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Ginsenoside Re prevents 3-methyladenine-induced catagen phase
acceleration by regulating Wnt/b-catenin signaling in human dermal
papilla cells
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a b s t r a c t

Background: The human hair follicle undergoes cyclic phasesdanagen, catagen, and telogend-
throughout its lifetime. This cyclic transition has been studied as a target for treating hair loss. Recently,
correlation between the inhibition of autophagy and acceleration of the catagen phase in human hair
follicles was investigated. However, the role of autophagy in human dermal papilla cells (hDPCs), which
is involved in the development and growth of hair follicles, is not known. We hypothesized that accel-
eration of hair catagen phase upon inhibition of autophagy is due to the downregulation of Wnt/b-
catenin signaling in hDPCs, and that components of Panax ginseng extract can increase the autophagic
flux in hDPCs.
Methods: We generated an autophagy-inhibited condition using 3-methyladenine (3-MA), a specific
autophagy inhibitor, and investigated the regulation of Wnt/b-catenin signaling using the luciferase
reporter assay, qRT-PCR, and western blot analysis. In addition, cells were cotreated with ginsenoside Re
and 3-MA and their roles in inhibiting autophagosome formation were investigated.
Results: We found that the unstimulated anagen phase dermal papilla region expressed the autophagy
marker, LC3. Transcription of Wnt-related genes and nuclear translocation of b-catenin were reduced
after treatment of hDPCs with 3-MA. In addition, treatment with the combination of ginsenoside Re and
3-MA changed the Wnt activity and hair cycle by restoring autophagy.
Conclusions: Our results suggest that autophagy inhibition in hDPCs accelerates the catagen phase by
downregulating Wnt/b-catenin signaling. Furthermore, ginsenoside Re, which increased autophagy in
hDPCs, could be useful for reducing hair loss caused by abnormal inhibition of autophagy.
© 2022 The Korean Society of Ginseng. Publishing services by Elsevier B.V. This is an open access article

under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

The human hair follicle is a dynamic organ that changes
continuously. The life cycle of a hair follicle can be divided into a
growth phase (anagen), a regression phase (catagen), and a rest
phase (telogen); these phases are repeated during the lifetime of
hair follicles. In the anagen phase, the hair shaft grows continu-
ously; however, during catagen and telogen, the growth of shaft
decreases and there are structural changes in preparation for the

next hair cycle [1e5]. The possibility of hair loss increases if the
transition to catagen is accelerated or that to anagen is inhibited.
Hence, these transitions are being studied extensively as targets for
treating hair loss [6e10]. The mesenchymal and epithelial parts of
the hair follicle interact with and regulate each other during each
stage. The dermal papilla, located at the base of the hair follicle, is a
special mesenchymal part that plays crucial roles in the develop-
ment and regeneration of hair follicles. Various signals from the
dermal papilla regulate the hair cycle via interaction with the
epithelial compartment [11]. Among them, the Wnt/b-catenin
signaling is known to be the most important signaling pathway
required for maintenance of the anagen phase [12] and its
connectionwith autophagy has been investigated in different types
of cells and organs [13e15].
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Autophagy is a stress response system for cellular homeostasis
that has been actively researched in the context of aging, metabolic
disease, and stress [16e22]. However, studies on the role of auto-
phagy in the development of hair follicle and hair loss are limited.
Recent studies indicate that autophagy is more active in the matrix
and outer root sheath (ORS) region in the anagen phase, and that
inhibition of autophagy accelerates the hair regression phase.
Substances that enhance autophagy in the hair follicle can extend
the anagen phase [23,24]. However, the mechanisms underlying
the regulation of hair cycle and function of autophagy in dermal
papilla remain unknown.

In this study, we investigated the role of autophagy in human
dermal papilla cells (hDPCs) using 3-methyladenine (3-MA), an
autophagy inhibitor. We also evaluated the effect of ginsenoside Re,
one of the main components of the Panax ginseng extract, on the
autophagy-suppressed environment induced by 3-MA.

2. Materials and methods

2.1. Reagents

3-MA (M9281), bafilomycin A1 (BafA1, B1793), and ginsenoside
Re (77960) were purchased from Sigma-Aldrich (MO, US). BafA1
and ginsenoside Re were dissolved in dimethyl sulfoxide (Sigma-
Aldrich, D8418). 3-MA was dissolved directly in culture medium
and used for experiments.

