transported via SVCT2, and increased ASC pro-
liferation is mediated by the MAPK pathway. In addition, vitamin C preconditioning enhanced the hair growth
promoting effect of ASCs. Because vitamin C is safe and effective, it could be used to increase the yield and
regenerative potential of ASCs.

Introduction

Adipose-derived stem cells (ASCs) are located in the
perivascular region and can be isolated from the stromal

vascular fraction of adipose tissue [1–3]. ASCs show promise
in tissue regeneration due to their ability to function as
building blocks and their paracrine effects [4–6]. Although an
unexpanded stromal vascular fraction of lipoaspirate can be
used for clinical application [7,8], ASCs are usually ex-

panded to acquire large numbers of cells required for thera-
peutic application. Cultured autologous ASCs have been
used in clinical trials for the treatment of limb ischemia,
diabetes mellitus, spinal cord injury, and Crohn’s fistulan
[8,9]. Transplanted cells encounter an inflammatory envi-
ronment that mitigates their function and survival; therefore,
treating the cells with exogenous stimuli to enhance their
survival and paracrine function before transplantation is one
strategy for overcoming this limitation [10,11]. For example,
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growth factors, such as basic fibroblast growth factor (bFGF)
and platelet-derived growth factor-B (PDGF-B), have been
used during ASC expansion to increase the proliferation and
regenerative potential of these cells [1]. Hypoxia also increases
ASC survival, and hypoxia preconditioning upregulated growth
factor expression and induced a regenerative potential in
animal experiments [12–14]. Alternatively, low-dose UVB
treatment before transplantation increased the survival and
hair growth promoting effect of ASCs in vivo [15]. We pre-
viously investigated the key mediators and signaling path-
ways involved in ASC stimulation under hypoxia, and found
that reactive oxygen species (ROS) generation, the PI3K/Akt
pathway, the mitogen-activated protein kinase (MAPK)
pathway, and miR-210 play key roles in ASC stimulation
[16–18]. However, there is a tremendous need for alternative
ASC stimuli for use during cultivation to increase the survival,
proliferation, paracrine effect, and therapeutic efficiency of
ASCs. Here we propose vitamin C as a promising alternative
ASC stimulus since it is much cheaper than growth factors,
easy to handle, and physiologically safe. In addition, vitamin
C exhibits comparable stimulating effect to other activators.

Vitamin C is an essential micronutrient and acts as a
cofactor in numerous biosynthetic enzymes. Vitamin C
plays both antioxidant and pro-oxidant roles depending on
concentration, and enhances or inhibits cell proliferation.
Vitamin C supplementation has diverse effects on stem
cells, and it could be used to maintain stem cell properties.
For example, vitamin C treatment enhances the generation
of induced pluripotent stem cells, and improves the quality
of somatic cell reprogramming via epigenetic modification
[19,20]. Vitamin C also increased the cardiomyogenesis of
embryonic stem cells through NADPH oxidase and nitric
oxide synthase [21]. Vitamin C treatment increased ASC
proliferation and upregulated Oct4 and Sox2 expression [22].
Likewise, growth medium supplemented with 2-phospho-l-
ascorbic acid, a vitamin C derivative, induced ASC survival
and Oct4 gene expression [23]. However, the signaling path-
way and molecular mechanism(s) underlying the stimulatory
effects of vitamin C on ASCs has not been fully determined.
Therefore, in the present study, we investigated whether or
not vitamin C increases the survival, proliferation, and hair-
regenerative potential of ASCs. We also attempted to deter-
mine the molecular mechanisms underlying vitamin C-induced
stimulation of ASCs.

Materials and Methods

Materials

Vitamin C, 2-phospho-l-ascorbic acid, dehydro-l-( + )-
ascorbic acid dimer, and ascorbic acid 6-palmitate were
obtained from Sigma (St. Louis, MO). Human recombi-
nant hepatocyte growth factor (HGF) was purchased from
PEPROTECH (Rocky Hill, NJ).

ASC culture

Human ASCs were isolated from liposuction of subcu-
taneous fat as described previously [24], and cultured in
minimum essential medium-alpha (Invitrogen, Carlsbad,
CA) with 10% fetal bovine serum (FBS; Invitrogen) and 1%
penicillin and streptomycin (Invitrogen) at 37�C in a hu-
midified atmosphere containing 5% CO2. ASCs were char-

acterized by the presence of cell surface markers, such as
CD34, CD73, CD90, and CD105, and multiple differentia-
tion potential was tested in differentiation medium [4,24].

Cell proliferation assay

ASCs were seeded in a 48-well plate at a density of 5 · 103

cells/well. After 24 h, the medium was replaced with me-
dium containing 0.2% FBS. The following day, cells were
treated with vitamin C (10, 50, 100, and 200mM) for 48 and
72 h. Then, the medium was removed and cell numbers were
counted using the CCK-8 assay kit (Dojindo, Rockville, MD).
Cells were treated with 10% CCK-8 solution in the medium
for 2 h, and then the absorbance was measured at 450 nm
with a microplate reader (TECAN, Männedorf, Switzerland).
To inhibit ERK, cells were incubated with 1 and 5mM U0126
(Calbiochem, San Diego, CA).

