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Dermal papilla (DP) is a pivotal part of hair folli-
cle, and the smaller size of the DP is related with
the hair loss. In this study, we investigated the effect
of titrated extract of Centella asiatica (TECA) on
hair growth inductive property on 3D spheroid cul-
tured human DP cells (HDP cells). Significantly
increased effect of TECA on cell viability was only
shown in 3D sphered HPD cells, not in 2D cultured
HDP cells. Also, TECA treatment increased the
sphere size of HDP cells. The luciferase activity of
STAT reporter genes and the expression of STAT-
targeted genes, SOCS1 and SOCS3, were signifi-
cantly decreased. Also, TECA treatment increased
the expression of the hair growth-related signature
genes in 3D sphered HDP cells. Furthermore, TECA
led to downregulation of the level of phosphorylated
STAT proteins in 3D sphered HDP cells. Overall,
TECA activates the potential of hair inductive
capacity in HDP cells.

Key words: titrated extract of Centella asiatica; hair
growth; cell culture; dermal papilla cells;
STAT

Hair is one of the most complex integrated systems,
in which there are several morphological components
that act as a unit.1,2) Hair basically have biological pro-
tective function from its external environments as well
as influence social interaction.3,4) Therefore, hair loss
or baldness, correctively known as alopecia, directly
distresses self-confidence affecting our daily life.5) The
growing and shape of hair fiber is strictly controlled
and generated by the specialized mini-organ, hair

follicle (HF) anchoring each hair into the skin.6) HF is
composed of the root sheath (coat region of HF), bulge
(terminal part of the HF) and papilla (the base region
of the hair bulb) and matrix (around region of the
papilla).7) In healthy condition, HF undergoes cycles of
growth (anagen), regression (catagen), and rest (telo-
gen). In the patients with androgenic alopecia, the com-
monest type of alopecia, it has revealed that the
progressive hair loss is caused by disruption of hair
growth cycle by the miniaturization of the HF.8)

The dermal papilla (DP), a specialized mesenchymal
population of HF, plays a pivotal role in providing
instructive signals required to activate hair follicle mor-
phogenesis and cycling (1). DP cells are characterized
by aggregative behavior and distinct gene expression to
regulate hair growth cycle. Research revealed that the
hair-inductive ability of DP cells is shown in not only
embryonic development and postnatal skin, suggesting
that it is possible to generate DP cells for treatment of
hair loss.9,10) Molecular studies further revealed that
Wnt signaling to DP cells maintains hair inductive
activity.11,12) Also, inhibitor of JAK/STAT activation
promotes hair inductivity of DP cells, indicating that
targeting the JAK/STAT signaling might be a potential
treatment for alopecia.13,14) Additionally, the hair
inductivity of DP cells is managed by the culture sys-
tem. Monolayer-cultured or 2D cultured DP cells retain
the ability to induce HF neogenesis when transplanted.
However, DP cells lose their ability to HF neogenesis
and expression of DP signature genes, such as alkaline
phosphatase (ALP), versican (VCAN), bone morpho-
genetic protein 2 (BMP2), and Noggin (NOG), during
passaging in the 2D culture system.15,16) ALP is highly
conserved allosteric enzymes that is able to hydrolyze
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and phosphorylates a wide range of compounds.
Although the exact physiological role of ALP in DP is
still unknown, the activity of ALP has been used as a
marker to detect the presence of DP and as an indicator
for hair inductivity.16) VCAN is a large chondroitin sul-
fate proteoglycan, one of the major components of the
extracellular matrix and plays an essential role in hair
follicle formation.16) BMPs are members of the trans-
forming growth factor-β superfamily regulating a large
variety of biologic responses in various cells and tissue.
BMP-2 is one of BMP family that essential for DP cell
functions.16) NOG is an inhibitor of BMP proteins, and
its expression is upregulated BMP protein in the DP
cells.16) Recent study found the existence of a negative
feedback loop between BMPs and the regulator NOG
in the DP, indicating that BMP signaling is tightly reg-
ulated by its negative regulator.17) Previously, methods
to rescue the inductive ability of DP are developed
using spheroid cell culture.18–20) Three-dimensional
spheroid DP cells restored their transcriptional signature
and capability to induce de novo hair follicle.20)

Centella asiatica (C. asiatica), also known as gotu
kola or Indian pennywort, is an herbal medical plant,
and has been also used as folk medicine in various
tropical regions.21) This plant contains large quantities
of pentacyclic triterpene derivatives, known as centel-
loids.22) The major triterpenoid components of C. asiat-
ica are asiatic acid (30%), madecassic acid (40%), and
asiaticoside (30%), and the reconsistuted mixture is
commercially marketed as a titrated extract of Centella
asiatica (TECA).23) Basically, C. asiatica has been
known to provide dermatological benefits on the treat-
ment of various dermatoses and skin lesions, such as
wounds, burns, and hypertrophic scar.21,23) Studies
have found that TECA stimulates the production of
type I collagen and fibroblast migration in scar region
and decreases the inflammatory reaction.24) Also, stud-
ies have found that TECA has beneficial in anti-
photoaging in skin, mainly due to increases type 1
collagen and metabolism of lysine and proline, the
amino acids building the collagen molecules.23,25)