2.2. Cell culture

Primary hDPCs were obtained from the Kyungpook National
University (Daegu, Korea) and cultured in low glucose Dulbecco's
modified Eagle's medium (DMEM, Clytia, England, SH30021.01)
with 10% fetal bovine serum (Welgene, Korea, S001-01) and 1%

antibiotic-antimycotic solution (Sigma-Aldrich, A5955). The Wnt
reporter cell line (Enzo Lifesciences, NY. US, 61002) was cultured in
high glucose DMEM (Clytia, SH30243.01) with 10% fetal bovine
serum and 1% antibiotic-antimycotic solution. For quantitative
reverse transcription polymerase chain reaction (qRT-PCR) and
western blotting, 3 � 105 hDPCs were seeded per well in 60 mm
dishes (Falcon, GA, US, 353004) and treated with 3-MA, BafA1, and
ginsenoside Re.

2.3. Cell viability assay

hDPCs were seeded in a 96-well plate at a density of 3.5 � 103

cells/well (n ¼ 3). The cells were treated with different concen-
trations of 3-MA for 24 h, following which cell viability was
determined using the cell counting kit 8 (CCK8) assay (Dojindo,MD,
US, CK04).

2.4. Human hair follicle organ culture

The use of human hair follicles was approved by the Ethics
Committee of the Dankook University Hospital (Cheonan, Korea)
(approval no. DKUH-2020-11-004-001). Anagen stage hair follicles
isolated from the occipital region of the scalp were used for organ
culture (n ¼ 12). The hair follicles were maintained in William's E
medium (Sigma-Aldrich, W1878) supplemented with 5% fetal
bovine serum, 1% antibiotics-antimycotic solution, 0.1% amphoter-
icin B (Gibco, MD, US, 15290026), 10 ng/mL hydrocortisone (Sigma-
Aldrich, H6909),10 mg/mL insulin (Sigma-Aldrich, I9276), and 2mM
L-glutamine (Sigma-Aldrich, G7513). The culture medium was
changed once every 2 or 3 days, and shaft elongation and hair cycle
were analyzed using a stereoscopic microscope (Olympus, Japan,
SZX16).

Fig. 1. 3-MA inhibits autophagy in hDPCs. (A) LC3 puncta in the anagen human hair follicle dermal papilla region (Mx: matrix, DP: dermal papilla, Scale bar ¼ 50 mm, Blue: DAPI,
Green: LC3B). (B) CCK-8 assay. (C) LC3 conversion in hDPCs assessed using western blot analysis after 6 h of 3-MA treatment. Autophagy was assessed after bafilomycin A1 treatment
(*p < 0.05, **p < 0.01 vs. non-treated).
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2.5. qRT-PCR

Total RNA was collected from hDPCs using the RNeasy mini kit
(Qiagen, Germany, 74104). One microgram of the extracted RNA
was used to synthesize cDNA using a cDNA synthesis kit (Takara,
Japan, 6110A). qRT-PCR was performed using a PCR master mix
(Applied Biosystems, MA, US, 43-044-37) and TaqMan probes, and
the results were analyzed using the DDCq method. The data are
presented as mean ± standard error of mean (SEM) of three inde-
pendent experiments (n ¼ 3). The following TaqMan probes were
used: Myc (Hs00153408_m1), Lef1 (Hs01547250_m1), Axin2
(Hs00610344_m1), and GAPDH (Hs02786624_g1).

2.6. Western blot analysis

Total protein was extracted using radioimmunoprecipitation
assay lysis and extraction buffer (Thermo Fisher, MA, US, 89900),
supplemented with a protease inhibitor cocktail (Sigma-Aldrich,
P8340) and a phosphatase inhibitor cocktail (Sigma-Aldrich,
P0044). The nuclear extraction kit (Sigma-Aldrich, NXTRACT) was

used for extracting the nuclear fraction per the manufacturer's in-
structions. The extracted proteins were quantified and fractionated,
and transferred onto a membrane for antigeneantibody reaction.
The proteinwas visualized using the enhanced chemiluminescence
(ECL) solution (Thermo Fisher, 32109). The following antibodies
were used: anti-LC3B (1:300, Novus Biologicals, CO, US, NB100-
2220), anti-Beclin 1 (1:300, Novus Biologicals, NB110-87318),
anti-GAPDH (1:1000, Santa Cruz Biotechnology, TX, US, sc-
32233), anti-lamin A (1:1000, Santa Cruz Biotechnology, sc-
518013), and anti-b-catenin (1:500, Cell Signaling, MA, US,
8480T). Mouse IgG kappa binding protein conjugated to horse
radish peroxidase (HRP) (1:5000, Santa Cruz Biotechnology, sc-
516102) and mouse anti-rabbit IgG-HRP (1:2000, Santa Cruz
Biotechnology, sc-2357) were used as secondary antibodies.