Cell survival assay

To measure the survival of ASCs in the presence of
vitamin C, cells were cultured in a 48-well plate at a density
of 8 · 103 cells/well for 24 h. The cultured cells were pre-
treated with vitamin C (200 mM) for 2 h. Then, the cells were
treated with 500mM hydrogen peroxide (H2O2; Sigma). After
4 h, the medium was changed and cells were incubated with
vitamin C (200mM) for 24 h. Then, cell survival was mea-
sured using the CCK-8 assay.

ROS measurement

Cellular ROS production was measured using 2¢,7¢-
dichlorofluorescin diacetate (DCF-DA; Molecular probes,
Eugene, OR). ASCs (2.5 · 105 cells) were seeded in a
60-mm culture dish. Cells were pretreated with DCF-DA
(20mM) for 20 min, and treated with vitamin C (200 mM) for
20 min at 37�C in the dark. Then, cells were harvested using
trypsin-EDTA, and fluorescence intensity of DCF-DA was
measured using flow cytometry (BD Biosciences, Franklin
Lakes, NJ).

Polymerase chain reaction

Total RNA was extracted using the TRIzol reagent (In-
vitrogen) and mRNA was reverse-transcribed with the cDNA
synthesis kit (Promega, Madison, WI). cDNA was synthe-
sized from 500 ng of total RNA by 200 U RTase. The reaction
protocol included a 5-min incubation at 95�C, and then 35
cycles of 95�C for 30 s, 56�C for 20 s, and 72�C for 40 s,
followed by a final elongation at 72�C for 5 min. Primers used
are listed in Table 1. Quantitative real-time polymerase chain
reactions (QPCRs) were performed in a step-one plus real-
time PCR system (Applied Biosystems, Carlsbad, CA) using
SYBR green PCR master mix (TaKaRa, Seta, Otsu, Japan).
GAPDH was used for sample standardization. Fold change
was calculated using the DCt value.

siRNA transfection

A mixture of sodium-dependent vitamin C transporter 2
(SVCT2) siRNA (Santa Cruz Biotechnology, Dallas, TX),
ERK1 siRNA (Santa Cruz Biotechnology), FOS siRNA
(Invitrogen), or E2F2 siRNA (Dharmacon, Lafayette, LA)
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and Lipofectamine 2000 (Invitrogen) was prepared before
cell trypsinization. Then, cells were transfected with the
siRNA mixture for 48 h. Gene silencing was evaluated by
QPCR and western blotting.

FITC-labeled vitamin C uptake assay

FITC-labeled vitamin C was synthesized according to a
previous study [25], with some modifications. ASCs (1 ·
104) were seeded in a 96-well plate and cultured. FITC-
labeled vitamin C (100mM) was mixed with the indicated
concentrations of unlabeled vitamin C and incubated with
ASCs for 15 min. Then, the cells were washed with cold
phosphate-buffered saline, and the FITC signal was evalu-
ated by measuring the absorbance at 488 nm.

Vitamin C concentration assay

To monitor intracellular vitamin C level, ASCs were
seeded in a 96-well plate at a density of 3 · 103 cells/well,
and treated with vitamin C for 24 h. Intracellular vitamin C
concentration was measured with an Ascorbic Acid Assay
kit (BioVision, Linda Vista, CA) according to the manu-
facturer’s instructions.

Microarray

To measure the change in gene expression induced by
vitamin C, cells were cultured in a 100-mm dish with
vitamin C for 24 h, and then total RNA was extracted us-
ing the Total RNA isolation kit (Invitrogen). Total RNA
(200 ng) was amplified with a Low Input Quick Amp
Labeling kit (one-color; Agilent Technologies UK, Ltd.,
Wokingham, United Kingdom) and labeled with Cy3. Cy3-
labeled cRNA (1.65mg) was fragmented by incubation with
fragmentation buffer at 60�C for 30 min. Labeled cRNA
was hybridized to a Whole Human Genome Microarray
(4 · 44K) at 60�C for 17 h. Then, the microarray chip was
scanned using Agilent microarray scanner and analyzed by
Agilent Feature Extraction software.

Identification of differentially expressed genes

To normalize the signals from the microarray analysis of
control and vitamin C-treated ASCs, we processed the sig-
nals using 75% percentile normalization. Normalized sig-
nals of the two groups were compared by t-test, and adjusted

by Bonferroni correction. All data processing and statistical
analyses were performed using GeneSpring GX7 (Agilent
Technologies UK, Ltd.). We selected the genes that showed
a more than a 2-fold difference as differentially expressed
genes (DEGs). We used GO miner (http://discover.nci.nih
.gov/gominer) for GO term analysis of our DEGs.

