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Abstract: Alopecia is traditionally viewed as androgen-dependent, but emerging evidence has
implicated oxidative stress in the pathogenesis of hair loss. Current treatments for alopecia have
limited efficacy, leading to the need for new therapies. Human dermal papilla cells (hDPCs) play
a pivotal role in hair follicle (HF) development and hair growth regulation. In this study, we
investigated the potential of (S)-3-((S)-2-(6-(2,3-dihydrobenzo[b][1,4]dioxin-6-yl)-1-oxoisoindolin-2-
yl)butanamido)-4-oxo-5-(2,3,5,6 tetrafluorophenoxy) pentanoic acid (THPA), a pan-caspase inhibitor,
to reduce ROS-induced cellular damage and apoptosis in hDPCs. Our study revealed that THPA
effectively suppressed hydrogen peroxide-induced apoptosis while also attenuating activated caspase
signaling. Additionally, THPA restored the down-regulated expression of β-catenin, a key mediator
of the Wnt/β-catenin pathway, in hDPCs exposed to hydrogen peroxide. Furthermore, significant
alterations in Akt/mTOR/p70S6K signaling were observed following THPA treatment. Notably,
THPA treatment led to a reduction in the expression of Dickkopf-1 (DKK-1), an inhibitor of the Wnt/β-
catenin pathway implicated in hair follicle regression. Moreover, THPA treatment decreased the
expression of the cell senescence markers p21 and p16, suggesting a potential role in preserving hDPC
function and delaying hair follicle regression. Collectively, our findings highlight the therapeutic
potential of THPA in preventing hair loss by protecting hDPCs against oxidative stress damage.

Keywords: alopecia; apoptosis; caspase; reactive oxygen species; human dermal papilla cells;
β-catenin; Akt; senescence

1. Introduction

Alopecia is a common form of hair loss affecting both men and women. Up to
80% of men and 50% of women are affected by alopecia, which becomes more common
and severe as people age [1]. While alopecia may not directly damage the body, it can
cause patients to experience severe psychological stress that can lead to negative feelings
such as inferiority, anxiety, and despair and negatively impact their quality of life and
personal social activities [2]. Consequently, it is critical to manage alopecia appropriately.
Topical minoxidil and oral finasteride are two Food and Drug Administration-approved
therapies. Minoxidil is known as a direct-acting arteriolar vasodilator that expands blood
flow to induce growth in hair follicles, and finasteride is a 5-alpha reductase inhibitor
that prevents testosterone from converting into dihydrotestosterone (DHT), thus affecting
hair loss [3]. However, these medications can partially stop hair loss but do not fully
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stimulate hair growth. Moreover, negative side effects and the challenge of adhering to
daily treatment regimens may further limit their use [4,5]. Therefore, recent research has
explored therapeutic approaches such as pharmaceuticals and nutritional supplements like
vitamins and plant extracts, highlighting the essential need for new treatments to increase
hair growth [6].

Hair follicles consist of keratinocytes and a specialized mesenchymal cell population
known as dermal papilla cells (DPCs) [7,8]. Human dermal papilla cells (hDPCs) are
pivotal in follicle development, regeneration, and hair growth cycling. hDPCs stimulate
follicular keratinocytes to maintain and regenerate the hair follicle cycle [9]. By secreting
growth-promoting signals, hDPCs play essential roles in regulating the onset of anagen
and the transition from the anagen to catagen phases [10]. Recently, DPCs have been used
in in vitro screening models to assess the efficacy of agents that target hair growth.

