
INTRODUCTION

Hair loss is a distressing disorder associated with various 
factors, including hormone imbalance, autoimmune diseases, 
stress, and chemotherapy. Several known types of hair loss 
are androgenetic alopecia (AGA), telogen effluvium, alopecia 
areata, and chemotherapy-induced alopecia (Cotsarelis and 
Millar, 2001; Hunt and McHale, 2005; Ito, 2010). Minoxidil 
(Rogain®) and finasteride (Propecia®) have been approved 
by the Food and Drug Administration (FDA) for treatment of 
alopecia. Minoxidil was developed as a vasodilator for the 
treatment of hypertension (Price, 1999). Although the mech-
anism of action of minoxidil is unclear, this drug stimulates 
hair growth by activating the Wnt/β-catenin pathway, opening 

the ATP-sensitive K+ channels (KATP channels), upregulating 
the vascular endothelial growth factor (VEGF), and inhibiting 
apoptosis in dermal papilla cells (DPCs) (Lachgar et al., 1998; 
Han et al., 2004; Shorter et al., 2008; Kwack et al., 2011). 

DPCs are mesenchyme-derived fibroblasts that interact 
with various types of epithelial cells and communicate with 
hair germ cells or stem cells in the hair follicles (Stenn and 
Paus, 2001; Greco et al., 2009). DPCs play an important role 
in hair growth and regeneration, especially in maintaining hair 
follicles during the growth phase, which requires proliferation 
of DPCs (Stenn and Paus, 2001; Kwack et al., 2011). Cell pro-
liferation is closely related to the progression of the cell-cycle 
distinguished by the G0/G1, S, and G2/M phases and the 
changes of the cell-cycle associated protein levels, including 
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The hair cycle (anagen, catagen, and telogen) is regulated by the interaction between mesenchymal cells and epithelial cells in 
the hair follicles. The proliferation of dermal papilla cells (DPCs), mesenchymal-derived fibroblasts, has emerged as a target for 
the regulation of the hair cycle. Here, we show that vanillic acid, a phenolic acid from wheat bran, promotes the proliferation of 
DPCs via a PI3K/Akt/Wnt/β-catenin dependent mechanism. Vanillic acid promoted the proliferation of DPCs, accompanied by 
increased levels of cell-cycle proteins cyclin D1, CDK6, and Cdc2 p34. Vanillic acid also increased the levels of phospho(ser473)-
Akt, phospho(ser780)-pRB, and phospho(thr37/46)-4EBP1 in a time-dependent manner. Wortmannin, an inhibitor of the PI3K/
Akt pathway, attenuated the vanillic acid-mediated proliferation of DPCs. Vanillic acid-induced progression of the cell-cycle was 
also suppressed by wortmannin. Moreover, vanillic acid increased the levels of Wnt/β-catenin proteins, such as phospho(ser9)-
glycogen synthase kinase-3β, phospho(ser552)-β-catenin, and phospho(ser675)-β-catenin. We found that vanillic acid increased 
the levels of cyclin D1 and Cox-2, which are target genes of β-catenin, and these changes were inhibited by wortmannin. To inves-
tigate whether vanillic acid affects the downregulation of β-catenin by dihydrotestosterone (DHT), implicated in the development 
of androgenetic alopecia, DPCs were stimulated with DHT in the presence and absence of vanillic acid for 24 h. Western blotting 
and confocal microscopy analyses showed that the decreased level of β-catenin after the incubation with DHT was reversed by 
vanillic acid. These results suggest that vanillic acid could stimulate anagen and alleviate hair loss by activating the PI3K/Akt and 
Wnt/β-catenin pathways in DPCs.
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cyclin, cyclin-dependent kinases (CDKs), and CDK inhibitors 
(Johnson and Walker, 1999). In particular, it is known that the 
level of cyclin D1, a target gene of the Wnt/β-catenin pathway, 
increases with the progression from G0/G1 to S phase during 
the cell cycle (Prall et al., 1997). The phosphoinositide 3-ki-
nase (PI3K)/Akt pathway plays a key role in the proliferation 
of several types of cells, including cancer cells, keratinocytes, 
and DPCs (Han et al., 2004; Hong et al., 2012; Wang et al., 
2017). Previous studies have shown that minoxidil can prevent 
apoptosis of DPCs by activating Akt and delay the transition 
of the hair cycle into the regression phase by activating the 
Wnt/β-catenin pathway in DPCs (Han et al., 2004; Kwack et 
al., 2011). On the other hand, DHT inhibits the Wnt/β-catenin 
pathway in DPCs, which in part contributes to AGA (Kang et 
al., 2015).