Phospho-kinase chip array

Cells were seeded in a 100-mm dish with medium con-
taining 0.2% FBS. Then, 80% confluent cells were treated
with vitamin C (200mM) for 10 min. Proteins were isolated
from the cells using lysis buffer (R&D Systems, Minnea-
polis, MN). Phosphorylation of signaling molecules was
detected by a phospho-kinase array kit (R&D Systems)
according to the manufacturer’s instructions.

Growth factor antibody array

To measure the effect of vitamin C on growth factor
expression, cells were treated with vitamin C (200mM) for
24 h. After treatment, signals indicating growth factor ex-
pression were detected using a growth factor antibody array
kit according to the manufacturer’s instructions (RayBio-
tech, Parkway Lane, NC).

Western blotting

Proteins were isolated using an sodium dodecyl sulfate
(SDS) lysis buffer containing protease inhibitors. Lysates
were incubated on ice for 30 min, and then soluble proteins
were isolated by centrifugation at 4�C. Proteins were sepa-
rated by 10% SDS–polyacrylamide gel electrophoresis
(PAGE) and transferred to a PVDF membrane (Millipore,
Billerica, MA). The membrane was then blocked using 5%
non-fat milk for 1 h at room temperature. After blocking, the
membrane was probed with the primary antibody (ERK1/2
and phosphor-ERK1/2; Cell Signaling Technology, Dan-
vers, MA) overnight at 4�C, and then incubated with an
HRP-conjugated secondary antibody (Cell Signaling) for 2 h
at room temperature. The membrane was incubated in ECL
solution (Millipore) and exposed.

Animal experiments

Mice were anesthetized according to a protocol approved by
the United States Pharmacopoeia (USP) and the Institutional

Table 1. List of Primers

Gene Forward Reverse

Oct4 5¢-CCCGCCGTATGAGTTCTGT-3¢ 5¢-TCCAGCTTCTCCTTCTCCAG-3¢
Nanog 5¢-ACCTTCCAATGTGGAGCATC-3¢ 5¢-GAATTTGGCTGGAACTGCA-3¢
Sox2 5¢-GGGGAAAGTAGTTTGCTGCCTC-3¢ 5¢-CCGCCGCCGATGATTGTTATT-3¢
SVCT1 5¢-CCTTGCTTTCATACTTGACA-3¢ 5¢-GAAAATCCTTTGAAGACTGG-3¢
SVCT2 5¢-CAGCGAATTGTAATGGAAAG-3¢ 5¢-TGGAAGTGAAGGCTTATTCA-3¢
HGF 5¢-CATGGACAAGATTGTTATCG-3¢ 5¢-TCATTCAGCTTACTTGCATC-3¢
IGFBP6 5¢-GAATCCAGGCACCTCTACCA-3¢ 5¢-GGTAGAAGCCTCGATGGTCA-3¢
VEGF 5¢-TACCTCCACCATGCCAAGT-3¢ 5¢-TGCATTCACATTTGTTGTGC-3¢
bFGF 5¢-AGGAGTGTGTGCTAACCGTT-3¢ 5¢-CAGTTCGTTTCAGTGCCACA-3¢
KGF 5¢-TCTGTCGAACACAGTGGTACCT-3¢ 5¢-GTGTGTCCATTTAGCTGATGCAT-3¢
GAPDH 5¢-CGAGATCCCTCCAAAATCAA-3¢ 5¢-TGTGGTCATGAGTCCTTCCA-3¢
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Animal Care and Use Committee (IACUC) of CHA Uni-
versity. An area on the back of 7-week-old C3H/HeN mice in
the telogen stage of the hair cycle was shaved with clippers and
electric shaver, and special care was taken to avoid damaging
the bare skin [15,26]. Before injection into the mice, ASCs were
treated with vitamin C (200mM). These vitamin C-precondi-
tioned ASCs (ASCvit.C) and untreated ASCs were maintained
at 37�C in 5% CO2 for 4 h. ASCs (1 · 104) or ASCvit.C (1 · 104)
were then injected into the dorsal skin of each mouse. Any
darkening of the skin (indicative of hair growth) was carefully
monitored by photography. After 12 days, the dorsal hair was
shaved and weigh.

Preparation of conditioned medium

Conditioned medium derived from ASCs (ASC-CM) and
vitamin C-treated ASCs (vit.C-CM) was prepared as pre-
viously described [27]. CM was collected, centrifuged at
1,800 rpm for 10 min, and filtered through a 0.22-mm syringe
filter. The filtrate was concentrated in a 3-kDa molecular
weight cut-off Vivaspin sample concentrator (Sartorius
Stedim Biotech GmbH, Goettingen, Germany), and 10-fold
concentrated CM was used for the subsequent experiments.

Hair organ culture

Anagen hair follicles were isolated from a volunteer and
cultured ex vivo, as previously described [28,29]. Briefly,
dissected hair follicles were cut into small pieces (*2 mm in
length from the bottom of the dermal papilla) and cultured
in Williams E medium (Sigma) with 10 ng/mL hydrocorti-
sone, 10 ng/mL insulin, 2 mM l-glutamine, and 100 U/mL
penicillin at 37�C in 5% CO2. ASC-CM or vit.C-CM was
added to the basal Williams E medium. After culturing for 6
days, hair follicles were harvested and hair length was
measured. Hair follicles were also stained with an anti-Ki67

antibody (BD Biosciences) and DAPI.

