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Abstract: Alopecia, a prevalent yet challenging condition with limited FDA-approved treatments
which is accompanied by notable side effects, necessitates the exploration of natural alternatives. This
study elucidated the hair growth properties of Gynostemma pentaphyllum leaf hydrodistillate (GPHD)
both in vitro and in vivo. Furthermore, damulin B, a major component of GPHD, demonstrated
hair growth-promoting properties in vitro. Beyond its established anti-diabetic, anti-obesity, and
anti-inflammatory attributes, GPHD exhibited hair growth induction in mice parallel to minoxidil.
Moreover, it upregulated the expression of autocrine factors associated with hair growth, including
VEGEF, IGF-1, KGF, and HGF. Biochemical assays revealed that minoxidil, GPHD, and damulin B
induced hair growth via the Wnt/3-catenin pathway through AKT signaling, aligning with in vivo
experiments demonstrating improved expression of growth factors. These findings suggest that
GPHD and damulin B contribute to the hair growth-inducing properties of dermal papilla cells
through the AKT/ 3-catenin signaling pathway.

Keywords: alopecia; Wnt/ 3-catenin; Gynostemma pentaphyllum; damulin B

1. Introduction

Hair loss, or alopecia, is a condition which is likely to subconsciously impact one’s
psychological health in the form of stress, low self-esteem, anxiety, and loss of confidence,
which in turn can cause a domino effect and contribute to extensive hair loss. In addition
to its social significance, hair loss can play a significant role in an individual’s self-esteem.
Fifty percent of men will have been affected by hair loss by the age of 50, while forty percent
of women will have experienced it by around age 70 [1-3]. Factors triggering hair loss can
be either genetically inherited, environmentally influenced, or both. Androgenic alopecia,
the predominant form of alopecia affecting both genders but exhibiting a greater impact on
men due to elevated testosterone levels compared to women, may have a hereditary basis
and can be worsened by additional environmental influences [4,5], while alopecia areata is
caused by autoimmune destruction of hair follicles. Even though genetic predisposition
plays a role in alopecia, extensive research has been conducted on how environmental
factors such as smoking, diet, microbial inflammation, and UV radiation can cumulatively
affect the emergence of this hair condition [6,7]. For instance, telogen effluvium and
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anagen effluvium can arise as a result of an unbalanced diet, stress, and chemotherapeutic
agents, respectively, which suggests they are activated more by external factors rather
than the genetic aspect [3,8]. In a nutshell, several internal disorders, hormonal and
nutritional issues, and systemic intoxications, including hereditary characteristics, can
have a significant role in the deterioration of hair texture, color, shine, elasticity, and
manageability [9].

Some alopecia areata medications, such as baricitinib and ritlecitinib, have been newly
approved by the FDA. Other established therapies approved by the Food and Drug Admin-
istration include options like low-level laser therapy (LLLT), topical or oral minoxidil, and
oral finasteride [10-12]. In alopecia areata (AA), the inflammatory response is triggered
by IFN-y and IL-15 and mediated by the JAK1/2 signaling pathways in hair follicles.
Both baricitinib and ritlecitinib have been demonstrated to be JAK inhibitors, acting as
a therapeutic option for AA [11,12]. Furthermore, cyclosporine is frequently employed
in alopecia areata treatment, either as a standalone therapy or in combination with other
treatments. It is also utilized alongside certain antioxidants and immunosuppressants for
managing androgenic alopecia. However, the mechanism of action of this drug is yet to
be elucidated [13,14]. LLLT is a device-based therapy which uses low-intensity light to
extend the anagen phase in hair follicles and enhance cellular proliferation in hair follicles,
but its mechanism of action has yet not been fully elucidated [15]. Minoxidil, which was
introduced as a drug for hypertension, was accompanied by hypertrichosis as a common
side effect, which led to its development as a topical application to treat androgenic alope-
cia in men and women [16]. Although its mechanism of action is unclear, studies have
speculated about its potential relevance, suggesting that its sulfated metabolite acts as a
potassium channel opener, thereby producing nitric oxide (NO). NO is involved in various
physiological processes, particularly vasodilation, and has been observed to increase cap-
illary fenestrations, possibly linked to vascular endothelial growth factor (VEGF), which
influences angiogenesis and cell functions such as survival and proliferation in dermal
papilla cells [17,18]. Finasteride is a 5-alpha reductase inhibitor which converts testosterone
into dihydrotestosterone, a powerful male hormone that causes hair loss [19]. However,
considering the unpleasant side effects of these drugs, like erectile dysfunction, facial hyper-
trichosis, hypotension, skin irritation, headache, nasopharyngitis, upper respiratory tract
infections, and many more, the emergence of safer alternatives is required and has already
begun [10,12]. Out of necessity, studies have come up with some natural compounds with
hair growth-inducing properties, with lesser to no aftereffects [20-22]. A similar strategy
was followed in the present study, where we focused on the hair-inducing properties of
Gynostemma pentaphyllum. Gynostemma pentaphyllum (Thunb) Makino is a perennial creeping
plant from the Cucurbitaceae family. G. pentaphyllum has been used in Eastern medicine
as a well-known culinary and medicinal plant [23]. The phytochemical examination of G.
pentaphyllum unveiled its richness in saponin glycosides (gypsenosides), which were then
investigated and found to have various pharmacological effects. Its apparent structural
similarity to ginsenosides found in panax ginseng, already known for its numerous health
benefits, including hair growth-promoting properties, led us to hypothesize that G. pen-
taphyllum might have similar characteristics [22,24,25]. G. pentaphyllum has been studied
widely for its anti-diabetic, anti-obesity, and anti-anxiety effects [26,27], but not much is
known about its hair growth-inducing properties. An intriguing aspect of this research
study is that G. pentaphyllum is also utilized as a sweetener [28], and several studies have
examined the influence of olfactory receptors on hair growth. It has been observed that hu-
man hair follicles possess chemosensory capabilities, with the specific activation of OR2AT4
being essential for sustaining hair follicle growth [29]. While additional research may be
necessary to reinforce this hypothesis, it is noteworthy to mention its potential significance.

Dermal papilla cells are considered a central node in hair growth as they are respon-
sible for regulating the hair growth cycle [30,31]. In the present study, we focused on the
proliferative influence of G. pentaphyllum leaf hydrodistillate (GPHD) on human dermal
papilla cells (hDPCs) in vitro as well as in vivo, with particular attention to the method of
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extraction to ensure complete purity and address any safety concerns. Furthermore, we
analyzed the mechanism through which G. pentaphyllum and its key component damulin B
could exhibit hair-inducing properties by activating the Wnt/3-catenin pathway via the
AKT/ GSK3p pathway, making them potential candidates for the prevention of alopecia.

2. Materials and Methods
2.1. Cell Culture, Reagents, and Antibodies

An immortalized human dermal papilla cell (hDPC) line retaining the characteristics
of primary DPCs was used for the current study [32,33]. This cell line expresses alkaline
phosphatase, versican, alpha-smooth muscle actin, and biglycan. Human dermal papilla
cells were maintained in Dulbecco’s modified eagle medium (DMEM) (Gibco, Grand
Island, NY, USA) supplemented with 10% heat inactivated fetal bovine serum (Corning,
NY, USA) in humidified air containing 5% CO, at 37 °C. Antibodies against GAPDH and
PCNA were purchased from Santa Cruz Biotechnology (Santa Cruz, CA, USA). Antibodies
against 3-catenin, GSK33, P-GSK3{ (Ser9), AKT, and P-AKT(Ser473) were purchased
from Cell Signaling Technology (Danvers, MA, USA). Damulin B was obtained from
ChemFaces Biochemical (Wuhan, China). Commercially available 5% minoxidil was used
for in vivo experiments.