Several studies have focused on the identification of ma-
terials that promote hair growth. A previous study has report-
ed the hair growth effects of wheat bran (Kang et al., 2013); 
however, the specific component that promotes hair growth 
has not been identified. Wheat bran is a source of structurally 
diverse bioactive compounds, such as phenolic acids, miner-
als, and polyphenols (Stevenson et al., 2012). Vanillic acid, a 
phenolic acid, is a major component of wheat bran, which has 
been reported to exhibit anti-oxidative and hepatoprotective 
activity (Itoh et al., 2009; Amin et al., 2017). In patients with 
AGA, methyl vanillate with a structure similar to that of vanillic 
acid could promote hair growth by activating the Wnt/β-catenin 
pathway (Tosti et al., 2016). However, biological activity of va-
nillic acid in DPCs has not been investigated. Therefore, we 
examined whether vanillic acid could stimulate anagen sig-
naling in DPCs by promoting the proliferation of DPCs and 
activating the PI3K/Akt and Wnt/β-catenin pathways. We also 
investigated the effects of vanillic acid on the suppression of 
the Wnt/β-catenin pathway by DHT.

MATERIALS AND METHODS

Reagents
The following reagents were used in this study: dimethyl 

sulfoxide (DMSO), minoxidil, and propidium iodide (PI) from 
Sigma-Aldrich (St. Louis, MO, USA); Dulbecco’s modified 
Eagle’s medium (DMEM) from Hyclone Inc (Logan, UT, USA); 
fetal bovine serum (FBS), trypsin-EDTA, and penicillin/strep-
tomycin solution (Pen Strep) from Gibco (Grand Island, NY, 
USA); water-soluble tetrazolium (WST) assay (EZ-Cytox) 
from Daeil Lab Service (Seoul, Korea); PRO-PREP protein 
extraction solution from iNtRON Biotechnology (Seoul); bo-
vine serum albumin (BSA) from Bovogen Biologicals Pty Ltd 
(Victoria, Australia); anti-phospho(ser9)-GSK-3, anti-phos-
pho(ser552)-β-catenin, anti-phospho(ser675)-β-catenin, anti-
phospho(ser780)-pRB, anti-phospho(ser473)-Akt, and anti-
phospho(thr37/46)-4EBP1 from Cell Signaling Technology 
(Danvers, MA, USA); anti-cy clin dependent kinases 6 (CDK6), 
anti-cyclin E, anti-cdc2 (p34), anti-p27kip1, anti-β-catenin, anti-
Cox-2, anti-α-tubulin, anti-β-actin, horseradish peroxidase 
(HRP) labeled anti-mouse IgG, anti-rabbit IgG, and anti-goat 
IgG secondary antibodies from Santa Cruz Biotechnology 
(Santa Cruz, CA, USA); anti-Lamin B1 from Abcam (Cam-
bridge, UK); wortmannin, anti-rabbit Alexa Fluors® 594, and 
anti-mouse Alexa Fluors 488® from Invitrogen (Carlsbad, CA, 
USA); Vectastain from Vector Laboratories (Burlingame, CA, 

USA); Dulbecco’s phosphate-buffered saline (DPBS) from 
WelGENE (Daegu, Korea); polyvinylidene fluoride (PVDF) 
membranes from Bio-Rad (Hercules, CA, USA); X-ray film 
from Agfa-Gevaert (Mortsel, Belgium); Westar Nova 2.0 from 
Cyanagen (Bologna, Italy). Vanillic acid was purchased from 
Sigma-Aldrich and dissolved in DMSO to the final concentra-
tion that did not exceed 0.2%. 

Cell culture
Rat vibrissa immortalized DPCs were donated by the Skin 

Research Institute of Amore Pacific R&D Center (Yongin, Ko-
rea). DPCs were cultured every three days in an incubator at 
37°C and 5% CO2 atmosphere in DMEM media containing 1% 
Pen Strep and 10% heat-inactivated FBS.

