
INTRODUCTION

Hair follicles are multi-compartmented small organs that 
growth cycle goes through anagen, catagen, and telogen 
phase. The dermal portion of the hair follicle can be divided 
into two compartments, the dermal papilla and dermal sheath 
(Paus and Cotsarelis, 1999). Human Dermal Papilla Cells 
(hDPCs) and Human Outer Root Sheath Cells (hORSCs) are 
considered key cells particularly involved in skin development 
and hair growth and maintenance (Rajendran et al., 2022). 
The dermal papilla located at the base of the hair follicle, which 
responsible for hair follicle development from the epidermis 
and producing hair fibers (Elliott et al., 1999). Through their 
expression of growth-promoting signals, hDPCs play critical 
roles in regulating anagen initiation and the anagen to catagen 
transition (Yano et al., 2001). Additionally, hORSCs surround 
most hair follicle components and play important roles in sup-
porting hDPCs and hair matrix cells (Choi et al., 2019).

Reactive oxygen species (ROS) are chemicals produced 
within cells and are associated with oxidative stress. Under 
physiological conditions, ROS act as a second messenger 
within the cell, carrying biological signals that control immune 
response, proliferation, metabolism, and differentiation of the 
cell (Koca et al., 2005; Bae et al., 2011). However, excessive 
ROS production can lead to cell damage and aging (Akar et 
al., 2002). It has been suggested that ROS are an important 
inducer of the androgen-dependent and -independent alope-
cia (Trüeb, 2009). Elevated ROS levels in hair follicle cells 
during the catagen phase facilitate hair follicle degeneration 
through the regulation of Trx1 and Foxp1 (Zhao et al., 2015). 
Balding scalps exhibits increased levels of ROS in the dermal 
papillae compared to non-balding scalps (Shin et al., 2013; 
Bakry et al., 2014). Moreover, elevated ROS levels are as-
sociated with decreased DPC motility (Bahta et al., 2008). In 
addition, DPCs from balding scalp also exhibits higher levels 
of cell senescence (Bahta et al., 2008). Recent research has 
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Hair growth cycles are mainly regulated by human dermal papilla cells (hDPCs) and human outer root sheath cells (hORSCs). 
Protecting hDPCs from excessive oxidative stress and hORSCs from glycogen phosphorylase (PYGL) is crucial to maintaining 
the hair growth phase, anagen. In this study, we developed a new PYGL inhibitor, hydroxytrimethylpyridinyl methylindolecarbox-
amide (HTPI) and assessed its potential to prevent hair loss. HTPI reduced oxidative damage, preventing cell death and restored 
decreased level of anagen marker ALP and its related genes induced by hydrogen peroxide in hDPCs. Moreover, HTPI inhibited 
glycogen degradation and induced cell survival under glucose starvation in hORSCs. In ex-vivo culture, HTPI significantly en-
hanced hair growth compared to the control with minoxidil showing comparable results. Overall, these findings suggest that HTPI 
has significant potential as a therapeutic agent for the prevention and treatment of hair loss.
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shown that hair loss caused by cisplatin is driven by ROS 
generation and ROS-induced apoptosis in dermal papilla cells 
(DPCs) (Luanpitpong et al., 2011).

The anagen phase is the longest and most active stage 
of the hair growth cycle. Because growing hair follicles (HF) 
have a high demand for energy and biosynthetic precursors 
produced by aerobic glycolysis, high levels of glycogen are 
required in hORSCs for cell division during the anagen phase 
(Choi et al., 2020; Figlak et al., 2021). In this context, hORSCs 
express enzymes for glycogen synthesis and metabolism, and 
can synthesize glycogen in the presence of lactate, indicating 
the operation of an internal Cori cycle (Figlak et al., 2021).

Glycogen phosphorylase (PYGL) is the enzyme that cata-
lyzes glycogenolysis (Kowalik et al., 2017). It cleaves glucose 
by phosphorylating the non-reducing end of the glycogen 
polymer to form glucose-1-phosphate, which phosphoglu-
comutase then converts to glucose-6-phosphate (Kowalik et 
al., 2017). PYGL can regulate glucose supply in hORSCs by 
regulating the process of breaking down glycogen to produce 
glucose as needed (Figlak et al., 2021). It is well known that 
blocking PYGL considerably accelerates HF’s in vitro growth 
and postpones the catagen phase’s onset (Figlak et al., 2021).