2.2. Formulation of Cell Culture Media Using G. pentaphyllum Leaves Extract

The hydrodistillate of G. pentaphyllum was generated by Chunjieh Cooperation (Jeju
City, Korea) as previously described [34]. Around 20 kg of dried G. pentaphyllum leaves
was mixed with 1.2 tons of distilled water and heated for 15 h at 109 °C under a pressure of
1.5 atmospheres. The vapor produced during this process was condensed using a closed-
loop system which subsequently underwent cooling. This hydrodistillate was heated again
at 95 °C for 1 h to be sterilized. This hydrodistillate was considered 100% (v/v) and was
directly utilized for in vivo experiments. A cell culture medium, hereafter referred to as
the GPHD culture medium, was formulated for in vitro applications. The GPHD culture
medium was prepared by substituting distilled water with 100% hydrodistillate when
adding DMEM powder, as opposed to the typical practice of using distilled water in the
formulation of regular DMEM media. The pH was adjusted to 7.2 using bicarbonate. This
medium was filter sterilized, and 10% fetal bovine and 1% antibiotics were added. This
GPHD culture medium was then mixed with regular DMEM and the desired percentage of
GPHD (v/v) was prepared.

2.3. Trypan Blue Cell Counting Assay

hDPCs were treated with selected concentrations of minoxidil, GPHD, and damulin
B and incubated for 24 h. The collected suspension was mixed with trypan blue 1:1 and
viable cells were counted using a hemocytometer.

2.4. Animal Experiments

Three-week-old male C57BL/6 mice were purchased from Japan SLC (Shizuoka, Japan)
and allowed to adapt for 1 week at 21 & 2 °C and 50% = 5% relative humidity under a 12 h
light/12 h dark cycle before use in experiments. The experimental mice were randomly
allocated into 3 groups, namely control, GPHD, and minoxidil, each group consisting of
5 mice. Minoxidil was used as a positive control. The control group was fed a normal
diet and distilled water (~0.9 mL/day) for 28 d. The GPHD group was fed a normal diet
and GPHD (~0.9 mL/day) for the same duration, whereas the minoxidil group was fed
a normal diet and distilled water (~0.9 mL/day) for 28 d prior to shaving. On day 28,
the mice were anesthetized with zoletyl and the dorsal fur of the mice was shaved using
an animal clipper. For an additional 15 days, the control group continued with a normal
diet and distilled water (~0.9 mL/day) while the GPHD group received a normal diet
and GPHD (~0.9 mL/day). The minoxidil group was fed similarly to control group but
minoxidil was topically applied on the shaved dorsal region every day for the next 15 days.
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As previously stated, determining the concentration of GPHD is challenging compared to
determining that of minoxidil due to its nature as an extract, and applying it in an ointment
form would further dilute the concentration due to viscosity. Even if applied topically,
we anticipated that its effect would not have matched that of minoxidil, requiring more
frequent applications, which would have disrupted methodological uniformity. Moreover,
since the extract showed no toxicity when administered orally, priority was given to
oral administration to ascertain the volume of GPHD at least. For visual analysis of
improvement in hair growth, images were taken on days 0, 7, 11, 13, and 15. The animal
protocol was approved by the Institutional Animal Care and Use Committee of Kyung Hee
University (KHSASP-21-309).

2.5. Hair Growth Score Analysis of Improvement in Hair Growth

A hair growth score was calculated according to a previous report [35] in the following
way. The hair growth phase was partitioned into three distinct areas: a pink region denoted
as A, representing minimal hair growth; a grey section marked as B, indicating slight hair
growth; and a black area labeled as C, signifying nearly complete hair growth. Hair growth
score= (Area of A x 0) + (Area of B x 1) + (Area of C x 2)/total area. Areas A, B, and C of
mouse dorsal skin were converted into numbers using the Image ] program.

2.6. Histopathological Analysis

For histopathological analysis, mouse dorsal skins were immediately dissected out,
fixed in 10% neutral buffered formalin solution, embedded in paraffin, and cut at a thick-
ness of 5 pm. Each section was subjected to H&E (BBC Biochemical, Mount Vernon,
WA, USA) staining. Hair cycles were assessed and categorized based on quantitative
histomorphometry as described [36] using images obtained from hematoxylin and eosin
(H&E) staining.

2.7. Real-Time PCR for Mouse Skin Tissue and hDPCs

To analyze the expression level of various growth factors in mouse dorsal skin tissue,
RNA was extracted from 100 pg of each mouse’s skin with TRIzol™ Plus RNA Purification
Kit (Invitrogen, Carlsbad, CA, USA). Similarly, total RNA was extracted from hDPCs using
TRIZol reagent (Invitrogen, Carlsbad, CA, USA), and cDNA was reverse-transcribed from
1 pg of total RNA with the RvertAidTM First Strand cDNA synthesis Kit (Fermentas, Glen
Burnie, MD, USA) according to the manufacturer’s instructions. Real-time PCR was carried
out using Power SYBR® Green PCR Master Mix (Applied Biosystems, Foster City, CA,
USA) using the QuantStudio 5 system (Thermo Fisher Scientific, Waltham, MA, USA).
The thermal cycling program for all target and reference genes for mouse skin tissue was
as follows: pre-denaturation (2 min at 50 °C), denaturation (10 min at 95 °C), annealing,
and extension (15 s at 95 °C, 30 s at 60 °C, 30 s at 72 °C) for 40 cycles. The melting curve
analysis condition was as follows: 15 s at 95 °C, 1 min at 60 °C, and 15 s at 95 °C. GAPDH
was used to normalize the expression of each gene, which was presented using the 2~4A¢t
method. The primers are listed as follow: VEGF forward (TGGTGGACATCTTCCAGGAG);
VEGEF reverse (GGAAGCTCATCTCTCCTATGTG); KGF forward (CGCAAATGGATACT-
GACACG); KGF reverse (GGGCTGGAACAGTTCACACT); IGF-1 forward (ACTGGA-
GATGTACTGTGCCC); IGF-1 reverse (GATAGGGACGGGGACTTCTG); HGF forward
(CATTGGTAAAGGAGGCAGCTATAAA); HGF reverse (GGATTTCGACAGTAGTTTTC-
CTGTAGG); GAPDH forward (ACCACAGTCCATGCCATCAC); GAPDH reverse (TC-
CACCACCCTGTTGCTGT). Given that the cell line utilized in the in vitro culture is of
human origin, the primers employed for gene identification are specified as follows: VEGF
forward (TCTTCAAGCCATCCTGTGTG) and reverse (GCGAGTCTGTGTTTTTGCAG);
KGF forward (ACTCCAGAGCAAATGGCTAC) and reverse (CCACTGTCCTGATTTC-
CATG); IGF-1 forward (TCAACAAGCCCACAGGGTAT) and reverse (CGTGCAGAG-
CAAAGGAT); HGF forward (TGTGGGTGACCAAACTCCTG) and reverse (AGCGTAC-



Nutrients 2024, 16, 985

50f 16

CTCTGGATTGCTT); and GAPDH forward (TGCATCCTGCACCACCAACT) and reverse
(TGCCTGCTTCACCACCTT).