ELISA for HGF concentration

The concentration of human HGF in ASC-CM and vit.C-
CM was measured using the Quantikine ELISA kit (R&D
Systems) according to the manufacturer’s instructions.

Statistical analysis

All data are representative data from three independent
experiments. The statistical significance of the differences
among groups was tested using ANOVA or Student’s t-test. P
values < 0.05 or 0.01 were considered statistically significant.

Results

Vitamin C increases the proliferation of ASCs

First, we compared the proliferative effect of vitamin C
and its derivatives in ASCs. Although 2-phospho-l-ascorbic
acid and dehydro-l( + )-ascorbic acid induced ASC prolif-
eration, vitamin C showed the most potent stimulatory effect
on ASC proliferation (Supplementary Fig. S1A; Supple-
mentary Data are available online at www.liebertpub.com/
scd). Vitamin C increased ASC proliferation in a dose-
dependent manner (Fig. 1A, P < 0.01); however, it did not
induce proliferation at high concentrations (ie, > 500 mM).

Vitamin C derivatives also upregulated the mRNA ex-
pression of pluripotency markers, as shown by QPCR (Sup-
plementary Fig. S1B). Vitamin C (200mM) significantly
increased the mRNA expression of Oct4, Sox2, and Nanog
(Fig. 1B, P < 0.01), and upregulation of these pluripotency
markers is related to vitamin C-induced ASC proliferation.

Vitamin C increases the survival of ASCs in vitro

We also investigated whether vitamin C increased the
survival of ASCs. Cell damage was induced by H2O2

(500mM for 3 h) and UVB (500 mJ/cm2) treatments in
ASCs, and vitamin C (200mM) significantly increased sur-
vival of ASCs in CCK-8 assay (Fig. 1C, D; P < 0.01). In a
flow cytometry analysis, vitamin C treatment reduced the
H2O2-induced sub-G1 phase of ASCs (from 20.3% to 3.2%;
Fig. 1E). We also measured intracellular ROS levels in
ASCs. H2O2-induced ROS generation was significantly
reduced by vitamin C treatment (Fig. 1F, P < 0.01), and
vitamin C acts as an ROS scavenger. These suggest that
vitamin C increases the survival of ASCs from H2O2-induced
oxidative stress.

In addition, we detected ASC survival in mouse skin tissue
using immunofluorescence; however, there was no significant
difference in the survival of PKH26-labeled ASCs between
control and vitamin C-treated ASCs at days 3 and 5 after
subcutaneous injection (data not shown).

SVCT2 mediates vitamin C uptake

As vitamin C is hydrophilic and has been reported to be
transported into cells via membrane transporters [30–32],
we attempted to determine the cellular uptake mechanism
of vitamin C in ASCs. Fluorescence microscopy clearly
showed that FITC-labeled vitamin C was effectively incor-
porated into ASCs (green, Fig. 2A). Although the vitamin C
signal is high in the cytosol, it is not in the nucleus (blue,
Fig. 2A). This indicates that vitamin C is distributed in the
cytosol of ASCs. In addition, fluorescence intensity decreased
in the presence of unlabeled vitamin C (Fig. 2B), and this
suggests that an active vitamin C transport system exists in
ASCs. Therefore, the mRNA expression of the SVCT was
measured by RT-PCR. SVCT1 is not expressed (not detected
until cycle 40), but SVCT2 is expressed in ASCs (Ct value =
30.68 – 0.20).

To determine the involvement of SVCT2 in vitamin C
transport, we measured the intracellular vitamin C concen-
tration in ASCs, and then siRNA was used to inhibit candi-
date vitamin C transporters. SVCT2 siRNA was transfected
into ASCs, and SVCT2 knockdown significantly reduced the
intracellular vitamin C radical concentration in ASCs (Fig.
2C, P < 0.01). In addition, we investigated whether or not
SVCT2 mediates the proliferation of ASCs. As expected,
transfection of SVCT2 siRNA attenuated the vitamin C-
induced proliferation (Fig. 2D) of ASCs (P < 0.01). These
results collectively indicate that cellular uptake of vitamin C
is mediated by SVCT2, which is involved in the prolifera-
tion of ASCs.

Vitamin C induces MAPK pathway

We attempted to identify the signaling pathway acti-
vated by vitamin C in ASCs using a phospho-kinase array.
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Although AMPK, stat3, and MSK1/2 were marginally in-
duced, ERK1/2 was significantly induced by vitamin C
(200mM, 10 min) treatment (Fig. 3A). Therefore, we con-
firmed the phosphorylation of ERK1/2 by western blot
analysis, and found that it was induced by vitamin C treat-
ment in a time- and dose-dependent manner (Fig. 3B).