Further research showed that TECA has a UVB protec-
tive effect on human dermal fibroblasts and ker-
atinocytes.26,27) Although numerous studies have
revealed the pharmacological and dermatological effects
of TECA; however, there is no attempt to investigate
the effect of TECA on hair inductive property. This is
first report to elucidate the promoting effect and cellu-
lar mechanisms of TECA-mediated hair inductive
potential in 3D spheroid cultured human dermal papilla
(HDP) cells.

Materials and methods
Cell culture, plasmids, and reagents. The human

hair follicle dermal papilla cells (HDPs; Innoprot,
Bizakaia, spain) were maintained in mesenchymal stem
cell medium (MSCM; Innoprot) supplemented with 5%
(v/v) fetal bovine serum (FBS) in a humidified atmo-
sphere of 95% air and 5% CO2 at 37 °C. HEK293 cells
(American Type Culture Collection, Manassas, VA,
USA) were maintained in Dulbecco’s modified Eagle’s
medium (DMEM) (Thermo Fisher Scientific Inc.,

Waltham, MA, USA) supplemented with 10% (v/v)
fetal bovine serum (FBS). TCF/LEF, STAT3, and
STAT5 luciferase reporter plasmids were obtained from
Promega (Madison, WI, USA). Titrated extract of
Centella asiatica (TECA) was purchased from Bayer
HealthCare (Berlin, Germany).

Three-dimensional (3D) culture of DP cells. Three-
dimensional culture procedure was followed as previ-
ously reported.28) Briefly, HDP cells were seeded onto
an ultra-low attachment culture plate (Corning Incorpo-
rated, Corning, NY, USA) to produce one spherical
structure. To unify and optimize sphere size, HDP cells
were seeded onto 96-well clear round-bottom ultra-low
attachment microplate (Corning Incorporated) with
seeding densities of 5 × 104 cells per well. The diame-
ters of spheres were quantified by phase contrast images
at 48 h after TECA treatment.

Water-soluble tetrazolium salt (WST-1) assay. To
evaluate the effect of TECA on the viability of HDP
cells, the cells were seeded on 96-well plates
(1 × 104 cells/well) and maintained for 24 h in com-
plete medium. Cell viability was evaluated using the
WST-1 assay (EZ-Cytox cell viability assay kit; ITS-
Bio, Seoul, Korea) according to the manufacturer’s pro-
tocol. Briefly, the cells were treated with the indicated
doses of TECA for 48 h; WST-1 solution was subse-
quently added to each well and the cells were incu-
bated for 0.5 h. Cell viability was determined by
measuring absorbance at 450 nm using an iMark
microplate reader (Bio-Rad Laboratories, Hercules, CA,
USA).

Luciferase reporter assay. HEK293 cells stably
transfected with TCF/LEF1 (TOPFLASH; EMD Milli-
pore, Temecula, CA, USA), STAT3 or STAT5 lucifer-
ase reporter plasmids (Promega) in combination with
the pSV-β-galactosidase (pSV-β-gal) plasmid were
seeded in a 96-well plate and were subsequently treated
with TECA or in combination with IL-6 (PeproTech,
Rocky Hill, NJ, USA). After 48 h of post-treatment,
the cell lysates were prepared using Passive Lysis Buf-
fer (Promega), and luciferase activity was measured
using a Glomax 96 Microplate Luminometer (Turner
BioSystems, Sunnyvale, CA, USA) by adding d-Luci-
ferin (Sigma-Aldrich) into each sample. β-gal activity
was analyzed using the Luminescent β-galactosidase
Detection Kit II (Clontech Laboratories Inc., Mountain
View, CA USA). Relative luciferase activity was deter-
mined by normalizing the levels to β-gal activity. The
results are shown as mean ± SD from three independent
experiments.

Western blotting. Total cell lysates were prepared
and protein extracts were subjected to sodium
dodecyl sulfate/polyacrylamide gel electrophoresis
(SDS-PAGE), followed by immunoblotting. The pri-
mary antibodies used for immunoblotting analysis were
follows: Antibodies targeting NCAM (ab75813), ALPL
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(ab108337), and STAT5 (ab16276) were purchased
from Abcam (Cambridge, UK). Antibodies against
p-STAT3 (#9145), STAT3 (#9139), STAT5 (#9363),
and p-STAT5 (#4322) were purchased from Cell Sig-
naling Technology (Danvers, MA, USA). Following
incubation with the primary antibodies, the membranes
were incubated with goat anti-mouse and goat anti-rab-
bit horseradish peroxidase-conjugated secondary anti-
bodies (Cell Signaling Technology). The protein bands
were visualized using the Pierce ECL Western Blotting
Substrate (Thermo Scientific, Rockford, IL, USA)
according to the manufacturer’s protocol.