3. Results
3.1. GPHD Promotes Hair Growth in Mice

Throughout the current experiment, we used G. Pentaphyllum hydrodistillate (GPHD),
which has been reported to be safe and contains many active ingredients [34]. To examine
the hair growth-inducing effects of GPHD on mice, random groups consisting of five mice
in each group were administered the respective compounds. The schedule for the in vivo
experiments is summarized in Figure 1A. The control group was fed a normal diet with
water (~0.9 mL/day), the GPHD group was fed a normal diet with the equivalent amount
of GPHD (~0.9 mL/day), while in the minoxidil group, minoxidil was topically applied on
the depilated dorsal regions of these mice. Minoxidil was chosen over finasteride due to
its potential as a therapeutic drug for promoting hair growth, while finasteride serves as a
protective barrier against hair loss induced by hormonal factors. Notably, topical minoxidil
was chosen over its oral counterpart, considering its perceived safer profile and the potential
systemic side effects associated with oral administration [37]. Moreover, the complexity of
applying oral minoxidil in an experimental setting given its tablet formulation influenced
the decision in favor of the topical form. Figure 1A displays the progression of hair growth
through images taken at 7, 11, 13, and 15 days after shaving. The GPHD group exhibited
superior hair growth compared to the control group, approaching levels observed in the
minoxidil group. Figure 1B illustrates one of the images used for quantifying hair growth
on the dorsal skin of mice, with distinct colors denoting various phases of hair growth.
A hair growth score was calculated according to the method described in a previous
report [35], and pink, grey, and black areas were quantified using Image J software (v1.54i)
to determine the hair growth score, revealing a 2.8-2.9-fold increase in hair growth for both
the minoxidil and GPHD groups. Skin tissue was collected on day 15 after shaving and was
processed using H&E staining for histological analysis. Figure 1C shows the H&E staining
of longitudinal and transverse sections of hair follicles in all three groups. The GPHD and
minoxidil groups exhibited mature hair follicles in the dermis region which were absent
in the control group. Quantitative histomorphometry, following the method outlined by
S. Miiller-Rover et al. [36], revealed that both GPHD and minoxidil facilitated the transition
from telogen to anagen, indicating that GPHD possesses growth-promoting properties
similar to minoxidil. Additionally, Figure 1D shows the mRNA expression of growth factors
(VEGE, IGF-1, HGEF, and KGF) in dorsal skin tissue samples. Minoxidil demonstrated a 3—4-
fold induction of the expression of growth factors, while GPHD exhibited a comparatively
higher expression than the control, though not as high as minoxidil.

3.2. Minoxidil, GPHD, and Damulin B Enhance the Proliferation of Human Dermal Papilla
Cells (hDPCs)

To explore the therapeutic effects of G. Pentaphyllum in vitro, the culture medium con-
taining GPHD referred to in Materials and Methods was made. We also examined the effects
of damulin B, a hydroxylated dammarane-type glycoside, as the analysis of GPHD via
ultra-high performance liquid chromatography—quadrupole/time-of-flight mass spectrom-
etry (UHPLC-Q/TOF MS) had previously shown it to be a predominant component [34].
Human dermal papilla cells (hDPCs) were treated with the indicated concentration of
minoxidil (Figure 2A), GPHD (Figure 2B), and damulin B (Figure 2C,D) for 24 h. A trypan
blue cell counting assay revealed the cell-proliferative effects of each reagent, while no
toxicity was observed (Figure 2E).
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Figure 1. GPHD promotes hair growth in mice. (A) Six-week-old mice were fed a normal diet
and distilled water (~0.9 mL/day) or GPHD, while the minoxidil group was fed a normal diet and
distilled water (~0.9 mL/day) with an additional topical application of minoxidil for 15 days before
being sacrificed. Images show hair growth progression on mouse dorsal skin on day 0, 7, 11, 13, and
15 after depilation. (B) Hair growth score was calculated in the following way: Hair growth score =
(Area of A x 0) + (Area of B x 1) + (Area of C x 2)/total area. (C) H&E staining of mouse dorsal
skin sections showed morphological changes in hair follicles and quantitative histomorphometry
showed changes in hair cycle phases following treatment with minoxidil and GPHD. (D) Growth
factors in each mouse group’s dorsal skin tissue were analyzed by real-time PCR. The results shown
are representative of three independent experiments. p-value < 0.05 was considered statistically
significant; individual p-values (* p < 0.05; ** p < 0.005; *** p < 0.0005) are indicated. n.s; not significant.
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Figure 2. Minoxidil, GPHD, and damulin B enhance the proliferation of human dermal papilla
cells (hDPCs). hDPCs were treated with the indicated concentration of minoxidil (A), GPHD (B),
and damulin B (D) for 24 h, and cell numbers were measured. Microscopic images of hPDCs were
taken and cell numbers were examined via trypan blue cell counting assay. (C) Chemical structure
of damulin B. (E) MTT assays were performed under identical conditions. The results shown
are representative of three independent experiments. p-value < 0.05 was considered statistically
significant; individual p-values (* p < 0.05; ** p < 0.005) are indicated.
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3.3. GPHD, Damulin B, and Minoxidil Enhance the Expression of Growth Factors in hDPCs

Based on the outcome observed in the in vivo experiment, we postulated that the
stimulation of hair growth could be attributed to the presence of growth factors, as depicted
in Figure 1D. Subsequently, we opted to investigate whether analogous results could be
replicated in an in vitro environment. Many growth factors, including VEGE, IGF, KGF,
and HGF, have been reported to stimulate hair growth via various signaling pathways [38].
Real-time PCR revealed that minoxidil, GPHD, and damulin B significantly induced the
mRNA expression of the indicated growth factors in hDPCs in a dose-dependent manner
(Figure 3A-C).
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Figure 3. Minoxidil, GPHD, and damulin B induce the expression of growth factors in hDPCs. hDPCs
were treated with minoxidil (A), GPHD (B), and damulin B (C) for 24 h in a concentration-dependent
manner. Then, real-time PCR was performed to measure the mRNA level of each growth factor. The
results shown are representative of three independent experiments. p-value < 0.05 was considered
statistically significant; individual p-values (* p < 0.05; ** p < 0.005; *** p < 0.0005) are indicated. n.s;
not significant.

3.4. Activation of Wnt/B-Catenin and Akt Signaling Pathways by Minoxidil, GPHD, and
Damulin B

Studies have suggested a focal role of the Wnt/ 3-catenin signaling pathway in follicle
cycling and hair morphogenesis in embryonic and adult life [38,39]. Additionally, studies
have suggested that minoxidil activates the 3-catenin pathway in dermal papilla cells
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to prolongate the anagen phase in the hair follicle cycle [40]. It is widely acknowledged
that 3-catenin induces the transcription of genes associated with cellular proliferation,
encompassing diverse growth factors; hence, its deficiency within dermal papilla cells can
disrupt the niche, hindering hair growth [41]. Thus, we focused our study on the Wnt/ 3-
catenin signaling pathway as a plausible mechanism of hair growth-promoting activity.
Minoxidil, GPHD, and damulin B induced the expression of 3-catenin in a concentration-
(Figure 4A—C) and a time-dependent manner (Figure 4D,E) in hDPCs. GSK3 in its active,
non-phosphorylated state is responsible for the ubiquitination of 3-catenin. However, an
elevation in the expression of phosphorylated GSK3[3-Ser9, indicating its inactive form, was
observed, suggesting the stabilization of 3-catenin. Several studies have emphasized the
significance of phosphoinositide 3-kinase and the AKT (PI3K/AKT) pathway in the mainte-
nance, proliferation, and even de novo synthesis of hair follicle regeneration [20,42,43]. Our
results demonstrated that the level of phosphorylated AKT, which mediates the signals
of various growth factors, was also significantly increased by these reagents [44]. Notably,
significantly elevated expression of the proliferation marker proliferating cell nuclear anti-
gen (PCNA) was observed in the presence of minoxidil, with a modest increase noted
in the presence of both GPHD and damulin B, indicating the induction of DNA synthe-
sis. Collectively, these results suggest that minoxidil, GPHD, and damulin B induce cell
proliferation through similar mechanisms of activating growth factors and the 3-catenin
signaling pathway (Figure 4).
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Figure 4. Minoxidil, GPHD, and damulin B activate the Wnt/—catenin pathway and Akt signaling
pathway in hDPCs. hDPCs were treated with minoxidil, GPHD, and damulin B in a concentration-
dependent (A-C) or time-dependent manner (D,E). Western blot analysis was performed, and
the level of the indicated protein was quantified. The results shown are representative of three
independent experiments. p-value < 0.05 was considered statistically significant; individual p-values
(*p <0.05; ** p < 0.005; *** p < 0.0005) are indicated.