We prepared a new PYGL inhibitor, the Compound named 
hydroxytrimethylpyridinyl methylindolecarboxamide (HTPI). 
This study verified whether HTPI can prevent hair loss by in-
hibiting ROS production which induces apoptosis in hDPCs. 
Additionally, we examined the effect of HTPI on PYGL, which 
regulates cellular glucose supply in hORSCs. In conclusion, 
HTPI exhibited a hair growth effect ex vivo. These studies can 
provide important information in preventing hair loss and can 
lay the foundation for the development of new treatment and 
prevention strategies.

MATERIALS AND METHODS

Reagents
In this study, the following reagents were used: water-

soluble tetrazolium (WST) assay kit (EZ-cytox) from Daeil 
Lab service (Seoul, Korea); dimethyl sulfoxide (DMSO) from 
Biosesang (Seoul, Korea); hydrogen peroxide (H2O2), basic 
fibroblast growth factor (bFGF), insulin, hydrocortisone and 
glycogen assay kit from Sigma-Aldrich (St. Louis, MO, USA); 
lactate dehydrogenase (LDH) assay kit from Dojindo Molecu-
lar Technologies (Kumamoto, Japan); 5-(and-6)-carboxy-2’,7’-
dichlorofluorescein diacetate (DCFDA) and JC-1 dye from 
Abcam (Cambridge, UK); recombinant human DKK-1 protein 
from R&D Systems (Minneapolis, MN, USA); RNAiso Plus 
from Takara (Kusatsu, Japan); SYBR Green qPCR High-ROX 
PreMIX from Enzynomics (Daejeon, Korea); alkaline phos-
phatase staining assay from Biomax (Guri, Korea); collagen I, 
epilife medium and epilife defined growth supplement (EDGS) 
from Gibco (Grand Island, NY, USA); follicle dermal papilla 
cell growth medium and supplement mix from PromoCell 
(Heidelberg, Germany); Dulbecco’s modified Eagle’s medium 
(DMEM), fetal bovine serum (FBS), trypsin-EDTA, penicillin/
streptomycin solution, Dulbecco’s phosphate-buffered saline 
(DPBS) and phosphate-buffered saline (PBS) from WelGENE 
(Daegu, Korea). William’s E medium, 2 mM L-glutamine, 10 
U/mL penicillin, 100 ug/mL streptomycin and amphotericin B 
from Life Technologies (Carlsbad, CA, USA). Hydroxytrimeth-
ylpyridinyl Methylindolecarboxamide (HTPI) was dissolved in 

DMSO to the final concentration that did not exceed 0.1%.

Docking study
We utilized GNINA (version 1.1) (McNutt et al., 2021) for 

conducting protein-ligand docking, incorporating support for 
scoring and optimizing ligands through convolutional neural 
networks (CNN). The X-ray structure of the PYGL and ligand 
complex (PDB 2ZB2) was obtained from the RCSB Pro-
tein Data Bank. The protein was preprocessed using ProDy 
(Bakan et al., 2011) to eliminate non-protein components like 
water, cofactors, and ligands. The 3D structure of HTPI was 
formatted in SD using OpenBabel (O’Boyle et al., 2011). Sub-
sequently, docking simulation was conducted with GNINA us-
ing the prepared protein and HTPI. The binding site was speci-
fied to the vicinity of the reference ligand which was extracted 
from the original PDB. Default settings were applied for all 
other parameters. The resulting binding poses were ranked 
based on CNNscore, which varies from 0 (poorest) to 1 (op-
timal). It should be noted that not a single but two identical 
ligand molecules are bound in the allosteric site. Therefore, 
docking was performed sequentially as follows.

(1) One ligand was removed from PDB 2ZB2 and the other 
ligand was left as is.

(2) HTPI was docked into the empty space resulting from 
the removal of one ligand in 2ZB2.

(3) The PDB resulting from docking now contains one 2ZB2 
ligand and one HTPI molecule. 

(4) The remaining 2ZB2 ligand was taken away from this 
PDB, while HTPI was left as is. This PDB was used for sub-
sequent docking.