Quantitative RT-PCR (qRT-PCR) analysis. Total
RNA was extracted from DP spheres using a Trizaol
reagent (Invitrogen; Thermo Fisher Scientific). cDNA
was synthesized from 2 μg of total RNA using M-MLV
reverse transcriptase (Invitrogen; Thermo Fisher Scien-
tific). Quantitative RT-PCR (QRT-PCR) was carried out
using a HOT FIREPol EvaGreen qPCR Mix Plus (Solis
BioDyne, Tartu, Estonia) with a Step OnePlus Real-Time
PCR System (Applied Biosystems-Thermo Fisher Scien-
tific). All the above steps were performed according to
the manufacturer’s protocol. The following primers used
to amplify human Alkaline phosphatase (ALPL): 5′-ATT-
GACCACGGGCACCAT-3′ (forward) and 5′-CTCCA
CCGCCTCATGCA-3′ (reverse); Versican (VCAN):
5′-GGCAATCTATTTACCAGGACCTGAT-3′ (forward)
and 5′-TGGCACACAGGTGCATACGT-3′ (reverse);
Bone morphogenetic protein 2 (BMP2): 5′-GAGGTCCT-
GAGCGAGTTCGA-3′ (forward) and 5′-TCTCTGTT
TCAGGCCGAACA-3′ (reverse); Noggin (NOG):
5′-CTGGTGGACCTCATCGAACA-3′ (forward) and
5′-CGTCTCGTTCAGATCCTTTTCCT-3′ (reverse); Wnt
family member 5A (WNT5A): 5′-TCCACCTTCCTCTT-
CACACTGA-3′ (forward) and 5′-CGTGGCCAGCAT-
CACATC)-3′ (reverse); Suppressor of cytokine 1
(SOCS1): 5′-TTTTCGCCCTTAGCGTGAAG-3′ (for-
ward) and 5′-CATCCAGGTGAAAGCGGC-3′ (reverse);
Suppressor of cytokine 3 (SOCS3): 5′-GACCAGCGC-
CACTTCTTCAC-3′ (forward) and 5′-CTGGATGCG-
CAGTTCTTG-3′ (reverse). Each mRNA expression
level was calculated using the 2−ΔΔCt method and were
normalized to the expression level of the β-actin house-
keeping gene. The following primers were used to
amplify human β-actin: 5′-GGATTCCTATGTGGGC-
GACGA-3′ (forward) and 5′-CGCTCGGTGAG-
GATCTTCATG-3′ (reverse).

Statistical analysis. All data are expressed as mean
± standard deviation (SD) of three independent experi-
ments. The statistical analyses were conducted using
SPSS 10.0.5 software for Windows (SPSS Inc., Chicago,
IL, USA). Normally distributed data were evaluated using
a two-tailed Student’s t-test as indicated in the figure
legends. Statistical significance is considered p < 0.05.

Results
Treatment with TECA increases viability of 3D

spheroid cultured HDP cells
We firstly compared the effect of TECA on viability

between 2D cultured and 3D spheroid cultured HDP

cells. Cells were seeded and incubated to be grown in a
monolayer. After incubation, the cells were treated with
the various indicated doses of TECA for 48 h. As
shown in Fig. 1(A), treatment with TECA up to
50 μg/mL does not impact the viability, however, higher
doses of TECA significantly decrease the viability of
2D cultured HDP cells. To test the effect of TECA on
viability in 3D spheroid cultured HDP cells, the cells
were seeded into hydrogel-coated low attachment round
surface plate and incubate to be self-assembled for
sphere formation. As shown in Fig. 1(B), treatment with
TECA up to 25 ug/mL significantly increased cell via-
bility compared with the value in DMSO-treated con-
trol. Of note, cell viability is dose-dependently
and significantly increased by the treatment of TECA
(~ 25 μg/mL). These results indicate that TECA has a
potential proliferative effect on 3D spheroid cultured
HDP cells.

Treatment with TECA increases DP sphere formation
The sphere formation of cultured HDP cells

enhances their hair growth inductivity 19). Therefore,
we next investigated the effect of TECA on the hair
growth inductivity by comparing the sphere size of
HDP cells in vitro. HDP cells were incubated in the
3D spheroid culture system, then 25 μg/mL of TECA
was treated for 48 h. As shown in Fig. 2(A), TECA
treatment increased the sphere size of HDP cells com-
pared with the size of DMSO-treated control HDP
cells. Fig. 2(B) showed the bar chart for the mean of
n = 3 independent experiments, indicating that TECA
enhances the formation of DP spheroids.