Alopecia is characterized as an age-related or androgen-dependent mechanism in
hDPCs [11]. However, clinical reports have demonstrated that alopecia does not occur
solely through androgen-dependent pathways; it also involves androgen-independent
mechanisms, such as those induced by chemotherapy and stress [12–14]. Recent studies
have shown that apoptotic and senescent levels are markedly elevated in balding DPCs
compared to non-balding DPCs [15,16]. Interestingly, reactive oxygen species (ROS) have
emerged as crucial inducers to both androgen-dependent and androgen-independent
alopecia [12], with higher ROS levels detected in the dermal papilla of balding scalps than
in non-balding scalps [17,18]. Elevated ROS levels correlate with reduced DPC motility [15]
and heightened cell senescence in balding-scalp DPCs [15]. Recent studies have linked
cisplatin-induced alopecia to ROS production and ROS-mediated apoptosis in DPCs [19].
These findings suggest that targeting ROS is a promising and necessary approach in the
development of alopecia prevention and treatment strategies.

The Wnt/β-catenin signaling pathway plays a crucial role in the development of hair
follicles [6,20,21]. Following activation in adult tissues, β-catenin, the primary mediator
of the Wnt/β-catenin signaling pathway, aggregates within the cytoplasm before translo-
cating to the nucleus. Within the nucleus, it forms complexes with transcription factors
from the lymphoid enhancer factor/T-cell factor (Lef/Tcf) family [22]. This complex orches-
trates the transcription of target genes that are crucial for regulating fundamental cellular
functions such as proliferation and migration [23]. Also, exposure to H2O2 decreased the
length of human hair follicles through the modulation of the GSK-3β/β-catenin signaling
pathway [24].

Apoptosis, a highly regulated programmed cell death process, plays a pivotal role in
various physiological and pathological conditions. It is essential for maintaining tissue
homeostasis by eliminating damaged or unwanted cells. Considering the widespread
use of H2O2 to induce oxidative stress-related apoptosis, we adopted an in vitro model to
simulate oxidative stress using H2O2 [25,26]. Research has indicated that H2O2, along with
superoxide and hydroxyl radicals, plays a role in damaging hDPCs, ultimately contributing
to hair loss [24,27].

In this study, we developed a novel pan-caspase inhibitor, (S)-3-((S)-2-(6-(2,3-dihy-
drobenzo[b][1,4]dioxin-6-yl)-1-oxoisoindolin-2-yl)butanamido)-4-oxo-5-(2,3,5,6-tetrafluo-
rophenoxy)pentanoic acid (THPA). We aimed to demonstrate that THPA could ameliorate
hair loss by modulating cell apoptosis and regulating the associated signaling pathways.
This was confirmed by inducing oxidative stress with H2O2 in hDPCs.

2. Materials and Methods
2.1. Synthetic Method of (S)-3-((S)-2-(6-(2,3-dihydrobenzo[b][1,4]dioxin-6-yl)-1-oxoisoindolin-2-
yl)butanamido)-4-oxo-5-(2,3, 5,6-tetrafluorophenoxy)pentanoic Acid

(1) Synthetic scheme of Compound 6

To the solution of 4-Benzyl N-(tert-Butoxycarbonyl)-L-aspartate (25 g, 77.3 mmol) and
N-methylmorpholine (9.35 mL, 85.0 mmol) in tetrahydrofuran (250 mL) under nitrogen
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gas at −15 ◦C, we added isobutyl chloroformate (10.53 mL, 81.2 mmol) dropwise. After
stirring at −15 ◦C for 30 min, the mixture was warmed to 0 ◦C.

Freshly prepared excess diazomethane (5.0 eq) in ether was added to the solution at
0 ◦C under nitrogen (until the yellowish color did not disappear). The reaction mixture
was stirred at 0 ◦C for 30 min.

The reaction mixture was treated with 5 N HBr/glacial acetic acid (1:1) (30.9 mL,
2 eq, 154.6 mmol) slowly. After stirring at 0 ◦C for 30 min, the mixture was partitioned
between ethyl acetate and water. The organic phase was washed successively with water,
saturated sodium bicarbonate, and saturated sodium chloride. The solution was dried over
anhydrous sodium sulfate, filtered and evaporated to dryness. Hexane was added and
the solid was filtered and washed with hexane to provide Compound 4 (25 g, 80.8% over
three steps).