Treatment of ASCs with a MAPK pathway inhibitor (U0126,
1–5 mM) reduced cell proliferation in a dose-dependent
manner (Fig. 3C, P < 0.01), indicating that this pathway
plays a role in vitamin C-mediated stimulation of ASCs.
Using ERK1 siRNA (20 nM), we also found that ERK1
knockdown attenuated the vitamin C-induced proliferation

FIG. 1. Vitamin C increases the proliferation and survival of adipose-derived stem cells (ASCs). We compared the
stimulatory effects of vitamin C in vitro, and vitamin C increased the proliferation and survival of ASCs. (A) Cell
proliferation was measured by the CCK-8 assay, and vitamin C increased the proliferation of ASCs in a dose-dependent
manner. (B) The mRNA expression of pluripotency markers was measured by quantitative real-time polymerase chain
reaction (QPCR), and vitamin C significantly induced the expression of Oct4, Sox2, and Nanog. (C, D) Cell damage was
induced by hydrogen peroxide (H2O2) treatment (500 mM, C) and UVB irradiation (500 mJ/cm2, D) of ASCs, and vitamin C
(200mM) significantly increased the survival of ASCs, as determined by the CCK-8 assay. (E) Vitamin C attenuated the
H2O2-induced sub-G1 of ASCs as measured by flow cytometry. (F) Reactive oxygen species generation was measured using
2¢,7¢-dichlorofluorescin diacetate, and vitamin C reduced the fluorescence intensity, as determined by flow cytometry. Data
are mean – STD (**P < 0.01, Student’s t-test). Color images available online at www.liebertpub.com/scd
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of ASCs (Fig. 3D, P < 0.01). These results suggest that vita-
min C primarily increases the proliferation of ASCs through
the MAPK signaling pathway.

Vitamin C upregulates proliferation-related genes

Microarray analysis was used to clarify the vitamin C-
regulated genes that mediate ASC proliferation (Fig. 4A).
Vitamin C significantly upregulated 123 genes ( > 2-fold,
P < 0.05), and downregulated 24 genes ( < 2-fold, P < 0.05;
Fig. 4B) in ASCs. Accordingly, we selected 10 upregulated
genes, and confirmed their upregulation using QPCR. As
shown in Table 2, mRNA expression of Fos, E2F2, Mybl1,
Cdc45, Junb, Cdca5, Fosb, and Ier2 was significantly in-
creased by vitamin C treatment. Analysis of GO terms using
the DEGs demonstrated that genes related to cell prolifera-
tion (35%), transcription (16%), and differentiation (6%)
were primarily upregulated by vitamin C treatment (Fig. 4B).

In addition, a possible interaction network among the DEGs
related with cell proliferation (Fig. 4C) was analyzed by
STRING 9.05 (http://string.embl.de) and plotted using Cy-
toscape 2.8.3. The predicted network diagram is well-
organized, which indicates that the primary role of vitamin
C in ASCs is the induction of cell cycle and proliferation.

Vitamin C upregulates Fos

Because the mRNA expression of two transcription fac-
tors (E2F2 and Fos) was strongly increased as indicated by
QPCR (Table 2), we investigated the involvement of these
genes in ASC proliferation. Although transfection of E2F2
siRNA did not attenuate ASC proliferation, Fos siRNA
significantly reduced ASC proliferation (Fig. 4D, P < 0.01).
Pharmacological inhibition of MAPK pathway by U0126
significantly reduced the mRNA expression of Fos (Sup-
plementary Fig. S2), which suggests that Fos expression is

FIG. 2. Sodium-dependent vitamin C transporter 2 (SVCT2) mediates vitamin C uptake. Vitamin C uptake is mediated by
SVCT2, which increases the proliferation of ASCs. (A) Fluorescence microscopy showed that FITC-labeled vitamin C was
effectively incorporated into ASCs. The vitamin C signal (green) was high in the cytosol, but not in the nucleus (blue). (B)
Fluorescence intensity decreased in the presence of unlabeled vitamin C, which suggests the existence of a vitamin C trans-
porter. (C) The intracellular vitamin C concentration was measured using a vitamin C radical assay kit, and a siRNA specific for
SVCT2 (20 nM) was transfected into ASCs. SVCT2 knockdown significantly reduced the intracellular vitamin C concentration
in ASCs. (D) In addition, transfection of SVCT2 siRNA attenuated the vitamin C-induced proliferation of ASCs. Data are
mean – STD (n.s., not significant; **P < 0.01, Student’s t-test). Color images available online at www.liebertpub.com/scd
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regulated by the MAPK pathway. Further, Fos silencing
reduced the vitamin C-induced E2F2 mRNA expression
(Fig. 4E, P < 0.01).

Vitamin C induces the hair-regenerative
potential of ASCs

Next, we examined the ability of vitamin C-treated ASCs
and the CM from these cells to enhance hair generation
in vivo and in vitro. Compared with the injection of ASCs
(1 · 104), subcutaneous injection of vitamin C-treated ASCs
(ASCvit.C) accelerated the telogen-to-anagen transition in
C3H mice (Fig. 5A, n = 6 for each group). We measured the
regenerated hair weight on day 12, and found that hair
weight was significantly increased in the ASCvit.C-injected
group (Fig. 5B, P < 0.05).