Treatment with TECA does not activate Wnt/
β-catenin signaling pathway in 3D spheroid cultured
HDP cells
Since Wnt/β-catenin signaling is one of important

pathways for maintaining hair growth inductivity of DP
cells,11,12) we therefore determined whether the enhanced
activity of TECA on DP sphere formation relates to the
Wnt/β-catenin signaling pathway in HDP cells. To
demonstrate that TECA treatment activates the Wnt/
β-catenin signaling, we used the TOPFLASH (β-catenin-
TCF/LEF reporter plasmid) luciferase reporter system.
Unexpectedly, the luciferase activity in the transfected
cells did not changed by the TECA stimulations, as com-
pared with the value in DMSO-treated cells (Fig. 3(A)).
Also, we analyzed the expression of Wnt/β-catenin-target
genes including WNT5A and LEF1 at the transcriptional
level in 3D spheroid cultured HDP cells. As shown in
Fig. 3(B) and (C), we found that expression of WNT5A
and LEF1 was not significantly changed in TECA-trea-
ted 3D spheroid cultured HDP cells compared with those
levels in DMSO-treated control cells. Therefore, those
results indicate that TECA-mediated growth regulation
of 3D spheroid cultured HDP cells is independent of the
Wnt/β-catenin signaling pathway.

Treatment with TECA lead to inhibition of STAT
activation in 3D sphered HDP cells
It has been reported that the hair inductivity of DP

cells is also induced by the inhibition of JAK/STAT

TECA increases the hair growth inductivity of DP cells 2325



signaling.13,14) We therefore used the STAT5 and STAT3
luciferase reporter systems to monitor the activity of
JAK/STAT signaling pathway. As shown in Fig. 4(A)
and (B), TECA treatment caused significant inhibition of

STAT5 and STAT3 reporter luciferase activities in a
dose-dependent manner. At the transcriptional level, we
further confirmed that TECA treatment significantly
downregulated the expression of SOCS1 and SOCS3,
target genes of STAT5 and STAT3, respectively, in 3D
spheroid HDP cells. Using immunoblotting analysis, we
confirmed that TECA treatment induced STAT5 and
STAT3 inactivation (Fig. 5(B)). Taken together, those
results indicate that TECA-mediated growth regulation
of 3D spheroid cultured HDP cells relates to the inhibi-
tion of JAK/STAT signaling.

Treatment with TECA increases the expression of DP
signature genes in 3D sphered HDP cells
Lastly, we tried to investigate whether TECA treat-

ment causes the upregulation of DP signature genes
including ALP, VCAN, BMP2, and NOG, since those
genes are important regulators for promoting hair
inductivity of HDP cells.15,16) HDP cells were
incubated in the 3D spheroid culture system, then
25 μg/mL of TECA was treated for 48 h. We performed
an qRT-PCR analysis to analyze the expression of those
genes. We found that TECA treatment resulted in a sig-
nificant upregulation in the DP signature genes’ expres-
sions at the transcriptional level in 3D spheroid
cultured HDP cells (Fig. 5(A)). Also, these results were
validated by immunoblotting analysis using their speci-
fic antibodies at the protein level (Fig. 5(B)). Impor-
tantly, TECA treatment inactivated STAT5 and
STAT3 proteins by inducing dephosphorylation in 3D
spheroid cultured HDP cells (Fig. 5(B)). These results

Fig. 1. Effect of TECA treatment on the viability of 2D monolayer cultured (A) and 3D spheroid cultured HDP cells (B).
Notes: Cells were treated with the indicated doses of TECA for 48 h followed by a WST-1 assay. Data are shown as mean ± SD of results from

three independent experiments. Values of p < 0.05 were considered to be statistically significant. 2D MC, two-dimensional monolayer cultured; 3D
SC, three-dimensional spheroid cultured.

Fig. 2. Comparison of spheroid formation of control and TECA-
treated HDP cells.
Notes: (A) Phase images of spheroids of control and TECA-treated

HDP cells. Cells were seeded into low attachment culture plate to
induce spheroids. Images were captured after 48 h of TECA treat-
ment. The diameters of spheroids were quantified (B). Data are
shown as mean ± SD of results from three independent experiments.
Values of p < 0.05 were considered to be statistically significant.

Fig. 3. Effects of TECA treatment on Wnt/β-catenin signaling activity in 3D spheroid cultured HDP cells.
Notes: (A) The luciferase activity of TCF/LEF reporter plasmids (TOPFLASH) in TECA-treated cells. HEK293 cells were co-transfected with the

reporter constructs and β-galactosidase plasmids. After 48 h of TECA treatment, luciferase activity was evaluated by normalizing the levels to
β-galactosidase activity. The expression levels of target genes of Wnt/β-catenin signaling, WNT5A (B) and LEF1 (C), were measured using qRT-
PCR. Data are shown as mean ± SD of results from three independent experiments. Values of p < 0.05 were considered to be statistically significant.
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demonstrated that TECA treatment is effective for rein-
forcement of the hair inductive property by inactivation
of STAT proteins in 3D spheroid cultured HDP cells.