To a solution of Compound 4 (25 g, 62.5 mmol) in DMF (250 mL), we added potassium
fluoride (9.068 g, 156.3 mmol) and 2,3,5,6-tetrafluorophenol (11.408 g, 68.8 mmol). The
reaction mixture was stirred at room temperature for 2 h and then partitioned between
ethyl acetate and water. The organic layer was washed with sat. ammonium chloride and
brine. The organic layer was dried over sodium sulfate, filtered, and concentrated. The
crude product directly went to the next step.

Compound 5 was treated with 4 N HCl in dioxane (155 mL), and the reaction mixture
was stirred at r. t. for 1 h. The solution was concentrated under reduced pressure. The
remaining one was stirred in anhydrous diethyl ether for 1 h. The solid was filtered, washed
with EtOAc, and dried to produce the desired Compound 6 (23.6 g, 90% over two steps)
(Figure 1).
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(2) Method used to make diazomethane

N-methylurea (86 g, 1.162 mol) was dissolved in water (715 mL). Sodium nitrite (88.2 g,
1.278 mol) was added, and the mixture was cooled to 0 ◦C in an ice bath. Then, 33% aq.
hydrochloric acid (170 mL, 1.51 mol) was added dropwise over a period of 1 h. The mixture
was left to stir for 30 min at the same temperature. The precipitate was filtered off, washed
with water, and dried in vacuo. N-methyl-N-nitrosourea (74.8 g, 62%) was obtained as a
light-beige powder (it was stored at −28 ◦C).

N-methyl-N-nitrosourea was introduced into an Erlenmeyer flask containing diethyl
ether and 40% aq. KOH previously cooled to 0 ◦C in an ice bath. The mixture was left to
stand for 30 min at 0 ◦C, carefully shaking it several times. The organic phase containing
the generated diazomethane was decanted and dried (KOH pellets) at 0 ◦C for 3 h.

(3) Synthetic scheme of (S)-3-((S)-2-(6-(2,3-dihydrobenzo[b][1,4]dioxin-6-yl)-1-oxoisoin-
dolin-2-yl)butanamido)-4-oxo-5-(2,3,5,6-tetrafluorophenoxy)pentanoic acid

To the solution of Compound 7 (Methyl 5-Bromo-2-methylbenzoate) (25 g, 109.14 mmol)
and N-bromosuccimide (19.424 g, 109.14 mmol) in CHCl3 (100 mL), we added dibenzoyl
peroxide (1.322 g, 5.46 mmol). The reaction mixture was stirred at 75 ◦C for 1 h and then
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diluted with dichloromethane and water. The organic layer was washed with water (three
times) and brine, then dried with sodium sulfate and concentrated under reduced pressure
to produce Compound 8.

To the solution of Compound 8 (from the previous reaction) and tert-butyl (2S)-2-
aminobutanoate hydrochloride (21.287 g, 108.78 mmol) in acetonitrile (300 mL), we added
diisopropylethyl amine (DIPEA) (56.84 mL, 326.33 mmol). The reaction mixture was stirred
under reflux for 5 h. The solution was cooled to room temperature and then diluted with
ethyl acetate. The solution was washed with water, saturated ammonium chloride, and
brine; dried over sodium sulfate; and concentrated under reduced pressure. The crude
product was purified by crystallization with ether and hexane to produce Compound 9
(25.1 g, 65%).

To the solution of Compound 9 (10.0 g, 28.32 mmol) in 1,4-dioxane (100 mL), we
added Tetrakis(triphenylphosphine)palladium (3.26 g, 2.83 mmol), 2 M potassium carbon-
ate solution (28.2 mL, 56.5 mmol) and 2,3-dihydro-1,4-benzodioxin-6-ylboronic acid (5.58 g,
29.73 mmol) The reaction mixture was degassed for 10 min. The reaction solution was
refluxed at 100 ◦C for 10 h and cooled to room temperature. The solution was diluted
with ethyl acetate and water and filtered through a Celite pad. The organic layer was
washed with saturated ammonium chloride, brined, dried over sodium sulfate, and con-
centrated using a rotary evaporator. The crude product was used for the next step without
any purification.