2.7. Luciferase assay

The Wnt reporter cell line (Enzo life sciences, ENZ-61002) was
seeded in a collagen type I-coated white 96-well plate (Corning, NY,
US, 354650) at a density of 1.5 � 104 cells/well (n ¼ 3). After 24 h,

Fig. 2. 3-MA reduced Wnt/b-catenin signaling. (A) qRT-PCR analysis for assessing the transcription of Wnt/b-catenin signaling-related genes. (B) Nuclear translocation of b-catenin
assessed using western blot analysis. (C) Luciferase activity using a Wnt reporter cell line (*p < 0.05, **p < 0.01, ***p < 0.001 vs. control).
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Fig. 3. Induction of autophagy in hDPCs by ginsenoside Re. The content of ginsenoside Re is the highest in the Panax ginseng extract. (A, B) hDPCs were treated with ginsenoside Re
for 6 h and autophagy was assessed using western blot analysis and (C) immunocytochemistry (D, Scale bar ¼ 20 mm, Blue: DAPI, Green: LC3B).
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the cells were treated with 3-MA and ginsenoside Re and incubated
for 24 h. The luciferase activity was assessed using the luciferase
assay system (Promega, WI, US, E610).

2.8. Immunofluorescence

For immunocytochemistry, hDPCs were seeded in 4-chamber
slides (Thermo Fisher, 154526) at a density of 1 � 104 cells/well
and treated with ginsenoside Re for 6 h, following which, the cells
were fixed with 4% formaldehyde for 15 min and permeabilized
with 0.3% Triton X-100 for 10 min. The cells were blocked with a
blocking buffer (Abcam, England, ab126587) for 1 h and incubated
with anti-LC3B antibody (1:200, Novus Biotechnology, NB100-
2220) overnight at 4 �C. After incubation with the primary anti-
body, the cells were washed and incubated with goat anti-rabbit
IgG secondary antibody (1:1000, Thermo Fisher, A-11034). LC3B
and DAPI were detected using confocal microscopy.

For immunohistochemistry, scalp tissue containing anagen
stage hair follicles was used for LC3 staining. The scalp tissue was
cut into 200 mm-thick sections using a vibrator and the sections
were cleared using a tissue clearing solution (Binaree, Korea, HROI-
101). The tissue sections were permeabilized overnight using 0.1%
Triton X-100 and treated for 4 days with anti-LC3B antibody (Novus
Biologicals, NB100-2220). The sample was incubated with the
secondary antibody (Abcam, ab150081) for 24 h and with DAPI for
1 h. After adding themounting and storage solution (Binaree, HROI-
101), the staining patternwas visualized using confocal microscopy.

2.9. Quantitation of ginsenoside content in the P. ginseng extract

Five grams of the P. ginseng extract was dissolved in 50 mL
methanol, following which water was added to a final volume of
100 mL. The solution was filtered and used as the sample solution.
Ginsenosides for standard solution were purchased from Sigma-
Aldrich, dissolved in 50 mL methanol, and filtered. The ginseno-
side content in the samplewas determined using high performance
liquid chromatography-mass spectrometry (TQ-D system, Waters,
USA). The mobile phase was composed of 0.1% (v/v) formic acid (A)
and acetonitrile (B); the column temperature was set to 40 �C and
the flow rate was 0.3 mL/min. The gradient conditions used were as
follows: 0 min, 80% A/20% B; 0.1 min 80% A/20% B; 2 min 68% A/32%
B; 7 min, 67% A/33% B; 20 min, 48% A/52% B; 23 min, 47% A/53% B;
26 min, 20% A/80% B; 26.9 min, 0% A/100% B; 27 min, 80% A/20% B;
30 min, 80% A/20% B. The experiment was repeated thrice, and the
content was expressed as mean ± standard deviation of the ratio
among the 10 types of saponins.

2.10. Statistical analysis

All experimental data are presented as mean ± standard error of
mean (SEM). The Student's t-test was used for analysis of differ-
ences between two groups. P-values less than 0.05 (*p < 0.05,
**p < 0.01, ***p < 0.001) were considered statistically significant.

Fig. 4. Effect of ginsenoside Re on the autophagy-inhibited condition generated using 3-MA (5 mM) treatment. (A) Wnt-related gene expression and (B) luciferase activity were
analyzed with and without 3 mM ginsenoside Re (*p < 0.05, **p < 0.01, ***p < 0.001 vs. control).
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3. Results

3.1. 3-MA suppresses autophagy in hDPCs

We performed immunofluorescence to identify autophagy in
the hair follicle dermal papilla region. The human hair follicle,
which is considered the anagen hair stage, was isolated and
immediately stained for the autophagymarker, LC3. The expression
of LC3was observed in the hair follicle dermal papilla region, which
was lower than that in ORS and matrix cell (Fig. 1A).