(5) HTPI was docked into the empty space resulting from 
the removal of 2ZB2 ligand.

(6) This docking result contains two HTPI molecules in the 
allosteric binding site.

Finally, we selected the most favorable binding mode by 
considering the CNN score and manually examining the bind-
ing interactions.

Cell culture
hDPCs and hORSCs were purchased by PromoCell. hD-

PCs were cultured in follicle dermal papilla cell growth medium 
supplemented with 4% fetal calf serum, 0.4% bovine pituitary 
extract, 1 ng/mL basic fibroblast growth factor (bFGF), and 5 
µg/mL insulin (supplement mix) at 37°C incubator in a humidi-
fied atmosphere containing 5% CO2. hORSCs were cultured 
in epilife medium supplemented with EDGS. Experiments 
utilized hDPCs and hORSCs from 3-5 passages. To induce 
oxidative stress with H2O2, serum deprivation was conducted 
by replacing the medium with fresh DMEM supplemented with 
1% FBS and 1 ng/mL bFGF. 

Cell viability 
The proliferation of hDPCs was assessed using the WST kit 

(Daeil Lab service) following the manufacturer’s instructions. 
hDPCs (5.0×103 cells/well) were seeded in 96-well plates and 
incubated overnight. Subsequently, the medium was replaced 
with fresh DMEM supplemented with 1% FBS and 1 ng/mL 
bFGF for 24 h. hDPCs were pre-incubated with HTPI for 2 h 
and treated with H2O2 for 24 h. The medium was replaced with 
a medium containing 10% WST dye, and the cells were then 
incubated in an incubator at 37°C and 5% CO2 for 1 h. Absor-
bance was measured at 450 nm using a microplate reader 
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(Tecan, Mannedorf, Switzerland). 

Lactate dehydrogenase assay
Cytotoxicity was determined by Cytotoxicity LDH assay kit 

(Dojindo Molecular Technologies) according to manufacturer’s 
instructions. hDPCs (5.0×103 cells/well) were pre-incubated 
with DMEM medium containing 1% FBS for 24 h. The cells 
were treated with H2O2 for 24 h. After replacing with the work-
ing solution, the samples were protected from light and incu-
bated at room temperature. After 30 min, stop solution was 
added. The absorbance was measured at 490 nm by Tecan 
microplate reader. 

Intercellular ROS assay
The intracellular ROS level was assessed using the DCF-

DA method (Abcam). hDPCs (5.0×103 cells/well) were seeded 
in 96-well black plates and incubated for 24 h. The medium 
was then replaced with fresh serum-starvation medium and 
incubated overnight. Cells were pre-treated with HTPI for 2 h 
and stained with the DCF-DA probe. After 45 min, cells were 
treated H2O2 with DMEM without phenol-red for 4 h. Fluores-
cent intensity was measured at Ex/Em=485/535 nm. 

JC-1 staining
JC-1 staining was examined using JC-1 staining kit (Ab-

cam) following the manufacturer’s protocols. hDPCs (5.0×103 
cells/well) were seeded in 96-well black plates. Cells were pre-
treated with HTPI for 2 h and stained with JC-1 dye. After 10 
min, cells were treated H2O2 with DMEM without phenol-red for 
2 h. Fluorescent intensity was measured at Ex/Em=475/590 
nm using Tecan microplate reader.

ALP staining
hDPCs (1.5×105 cells/well) were seeded in 6-well plates for 

24 h prior to be stimulated with HTPI. The cells were treat-
ed with H2O2 in the absence or presence of HTPI for 24 h. 
For ALP staining (Vector Laboratories, CA, USA), cells were 
washed with cold PBS and homogenized. The cell lysate was 
centrifuged at 15,000xg for 20 min to obtain the supernatant. 
The supernatant was incubated with 5 mM pNPP at 37°C for 
1 h and the reaction was stopped by adding stop solution. The 
absorbance was measured at 405 nm by Tecan. 