Compound 10 was treated with 4 N HCl in dioxane (20 eq, 142 mL), and the reaction
mixture was stirred at room temperature for 8 h. The solution was concentrated under
reduced pressure. The crude product was washed with ether (200 mL) and ethyl acetate
(200 mL) to produce Compound 11 (9.7 g, 96% over two steps)

Compound 11 (5.0 g, 14.15 mmol) and Compound 6 (5.96 g, 1 eq, 14.15 mmol) were
dissolved in DMF (50 m) under N2 gas. HATU (1-[Bis(dimethylamino)methylene]-1H-1,2,3-
triazolo[4,5-b]pyridinium 3-Oxide Hexafluorophosphate) (6.99 g,18.40 mmol) and DIPEA
(9.86 mL, 56.59 mmol) were added. The reaction mixture was stirred at room temperature
for 5 h. The solution was diluted with ethyl acetate and washed with water (x 2), saturated
ammonium chloride, saturated sodium bicarbonate, and brine; dried over magnesium
sulfate; and concentrated under a rotary evaporator. The crude produce was purified by a
silica gel column (40% EtOAC in Hex) to produce Compound 12 (7.4 g, 72%).

To a solution of Compound 12 (7.0 g, 1.38 mmol) in THF:AcOH (70 mL:3.5mL) was
added 10% palladium on carbon (0.05 eq). The reaction solution was degassed and charged
with hydrogen gas several times. The reaction mixture was stirred at room temperature
for overnight. The solution was filtered through Celite pad and concentrated. The crude
product was purified by Prep-HPLC (70% ACN in H2O with 0.035% TFA) to produce
“THPA” (3.7 g, 60%) (Figure 2).
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1H NMR (400 MHz, DMSO-d6) δ12.51 (s, 1 H), 8.85 (dd, J = 11.2, 7.5 Hz, 1H), 7.91–7.82
(m, 2 H), 7.68 (d, J = 7.8 Hz, 1 H), 7.66–7.52 (m, 1 H), 7.23 (d, J = 8.0 Hz, 2 H), 7.00 (d,
J = 8.2 Hz, 1 H), 5.27 (d, J = 4.1 Hz, 2 H), 4.81 (dd, J = 9.7, 5.7 Hz, 1 H), 4.74–4.62 (m, 2 H),
4.53 (d, J = 17.7 Hz, 1 H), 4.33 (s, 4 H), 4.07 (q, J = 7.1 Hz, 1 H), 2.80 (dd, J = 16.9, 6.0 Hz, 1 H),
2.62 (dd, J = 16.9, 7.0 Hz, 1 H), 2.03 (s, 2 H), 1.84 (dq, J = 9.5, 7.2 Hz, 1 H), 1.21 (t, J = 7.1 Hz,
1 H), 0.88 (t, J = 7.3 Hz, 3 H). MS (ESI, LR) Calculated for C31H27H4N2O8 (MH+): 631.17,
found: 631.2.

2.2. Cell Culture

Human dermal papilla cells (hDPCs) were purchased from Promocell (Promocell,
Heidelberg, Germany). Cells were cultured using the growth medium kit in a humidified
incubator at 37 ◦C under 5% CO2 according to the instructions provided by Promocell. All
experiments used cells between passage three and five. Before treatment with THPA and
H2O2 (Sigma-Aldrich, St. Louis, MO, USA), the medium was replaced with fresh DMEM
(WelGENE, Daegu, Republic of Korea) containing 1% FBS (WelGENE, Daegu, Republic of
Korea), and cells were incubated for 24 h to reduce the influence of serum and growth fac-
tors. Subsequently, THPA and H2O2 were treated according to the experimental conditions.