As the increased secretion of growth factors could lead to
enhancement of hair regeneration, we compared the hair-
regenerative potential between ASC-CM and that from
vitamin C-treated ASCs (vit.C-CM). After the addition of
ASC-CM and vit.C-CM to William’s E medium, an ex vivo
hair organ culture was performed. After 6 days of culture,
hair length was significantly increased in vit.C-CM-enriched
medium, compared with ASC-CM (Fig. 5C, P < 0.05). In
addition, anti-Ki67 antibody staining (a marker of prolifer-
ating cells) of hair follicles showed that the number of

Ki67-positive matrix keratinocytes around the dermal pa-
pilla was significantly increased by vit.C-CM treatment
(Fig. 5D, n = 7 for each group; P < 0.01).

Vitamin C upregulates growth factor expression
and enhances hair growth

As hair regeneration is mainly mediated by paracrine
factors, we attempted to identify the key secretory factors
that mediate hair growth. Using a growth factor antibody
array, we investigated which growth factors were induced
by vitamin C treatment in ASCs. Of the 41 growth factors
tested, expression of HGF and insulin-like growth factor
binding protein 6 (IGFBP6) was upregulated by vitamin C
treatment (Fig. 6A). We then confirmed the upregulation of
these genes by QPCR. Although the expression of HGF
mRNA was significantly increased by vitamin C treatment
at 4 and 24 h (200 mM, P < 0.01; Fig. 6B), IGFBP6 mRNA
expression was only slightly upregulated at 24 h (Fig. 6C,
P < 0.01). Vitamin C treatment induced HGF mRNA ex-
pression in a dose-dependent manner at 24 h (Fig. 6D,
P < 0.01). In addition, we measured the concentration of
HGF protein in ASC-CM and vit.C-CM using an ELISA.
The protein concentration of HGF was *30% higher in
vit.C-CM than ASC-CM (Fig. 6E). Further, we measured
the mRNA expression of VEGF, bFGF, and keratinocyte

FIG. 3. Vitamin C induces
the mitogen-activated protein
kinase (MAPK) pathway.
Vitamin C increased the
phosphorylation of ERK1/2,
and inhibition of the MAPK
pathway attenuates the pro-
liferation of ASCs. (A) In a
phospho-kinase array, the
ERK1/2 signal was highly in-
duced by vitamin C treatment
(200mM for 10 min). (B)
Phosphorylation of ERK1/2
increased in a time- and dose-
dependent manner. (C) Treat-
ment with a MAPK pathway
inhibitor (U0216, 1–5mM) re-
duced the vitamin C-induced
proliferation of ASCs. (D) In
addition, inhibition of ERK1
using siRNA (20 nM) reduced
the vitamin C-induced prolif-
eration of ASCs. Data are
mean – STD (n.s., not signifi-
cant; **P < 0.01, Student’s
t-test).
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FIG. 4. Vitamin C upregulates proliferation-related genes. Microarray was used to clarify the vitamin C target genes that
mediate ASC stimulation, and Fos was identified as a key transcription factor. (A) Vitamin C treatment significantly
upregulated 123 genes ( > 2-fold, P < 0.05), but downregulated 24 genes. (B) Analysis of gene ontology using the differ-
entially expressed genes (DEGs) demonstrated that genes related to cell proliferation (35%), transcription (16%), and
differentiation were primarily upregulated by vitamin C treatment. (C) Using these altered proliferation-related genes, a
possible interaction network among the DEGs was analyzed by STRING 9.05 (http://string.embl.de) and plotted using
Cytoscape 2.8.3. White circles indicate the upregulated genes, while the black circles indicate the downregulated genes. (D)
Transfection of Fos siRNA significantly reduced the proliferation of ASCs, whereas transfection of E2F2 did not. (E)
Further, Fos silencing reduced the vitamin C-induced E2F2 mRNA expression. Data are mean – STD (n.s., not significant;
**P < 0.01, Student’s t-test).
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growth factor (KGF) in ASCs, and found that the expression
increased 4 h after vitamin C treatment (Fig. 6F, P < 0.01).
These growth factors might function together to increase the
hair-regenerative potential of ASCs.

Since HGF has been shown to be involved in hair re-
generation [33–35], and HGF mRNA expression is signifi-
cantly upregulated by vitamin C, we investigated whether
HGF treatment induces hair growth in hair organ culture. As
expected, HGF (1 and 10 ng/mL) treatment increased hair

length (Supplementary Fig. S3A), and increased the number
of Ki67-positive matrix keratinocytes around the dermal
papilla in hair organ culture (Supplementary Fig. S3B). We
also investigated whether or not HGF expression was reg-
ulated by the MAPK pathway, but pharmacological inhibi-
tion by U0126 only slightly reduced HGF expression
(Supplementary Fig. S2B).