Glycogen assay
The concentration of glycogen in hORSCs was determined 

using a glycogen assay kit (Sigma-Aldrich) following the man-
ufacturer’s protocols. Briefly, hORSCs (1.5×105 cells/well) 
were seeded in 6-well plate for 24 h. To induce glucose star-
vation, DMEM without glucose but supplemented with 55 mg/L 
pyruvate was utilized. HTPI was treated for 2 h before glucose 
starvation. After starvation, the cells were homogenized and 
lysed. The lysate was centrifuged, and the supernatant was 
transferred into tubes for quantification. Glycogen was de-
graded to glucose using a hydrolysis enzyme mix and then 
developed with a colorimetric development enzyme mix which 
produces a colorimetric 570 nm.

Quantitative Real-time PCR
hDPCs (1.5×105 cells/well) were seeded in 6-well plates 

and cultured for 24 h. After overnight serum limitation, HTPI 
was pre-treated. After 2 h, cells were treated with H2O2 in pres-
ent of rhDKK-1. Total RNA was extracted with RNAiso Plus 

(Takara, Shiaga, Japan). Reverse transcription was then per-
formed with oligo-primers to obtain cDNA. Finally, qPCR anal-
ysis was accomplished on a CFX Connect Real-Time PCR 
Detection System (Bio-Rad, Hercules, CA, USA) using SYBR 
Green qPCR High-ROX PreMIX.

Human hair follicle organ culture
Human scalp skin was obtained from nonbalding areas 

from patients undergoing hair transplant surgery with writ-
ten consent and approval by the Institutional Review Board 
of Dankook University Hospital (IRB no. DKUH. 2021-12-
005). Human hair follicles were isolated by microdissection 
under the microscope. Anagen VI hair follicles were chosen 
for the study. Each treatment group consist of 6 hair follicles 
and the experiments repeated 3 times. Isolated hair follicles 
were maintained in William’s E medium supplemented with 10 
µg/mL insulin, 10 ng/mL hydrocortisone, 2 mM L-glutamine, 
and 10 U/mL penicillin, 100 µg/mL streptomycin, and 25 µg/
mL amphotericin B. All cultures were incubated at 37°C in an 
atmosphere of 5% CO2 and 95% air.

Statistical analysis
Statistical analysis of data was performed with the ANOVA 

test and Mann-Whitney U test using the Statistical Packages 
for Social Sciences (SPSS) program (SPSS, Inc., Chicago, 
IL, USA).

RESULTS

Docking study of HTPI to the PYGL allosteric site
PYGL spontaneously forms an active dimer when two iden-

tical subunits are in the activated state (Oikonomakos et al., 
2000). It is regulated primarily through reversible phosphoryla-
tion and allosteric effectors such as AMP, glucose-1-phosphate 
and glycogen as activators and ATP, glucose-6-phosphate 
and glucose as inhibitors (Rocha et al., 2021). But the recently 
identified allosteric site is located at the dimeric interface and 
differs from the previously known allosteric sites where afore-
mentioned allosteric effectors bind. PYGL can be allosterically 
inhibited by binding of ligands to this new allosteric site (Onda 
et al., 2008). This paper describes the discovery of a series 
of allosteric inhibitors of PYGL and the crystal structure (PDB 
2ZB2) of the representative compound. We used the PDB 
2ZB2 for docking study of HTPI. Docking of HTPI into PYGL 
was proceeded as described in the METHOD section. Two 
HTPI molecules are bound in the allosteric site formed at the 
dimeric interface of two PYGL monomers (Fig. 1). The bind-
ing interactions between PYGL and HTPI are depicted (Fig. 
2). The amide nitrogen of HTPI forms a hydrogen bond to the 
carbonyl oxygen of Thr38. The indole and pyridine rings of the 
ligand have a cation-p interaction with the guanidyl group of 
Arg60 and a p-p stacking interaction with the aromatic ring of 
His57, respectively.

HTPI prevented H2O2-induced cell death in hDPCs
Based on the role of HFDPC in hair follicles, we first evalu-

ated the cell viability of hDPCs following exposure to different 
concentrations of HTPI (0.01-100 µM). According to the cell 
viability analysis results, HTPI induced toxicity in hDPCs at a 
concentration of 100 µM for 24 h (Fig. 3A). Under conditions of 
oxidative stress, hDPCs were observed to undergo premature 
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senescence (Upton et al., 2015; Huang et al., 2017). In this 
study, H2O2 was used as the oxidative stress inducer, result-
ing in a concentration-dependent reduction in the viability of 
cultured hDPCs (data not shown). While H2O2 reduced cell 
viability by approximately 30% and 50% at concentrations of 
750 µM and 1000 µM, respectively, the decrease in cell vi-
ability induced by H2O2 was restored after pre-treatment with 
HTPI for 2 h in a concentration-dependent manner (Fig. 3B). 
Also, LDH assay showed that H2O2 increased cell cytotoxicity 
but HTPI treatment resulted in a reduction in cytotoxicity levels 
(Fig. 3C). We have found that HTPI decreased ROS-induced 
cell cytotoxicity and the LDH activities.