2.3. Cell Viability

Relative cell viability was examined using the WST assay (Daeil Lab Service, Seoul,
Republic of Korea) following the manufacturer’s protocol. Briefly, hDPCs (5 × 103/well)
were seeded into 96-well plates and cultured for 24 h. The medium was replaced with
DMEM supplemented with 1% FBS, and the cells were pre-treated with THPA for 4 h.
Following H2O2 treatment for 24 h, the culture medium was replaced with fresh DMEM
media containing 10% WST regent. Absorbance was detected using a microplate reader
(Tecan, Mannedorf, Switzerland) at 450 nm.

2.4. Lactate Dehydrogenase Assay

Cytotoxicity was assessed using a Cytotoxicity LDH Assay kit (Dojindo Molecular Tech-
nologies, Kumamoto, Japan) following the manufacture’s protocol. hDPCs (5 × 103/well)
were plated in 96-well plates and incubated for 24 h. hDPCs were pre-treated with THPA
for 4 h and exposed to H2O2 for 24 h. Following the treatment, the medium was replaced
with the working solution. After 30 min, a stop solution was added. The absorbance of the
solution in each well was determined using a microplate reader at 490 nm.

2.5. Cellular ROS Detection Assay

The detection of ROS production was performed using the 2′,7′-dichlorofluorescein
diacetate (DCFDA)-Cellular ROS Detection Assay kit (Abcam, Cambridge, UK). According
to the manufacturer’s instructions, hDPCs (5 × 103/well) were seeded into a 96-well
microplate. After overnight incubation, the media were removed and cells were washed
with buffer. Subsequently, cells were incubated with 25 µM DCFDA at 37 ◦C for 45 min.
After removing DCFDA, supplemented buffer containing THPA and H2O2 was added.
Fluorescence intensity was measured using a microplate reader at Ex/Em = 485/535 nm.

2.6. TUNEL Staining

Apoptosis was determined using the Click-iTTM plus terminal deoxynucleotidyl trans-
ferase dUTP nick end labeling (TUNEL) assay kits for in situ apoptosis detection (Invit-
rogen) according to the manufacturer’s instructions. In brief, hDPCs (3 × 104/well) were
seeded in a 24-well plate. Following treatment with THPA and H2O2, cells were fixed
with 4% paraformaldehyde, permeabilized with a Triton X-100, and incubated with a TdT
reaction mixture at 37 ◦C for 1 h. Counterstaining was performed using DAPI, followed by
analysis with fluorescence microscopy (Nikon, Tokyo, Japan).
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2.7. Wnt Reporter Assay

WRHEK293A cells were purchased form Amsbio (Amsbio, Abingdon, UK). Cells
were seeded in white 96-well plates and incubated overnight. After treatment with H2O2
and THPA, cells were lysed using 50 µL of lysis buffer (Thermo Scientific, Waltham, MA,
USA). GFP fluorescence was measured using a microplate reader at Ex/Em = 488/510 nm.
Subsequently, 50 µL of luciferase substrate solution (Promega, Madison, WI, USA) was
added to each well, and luciferase activity was measured. The measured values were
normalized using GFP fluorescence.

2.8. Real Time Quantitative Polymerase Chain Reaction

Total RNA was extracted using RNAiso Plus (Takara, Shiaga, Japan). Subsequently,
cDNA synthesis was achieved using RevertAid Reverse Transcriptase (Thermo Scien-
tific). Quantitative polymerase chain reaction (qPCR) analysis was conducted utilizing the
CFX96 Touch Real-Time PCR Detection System (Bio-Rad, Hercules, CA, USA) and FastStart
Essential DNA Probes Master (Roche, Basel, Switzerland), following standard protocols.

2.9. Western Blot

After washing the cells in DPBS, protein was extracted using RIPA lysis solution
supplemented with 1 mM PMSF and a protease inhibitor cocktail (Sigma-Aldrich, Missouri,
USA). Extracted proteins were equally separated on NuPAGETM 12% Bis-Tris Gel (Invitro-
gen, Carlsbad, CA, USA) and transferred onto a PVDF membrane. Following overnight
incubation with the appropriate antibodies (Cell Signaling Technology, Danvers, MA, USA)
in TBS-T, the membranes were blocked with 5% BSA and subsequently probed with a
horseradish peroxidase-conjugated anti-mouse secondary antibody (Bio-Rad).