To determine the effect of autophagy on the dermal papilla re-
gion, hDPCs were treated with 5 mM 3-MA, as the viability of
dermal papilla cells is not affected at concentrations lower than this
(Fig. 1B). As LC3-I to LC3-II conversion is typically used for identi-
fying autophagy [25], we assessed the levels of LC3-I and II using
western blot analysis. To identify an appropriate autophagy inhib-
itor for hDPCs, we used 3-MA and BafA1. 3-MA is a known inhibitor
of the early stages of autophagy, which inhibits a class III
phosphatidylinositol-3 kinase, whereas BafA1 is commonly used as
an inhibitor of the latter stages of autophagy, which hinders the
autophagosomeelysosome fusion by inhibiting vacuolar Hþ ATPase
[26]. We observed a decrease in LC3 conversion in hDPCs after
treatment with 2.5 and 5 mM 3-MA in the presence of BafA1
(Fig.1C). These results indicate that 3-MA is an appropriatematerial
for autophagic inhibition in hDPCs.

3.2. 3-MA downregulates Wnt/b-catenin signaling

Wnt/b-catenin signaling plays an important role in the activa-
tion of hair follicle stem cells and in the proliferation of hair germ
cells essential for the growth and regeneration of hair [27]. In
addition, Wnt/b-catenin signaling in human dermal papilla is
essential for hair growth and for the maintenance of the anagen
phase [12]. Several studies have suggested an association between
autophagy and Wnt/b-catenin signaling [13e15]. Moreover, alter-
ations in autophagy during the transition from anagen to catagen
have been observed [24]. Therefore, we hypothesized that catagen
transition following autophagy inhibition may be due to Wnt/b-
catenin regulation in hDPCs. To confirm this hypothesis, we
assessed the changes in dermal papilla after 3-MA treatment. Ca-
nonical Wnt target genes, including LEF1, AXIN2, and MYC, were
downregulated in hDPCs after 3-MA treatment (Fig. 2A), and nu-
clear translocation of b-catenin was also reduced (Fig. 2B). In
addition, luciferase activity of the Wnt reporter cell line reduced
significantly by up to 50% after 3-MA treatment (Fig. 2C).

3.3. Ginsenoside Re increases autophagy in hDPCs

We investigated the ability of the P. ginseng extract to regulate
autophagy in hDPCs (Fig. S1). The P. ginseng extract contains various
ginsenosides [28,29], among which ginsenoside Re is the most
abundant (Fig. 3A and B). Ginseng components can induce

Fig. 5. Ginsenoside Re reverses 3-MA (5mM)-induced acceleration of catagen and inhibition of hair growth in organ culture. The hair follicles treated with and without 3 mM
ginsenoside Re. (A) Hair cycle was calculated on day 7 as reported previously [47,48]. (B) Hair elongation was measured on days 2 and 5. (C) Images of hair follicle organ culture on
day 5 (*p < 0.05, **p < 0.01 vs. control).
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autophagy [30e32]; however, compared with studies on other
compounds of P. ginseng, those on the effect of ginsenoside Re on
autophagy in hDPCs are scarce. Therefore, we investigated whether
ginsenoside Re enhances autophagy in hDPCs. We found that LC3-II
conversion, Beclin 1 expression (Fig. 3C), and LC3 puncta (LC3-
positive fluorescent dots) (Fig. 3D) increased when hDPCs were
treated with ginsenoside Re. Based on our results, we conclude that
the ginsenoside Re-enriched extract can increase the autophagy of
hDPCs.

3.4. Ginsenoside Re recovers 3-MA-induced down-regulation of
Wnt/ b-catenin signaling

We previously investigated the changes in 3-MA-induced sup-
pression of autophagy and found that Wnt/b-catenin target genes
are downregulated by 3-MA. Therefore, we investigated whether
ginsenoside Re could restore the 3-MA-induced inhibition of Wnt/
b-catenin target genes, LEF1, AXIN2, andMYC, in hDPCs. LEF1 is a key
regulator of the Wnt/b-catenin pathway and works together with
b-catenin to regulate the expression of other Wnt target genes.
AXIN2 andMYC areWnt target genes, and hence, these three factors
are sufficient to confirm regulation of Wnt signaling [33e35]. We
observed that 3-MA significantly lowered the expression of all the
three genes, and that the mRNA expression of LEF1 and MYC was
restored by ginsenoside Re after 24 h (Fig. 4A). In addition, we
confirmed that 3-MA significantly reduced the activity of the Wnt
luciferase reporter cells, which was significantly recovered by gin-
senoside Re treatment (Fig. 4B).