WST assay
The proliferation of DPCs was measured using the WST kit 

according to the manufacturer’s protocol. DPCs (1.0×104 cells/
mL) were seeded in a 96-well plate in DMEM medium contain-
ing 1% FBS for 24 h and then treated with vanillic acid (0.5, 
1, 5, 10 and 50 µg/mL) or minoxidil (10 µM) for 48 h. In some 
cases, the cells were pre-incubated with wortmannin (10 nM) 
for 2 h and treated with vanillic acid (10 µg/mL) for 48 h. WST 
dye (10 µL) was added to the wells in a 5% CO2 incubator and 
allowed to react for 3 h. The absorbance was measured at 
450 nm using a Versamax microplate reader (Molecular De-
vices, Sunnyvale, CA, USA). All experiments were repeated 
three times, the mean absorbance value for each group was 
obtained, and the results displayed the change compared with 
the mean absorbance value of the control group.

Cell cycle analysis
DPCs (5.0×105 cells/60 mm dish) were incubated in DMEM 

media containing 1% FBS for 24 h. DPCs were pre-incubated 
with wortmannin (10 nM) for 2 h and treated with vanillic acid 
(10 µg/mL) for 24 h. The cells were harvested, washed with 
PBS, and then fixed with 70% ethanol at –20°C for 30 min. 
The fixed cells were washed with PBS and incubated with 
RNase A (50 µg/mL) and PI (50 µg/mL) for 30 min at 37°C. 
The fluorescence intensity of stained cells was analyzed us-
ing FACSCalibur equipped with Cell Quest Software (Becton-
Dickinson, San Jose, CA, USA). 

Western blotting
DPCs (5.0×105 cells/dish) were preincubated with DMEM 

media containing 1% FBS for 24 h. The cells were treated 
with vanillic acid (10 µg/mL) for 24 h or 0-120 min. To examine 
whether vanillic acid affects the PI3K/Akt pathway, the cells 
were treated with wortmannin (10 nM) in the absence or pres-
ence of vanillic acid (10 µg/mL). To investigate whether vanillic 
acid suppresses the action of DHT, the cells were treated with 
vanillic acid (10 µg/mL) and then with DHT (100 nM) for 24 h. 
For protein extraction, the cells were harvested, washed with 
PBS, and lysed in PRO-PREP protein extraction solution. The 
cell lysate was centrifuged for 15 min at 21,000×g to obtain 
the supernatant, which was kept at –20°C. The protein con-
centration was measured by the Bradford method using BSA 
as a reference material. The cell lysate proteins (10-20 µg) 
were separated on 8%-12% SDS-PAGE gels and transferred 
onto PVDF membranes. Blocking of the membranes was per-
formed at room temperature for 2 h in a Tween-20-TBS (T-
TBS; 0.1% Tween-20, 50 mM Tris, pH 7.6, 150 mM NaCl) so-
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lution containing 5% nonfat dried milk. The membranes were 
incubated with specific primary antibodies at 4°C overnight. 
The membranes were washed five times with T-TBS and in-
cubated with HRP labeled anti-mouse IgG, anti-rabbit IgG, or 
anti-goat IgG secondary antibodies at 25°C for 1 h. The mem-
branes were incubated in Westar Nova 2.0 ECL solution for 1 
min and exposed to X-ray film. 

Immunofluorescent staining
DPCs (5.0×103 cells/well) were seeded in 8-well chamber 

slides (Nalgene Nunc International, Rochester, NY, USA) for 
24 h prior to be stimulated with vanillic acid (10 µg/mL) or 
minoxidil (10 µM) for 1 h. The cells were treated with DHT 
(100 nM) in the absence or presence of vanillic acid (10 
µg/mL) for 24 h. For immunofluorescent staining, the cells 
were washed with cold PBS and fixed with 4% paraformal-
dehyde for 15 min. The fixed cells were washed with PBS 
and permeabilized with 0.1% TritonTM X-100 for 15 min. The 
cells were blocked with a blocking solution (0.1% Tween-20-
PBS) containing 1% BSA and 22.52 mg/mL glycine at room 
temperature for 1 h and incubated with a primary antibody 
against phospho(ser552)-β-catenin, phospho(ser675)-β-
ca te nin, β-catenin, or α-tubulin at 4°C overnight. The cells 
were washed with PBS and incubated with a corresponding 
Alexa Fluor® 488- or Alexa Fluor® 594-conjugated second-
ary antibody at room temperature for 1 h. The stained cells 
were mounted in Vectastain (Vector Laboratories) containing 
DAPI. Images were visualized using a FluoView® FV1200 
Confocal Microscope (Olympus, Tokyo, Japan).