2.10. Statistical Analysis

Significant F-value items in an ANOVA were evaluated for significance at the p < 0.05
level using the Tukey test, which was conducted using SPSS software as the statistical
analysis tool.

3. Results
3.1. H2O2 Induced Cell Death in Cultured hDPCs

H2O2 induces hair loss through its cytotoxic effects and the ability to induce oxidative
stress [28]. In this study, H2O2 was used to induce oxidative stress in hDPCs. To evaluate
the cytotoxicity of H2O2 on hDPCs, cells were treated with 125 µM–1.5 mM of H2O2. The
viability of hDPCs was measured using the WST assay after 24 h of treatment. The viability
of the hDPCs decreased by approximately 50% at a 1 mM concentration (Figure 3A). In ad-
dition, the LDH assay showed a significant increase starting at a 1 mM H2O2 concentration
(Figure 3B). Based on these results, 1 mM of H2O2 was used in subsequent experiments to
induce cell death.
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3.2. THPA Protected hDPCs from Cell Apoptosis and Oxidative Damage Induced by H2O2

We developed a pan-caspase inhibitor that inhibited all types of caspases, thereby
preventing cell apoptosis and oxidative damage induced by H2O2. THPA showed no
cytotoxicity to the cells at concentrations ranging from 1 nM to 10 uM (Figure S1). THPA
was pre-treated with THPA for 4 h prior to H2O2 treatment. THPA pre-treatment prevented
cell death in hDPCs induced by H2O2 in a concentration-dependent manner (Figure 4A).
We examined the cellular ROS levels after THPA and H2O2 using 2′,7′-dichlorofluorescin
diacetate (DCFDA) staining. While 1 mM H2O2 significantly increased the cellular ROS
level, 5 µM THPA reduced ROS levels (Figure 4B). Furthermore, we performed a TUNEL
assay to investigate the inhibitory effect of THPA on the apoptosis of hDPCs. There was a
significant increase in the number of TUNEL-positive cells, whereas THPA-treated hDPCs
exhibited a reduction in the number of TUNEL-positive cells (Figure 4C).
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3.3. THPA Inhibited Caspase Activation Induced by H2O2

Caspase-3 and caspase-7, which lead to cell apoptosis, are regarded as catagen markers.
During catagen, these proteins are highly expressed in the hair matrix and participate in
cell fragmentation. Additionally, they mediate the effector mechanisms of apoptosis in
human hair follicles [29,30]. PARP is known to respond to DNA damage by activating
DNA repair mechanisms and aiding in cell survival. However, when cellular damage is
severe or repair is not feasible, PARP promotes cell apoptosis [31]. We investigated the
inhibition of apoptosis by measuring the protein expression levels of caspase-3, caspase-7,
and PARP following THPA treatment (Figure 5A). Similar to the Western blotting results,
THPA significantly blocked the H2O2-induced increase in caspase-3/7 activity (Figure 5B).
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These results indicated that THPA could prevent catagen entry and cellular damage by
preventing apoptosis in hDPCs.
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activity in hDPCs (A,B), n = 3. *** p < 0.001.

3.4. THPA Restored the Reduced β-Catenin Level

The Wnt/β-catenin pathway plays a crucial role in the hair regeneration process [32].
Studies have shown that the inhibition of β-catenin hinders the hair growth cycle, whereas
its activation in hDPCs promotes hair growth and prolongs the anagen phase [33–35].
To investigate the effects of H2O2 and THPA treatment on Wnt/β-catenin signaling, we
examined the protein expression of β-catenin. As shown in Figure 6A, H2O2 reduced
the protein expressions of β-catenin. This indicated that H2O2 treatment affected hair
growth and cycling. However, this decrease induced by H2O2 was prevented by THPA
pre-treatment. Also, a stable Wnt reporter cell line was used to investigate the preventive
effects of THPA on the Wnt/β-catenin pathway. Treatment with H2O2 decreased Tcf/Lef-
mediated reporter activity. However, THPA increased luciferase activity (Figure 6B). This
result indicated that THPA stimulates hair regeneration and growth by preventing the
decrease in β-catenin levels induced by H2O2.
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3.5. Akt/mTOR/p70S6K Signaling Pathway Is Required for Mediating the Effects of THPA on the
Inhibition of H2O2-Induced Apoptosis