HTPI protected cultured hDPCs from H2O2-induced 
oxidative stress in hDPCs

As mentioned earlier, ROS are one of the major contribu-
tors to hair loss. There is increasing evidence that removal of 
ROS promotes hair follicle regeneration (Le Thi et al., 2020). 
To determine whether HTPI protect hDPCs from ROS, we 
conducted DCFDA assay to assess intercellular ROS chang-
es. H2O2 was used to induce ROS production. The pretreat-
ment of HTPI at 0.5 µM significantly reduced the increased 
ROS production induced by H2O2 (Fig. 4A). We also analyzed 
mitochondrial ROS production using JC-1 assay. Compared 
with the control group, H2O2 treatment showed decreased 
JC-1 aggregates/monomer ratio, indicating that the mitochon-
drial membrane potential was decreased. HTPI increased 
JC-1 aggregates/monomer ratio ranged about 10% but with 
significance at 750 µM H2O2 (Fig. 4B).

HTPI restored the decreased alkaline phosphatase 
activity level by H2O2 in hDPCs

Alkaline phosphatase (ALP), an important regulator of en-
ergy metabolism, was identified as a critical anagen marker 
(Iida et al., 2007). ALP activity is associated with the hair-in-
ducing capability of hDPCs and the decrease in ALP activity 
is related to the transition from the anagen phase to the cata-

gen phase (Rendl et al., 2008; Woo et al., 2012). It was found 
that the ALP activity level decreased by approximately 50% 
following H2O2 treatment but HTPI restored the ALP activity 
level in a concentration dependent manner with statistical sig-
nificance (Fig. 5). Our data suggest that HTPI could inhibit 
the ROS-induced catagen progression via increasing the ALP 
activity. Furthermore, HTPI regulated the mRNA expression 
levels of anagen and catagen markers (Supplementary Fig. 
1A, 1B). The decreased expression of the anagen marker, 
β-catenin, upon hydrogen peroxide treatment was restored by 
HTPI. Additionally, DKK-1, a catagen marker, decreased upon 
treatment with HTPI alone and attenuated the increased lev-
els of DKK-1 induced by H2O2. This suggests that prolonging 
the anagen phase and preventing progression to catagen in 
hDPCs can prevent hair loss.

HTPI regulated glycogen degradation in hORSCs
Glucose serves as a crucial fuel to sustain hair growth and 

a primary precursor for glycogen synthesis (Williams et al., 
1993). Therefore, we investigated whether glycogen stor-
age is depleted by glucose starvation and HTPI regulates 
glycogen breakdown in hORSCs. Quantitative glycogen as-
say showed that glycogen contents in hORSCs cultured in a 
glucose-free medium were markedly reduced. However, HTPI 
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inhibited glycogen degradation in a dose-dependent manner 
(Fig. 6A). It is known that glycogen content markedly decreas-
es during the catagen phase (Figlak et al., 2021). This result 
indicates that HTPI could prolong anagen phase and inhibit 
catagen transition as the crucial glycogen metabolism enzyme 
in hORSCs. Also, HTPI increased the decreased cell viability 
induced by glucose starvation (Fig. 6B). Moreover, pretreat-
ment with HTPI prevented cell death in hORSCs induced by 
DKK-1 protein (Supplementary Fig. 2).

HTPI promoted human hair growth ex vivo
The effect of HTPI on human hair growth was investigated 

in human hair follicle organ culture model. HTPI significantly 
increased the hair growth compared with non-treated control 
(Fig. 7). On day 8 of culture, HTPI increased the length of hair 
shaft by 10.5% (1 µM) and 11.1% (2 µM) compared with non-
treated control. A positive control minoxidil showed a compa-
rable result.