3.5. The Wnt/B-Catenin Pathway Is Activated via AKT in the Presence of GPHD and Damulin B

Next, we investigated whether the Akt signaling pathway is directly involved in the
induction of (3-catenin. Results from the time-dependent experiment indicated a notable
increase in the expression of P-AKT and P-GSK3f during the initial exposure (1.5 h) to
GPHD and damulin B. In contrast, the expression of (3-catenin was observed at a later time
point (24 h), as depicted in Figure 4D,E. Based on these temporal patterns, we suspected that
Akt may act as an upstream of -catenin. GPHD- and damulin B-induced Akt activation,
the phosphorylation of GSK-3f3, and induction of 3-catenin were significantly blocked when



Nutrients 2024, 16, 985

11 of 16

hDPCs were pretreated with wortmannin, a specific inhibitor of PI3-kinase (Figure 5A,B).
However, the expression level of PCNA was hardly affected by wortmannin, indicating
that PCNA induction is not directly regulated via PI3-kinase and the Akt signaling pathway.
The expression level of growth factors was also significantly suppressed by wortmannin
under the same condition (Figure 5C,D). These results indicate that the following signaling
cascade is activated in hDPCs: GPHD and damulin B activate the PI3-kinase/Akt pathway,
which induces 3-catenin, which in turn activates the transcription of various growth factors.
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Figure 5. Activation of the Wnt/ 3 —catenin pathway via AKT in the presence of GPHD and damulin
B. hDPCs were treated with GPHD/damulin B in the presence of and/or absence of wortmannin.
Western blot analysis (A,B) and real-time PCR analysis (C,D) were performed. The results shown
are representative of three independent experiments. p-value < 0.05 was considered statistically
significant; individual p-values (* p < 0.05; ** p < 0.005) are indicated.

4. Discussion

The hair cycle undergoes progression and retrogression as it goes through certain
phases, named the anagen, catagen, and telogen phase, anagen being the longest phase
during which the cells are actively growing, while catagen and telogen being the apoptosis
and resting phases, respectively [30,45]. The hair follicle contains diverse cell types which
are essential for its growth and structure. Hair matrix cells, situated close to the dermal
papilla, interact with it to stimulate the formation of epithelial elements like the inner root
sheath and medulla. The hair shaft, primarily composed of keratinocytes, and the inner
and outer sheaths collectively constitute the epidermal components of the hair follicle.
The dermal papilla supplies nutrients for hair growth and follicle maintenance, forming a
multicellular tissue structure crucial for inducing hair growth [46,47]. Dermal papilla cells
are eminently active during the anagen phase, owing to their sophisticated communication
within the hair follicle niche, providing certain instructive growth factors and cytokines
for regulation of the hair shaft [31]. This makes the dermal papilla notably crucial, as its
population and activity markedly modulate the prolongation or abruption of these phases,
which ultimately determines the size of the hair shaft [48]. Human hair follicle growth and
morphogenesis are primarily regulated by the cell signaling pathways Wnt, Shh, Notch,
and BMP. In the induction phase of hair follicle formation, the Wnt pathway functions
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as a master regulator, including its upstream regulators like AKT and GSK3f [49,50]. In
addition, it has been shown that the development and regeneration of hair follicles are
significantly influenced by Wnt/-f-catenin signaling to the extent that 3-catenin deletion
in the embryonic epidermis abrogates hair follicle morphogenesis [51].

The genus Gynostemma has been extensively explored in traditional medicine for its
various properties in treatment of diabetes, hypertension, obesity, and hepatosteatosis.
However, limited knowledge exists regarding its potential to stimulate hair growth [26,27].
In the current study, we have successfully showcased the ability of G. pentaphyllum extract
to enhance the hair growth-inducing properties of dermal papilla cells. A notable study
has claimed that G. pentaphyllum extract elicited the induction of nitric oxide and evidently
promoted vasodilation in bovine aorta endothelial cells [52], which coincidentally aligns
with the mechanism of action of minoxidil. The study aimed to investigate the potential of
G. pentaphyllum in promoting hair growth-inducing properties in dermal papilla cells [16].
Additionally, another study suggested that minoxidil activates the (3-catenin pathway;,
which prolongs the anagen phase [40]. The Wnt/ 3-catenin signaling pathway, along with
its target genes, is recognized as a crucial regulator of dermal papilla cell proliferation and
the maintenance of the hair follicle [50,53]. In the Wnt/ 3-catenin canonical pathway, Wnt
binds to the frizzled receptor and the low-density lipoprotein-related protein (LRP), and
this complex inactivates GSK33 by phosphorylation, which is generally responsible for
cytoplasmic ubiquitin-mediated degradation of (3-catenin, thus allowing its translocation
to the nucleus to subsequently trigger the activation of downstream targets which regulate
the proliferative properties of the cells [38,39,54]. Research has revealed that the activation
of the AKT pathway, as well as its downstream regulators such as 3-catenin and GSK38,
extensively participates in various cellular signaling pathways, encompassing cell survival,
angiogenesis, migration, and metabolism [55]. The data we obtained demonstrated that
G. pentaphyllum extract and damulin B alone have the ability to activate the AKT pathway.
Consequently, this activation leads to the phosphorylation and subsequent inactivation
of downstream GSK3f3, preventing it from phosphorylating 3-catenin. Subsequently, this
facilitates the nuclear translocation of 3-catenin, leading to the upregulation of its tar-
get genes, including growth factors and various cytokines. These growth factors and
cytokines exert an autocrine influence on the proliferation and differentiation of dermal
papilla cells, as observed in our study. Secretion of IGF-1 from dermal papilla cells has
been reported to stimulate hair follicle growth via the PI-3 kinase pathway [56]. The ex-
pression of VEGF was also found to be crucial for hair growth as it helps in the direct
proliferation of dermal papilla cells and/or stimulation of local vascularization [57]. HGF
secreted by DPCs stimulates the growth of keratinocytes, highlighting the significance of
epithelial-mesenchymal interactions in hair follicle maintenance and induction [58]. KGF
has also been recognized for its ability to support the survival of hair follicles and provide
protection against detrimental external factors [59]. Our data indicated G. pentaphyllum
extract and its potent component damulin B increased the mRNA levels of VEGF, IGF-1,
HGEF, and KGF (Figures 1D and 3B,C). To inspect the relationship between PI3K/AKT
signaling and its downstream targets with GPHD and damulin B, we employed a PI3K
inhibitor, wortmannin, observing its effects on potential downstream pathways (Figure 5).
Our findings indicated that wortmannin effectively inhibited AKT phosphorylation, which
remained suppressed even in the presence of GPHD and damulin B, suggesting that these
compounds activate the (3-catenin pathway via AKT signaling. Furthermore, in the pres-
ence of wortmannin, the expression of growth factors markedly decreased and remained
low, even upon the introduction of GPHD and damulin B, hinting at the possibility that
AKT activation may be triggered by the autocrine effect of growth factors, subsequently
enhancing proliferation. The expression levels of -catenin, P-AKT, and P-GSK3{ were
significantly decreased in the presence of wortmannin, which suggests that G. pentaphyllum
could induce the expression of growth factors via the AKT/GSK3f3 pathway. In conclusion,
our data suggest that the autocrine signaling pathway is amplified by G. pentaphyllum ex-
tract and damulin B; the expression of growth factors is induced, and these growth factors
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are secreted to bind to the cell receptors and activate the signaling pathway to induce the
expression of growth factors. These results are summarized in Figure 6. Currently, the
exact molecular targets of GP extract and damulin B are unknown.