Discussion

Unfortunately, with age and undefined factors, the
incidence of baldness or alopecia is growing in the
worldwide.29) This dermatological disease relates to
important medical and psychosocial matters, because
the hair loss affects individual emotions and social per-
ceptions.30) Therefore, it is important to investigate to
understand the molecular mechanisms of hair loss and
develop candidates to prevent it. It has been scientifi-
cally demonstrated that TECA is useful in dermatologic
medical purposes, especially in wound healing and col-
lagen synthesis in skin.21) In this study, we found the
novel physiological function of TECA using in vitro
3D spheroid cell culture model. We observed that
TECA increased the viability and spheroid formation of
3D cultured HDP cells. Also, these results related to
the enhancement of hair inductive property of HDP

cells through inhibition of STAT signaling and upregu-
lation of DP signature genes’ expressions. It has been
revealed that TECA showed inhibitory effect on ROS-
induced cellular senescence,31) which is also observed
in DP cells of alopecia patients.32) Thus, these data
indicate that TECA could be candidate for scalp alope-
cia.
There are two scientific approaches to overcome the

alopecia: how to inhibit further hair loss, and how to
regrow lost hair. The well-studied and major type of
hair loss in both male and females is androgenic alope-
cia (AGA).5) The mechanism studies revealed that
AGA is thought to be sensitive to hormones, such as
androgens (typically testosterone).5) When the hormone
binds to the androgen receptor, it triggers activation of
5ɑ-reductase enzyme to convert that testosterone into
5ɑ-dihydrotestosterone (5ɑ-DHT).5) Overproduction of
5ɑ-DHT causes the downregulation of growth factors,
and that results in damaging hair production by short-
ening anagen growth phase.33) Therefore, inhibiting this
mechanism is the major strategy for inhibiting scalp
hair loss. Minoxidil and finasteride are currently avail-
able and FDA-approved drugs that have roles in

Fig. 4. Effects of TECA treatment on JAK/STAT signaling activity in 3D spheroid cultured HDP cells.
Notes: The luciferase activity of STAT5 (A) and STAT3 (C) reporter plasmids in TECA-treated cells. HEK293 cells were cotransfected with the

reporter constructs and β-gal plasmids. After 48 h of TECA treatment, luciferase activity was evaluated by normalizing the levels to β-gal activity.
The expression levels of SOCS1 (B) and SOCS3 (D) mRNAs were measured using qRT-PCR. Data are shown as mean ± SD of results from three
independent experiments. Values of p < 0.05 were considered to be statistically significant.

Fig. 5. Effects of TECA treatment on the expression levels of DP signature genes in 3D spheroid cultured HDP cells.
Notes: (A) The expression levels of DP signature genes including ALPL, VCAN, BMP2, and NOG were measured using qRT-PCR with their

specific primers in control and TECA-treated HDP cells. Data are shown as mean ± SD of results from three independent experiments. Values of
p < 0.05 were considered to be statistically significant. (B) The protein levels of DP signature genes and phosphorylated STAT proteins in TECA-
treated HDP cells. HDP cells were grown in 3D cultured system followed by TECA treatment for 48 h. Cells were lysed and the indicated protein
levels were examined using immunoblotting with their specific antibodies. β-actin was used as a loading control.
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inhibiting the AGA mechanism.34) Minoxidil has func-
tion in prolongation of the anagen phase,35,36) and
finasteride inhibits the conversion of testosterone to
5ɑ-DHT.37) However, these drugs are effective on rela-
tive small portion of patients (35% and 48%, respec-
tively) and have several side effects including irritation,
itchiness, abnormal ejaculation, and abnormal sexual
function.34,38,39) Therefore, recent studies have tried to
focus on herbal plants, and many phytochemical
reagents have been found to have an inhibitory effect
on 5ɑ-reductase enzyme activity.5,39) Interestingly, one
study revealed that the extract of Centella asiatica did
not reduce the percentage of 5ɑ-DHT formation in
HDP cells, indicating that Centella asiatica has no
5ɑ-reductase inhibitory activity in HDP cells.39) How-
ever, we showed that TECA increased the viability in
3D spheroid cultured HDP cells, not in 2D cultured
cells. This effect related to the significant enhancement
of the 3D sphere formation which is directly connected
with the hair growth inductivity of HDP cells.20)

Indeed, recent studies showed that 3D spheroid cul-
tured HDP cells enable to induce de novo hair follicle
growth.18,20,28) Furthermore, in AGA, the hair shaft
becomes smaller (miniaturization), and this reduction in
the size of the hair shaft is related with a reduction in
the size of the DP.40–42) Therefore, these results indi-
cate that TECA works better to induce hair inductivity
than inhibits 5ɑ-DHT formation in its hair loss preven-
tion effect.