DISCUSSION

Hair fulfills diverse vital physiological roles, encompassing 
the dispersion of sweat-gland secretions, including phero-
mones, and furnishing protection against environmental ele-
ments (Paus and Cotsarelis, 1999). The reciprocal interac-
tion between mesenchymal dermal papilla and the follicular 
epithelium is necessary for the physiological growth and cycli-
cal processes of hair follicles (Hardy, 1992; Chuong, 1998). 
Notably, hDPCs act as secondary germ cells localized in the 
hair-follicle bulge to instigate the renewal of the lower follicu-

lar segment at the onset of each successive follicular cycle 
(Cotsarelis et al., 1990). hDPCs orchestrate the proliferation 
and maturation of hair follicles, directing the proliferation, mi-
gration, and differentiation of surrounding matrix cells into the 
emerging hair shaft (Driskell et al., 2011). Furthermore, the 
dynamics of hair size, morphology, and cycling are intricately 
regulated by the abundance of hDPCs (Chi et al., 2013). Our 
findings elucidate that pretreatment with HTPI reduced the 
heightened ROS production induced by H2O2 and effectively 
mitigates H2O2-triggered orchestrate cell death in hDPCs.

The conspicuous expression of alkaline phosphatase (ALP) 
activity by follicular dermal papilla during and post develop-
ment is a widely acknowledged phenomenon (Hardy, 1952). 
This enzymatic activity has been utilized as a valuable indica-
tor to delineate the spatial distribution, morphology, and di-
mensions of dermal papilla within cutaneous samples (Hand-
jiski et al., 1994; Müller-Röver et al., 2001). Studies have 
demonstrated that early-passage dermal papilla cells exhibit-
ing elevated ALP levels possess the capacity to instigate hair 
follicle neogenesis upon engraftment into cutaneous wounds 
(McElwee et al., 2003). Conversely, dermal papilla cells in late 
passages exhibit diminished ALP activity and are inept at in-
ducing hair follicle regeneration (McElwee et al., 2003). Our 
findings demonstrate that HTPI could inhibit the ROS-induced 
catagen progression via increasing the ALP activity.

The hair follicle (HF) features a distinctive energetic mecha-
nism, known as the Cori cycle, which relies on glycogen re-
serves (Figlak et al., 2021). Earlier investigations have docu-
mented the presence of glycogen within the outer root sheath 
(ORS) of hair follicles in both human and murine specimens 
(Montagna et al., 1951; Shipman et al., 1955; ELLIS and Mon-
tagna, 1958). Considering the role of PYGL in glycogen break-
down, glycogen metabolism assumes significance in initiating 
the catagen phase, potentially furnishing the requisite energy 
for apoptotic processes (Figlak et al., 2021). Notably, hORSCs 
emerge as pivotal sites for glycogen synthesis, functioning 
as active repositories for glycogen storage while also dem-
onstrating gluconeogenic capabilities. Fijlak et al. elucidated 
that inhibition of PYGL leads to a notable reduction in the 
number of hair follicles transitioning into the catagen phase, 
thereby prolonging the anagen stage (Figlak et al., 2021). Our 
investigation underscores the efficacy of HTPI in extending 
the anagen phase and impeding the onset of catagen transi-
tion by targeting crucial glycogen metabolism enzymes within 
hORSCs.

Recent progress in understanding of the biology and pa-
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thology of hair follicles should lead to more effective therapies 
for disorders of hair growth.1 All of the study’s findings point to 
the various impacts that HTPI has on hDPCs and hORSCs, 
including the regulation of cell proliferation, defense against 
oxidative stress, stimulation of metabolic processes, and relief 
of growth inhibition caused by glucose shortage. These find-
ings indicate a possible therapeutic use of HTPI in prolong-
ing the anagen phase of hair follicles and preventing oxidative 
damage. Ultimately, we confirmed the hair growth-promoting 
ability of HTPI using an ex-vivo model. HTPI’s effectiveness is 
comparable to that of minoxidil, a well-established hair growth 
stimulant used as a positive control in this study. These find-
ings support the potential of HTPI as a significant hair growth 
stimulant. We also point to directions for future study into the 
drug’s mechanism of action and prospective applications in 
the treatment of hair-related conditions or regenerative medi-
cine.
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