VEGF
IGF-1 VEGF
(] S — IGF-1
GPHD/Damulin B HGF KGE

HGF

|
PI3K
®
AKT
®

|
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Figure 6. Our results are summarized in this diagram. GPHD and damulin B activate the PI3K and
Akt pathways, which leads to the induction of several growth factors. We assume that these growth
factors are secreted to the medium and then act as growth factors for hDPCs in an autocrine manner.
As a result, this signal loop might be amplified by GPHD and damulin B. The dashed line indicates
the speculation of the authors.

Hair loss can be perceived as a flaw by the observer and sufferer due to the norms of
today’s beauty standards. Studies have shown that extent of hair loss can be proportional
to psychological and/or physical stress [60] and may increase day by day. Androgenic
alopecia represents a prevalent type of hair loss, impacting approximately 85% of men
and 40% of women [61]. Androgenic alopecia (AGA), commonly associated with ele-
vated dihydrotestosterone (DHT) production, stands as the main cause of hair loss in men.
The enzymatic activity of 5-« reductase, responsible for the conversion of testosterone to
dihydrotestosterone (DHT), is elevated in the scalp affected by balding. Consequently,
increasing DHT levels in the balding scalp, accompanied by an augmentation in the number
of DHT receptors on the hair follicles in that region, eventually lead to the miniaturization
of hair follicles [62,63]. Finasteride, as the sole FDA-approved drug currently available,
inhibits 5-« reductase to diminish the production of dihydrotestosterone (DHT), emphasiz-
ing the importance of investigating potential interventions aimed at mitigating androgenic
alopecia (AGA) by targeting DHT. Our future studies include assessing the efficacy of
GPHD and damulin B against the detrimental effects of DHT.

5. Conclusions

In conclusion, based on our current knowledge, as we seek a natural, low-risk alterna-
tive to the current therapeutic options for hair loss, we propose G. Pentaphyllum extract as a
promising candidate for use in addressing alopecia.

Author Contributions: Data curation, Methodology, Writing—original draft, L.K. and S.L.; Method-
ology, M.S., H.].S. and M.H.K; Resources, J.L. and Y.K.S; Supervision, W.C., LK. and S.S.K.; Concep-
tualization, Data curation, Funding acquisition, Project administration, Writing—review and editing,
Supervision, ].H. All authors have read and agreed to the published version of the manuscript.



Nutrients 2024, 16, 985 14 of 16

Funding: This work was supported by the Food Functionality Evaluation Program under the Ministry
of Agriculture, Food and Rural Affairs and the Korea Food Research Institute, as well as by a grant
from the National Research Foundation of Korea (2023R1A2C100596312) and the Basic Science
Research Program through the National Research Foundation of Korea (NRF) funded by the Ministry
of Education (2018R1A6A1A03025124).

Institutional Review Board Statement: The animal protocol was approved by the Institutional
Animal Care and Use Committee of Kyung Hee University (KHSASP-21-309) on 21 June 2021.

Informed Consent Statement: Not applicable.
Data Availability Statement: Data are contained within the article.

Conflicts of Interest: Author Jihyun Lee was employed by the company Easy Hydrogen Corporation.
The remaining authors declare that the research was conducted in the absence of any commercial or
financial relationships that could be construed as a potential conflict of interest.

References

1. Norwood, O.T. Male pattern baldness: Classification and incidence. South. Med. . 1975, 68, 1359-1365. [CrossRef] [PubMed]

2. Norwood, O.T. Incidence of female androgenetic alopecia (female pattern alopecia). Dermatol. Surg. 2001, 27, 53-54.

3. Qi,J],; Garza, L.A. An overview of alopecias. Cold Spring Harb. Perspect. Med. 2014, 4, a013615. [CrossRef] [PubMed]

4. Kaufman, K.D. Androgens and alopecia. Mol. Cell. Endocrinol. 2002, 198, 89-95. [CrossRef] [PubMed]

5. Richards, J.B.; Yuan, X.; Geller, F.; Waterworth, D.; Bataille, V.; Glass, D.; Song, K.; Waeber, G.; Vollenweider, P.; Aben, K.K,; et al.
Male-pattern baldness susceptibility locus at 20p11. Nat. Genet. 2008, 40, 1282-1284. [CrossRef]

6.  Trueb, RM. The impact of oxidative stress on hair. Int. |. Cosmet. Sci. 2015, 37 (Suppl. S2), 25-30. [CrossRef] [PubMed]

7. Gatherwright, J.; Liu, M.T.; Amirlak, B.; Gliniak, C.; Totonchi, A.; Guyuron, B. The contribution of endogenous and exogenous
factors to male alopecia: A study of identical twins. Plast. Reconstr. Surg. 2013, 131, 794e-801e. [CrossRef]

8.  Pratt, C.H,; King, L.E,, Jr.; Messenger, A.G.; Christiano, A.M.; Sundberg, J.P. Alopecia areata. Nat. Rev. Dis. Primers 2017, 3, 17011.
[CrossRef] [PubMed]

9.  Horeyv, L. Environmental and cosmetic factors in hair loss and destruction. Curr. Probl. Dermatol. 2007, 35, 103-117. [PubMed]

10. Nestor, M.S.; Ablon, G.; Gade, A.; Han, H.; Fischer, D.L. Treatment options for androgenetic alopecia: Efficacy, side effects,
compliance, financial considerations, and ethics. J. Cosmet. Dermatol. 2021, 20, 3759-3781. [CrossRef] [PubMed]

11. Freitas, E.; Guttman-Yassky, E.; Torres, T. Baricitinib for the Treatment of Alopecia Areata. Drugs 2023, 83, 761-770. [CrossRef]

12.  Gupta, A.K; Ravi, S.P.; Vincent, K.; Abramovits, W. LITFULO(TM) (Ritlecitinib) Capsules: A Janus Kinase 3 Inhibitor for the
Treatment of Severe Alopecia Areata. Skinmed 2023, 21, 434-438.