Statistical analysis
The experimental data were expressed as mean ± standard 

deviation (SD). Statistical analysis was performed using Sig-
maStat Software ver. 3.5 (Systat Software Inc., San Jose, CA, 
USA). The difference between treated and control groups was 
determined by the Student’s t-test. Statistical significance was 
set at a p-value <0.05.

RESULTS

Vanillic acid promotes the proliferation of DPCs
To investigate the effect of vanillic acid on hair follicle cells, 

we evaluated the proliferation of DPCs following the incuba-
tion with vanillic acid for 48 h by WST assay. When DPCs were 

treated with vanillic acid (0.5, 1, 5, 10, and 50 µg/mL), vanillic 
acid promoted the proliferation of DPCs compared with the 
control group (100.0% ± 6.1%) by 100.9% ± 10.8%, 109.6% ± 
9.2%, 113.0% ± 8.6% (p<0.05), 115.9% ± 10.7% (p<0.05), and 
104.8% ± 1.5%, respectively (Fig. 1B). As shown in Fig. 1B, 
10 µM of minoxidil, a positive control, also significantly pro-
moted the proliferation of DPCs by 108.5% ± 5.5% (p<0.05). 
Cell proliferation is regulated by the progression of the cell 
cycle, which is accompanied by the changes in cell cycle pro-
tein levels of cyclin dependent kinases (CDKs), cyclins, and 
CDK inhibitors (Whittaker et al., 2017). To understand the 
mechanism of vanillic acid-induced cell proliferation, the lev-
els of cell-cycle proteins, such as cyclin D1, CDK6, cyclin E, 
Cdc2 p34, and p27kip1, were examined 24 h after the vanillic 
acid treatment. As shown in Fig. 1C, vanillic acid increased 
the levels of cyclin D1, CDK6, and Cdc2 p34, whereas the 
levels of cyclin E and p27kip1 were not affected. As expected, 
minoxidil, a positive control, increased the levels of cyclin D1, 
CDK6, and Cdc2 p34, while the level of p27kip1 decreased (Fig. 
1C). These results suggest that vanillic acid promotes the pro-
liferation of DPCs by changing the levels of cell-cycle proteins.

Vanillic acid promotes the proliferation of DPCs by 
activating the PI3K/Akt pathway

The PI3K/Akt pathway plays an important role in the prolif-
eration and survival of various types of cells, and the activa-
tion of Akt by minoxidil increases the proliferation of human 
DPCs (Han et al., 2004; Jin et al., 2007). To evaluate whether 
vanillic acid could activate Akt, DPCs were stimulated with va-
nillic acid (10 µg/mL) for 0-120 min. Vanillic acid increased the 
levels of phospho(ser473)-Akt after 30-120 min (Fig. 2A). In 
addition, it was observed that the levels of phospho(ser780)-
pRB and phospho(thr37/46)-4EBP1 were increased by vanillic 
acid (Fig. 2A). To determine whether the vanillic acid-induced 
proliferation was mediated by activation of the PI3K/Akt path-
way, DPCs in the absence or presence of wortmannin (10 
nM), an inhibitor of the PI3K/Akt pathway, were treated with 
vanillic acid (10 µg/mL). As shown in Fig. 2B, the increased 
proliferation of vanillic acid-treated cells was significantly sup-
pressed in the presence of wortmannin. To monitor the cell 
cycle changes caused by activating the PI3K/Akt pathway, 
DPCs were preincubated with wortmannin (10 nM) for 2 h and 
treated with vanillic acid (10 µg/mL) for 24 h, and the changes 
of the cell-cycle distribution were analyzed by flow cytometry. 
As shown in Fig. 2C, the treatment with vanillic acid increased 
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the G2/M phase population compared to that of the control. 
The increase of the G2/M phase population in the vanillic acid-
treated cells was suppressed in the presence of wortmannin, 
suggesting that the activation of the PI3K/Akt pathway by va-
nillic acid contributes to the proliferation of DPCs.