Discussion

Previous studies have reported the proliferative and repro-
gramming effects of vitamin C on stem cells [36–38]; however,
the molecular mechanism underlying vitamin C-induced stem
cell stimulation has not been fully elucidated. Here, we dem-
onstrated that vitamin C induces the proliferation, and vitamin
C preconditioning enhanced the hair-regenerative potential of
ASCs. We investigated the cellular and molecular mechanisms
underlying vitamin C-induced ASC stimulation, and found that
cellular uptake of vitamin C is mediated by SVCT2, and that
vitamin C activates MAPK signaling. Vitamin C upregulated
Fos, E2F2, Ier2, Mybl1, Cdc45, JunB, FosB, and Cdca5 mRNA
levels, and the transcription factor Fos plays a key role in ASC
proliferation. Moreover, vitamin C increased the expression of
HGF, IGFBP6, VEGF, bFGF, and KGF, which collectively
enhanced the hair-regenerative potential of ASCs. These

Table 2. List of Differentially Expressed Genes

Real-time PCR (fold change) Microarray
(fold change)

Genes 4 h 24 h 24 h

FOS 4.60 ( – 0.54) 2.27 ( – 0.13) 147.69
E2F2 6.85 ( – 1.61) 22.6 ( – 3.21) 8.45
MYBL1 1.58 ( – 0.33) 1.71 ( – 0.56) 2.33
CDC45 2.32 ( – 0.46) 1.61 ( – 0.09) 5.07
JUNB 2.17 ( – 0.49) 1.34 ( – 0.46) 2.52
CDCA5 1.93 ( – 0.31) 2.56 ( – 0.67) 2.09
FOSB 2.83 ( – 0.34) 1.86 ( – 0.58) 27.05
IER2 1.70 ( – 0.08) 1.73 ( – 0.17) 3.11

PCR, polymerase chain reaction.

FIG. 5. Vitamin C induces the hair-regenerative potential of ASCs. Vitamin C-treated ASCs (ASCvit.C) induced the telogen-to-
anagen transition in C3H/HeN mice, and ASC-CM harvested after vitamin C treatment (vit.C-CM) increased hair length and the
number of Ki67-positive cells in hair organ culture. (A) Compared with ASC injection (1 · 104 cells), subcutaneous injection of
ASCvit.C accelerated the telogen-to-anagen transition in C3H/HeN mice. (B) Hair weight in C3H mice was significantly increased in
the ASCvit.C-injected group on day 12. (C) Ex vivo hair organ culture was performed after the addition of conditioned medium
derived from ASCs (ASC-CM) or vit.C-CM to William’s E medium. Compared with hair length in ASC-CM culture, hair length was
significantly increased in vit.C-CM-enriched medium after 6 days of organ culture. (D) Anti-Ki67 antibody staining of hair follicles
showed that the number of Ki67-positive matrix keratinocytes around the dermal papilla was significantly increased by vit.C-CM
treatment. Data are mean – SEM (*P < 0.05, **P < 0.01, Student’s t-test). Color images available online at www.liebertpub.com/scd
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FIG. 6. Vitamin C upregulates growth factor expression. The expression of diverse growth factors was induced by vitamin
C treatment, and they collectively enhanced the hair growth promoting effect of ASCs. (A) In a growth factor antibody
array, the expression of hepatocyte growth factor (HGF) and insulin-like growth factor binding protein 6 (IGFBP6) protein
was increased by vitamin C treatment. (B) QPCR showed that the expression of HGF mRNA was significantly induced at 4
and 24 h after vitamin C (200mM) treatment. (C) IGFBP6 mRNA was slightly upregulated at 24 h. (D) Vitamin C treatment
induced HGF mRNA expression in a dose-dependent manner at 24 h. (E) In addition, an ELISA measure of HGF protein
levels in CM showed that HGF secretion was *30% higher in vit.C-CM than in ASC-CM. (F) mRNA expression of VEGF,
bFGF, and KGF increased significantly after 4 h of vitamin C treatment. Data are mean – STD (**P < 0.01, Student’s t-test).
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signaling and molecular changes induced by vitamin C treat-
ment enhance ASC proliferation and regenerative potential.

At high concentrations, vitamin C is cytotoxic to many
types of cancer cells due to cellular ROS generation and
significantly impedes tumor progression in vivo without
being toxic to normal tissues [39,40]. In addition, vitamin C
cytotoxicity in cancer cells was ameliorated by the addition
of catalase and ROS scavengers [40]. In a previous study,
we found that the generation of low-level or mild ROS in
ASCs increased their proliferation and migration via the
MAPK and PI3K/Akt signal pathways [16–18]. Therefore,
we hypothesized that physiological levels of vitamin C could
stimulate ASCs through ROS generation. However, in our
experiment, low concentration of vitamin C did not act as an
ROS generator, but instead reduced ROS generation in ASCs.
Therefore, vitamin C protected ASCs from oxidative stresses
such as H2O2 and UVB irradiation (Fig. 1C, D). Because
vitamin C could act as either a pro-oxidant or antioxidant
depending on its concentration, we should be careful to inter-
pret the redox regulation of vitamin C in ASCs.