13. Palakkal, S.; Cortial, A.; Frusic-Zlotkin, M.; Soroka, Y.; Tzur, T.; Nassar, T.; Benita, S. Effect of cyclosporine A—Tempol topical gel
for the treatment of alopecia and anti-inflammatory disorders. Int. |. Pharm. 2023, 642, 123121. [CrossRef] [PubMed]

14.  Nowaczyk, J.; Makowska, K.; Rakowska, A.; Sikora, M.; Rudnicka, L. Cyclosporine with and without Systemic Corticosteroids in
Treatment of Alopecia Areata: A Systematic Review. Dermatol. Ther. 2020, 10, 387-399. [CrossRef] [PubMed]

15. Awvdi, P; Gupta, G.K,; Clark, J.; Wikonkal, N.; Hamblin, M.R. Low-level laser (light) therapy (LLLT) for treatment of hair loss.
Lasers Surg. Med. 2014, 46, 144-151. [CrossRef] [PubMed]

16. Rossi, A.; Cantisani, C.; Melis, L.; Iorio, A.; Scali, E.; Calvieri, S. Minoxidil use in dermatology, side effects and recent patents.
Recent. Pat. Inflamm. Allergy Drug Discov. 2012, 6, 130-136. [CrossRef] [PubMed]

17.  Proctor, PH. Endothelium-derived relaxing factor and minoxidil: Active mechanisms in hair growth. Arch. Dermatol. 1989, 125,
1146. [CrossRef] [PubMed]

18. Messenger, A.G.; Rundegren, J. Minoxidil: Mechanisms of action on hair growth. Br. ]. Dermatol. 2004, 150, 186—194. [CrossRef]

19. McClellan, K.J.; Markham, A. Finasteride: A review of its use in male pattern hair loss. Drugs 1999, 57, 111-126. [CrossRef]
[PubMed]

20. Lee, Y.R; Bae, S.; Kim, J.Y,; Lee, J.; Cho, D.H,; Kim, H.S,; An, LS.; An, S. Monoterpenoid Loliolide Regulates Hair Follicle
Inductivity of Human Dermal Papilla Cells by Activating the Akt/beta-Catenin Signaling Pathway. J. Microbiol. Biotechnol. 2019,
29, 1830-1840. [CrossRef]

21. Xing, F;Yi, W].; Miao, F; Su, M.Y,; Lei, T.C. Baicalin increases hair follicle development by increasing canonical Wnt/beta-catenin
signaling and activating dermal papillar cells in mice. Int. J. Mol. Med. 2018, 41, 2079-2085. [PubMed]

22. Park, G.H.; Park, K.Y.; Cho, H.I,; Lee, S.M.; Han, ].S.; Won, C.H.; Chang, S.E.; Lee, M.W.; Choi, ].H.; Moon, K.C.; et al. Red ginseng
extract promotes the hair growth in cultured human hair follicles. J. Med. Food 2015, 18, 354-362. [CrossRef] [PubMed]

23. Su,C,;Li,N,;Ren, R;Wang, Y,; Su, X;; Lu, F; Zong, R.; Yang, L.; Ma, X. Progress in the Medicinal Value, Bioactive Compounds,
and Pharmacological Activities of Gynostemma pentaphyllum. Molecules 2021, 26, 6249. [CrossRef] [PubMed]

24.  Choi, B.Y. Hair-Growth Potential of Ginseng and Its Major Metabolites: A Review on Its Molecular Mechanisms. Int. J. Mol. Sci.
2018, 19, 2703. [CrossRef] [PubMed]

25. Cui, J.; Eneroth, P.; Bruhn, J.G. Gynostemma pentaphyllum: Identification of major sapogenins and differentiation from Panax

species. Eur. |. Pharm. Sci. 1999, 8, 187-191. [CrossRef] [PubMed]


https://doi.org/10.1097/00007611-197511000-00009
https://www.ncbi.nlm.nih.gov/pubmed/1188424
https://doi.org/10.1101/cshperspect.a013615
https://www.ncbi.nlm.nih.gov/pubmed/24591533
https://doi.org/10.1016/S0303-7207(02)00372-6
https://www.ncbi.nlm.nih.gov/pubmed/12573818
https://doi.org/10.1038/ng.255
https://doi.org/10.1111/ics.12286
https://www.ncbi.nlm.nih.gov/pubmed/26574302
https://doi.org/10.1097/PRS.0b013e3182865ca9
https://doi.org/10.1038/nrdp.2017.11
https://www.ncbi.nlm.nih.gov/pubmed/28300084
https://www.ncbi.nlm.nih.gov/pubmed/17641493
https://doi.org/10.1111/jocd.14537
https://www.ncbi.nlm.nih.gov/pubmed/34741573
https://doi.org/10.1007/s40265-023-01873-w
https://doi.org/10.1016/j.ijpharm.2023.123121
https://www.ncbi.nlm.nih.gov/pubmed/37307961
https://doi.org/10.1007/s13555-020-00370-2
https://www.ncbi.nlm.nih.gov/pubmed/32270396
https://doi.org/10.1002/lsm.22170
https://www.ncbi.nlm.nih.gov/pubmed/23970445
https://doi.org/10.2174/187221312800166859
https://www.ncbi.nlm.nih.gov/pubmed/22409453
https://doi.org/10.1001/archderm.1989.01670200122026
https://www.ncbi.nlm.nih.gov/pubmed/2757417
https://doi.org/10.1111/j.1365-2133.2004.05785.x
https://doi.org/10.2165/00003495-199957010-00014
https://www.ncbi.nlm.nih.gov/pubmed/9951956
https://doi.org/10.4014/jmb.1908.08018
https://www.ncbi.nlm.nih.gov/pubmed/29336472
https://doi.org/10.1089/jmf.2013.3031
https://www.ncbi.nlm.nih.gov/pubmed/25396716
https://doi.org/10.3390/molecules26206249
https://www.ncbi.nlm.nih.gov/pubmed/34684830
https://doi.org/10.3390/ijms19092703
https://www.ncbi.nlm.nih.gov/pubmed/30208587
https://doi.org/10.1016/S0928-0987(99)00013-5
https://www.ncbi.nlm.nih.gov/pubmed/10379041

Nutrients 2024, 16, 985 15 of 16

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.
39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

Nguyen, N.H.; Ha, TK.Q.; Yang, J.L.; Pham, H.T.T.; Oh, WK. Triterpenoids from the genus Gynostemma: Chemistry and
pharmacological activities. J. Ethnopharmacol. 2021, 268, 113574. [CrossRef] [PubMed]

Lee, H.S.; Lim, S.M,; Jung, J.I; Kim, S.M.; Lee, ] K.; Kim, Y.H.; Cha, K.M.; Oh, TK.; Moon, ].M.; Kim, T.Y,; et al. Gynostemma
Pentaphyllum Extract Ameliorates High-Fat Diet-Induced Obesity in C57BL/6N Mice by Upregulating SIRT1. Nutrients 2019,
11, 2475. [CrossRef] [PubMed]

Zhang, H.X.; Wang, Z.Z.; Du, Z.Z. Sensory-guided isolation and identification of new sweet-tasting dammarane-type saponins
from Jiaogulan (Gynostemma pentaphyllum) herbal tea. Food Chem. 2022, 388, 132981. [CrossRef] [PubMed]

Cheret, J.; Bertolini, M.; Ponce, L.; Lehmann, J.; Tsai, T.; Alam, M.; Hatt, H.; Paus, R. Olfactory receptor OR2AT4 regulates human
hair growth. Nat. Commun. 2018, 9, 3624. [CrossRef] [PubMed]

Matsuzaki, T.; Yoshizato, K. Role of hair papilla cells on induction and regeneration processes of hair follicles. Wound Repair.
Regen. 1998, 6, 524-530. [CrossRef] [PubMed]

Morgan, B.A. The dermal papilla: An instructive niche for epithelial stem and progenitor cells in development and regeneration
of the hair follicle. Cold Spring Harb. Perspect. Med. 2014, 4, a015180. [CrossRef] [PubMed]