One etiological characteristic of hair loss progression
is inability of hair follicle to enter the anagen growth
phase after being arrested in the telogen phase.13) It has
been reported that Wnt/β-catenin signaling relates to
maintain anagen-phase gene expression and hair induc-
tive activity in DP cells.11) Canonical Wnt/β-catenin
signaling causes to stabilization of β-catenin and allows
it to translocate into the nucleus, where it binds to
TCF/LEF transcription factor to activate the transcrip-
tion of downstream target genes, including WNT5A
and LEF1.43) WNT5A is known as one of DP signature
genes and its expression is the highest in anagen
phase.44,45) LEF1 is a key regulator of the Wnt/β-cate-
nin signaling, and known to regulate dermal–epidermal
interactions in hair follicle development.46,47) However,
our results showed that TECA-mediated sphere forma-
tion of HDP cells did not relate to the Wnt/β-catenin
signaling. Luciferase-based TCF/LEF reporter assay
showed that there is no change in both control and
TECA-treated HDP cells. Also, WNT5A and LEF1
expressions were not changed by TECA treatment,
indicating that TECA-mediated hair inductive potential
in HDP cells is not dependent on the Wnt/β-catenin
signaling, but rather dependent on other signals relating
hair growth. Two research groups propose that the
active phosphorylated STAT5 is upregulated in the DP
of follicles in late catagen.13,48) Further studies revealed
that JAK/STAT inhibition relates to promotion of the
inductivity of 3D spheroid cultured HDP cells.13,14)

Using hair patch assay, HDP spheres, which was cul-
tured with JAK inhibitor (tofatinib), induced larger and
significantly greater numbers of HFs, indicating that
inhibition of JAK/STAT signaling promotes inductivity
of HDP cells.13) Also, the group confirmed that the
JAK/STAT inhibition-mediated inductivity of HDP cells

enhanced the inductive molecular signature.13) Our
results also showed that TECA-mediated hair inductive
potential is related to the inhibitory effect of JAK/STAT
signaling in HDP cells. STATs are bifunctional pro-
teins, signal transducers and activator of transcription,
and play pivotal roles in development and cellular
function.49) Therefore, we conducted the luciferase-
based STAT reporter assay, and found that TECA treat-
ment significantly decreased the luciferase activity in
HDP cells. Also, the expressions of STAT-targeted
genes and the protein levels of active phosphorylated
STATs were downregulated by TECA treatment. Fur-
thermore, we confirmed that TECA treatment in HDP
cells leaded to upregulation of hair inductivity-responsi-
ble DP signature genes at the transcriptional levels.
The obtained results indicate that TECA could be effec-
tive treatment for hair loss via inhibition of the JAK/
STAT signaling and activation of cell proliferation and
sphere formation in HDP cells. However, further vali-
dation of this mechanism requires additional in-depth
studies in the future, because the exact molecular
mechanism(s) of TECA-mediated dephosphorylation of
STATs are still undiscovered yet. Also, further studies
are needed to better understand the effect of TECA
treatment on hair induction.
In summary, TECA exerts promoting effects on 3D

DP sphere formation through inhibiting STAT activa-
tion in HDP cells. This conclusion indicates that TECA
treatment may provide useful strategy in promoting hair
growth and treating alopecia in human.

Author contributions

Yeong Min Choi and Sungkwan An carried out the
experiments and drafted the manuscript. Junwoo Lee,
Jae Nam Lee, and Young Sam Kim participated in the
design of the study and performed the statistical analy-
sis. Jae Ho Lee, Kyu Joong An, and In-Sook An ana-
lyzed and interpreted the data. Seunghee Bae conceived
of the study, and participated in its design and coordi-
nation and helped to draft the manuscript.

Disclosure statement

No potential conflict of interest was reported by the authors.

Funding

This study was supported by a grant of the Korean Health Tech-
nology R&D Project [grant number HN13C0075], Ministry of Health
& Welfare, Republic of Korea.

ORCID
Seunghee Bae http://orcid.org/0000-0001-9114-3063

References

[1] Miranda-Vilela AL, Botelho AJ, Muehlmann LA. An overview
of chemical straightening of human hair: technical aspects,
potential risks to hair fibre and health and legal issues. Int J Cos-
met Sci. 2014;36:2–11.

2328 Y. M. Choi et al.

http://orcid.org
http://orcid.org
http://orcid.org
http://orcid.org/0000-0001-9114-3063


[2] Gavazzoni Dias MF. Hair cosmetics: an overview. Int J Trichol.
2015;7:2.

[3] Nguyen JV. The biology, structure, and function of eyebrow
hair. J Drugs Dermatol. 2014;13:s12–16.

[4] Cruz C, Costa C, Gomes A, et al. Human hair and the impact of
cosmetic procedures: a review on cleansing and shape-modulat-
ing cosmetics. Cosmetics 2016;3:26.