Vanillic acid activates the Wnt/β-catenin pathway in DPCs
The Wnt/β-catenin pathway, regulated by various factors, 

such as protein kinase A (PKA), Akt, and glycogen synthase-
3β (GSK3β) (Hedgepeth et al., 1997; Monick et al., 2001; Hino 
et al., 2005), is necessary for the regulation of diverse bio-
logical events, including cell proliferation, hair growth, and hair 
regeneration (Ito et al., 2007; Kwack et al., 2011). To exam-
ine whether vanillic acid activates the Wnt/β-catenin pathway, 
DPCs were stimulated with vanillic acid (10 µg/mL) for 0-120 
min. As shown in Fig. 3A, vanillic acid increased the levels 
of phospho(ser9)-GSK3β, phospho(ser552)-β-catenin, and 
phospho(ser675)-β-catenin after 15-120 min. Confocal mi-
croscopy data showed that vanillic acid increased the levels of 
phospho(ser552)-β-catenin and phospho(ser675)-β-catenin in 
the cytoplasm and nucleus (Fig. 3B, 3C). The phosphorylation 
of β-catenin by minoxidil was increased similarly to that by the 
vanillic acid (Fig. 3B, 3C). These results indicate that vanillic 
acid could increase the levels of active β-catenins via the reg-
ulation of GSK3β. GSK3β is a downstream target of PI3K/Akt, 
which in turn regulates the expression of β-catenin (Monick et 
al., 2001). To evaluate the mechanism underlying the activa-
tion of the Wnt/β-catenin pathway by vanillic acid via PI3K/
Akt, we examined the levels of phospho(ser675)-β-catenin, 
β-catenin, and Cox-2, a target gene of β-catenin, following a 
24 h treatment with vanillic acid in the presence or absence of 
wortmannin. As shown in Fig. 3D, vanillic acid increased the 
levels of phospho(ser675)-β-catenin, β-catenin, Cox-2, and 
cyclin D1, and the increased levels of these proteins were at-

tenuated by wortmannin (Fig. 3D). These results suggest that 
the activation of the Akt pathway by vanillic acid contributes to 
the activation of the Wnt/β-catenin pathway. 

Vanillic acid restores DHT-downregulated β-catenin level 
in DPCs

Dihydrotestosterone, implicated in the development of AGA, 
suppresses the cell-cycle progression and Wnt/β-catenin path-
way in DPCs (Kang et al., 2015). To determine whether vanillic 
acid could restore the downregulation of β-catenin by DHT, 
DPCs were treated with DHT (100 nM) in the absence or pres-
ence of vanillic acid (10 µg/mL) for 24 h. The decreased levels 
of β-catenin and Cox-2, a target gene of β-catenin, observed 
in the DHT treated cells were restored by vanillic acid (Fig. 
4A). Confocal microscopy data showed that DHT decreased 
the level of β-catenin, but pretreatment with vanillic acid at-
tenuated the DHT-induced decrease of β-catenin level (Fig. 
4B). These results suggest that vanillic acid can restore the 
DHT-induced downregulation of the Wnt/β-catenin pathway.

DISCUSSION

Previous in vitro and in vivo research has demonstrated the 
promotion of hair growth by wheat bran. Here we demonstrate 
that vanillic acid from wheat bran increases the proliferation of 
DPCs via activation of the Wnt/β-catenin and PI3K/Akt path-
ways. 

Although the mechanism of hair growth is still unclear, the 
proliferation of DPCs has been associated with hair growth. 
The shape of the dermal papilla changes throughout the hair-
cycle, affected by the changes in the number of cells within 
the dermal papilla (Elliott et al., 1999; Stenn and Paus, 2001). 
In addition, because both the cell cycle proteins and cell cycle 
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itself alter the cell proliferation in diverse types of cells (Prall 
et al., 1997; Hong et al., 2012), it is likely that the regulation of 
cell cycle proteins can increase the proliferation of DPCs in the 
hair follicles. Cyclin D1 and CDK6 induce the progression of 
cell cycle via the phosphorylation of pRB in the G1 phase, while 
Cdc2 p34 promotes the transition of G2 to M phase (Meyerson 
and Harlow, 1994; Johnson and Walker, 1999; Tashiro et al., 
2007). As shown in Fig. 1 and Fig. 2A, vanillic acid significantly 
increased the proliferation of DPCs and the levels of cell cycle 
proteins (cyclin D1, CDK6, Cdc2 p34, and phospho-pRB). Our 
results indicate that vanillic acid promotes the proliferation of 