Shin, S.H.; Park, S.Y.; Kim, M.K.; Kim, J.C.; Sung, Y.K. Establishment and characterization of an immortalized human dermal
papilla cell line. BMB Rep. 2011, 44, 512-516. [CrossRef] [PubMed]

Augustyniak, A.; McMahon, H. Effect of Marine-Derived Saccharides on Human Skin Fibroblasts and Dermal Papilla Cells. Mar.
Drugs 2023, 21, 330. [CrossRef] [PubMed]

Song, M.; Kim, M.; Hoang, D.H.; Kovale, L.M.; Lee, J.; Kim, Y.; Lee, C.; Hong, J.; Park, S.; Choe, W. A Hydrodistillate of
Gynostemma pentaphyllum and Damulin B Prevent Cisplatin-Induced Nephrotoxicity In Vitro and In Vivo via Regulation of
AMPKalphal Transcription. Nutrients 2022, 14, 4997. [CrossRef] [PubMed]

Baek, J.Y,; Kim, B.H.; Kim, D.W.; Lee, W.Y.; Kim, C.E.; Kim, H.Y,; Pyo, ].; Park, E.S.; Kang, K.S. Hair Growth Effect of DN106212 in
C57BL/6 Mouse and Its Network Pharmacological Mechanism of Action. Curr. Issues Mol. Biol. 2023, 45, 5071-5083. [CrossRef]
[PubMed]

Muller-Rover, S.; Handjiski, B.; van der Veen, C.; Eichmuller, S.; Foitzik, K.; McKay, I.A.; Stenn, K.S.; Paus, R. A comprehensive
guide for the accurate classification of murine hair follicles in distinct hair cycle stages. J. Investig. Dermatol. 2001, 117, 3-15.
[CrossRef] [PubMed]

Suchonwanit, P.; Thammarucha, S.; Leerunyakul, K. Minoxidil and its use in hair disorders: A review. Drug Des. Devel Ther. 2019,
13,2777-2786. [CrossRef] [PubMed]

Choi, B.Y. Targeting Wnt/beta-Catenin Pathway for Developing Therapies for Hair Loss. Int. ]. Mol. Sci. 2020, 21, 4915. [CrossRef]
Veltri, A.; Lang, C.; Lien, W.H. Concise Review: Wnt Signaling Pathways in Skin Development and Epidermal Stem Cells. Stem
Cells 2018, 36, 22-35. [CrossRef] [PubMed]

Kwack, M.H.; Kang, B.M.; Kim, M.K,; Kim, J.C.; Sung, Y.K. Minoxidil activates beta-catenin pathway in human dermal papilla
cells: A possible explanation for its anagen prolongation effect. J. Dermatol. Sci. 2011, 62, 154-159. [CrossRef] [PubMed]
Enshell-Seijffers, D.; Lindon, C.; Kashiwagi, M.; Morgan, B.A. beta-catenin activity in the dermal papilla regulates morphogenesis
and regeneration of hair. Dev. Cell 2010, 18, 633-642. [CrossRef] [PubMed]

Yamane, M.; Seo, J.; Zhou, Y.; Asaba, T.; Tu, S.; Nanmo, A.; Kageyama, T.; Fukuda, J. Effects of the PI3K/ Akt signaling pathway
on the hair inductivity of human dermal papilla cells in hair beads. J. Biosci. Bioeng. 2022, 134, 55-61. [CrossRef] [PubMed]
Chen, Y,; Fan, Z.; Wang, X.; Mo, M.; Zeng, S.B.; Xu, R H.; Wang, X.; Wu, Y. PI3K/ Akt signaling pathway is essential for de novo
hair follicle regeneration. Stem Cell Res. Ther. 2020, 11, 144. [CrossRef] [PubMed]

Abid, M.R; Guo, S.; Minami, T.; Spokes, K.C.; Ueki, K.; Skurk, C.; Walsh, K.; Aird, W.C. Vascular endothelial growth factor
activates PI3K/Akt/forkhead signaling in endothelial cells. Arterioscler. Thromb. Vasc. Biol. 2004, 24, 294-300. [CrossRef]
[PubMed]

Paus, R. Principles of hair cycle control. J. Dermatol. 1998, 25, 793-802. [CrossRef] [PubMed]

Ge, W,; Tan, S.J.; Wang, S.H.; Li, L.; Sun, X.E,; Shen, W.; Wang, X. Single-cell Transcriptome Profiling reveals Dermal and Epithelial
cell fate decisions during Embryonic Hair Follicle Development. Theranostics 2020, 10, 7581-7598. [CrossRef] [PubMed]

Lin, X.; Zhu, L.; He, J. Morphogenesis, Growth Cycle and Molecular Regulation of Hair Follicles. Front. Cell. Dev. Biol. 2022, 10,
899095. [CrossRef] [PubMed]

Chi, W.; Wu, E.; Morgan, B.A. Dermal papilla cell number specifies hair size, shape and cycling and its reduction causes follicular
decline. Development 2013, 140, 1676-1683. [CrossRef] [PubMed]

Taghiabadi, E.; Nilforoushzadeh, M.A.; Aghdami, N. Maintaining Hair Inductivity in Human Dermal Papilla Cells: A Review of
Effective Methods. Skin. Pharmacol. Physiol. 2020, 33, 280-292. [CrossRef] [PubMed]

Tsai, S.Y.; Sennett, R.; Rezza, A.; Clavel, C.; Grisanti, L.; Zemla, R.; Najam, S.; Rendl, M. Wnt/beta-catenin signaling in dermal
condensates is required for hair follicle formation. Dev. Biol. 2014, 385, 179-188. [CrossRef] [PubMed]

Huelsken, J.; Vogel, R.; Erdmann, B.; Cotsarelis, G.; Birchmeier, W. beta-Catenin controls hair follicle morphogenesis and stem cell
differentiation in the skin. Cell 2001, 105, 533-545. [CrossRef] [PubMed]

Tanner, M.A,; Bu, X,; Steimle, J.A.; Myers, PR. The direct release of nitric oxide by gypenosides derived from the herb Gynostemma
pentaphyllum. Nitric Oxide 1999, 3, 359-365. [CrossRef] [PubMed]