[5] Lourith N, Kanlayavattanakul M. Hair loss and herbs for treat-
ment. J Cosmet Dermatol. 2013;12:210–222.

[6] Westgate GE, Botchkareva NV, Tobin DJ. The biology of hair
diversity. Int J Cosmet Sci. 2013;35:329–336.

[7] Mokos ZB, Mosler EL. Advances in a rapidly emerging field of
hair follicle stem cell research. Coll Antropol. 2014;38:373–378.

[8] Santos Z, Avci P, Hamblin MR. Drug discovery for alopecia:
gone today, hair tomorrow. Expert Opin Drug Discov.
2015;10:269–292.

[9] Jahoda CA, Horne KA, Oliver RF. Induction of hair growth by
implantation of cultured dermal papilla cells. Nature 1984;311:
560–562.

[10] Silva-Vargas V, Lo Celso C, Giangreco A, et al. Beta-catenin
and hedgehog signal strength can specify number and location
of hair follicles in adult epidermis without recruitment of bulge
stem cells. Dev Cell. 2005;9:121–131.

[11] Kishimoto J, Burgeson RE, Morgan BA. Wnt signaling main-
tains the hair-inducing activity of the dermal papilla. Genes Dev.
2000;14:1181–1185.

[12] Soma T, Fujiwara S, Shirakata Y, et al. Hair-inducing ability of
human dermal papilla cells cultured under Wnt/beta-catenin sig-
nalling activation. Exp Dermatol. 2012;21:307–309.

[13] Harel S, Higgins CA, Cerise JE, et al. Pharmacologic inhibition
of JAK-STAT signaling promotes hair growth. Sci Adv. 2015;1:
e1500973.

[14] Wang E, Harel S, Christiano AM. JAK-STAT signaling jump
starts the hair cycle. J Invest Dermatol. 2016;136:2131–2132.

[15] Ohyama M, Zheng Y, Paus R, et al. The mesenchymal compo-
nent of hair follicle neogenesis: background, methods and
molecular characterization. Exp Dermatol. 2010;19:89–99.

[16] Yang CC, Cotsarelis G. Review of hair follicle dermal cells. J
Dermatol Sci. 2010;57:2–11.

[17] Rendi M, Polak L, Fuchs E. BMP signaling in dermal papilla
cells is required for their hair follicle-inductive properties. Genes
Dev. 2008;22:534–557.

[18] Higgins CA, Richardson GD, Ferdinando D, et al. Modelling the
hair follicle dermal papilla using spheroid cell cultures. Exp Der-
matol. 2010;19:546–548.

[19] Huang YC, Chan CC, Lin WT, et al. Scalable production of
controllable dermal papilla spheroids on PVA surfaces and the
effects of spheroid size on hair follicle regeneration. Biomaterials
2013;34:442–451.

[20] Higgins CA, Chen JC, Cerise JE, et al. Microenvironmental
reprogramming by three-dimensional culture enables dermal
papilla cells to induce de novo human hair-follicle growth. Proc
Natl Acad Sci USA. 2013;110:19679–19688.

[21] Bylka W, Znajdek-Awizen P, Studzinska-Sroka E, et al. Centella
asiatica in dermatology: an overview. Phytother Res. 2014;28:
1117–1124.

[22] Brinkhaus B, Lindner M, Schuppan D, et al. Chemical, pharma-
cological and clinical profile of the East Asian medical plant
Centella asiatica. Phytomedicine 2000;7:427–448.

[23] Bylka W, Znajdek-Awizen P, Studzinska-Sroka E, et al. Centella
asiatica in cosmetology. Postepy Dermatol Alergol. 2013;1:46–49.

[24] Widgerow AD, Chait LA, Stals R, et al. New innovations in scar
management. Aesthetic Plast Surg. 2000;24:227–234.

[25] Khan MH, Victor F, Rao B, et al. Treatment of cellulite part I.
Pathophysiology. J Am Acad Dermatol. 2010;62:361–370.

[26] An IS, An S, Kang SM, et al. Titrated extract of Centella asiat-
ica provides a UVB protective effect by altering microRNA
expression profiles in human dermal fibroblasts. Int J Mol Med.
2012;30:1194–1202.

[27] An IS, An S, Choe T, et al. Centella asiatica protects against
UVB-induced HaCaT keratinocyte damage through microRNA
expression changes. Int J Mol Med. 2012;30:1349–1356.

[28] Kang BM, Kwack MH, Kim MK, et al. Sphere formation
increases the ability of cultured human dermal papilla cells to
induce hair follicles from mouse epidermal cells in a reconstitu-
tion assay. J Invest Dermatol. 2012;132:237–239.

[29] Kabir Y, Goh C. Androgenetic alopecia. JEWDS. 2013;10:107–
116.

[30] Alfonso M, Richter-Appelt H, Tosti A, et al. The psychosocial
impact of hair loss among men: a multinational European study.
Curr Med Res Opin. 2005;21:1829–1836.