To elucidate the molecular mechanism of action of THPA, we investigated the MAP
kinase molecules, which are crucial for cellular signaling cascades. MAP kinases phospho-
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rylation was analyzed using a dot blot assay. The phosphorylation of Akt, mTOR, and
p70S6K showed the most significant changes (Figure S2). There are studies showing that
excessive oxidative stress activates Akt signaling in various cell lines [36–38]. Oxidative
stress triggers cell death by inducing Akt activation [39]. Therefore, we further confirmed
the changes in the phosphorylation of Akt, mTOR, and p70S6K in response to H2O2 and
THPA treatment using Western blot. We found that H2O2 significantly increased the phos-
phorylation of Akt, mTOR, and p70S6K, whereas THPA restored their phosphorylation
levels (Figure 7A,B).
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were detected by Western blot analysis in hDPCs (A,B), n = 3. *** p < 0.001.

3.6. THPA Reduced Catagen and Senescence Markers in H2O2-Treated hDPCs

To determine whether THPA prevents catagen and cell senescence induced by H2O2,
the mRNA expression of the catagen marker DKK-1 and the protein levels of cell senescence
markers p16 and p21 were measured. Dickkopf-1 (DKK-1), recognized as a Wnt antagonist
and an inducer of catagen, facilitates the regression of hair follicles by inhibiting Wnt/β-
catenin signaling [40]. THPA significantly decreased the elevated mRNA level of DKK-1
induced by hydrogen peroxide (Figure 8A). Protein expressions of p21 and p16 were
significantly reduced in 5µM of THPA treatment, indicating that cell senescence could be
prevented by THPA (Figure 8B).
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Figure 8. THPA reduced catagen and senescence markers in H2O2-treated hDPCs. The mRNA
expression of DKK-1 (A) and the protein expression of p21 and p16 (B) were reduced in H2O2-treated
hDPCs by THPA. ** p < 0.01, *** p < 0.001.
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4. Discussion

In the present study, we provided in vitro evidence that a pan-caspase inhibitor com-
pound (THPA) can support hair regeneration by preventing of ROS-induced cell damage
in hDPCs.

Caspases are a family of genes that are important for maintaining homeostasis by
regulating cell death and inflammation, and their inhibition contributes to the prevention
of cell death [41]. We found that apoptosis was induced by H2O2 and confirmed that
THPA prevented it in hDPCs by regulating caspase signaling, which was activated by
oxidative stress. Furthermore, the effects of THPA are related to its anti-oxidative effect.
The up-regulation of intracellular ROS levels mediated by H2O2 was dramatically inhibited
following THPA pre-treatment. Recent reports have demonstrated H2O2 was reported to
induce premature senescence in rat dermal papilla cells, resulting in the inhibition of cell
proliferation in follicular keratinocytes [42], and induce cell senescence by cell cycle arrest
in hDPCs [43]. These findings suggest that THPA is a novel and potent therapeutic agent
against oxidative stress-induced cell dysfunction in hDPCs.

The activation of the Wnt/β-catenin pathway is crucial for the regeneration of hair
follicles and the growth of hair shafts. Studies have shown that hair follicles fail to develop
when β-catenin, a pivotal signaling molecule within this pathway, undergoes mutation
in the hair substrate of mice. Introducing this mutation into normal mice prevented
hair follicles from transitioning into the subsequent hair growth cycle. [33] Furthermore,
diminished β-catenin activity directly obstructs the differentiation of hair follicle stem cells
(HFSCs) from hair follicle cells. [44,45]. As expected, the Wnt/β-catenin pathway was
negatively affected by high levels of H2O2 in cultured hDPCs. We have found that the
decreased expression of β-catenin in cultured hDPCs was restored by THPA.