3.5. Ginsenoside Re prevents 3-MA induced anagen-to-catagen
transition in human hair follicles

We observed that 3-MA accelerated the anagen-to-catagen
transition, and that ginsenoside Re was able to overcome the 3-
MA-induced suppression of autophagy. Therefore, we investi-
gated whether ginsenoside Re can prevent catagen acceleration or
mitigate the consequences associated with the catagen phase after
3-MA treatment. In other words, we expected that ginsenoside Re
may recover the catagen acceleration caused by the inhibition of
autophagy. Toward this end, we used a human follicle organ model
to measure the elongation of hair shaft. As observed for hDPCs, 3-
MA treatment changed the growth of human hair follicles by
accelerating catagen. Hair growth was also reduced in human hair
follicle organ culture. In contrast, ginsenoside Re reversed the 3-
MA-induced anagen-to-catagen transition (Fig. 5A) and retarded
the growth of3-MA-treated hair follicles (Fig. 5B).

4. Discussion

The Wnt/b-catenin is an important signaling pathway that
maintains tissue development and homeostasis. The Wnt protein
exists in 19 isoforms in mammals, including humans. These gly-
coproteins bind to frizzed and LRP5/6 coreceptors and activate the
Wnt/b-catenin pathway. b-catenin accumulates in the nucleus and
regulates the expression of Wnt-response target genes and induces
various intracellular actions [36e38]. TheWnt/b-catenin affects the
pathogenesis of most of the skin diseases [39] and also plays an
important role in the morphogenesis and development of hair
follicles and in the regulation of the hair cycle. Wnt3a regulates the
expression of the hair cycle regulatory genes in dermal papilla cells.
DHT, an androgenetic alopecia inducer, downregulates Wnt5a and
Wnt10b in dermal papilla cells [40e42]. Therefore, various Wnt
isoforms affect cellular processes in dermal papilla cells; other,
hitherto undiscovered, mechanisms might also exist.

Previous studies on autophagy in hair follicles have focused on
the inhibition or induction of this process. Strong autophagy flux is
observed in the matrix and ORS region in the anagen phase.
Autophagy inducers, such as a-ketoglutarate, a-ketobutyrate,
rapamycin, and metformin, are efficient stimulators of hair growth
and anagen phase maintenance. Moreover, the anagen-to-catagen
transition is accelerated when the autophagy flux is suppressed
[23,24]. Therefore, the abnormal reduction in the autophagy flux
can be a target for hair loss. However, autophagy in the dermal
papilla and the mechanism of the regulation of hair cycle are not
well understood and investigated in this study.

We show that the normal autophagy flux in the hair follicle
dermal papilla region plays an important role in maintaining the
anagen phase. The autophagy marker, LC3, is expressed in the
dermal papilla region without any stimulation in the anagen phase
of the human hair follicles (Fig. 1A). Inhibition of autophagy by 3-
MA accelerated the anagen-to-catagen transition by reducing the
Wnt/b-catenin signaling in dermal papilla cells. In addition, one of
the major components of the P. ginseng extract, ginsenoside Re,
reversed the inhibition of hair growth by enhancing the autophagy
flux (Figs. 3e5). We previously found that the P. ginseng extract
possesses anti-hair loss properties. The P. ginseng extract and its
major components, such as ginsenoside Re, Rg1, and Rb1, affect hair
growth, and their mechanism of action is similar to that of the Food
and Drug Administration-approved minoxidil [43]. The catagen-
like changes induced by DKK-1, known for its hair loss ability,
were restored by the P. ginseng extract [44]. In addition, the results
of this study suggest that the P. ginseng extract and ginsenoside Re
have anti-hair loss effect through an as yet unknown mechanism.

Our study has one limitation. The dermal papilla exists as a 3D
sphere in the anagen phase hair follicles in the absence of prolif-
eration [45,46]. However, we used 2D cell culture in this study,
which may have influenced the regulation of autophagy. Hence,
further studies using dermal papilla spheres are required.

In conclusion, we demonstrate that inhibition of autophagy
downregulates the Wnt/b-catenin signaling in hDPCs, which ac-
celerates the catagen phase in the hair follicle. Ginsenoside Re can
reverse autophagy inhibition-induced anagen-to-catagen transi-
tion. Therefore, ginsenoside Re may be used as a possible thera-
peutic agent for alleviating hair loss or alopecia.
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