[31] Kim YJ, Cha HJ, Nam KH, et al. Centella asiatica extracts
modulate hydrogen peroxide-induced senescence in human der-
mal fibroblasts. Exp Dermatol. 2011;20:998–1003.

[32] Upton JH, Hannen RF, Bahta AW, et al. Oxidative stress–associ-
ated senescence in dermal papilla cells of men with androgenetic
alopecia. J Invest Dermatol. 2015;135:1244–1252.

[33] Stough D, Stenn K, Haber R, et al. Washenik K: psychological
effect, pathophysiology, and management of androgenetic alope-
cia in men. Mayo Clin Proc. 2005;80:1316–1322.

[34] Meidan VM, Touitou E. Treatments for androgenetic alopecia
and alopecia areata – Current options and future prospects.
Drugs 2001;61:53–69.

[35] Takahashi T, Kamimura A, Hamazono-Matsuoka T, et al. Phos-
phatidic acid has a potential to promote hair growth in vitro and
in vivo, and activates mitogen-activated protein kinase/extracel-
lular signal-regulated kinase kinase in hair epithelial cells. J
Invest Dermatol. 2003;121:448–456.

[36] Iino M, Ehama R, Nakazawa Y, et al. Adenosine stimulates
fibroblast growth factor-7 gene expression via adenosine a2b
receptor signaling in dermal papilla cells. J Invest Dermatol.
2007;127:1318–1325.

[37] Ellis JA, Sinclair R, Harrap SB. Androgenetic alopecia: patho-
genesis and potential for therapy. Expert Rev Mol Med.
2002;4:1–11.

[38] Dinh QQ, Sinclair R. Female pattern hair loss: current treatment
concepts. Clin Interv Aging. 2007;2:189–199.

[39] Jain R, Monthakantirat O, Tengamnuay P, et al. Identification of
a new plant extract for androgenic alopecia treatment using a
non-radioactive human hair dermal papilla cell-based assay.
BMC Complem Altern Med. 2016;16:18.

[40] Whiting DA. Possible mechanisms of miniaturization during
androgenetic alopecia or pattern hair loss. J Am Acad Dermatol.
2001;45:S81–S86.

[41] de Lacharriere O, Deloche C, Misciali C, et al. Hair diameter
diversity: a clinical sign reflecting the follicle miniaturization.
Arch Dermatol. 2001;137:641–646.

[42] Jahoda CA. Cellular and developmental aspects of androgenetic
alopecia. Exp Dermatol. 1998;7:235–248.

[43] Zhou D, Tan RJ, Fu H, et al. Wnt/beta-catenin signaling in
kidney injury and repair: a double-edged sword. Lab Invest.
2016;96:156–167.

[44] Xing Y, Xu W, Yang K, et al. Immunolocalization of Wnt5a
during the hair cycle and its role in hair shaft growth in mice.
Acta Histochem. 2011;113:608–612.

[45] Romanowska M, Evans A, Kellock D, et al. Wnt5a exhibits
layer-specific expression in adult skin, is upregulated in psoria-
sis, and synergizes with type 1 interferon. PLoS ONE. 2009;4:
e5354.

[46] Zhou P, Byrne C, Jacobs J, et al. Lymphoid enhancer factor 1
directs hair follicle patterning and epithelial cell fate. Genes Dev.
1995;9:700–713.

[47] Kratochwil K, Dull M, Farinas I, et al. Lef1 expression is
activated by BMP-4 and regulates inductive tissue interactions
in tooth and hair development. Genes Dev. 1996;10:1382–
1394.

[48] Legrand J, Villani R, Roy E, et al. STAT5 activation in the der-
mal papilla is important for hair follicle growth phase induction,
hair follicle regeneration and wound healing. J Invest Dermatol.
2016;136:S198–S198.

[49] Leonard WJ, O’Shea JJ. Jaks and Stats: biological implications.
Annu Rev Immunol. 1998;16:293–322.

TECA increases the hair growth inductivity of DP cells 2329


	Abstract
	 Materials and methods
	Outline placeholder
	 Cell culture, plasmids, and reagents
	 Three-dimensional (3D) culture of DP cells
	 Water-soluble tetrazolium salt (WST-1) assay
	 Luciferase reporter assay
	 Western blotting
	 Quantitative RT-PCR (qRT-PCR) analysis
	 Statistical analysis


	 Results
	 Treatment with TECA increases viability of 3D spheroid cultured HDP cells
	 Treatment with TECA increases DP sphere formation
	 Treatment with TECA does not activate Wnt/	beta-catenin signaling pathway in 3D spheroid cultured HDP cells
	 Treatment with TECA lead to inhibition of STAT activation in 3D sphered HDP cells
	 Treatment with TECA increases the expression of DP signature genes in 3D sphered HDP cells

	 Discussion
	 Author contributions
	 Disclosure statement
	 Funding
	ORCID
	References