https://doi.org/10.1016/j.jep.2020.113574
https://www.ncbi.nlm.nih.gov/pubmed/33186700
https://doi.org/10.3390/nu11102475
https://www.ncbi.nlm.nih.gov/pubmed/31618980
https://doi.org/10.1016/j.foodchem.2022.132981
https://www.ncbi.nlm.nih.gov/pubmed/35468461
https://doi.org/10.1038/s41467-018-05973-0
https://www.ncbi.nlm.nih.gov/pubmed/30228264
https://doi.org/10.1046/j.1524-475X.1998.60605.x
https://www.ncbi.nlm.nih.gov/pubmed/9893172
https://doi.org/10.1101/cshperspect.a015180
https://www.ncbi.nlm.nih.gov/pubmed/24985131
https://doi.org/10.5483/BMBRep.2011.44.8.512
https://www.ncbi.nlm.nih.gov/pubmed/21871174
https://doi.org/10.3390/md21060330
https://www.ncbi.nlm.nih.gov/pubmed/37367655
https://doi.org/10.3390/nu14234997
https://www.ncbi.nlm.nih.gov/pubmed/36501027
https://doi.org/10.3390/cimb45060322
https://www.ncbi.nlm.nih.gov/pubmed/37367071
https://doi.org/10.1046/j.0022-202x.2001.01377.x
https://www.ncbi.nlm.nih.gov/pubmed/11442744
https://doi.org/10.2147/DDDT.S214907
https://www.ncbi.nlm.nih.gov/pubmed/31496654
https://doi.org/10.3390/ijms21144915
https://doi.org/10.1002/stem.2723
https://www.ncbi.nlm.nih.gov/pubmed/29047191
https://doi.org/10.1016/j.jdermsci.2011.01.013
https://www.ncbi.nlm.nih.gov/pubmed/21524889
https://doi.org/10.1016/j.devcel.2010.01.016
https://www.ncbi.nlm.nih.gov/pubmed/20412777
https://doi.org/10.1016/j.jbiosc.2022.03.010
https://www.ncbi.nlm.nih.gov/pubmed/35431119
https://doi.org/10.1186/s13287-020-01650-6
https://www.ncbi.nlm.nih.gov/pubmed/32245516
https://doi.org/10.1161/01.ATV.0000110502.10593.06
https://www.ncbi.nlm.nih.gov/pubmed/14656735
https://doi.org/10.1111/j.1346-8138.1998.tb02507.x
https://www.ncbi.nlm.nih.gov/pubmed/9990771
https://doi.org/10.7150/thno.44306
https://www.ncbi.nlm.nih.gov/pubmed/32685006
https://doi.org/10.3389/fcell.2022.899095
https://www.ncbi.nlm.nih.gov/pubmed/35646909
https://doi.org/10.1242/dev.090662
https://www.ncbi.nlm.nih.gov/pubmed/23487317
https://doi.org/10.1159/000510152
https://www.ncbi.nlm.nih.gov/pubmed/33053562
https://doi.org/10.1016/j.ydbio.2013.11.023
https://www.ncbi.nlm.nih.gov/pubmed/24309208
https://doi.org/10.1016/S0092-8674(01)00336-1
https://www.ncbi.nlm.nih.gov/pubmed/11371349
https://doi.org/10.1006/niox.1999.0245
https://www.ncbi.nlm.nih.gov/pubmed/10534439

Nutrients 2024, 16, 985 16 of 16

53.

54.

55.

56.

57.

58.

59.

60.
61.

62.

63.

Xiong, Y,; Liu, Y.; Song, Z.; Hao, E; Yang, X. Identification of Wnt/beta-catenin signaling pathway in dermal papilla cells of
human scalp hair follicles: TCF4 regulates the proliferation and secretory activity of dermal papilla cell. J. Dermatol. 2014, 41,
84-91. [CrossRef] [PubMed]

Ryu, Y.C.; Lee, D.H.; Shim, J.; Park, J.; Kim, Y.R; Choi, S.; Bak, S.S.; Sung, Y.K,; Lee, S.H.; Choi, K.Y. KY19382, a novel activator
of Wnt/beta-catenin signalling, promotes hair regrowth and hair follicle neogenesis. Br. ]. Pharmacol. 2021, 178, 2533-2546.
[CrossRef] [PubMed]

Manning, B.D.; Cantley, L.C.; Cantley, L.C. AKT/PKB signaling: Navigating downstream. Cell 2007, 129, 1261-1274. [CrossRef]
Kwack, M.H.; Shin, S.H.; Kim, S.R.; Im, S.U.; Han, LS.; Kim, M.K,; Kim, ].C.; Sung, Y.K. I-Ascorbic acid 2-phosphate promotes
elongation of hair shafts via the secretion of insulin-like growth factor-1 from dermal papilla cells through phosphatidylinositol
3-kinase. Br. |. Dermatol. 2009, 160, 1157-1162. [CrossRef] [PubMed]

Lachgar, S.; Moukadiri, H.; Jonca, F.; Charveron, M.; Bouhaddioui, N.; Gall, Y.; Bonafe, ].L.; Plouet, J. Vascular endothelial growth
factor is an autocrine growth factor for hair dermal papilla cells. J. Investig. Dermatol. 1996, 106, 17-23. [CrossRef]

Shimaoka, S.; Imai, R.; Ogawa, H. Dermal papilla cells express hepatocyte growth factor. J. Dermatol. Sci. 1994, 7, S79-S83.
[CrossRef] [PubMed]

Booth, C.; Potten, C.S. Keratinocyte growth factor increases hair follicle survival following cytotoxic insult. J. Investig. Dermatol.
2000, 114, 667—673. [CrossRef] [PubMed]

Hunt, N.; McHale, S. The psychological impact of alopecia. BM]J 2005, 331, 951-953. [CrossRef] [PubMed]

Chen, S.; Xie, X.; Zhang, G.; Zhang, Y. Comorbidities in Androgenetic Alopecia: A Comprehensive Review. Dermatol. Ther. 2022,
12,2233-2247. [CrossRef] [PubMed]

Urysiak-Czubatka, I.; Kmiec, M.L.; Broniarczyk-Dyla, G. Assessment of the usefulness of dihydrotestosterone in the diagnostics
of patients with androgenetic alopecia. Postep. Dermatol. Alergol. 2014, 31, 207-215. [CrossRef] [PubMed]

Ustuner, E.T. Cause of androgenic alopecia: Crux of the matter. Plast. Reconstr. Surg. Glob. Open 2013, 1, e64. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1111/1346-8138.12313
https://www.ncbi.nlm.nih.gov/pubmed/24354472
https://doi.org/10.1111/bph.15438
https://www.ncbi.nlm.nih.gov/pubmed/33751552
https://doi.org/10.1016/j.cell.2007.06.009
https://doi.org/10.1111/j.1365-2133.2009.09108.x
https://www.ncbi.nlm.nih.gov/pubmed/19416266
https://doi.org/10.1111/1523-1747.ep12326964
https://doi.org/10.1016/0923-1811(94)90038-8
https://www.ncbi.nlm.nih.gov/pubmed/7999678
https://doi.org/10.1046/j.1523-1747.2000.00927.x
https://www.ncbi.nlm.nih.gov/pubmed/10733671
https://doi.org/10.1136/bmj.331.7522.951
https://www.ncbi.nlm.nih.gov/pubmed/16239692
https://doi.org/10.1007/s13555-022-00799-7
https://www.ncbi.nlm.nih.gov/pubmed/36115913
https://doi.org/10.5114/pdia.2014.40925
https://www.ncbi.nlm.nih.gov/pubmed/25254005
https://doi.org/10.1097/GOX.0000000000000005
https://www.ncbi.nlm.nih.gov/pubmed/25289259

	Introduction 
	Materials and Methods 
	Cell Culture, Reagents, and Antibodies 
	Formulation of Cell Culture Media Using G. pentaphyllum Leaves Extract 
	Trypan Blue Cell Counting Assay 
	Animal Experiments 
	Hair Growth Score Analysis of Improvement in Hair Growth 
	Histopathological Analysis 
	Real-Time PCR for Mouse Skin Tissue and hDPCs 

	Results 
	GPHD Promotes Hair Growth in Mice 
	Minoxidil, GPHD, and Damulin B Enhance the Proliferation of Human Dermal Papilla Cells (hDPCs) 
	GPHD, Damulin B, and Minoxidil Enhance the Expression of Growth Factors in hDPCs 
	Activation of Wnt/-Catenin and Akt Signaling Pathways by Minoxidil, GPHD, and Damulin B 
	The Wnt/-Catenin Pathway Is Activated via AKT in the Presence of GPHD and Damulin B 

	Discussion 
	Conclusions 
	References