We conducted a MAPK array to further demonstrate the role of THPA in molecular
mechanisms and confirmed significant changes in Akt signaling. It has been reported that
Akt activation and downstream signaling involve many pathways implicated in several
biological functions, including hair proliferation, regeneration, and survival [46,47]. How-
ever, as previously mentioned, there are research findings indicating that Akt activation
increases in response to oxidative damage induced by H2O2 [39,48]. According to research
findings, the PI3K/Akt pathway is involved in various apoptotic signaling pathways. It
is believed that the activation of the PI3K/Akt pathway during the early stages of cell
apoptosis is understandable. As cell apoptosis progresses, cells exhibit preconditioning
properties, where they are protected against apoptosis by a transient insult. Additionally,
following withdrawal from a transient apoptotic insult, cells demonstrate self-sustained
apoptosis, a remodeling process of apoptosis, that contributes to cell survival. During this
apoptotic remodeling process, PI3K/Akt signaling can be inhibited through a negative
feedback mechanism, thus providing further protection for cell survival [49,50]

In this context, THPA can prevent the apoptosis of hDPCs by ROS-induced Akt/mTOR/
p70S6K activation, indicating that the Akt/mTOR/p70S6K signaling cascade may be the
potential mechanism for hair loss.

In both murine and human models, DKK-1, a well-known inhibitor of Wnt/β-catenin
signaling, induces apoptosis in hair follicle cells and restricts hair follicle enlargement
during regeneration, thereby promoting the transition of anagen hair follicles to the cata-
gen phase [50]. Moreover, the expression of DKK-1 in balding-scalp tissues was elevated
compared to non-balding-scalp tissues [51]. Therefore, our data suggest that THPA pro-
motes hair growth by potentially inhibiting the entry into the catagen phase through
down-regulating the level of DKK-1 protein.

THPA treatment also significantly reduced the protein expression of the cell senes-
cence markers p21 and p16. Cell senescence involves a state of cell cycle arrest, with
key the involvement of regulatory proteins like p21CIP/WAF1 and p16 INK4a. These
cyclin-dependent kinase inhibitors play critical roles in controlling the G1/S cell cycle
checkpoint [52,53]. In our study, we observed that exposure to H2O2 resulted in a signifi-
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cant increase in the protein expression levels of p21 and p16. Conversely, THPA treatment
reduced the H2O2-induced expression of both p21 and p16.

5. Conclusions

Our research offers insights into the cellular and molecular mechanisms by which
the caspase inhibitor THPA may protect hair survival in cultured hDPCs. To date, a hair
loss treatment utilizing a caspase inhibitor has not been commercialized. Taken together,
our data demonstrate that THPA could be a new treatment by preventing cell senescence
and premature catagen entry by protecting hDPCs against oxidative stress. Therefore,
we propose that THPA should be further investigated in animal and clinical trials to
substantiate its potential for preventing hair loss by elucidating its underlying mechanisms.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/cosmetics11040105/s1, Figure S1: THPA is non-toxic to cells from
1 nM–10 µM; Figure S2: Analysis of phosphorylation MAPK array.
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hDPCs human dermal papilla cells
HF hair follicle
DHT dihydrotestosterone

THPA
(S)-3-((S)-2-(6-(2,3-dihydrobenzo[b][1,4]dioxin-6-yl)-1-oxoisoindolin-2-yl)butanamido)-4-
oxo-5-(2,3,5,6 tetrafluorophenoxy) pentanoic acid

DKK-1 dickkopf-1
ROS reactive oxidative species
Lef/Tcf lymphoid enhancer factor/T-cell factor
DCFDA 2′,7′-dichlorofluorescein diacetate
Ex/Em Excitation/Emission
qPCR quantitative polymerase chain reaction
TUNEL terminal deoxynucleotidyl transferase dUTP nick end labeling
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