DPCs by altering the cell cycle proteins, including cyclin D1, 
CDK6, Cdc2, p34, and phospho(ser780)-pRB. Other changes 
such as the progression of the cell cycle and protein synthe-
sis are also associated with DPC proliferation, and the protein 
4EBP1 is required for the translation of proteins necessary for 
cell cycle progression (Kang et al., 2015; Lian et al., 2017). 
In this study, the increased G2/M phase population and up-
regulation of phospho(thr37/46)-4EBP1 were observed in the 
vanillic acid-treated cells (Fig. 2A), indicating that the vanillic 
acid-induced proliferation of DPCs is regulated by manipulat-
ing the level of phospho(thr37/46)-4EBP1 and cell cycle pro-
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gression.
The mechanism of DPC proliferation promoted by vanillic 

acid may involve the activation of the PI3K/Akt and/or Wnt/β-
catenin pathways. A previous study has found that cell prolif-
eration is associated with GSK3β, a modulator of the Wnt/β-
catenin pathway, regulated by the PI3K/Akt pathway (Jin et 
al., 2007). Akt, a serine/threonine kinase, is a direct down-
stream target of PI3K, and it is crucial to various aspects of 
cell proliferation, survival, and apoptosis (Franke et al., 2003). 
In our study, the phosphorylation/activation of Akt by vanillic 
acid increased the proliferation of DPCs via the upregulation 
of cell-cycle proteins (Fig. 1, 2). The Wnt/β-catenin pathway 
is regulated by various factors; in particular, PKA induces the 
phosphorylation of β-catenin at ser552 and ser675, and the 
activation of Akt induces the phosphorylation of β-catenin at 
ser552 and phosphorylation of GSK3β at ser9, eventually ac-
tivating the Wnt/β-catenin pathway (Monick et al., 2001; Hino 
et al., 2005). In this study, vanillic acid induced the activation 
of the Wnt/β-catenin proteins following the activation of the 
PI3K/Akt pathway (Fig. 2, 3). The activation of Wnt/β-catenin 
resulted in the stabilization of β-catenin in the cytoplasm and 
increased the translocation of β-catenin into the nucleus, 
thereby, controlling the level of target genes, such as cyclin D1 
and cox-2 (Hedgepeth et al., 1997; Monick et al., 2001; Kang 
et al., 2015). The vanillic acid-mediated activation of β-catenin 
was also confirmed by the increased β-catenin translocation 
into the nucleus (Fig. 3B, 3C). As shown in Fig. 3D, vanillic 
acid also upregulated the levels of Cox-2 and cyclin D1, which 
are the target genes of β-catenin, and the level of β-catenin. 
These changes were attenuated by wortmannin, indicating 
that the vanillic acid-mediated proliferation in DPCs is regu-
lated by the PI3K/Akt/Wnt/β-catenin pathway. Consistent with 
this notion, minoxidil prolongs the duration of the anagen 

phase, possibly, due to the activation of the Wnt/β-catenin 
pathway by altering the PKA and Akt pathways in human 
DPCs (Kwack et al., 2011). Therefore, based on the above 
mechanism, vanillic acid could activate the anagen phase and 
promote hair growth.

DHT, a potent androgen, plays a crucial role in the patho-
genesis of AGA (Sinclair, 1998). Our previous study partially 
supports the DHT-mediated AGA development, demonstrating 
that DHT can attenuate the cell cycle progression by inhibit-
ing translocation of β-catenin into the nucleus in DPCs (Kang 
et al., 2015). In this study, we demonstrated that vanillic acid 
exhibits a protective effect on the downregulation of β-catenin 
by DHT (Fig. 4). In addition, we investigated the effects of va-
nillic acid on the levels of growth factors, the opening of KATP 
channels, and the inhibition of the TGF-β pathway related to 
the regulation of the hair growth (Guo et al., 1996; Suzuki et 
al., 2000; Yano et al., 2001; Soma et al., 2002; Shorter et al., 
2008). However, we observed that vanillic acid does not affect 
the levels of VEGF, FGF-7, and FGF-10 mRNA, the opening of 
KATP channels, or the phosphorylation of smad2/3, a mediator 
of the TGF-β pathway (data not shown).

In conclusion, we evaluated the effects of vanillic acid on 
the proliferation of DPCs and verified that vanillic acid selec-
tively regulates the PI3K/Akt/Wnt/β-catenin pathway. These 
findings suggest that vanillic acid could stimulate the anagen 
phase by activating the PI3K/Akt/Wnt/β-catenin pathway and 
potentially alleviate hair loss.
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