We previously demonstrated that miR-210 upregulation
plays a key role in ASC stimulation under hypoxia and that
miR-210 upregulation downregulates Ptpn2 [16], which is
involved in the proliferation of ASCs. Therefore, we inves-
tigated whether vitamin C could increase miR-210 levels in a
preliminary study, and found that vitamin C treatment slightly
increased miR-210 levels. However, compared with hypoxia,
which increased miR-210 more than 4-fold, miR-210 upre-
gulation following vitamin C treatment was very low (Sup-
plementary Fig. S4). In addition, we used a microRNA array
to investigate which microRNA(s) is/are involved in ASC
stimulation by vitamin C; however, we did not find any dif-
ferentially expressed microRNAs in our experiment. There-
fore, further studies are needed on the microRNA regulation.

The Fos gene family consists of four members: Fos,
FosB, FosL1, and FosL2. Fos genes encode leucine zipper
proteins that can dimerize with proteins of the Jun family,
and form the transcription factor complex AP-1 [41,42].
Consequently, Fos proteins have been implicated as regu-
lators of cell proliferation, differentiation, apoptosis, and
transformation. In this study, we found that vitamin C
treatment upregulated Fos mRNA in addition to both FosB
and JunB mRNA (Table 2). Therefore, it is reasonable to
conclude that vitamin C induces the AP-1 transcription
factor complex in ASCs, and thus increases their prolifera-
tion by upregulating cell-cycle-regulating genes. For ex-
ample, vitamin C-induced Fos upregulation is involved in
E2F2 expression (Fig. 4E), which may contribute to the cell
cycle progression of ASCs. In addition, we found that in-
hibition of the MAPK pathway using U0126 significantly
reduced the mRNA expression of Fos. Therefore, the SVCT2/
ERK/Fos axis plays a pivotal role in vitamin C-induced pro-
liferation of ASCs.

In this study, we compared the stimulatory effect of vita-
min C and its derivatives on ASCs. In addition to the pro-
liferation and survival of ASCs, we measured the expression
of SVCT2, Fos, and HGF mRNA after treatment with vitamin
C derivatives (Supplementary Fig. S1). Although 2-phospho-
l-ascorbic acid and dehydro-l( + )-ascorbic acid slightly up-
regulated the expression of SVCT2 mRNA, vitamin C
treatment strongly upregulated SVCT2, Fos, and HGF ex-
pression in ASCs. Taken together with the proliferation and

survival results, it is reasonable to conclude that vitamin C
has the strongest stimulatory effects on ASCs.

Growth factors have diverse effects on the self-renewal
capability and proliferation of ASCs [16,43,44]. In a previous
study, we tested and compared the proliferation-promoting
effects of growth factors, and we showed that PDGF-B and
PDGF-D have strongest effects on ASC proliferation during
short-term culture [16,43]. bFGF acts as a self-renewal factor,
increases the proliferation of ASCs, and facilitates long-term
culture (more than 20 passages without senescence) [44].
However, recombinant HGF treatment ( < 10 ng/mL) did not
induce the proliferation of ASCs (data not shown). In the
present study, we also compared the proliferating effect of
vitamin C to that of other growth factors (Supplementary Fig.
S5). Although more investigation is required to identify the
growth factor that is directly related to ASC proliferation,
vitamin C (200mM) increased ASC proliferation comparable
to bFGF (5 ng/mL). However, the effect of PDGF-B and
PDGF-D on ASC proliferation was superior to that of vitamin
C. Considering that vitamin C is safe and very inexpensive, it
is a promising option for a culture medium supplement to
increase ASC proliferation.

The regenerative potential of ASCs and the paracrine effect
of ASCs differ according to the stimulators used [12,15,45–47].
For example, hypoxia upregulated VEGF and bFGF, which
enhanced wound healing and hair-regenerative potential of
ASCs [12]. Low-dose UVB irradiation also upregulated bFGF,
KGF, VEGF, and HGF, which enhanced the hair-regenerative
potential of ASCs [15]. In addition, pharmacological priming
of ASCs using deferoxamine induces HIF-1a and VEGF ex-
pression, and enhanced the migration and in vitro wound-
healing activities of endothelial cells [47]. In the present study,
we showed that vitamin C primarily increased HGF, IGFBP6,
VEGF, bFGF, and KGF, which collectively enhanced the hair-
regenerative potential of ASCs.

In summary, vitamin C increases ASC proliferation, and
vitamin C preconditioning enhances the hair growth pro-
moting effect of ASCs in vivo. Vitamin C is transported via
SVCT2, activates MAPK signaling, and upregulates Fos to
increase the proliferation of ASCs. In addition, vitamin C
upregulates the expression of HGF, IGFBP6, VEGF, bFGF,
and KGF to enhance the paracrine effect of ASCs. Vitamin
C is very inexpensive, safe, and easy to handle. Therefore,
vitamin C, either alone or in combination with growth fac-
tors, could be used as a supplement for ASC cultivation.
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