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Hair loss, a multifactorial disorder characterized by follicular miniaturization and excessive
shedding, significantly impairs psychological well-being and quality of life. Cyperus rotundus
rhizome (CR), a traditional Chinese medicine used for various ailments, has not been evalu-
ated for efficacy in treating hair loss. This study presents the first comprehensive assessment
of the hair growth-promoting effects of ethanol extract from CR on mouse primary dermal
papilla cells (MDPCs) and human immortalized hair DPCs (IHHDPCs), employing cell count-
ing kit-8 (CCK-8), scratch assay, reverse transcription-quantitative polymerase chain reaction
(RT-qPCR), and Western blot (WB). CR treatment activated the Wnt/S-Catenin signaling path-
way by upregulating Wnt10b, increasing f-Catenin protein levels and promoting its nuclear
translocation, while simultaneously downregulating transforming growth factor-beta 1 (TGF-
1), BMP4, and dickkopf-related protein 1 (DKK1) in MDPCs. These molecular changes en-
hanced cell proliferation and increased secretion of key growth factors—insulin-like growth
factor 1 (IGF1), keratinocyte growth factor (KGF), and vascular endothelial growth factor (VE-
GF)—thereby stimulating hair growth and prolonging the anagen phase, which was con-
firmed in an ex vivo hair follicle (HF) organ culture model. Chromatographic analysis identi-
fied the petroleum ether fraction (CRP), enriched in sesquiterpenes, as the primary bioactive
component. Both CR and CRP promoted IHHDPC proliferation, migration, and growth factor
expression through activation of the Wnt/fS-Catenin pathway, with CRP exhibiting superior
bioactivity. Furthermore, both treatments stimulated HF cycling, increased follicular density,
and upregulated Ki67 and S-Catenin expression in the dorsal skin of C57BL/6 mice. Collect-
ively, these findings demonstrate that CR and CRP promote hair growth and modulate the hair
cycle via enhancement of Wnt/f-Catenin signaling, providing a scientific basis for the poten-
tial clinical application of C. rotundus rhizomes in hair loss therapy and the development of re-
lated pharmaceuticals or cosmetics.

1. Introduction

pathways such as Wnt/f-Catenin and BMP, which regulate down-
stream signals and drive the intrinsic “autonomous clock” of the

Although hair loss does not directly affect physical health, it
significantly impairs mental well-being and has attracted wide-
spread attention '. Hair growth proceeds in cycles, transitioning
through the anagen, catagen, and telogen phases *. The anagen
phase is characterized by hair follicle (HF) cell proliferation, ex-
pansion of the follicle, downward migration of the niche into the
dermal white adipose tissue (dAWAT), and continuous elongation
of the hair shaft (HS) **. The catagen phase represents a trans-
itional stage during which cell proliferation and differentiation
cease, and HS elongation halts. During the telogen phase, the HS
forms a club-shaped structure and is eventually shed, while
changes in regulatory factor expression prepare the follicle for
the next growth cycle °.

In the HF cycle, activation occurs sequentially via signaling

* Corresponding author.
E-mail addresses: wujianxin@cpu.edu.cn (J. Wu); huangqing@cpu.edu.cn (Q.
Huang)

https://doi.org/10.1016/S1875-5364(26)61091-6

hair cycle through autocrine and paracrine mechanisms in cells °.
The dermal papilla (DP) is a multicellular structure located with-
in the hair bulb that supplies essential nutrients for HF growth
via its capillaries and dermal papilla cells (DPCs) . DPCs are spe-
cialized mesenchymal fibroblasts that play a pivotal role in regu-
lating hair growth and cycling °. These cells secrete growth
factors—including insulin-like growth factor 1 (IGF1), keratino-
cyte growth factor (KGF), vascular endothelial growth factor (VE-
GF)—that promote capillary formation within the DP, stimulate
epithelial cell proliferation and differentiation, and enhance epi-
thelial-mesenchymal interactions critical for HF development °.
The Wnt/fS-Catenin pathway is activated early in the anagen
phase, facilitating HF regeneration, development, and mainten-
ance of anagen '”'". Among Wnt ligands, Wnt10b plays a central
role in the mammalian HF cycle, showing high expression during
anagen and suppression during telogen; overexpression of
Wnt10b can shift HFs from a refractory to an inducible state, trig-
gering the onset of anagen '**. B-Catenin, a key transducer in the

Copyright © 2026, China Pharmaceutical University. Published by Elsevier B.V. All rights are reserved.
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Wnt pathway, is highly expressed in DPCs, where it translocates
to the nucleus, activates the lymphoid enhancer-binding factor/T-
cell factor (LEF/TCF) complex, and regulates transcription of
downstream genes '*. This process promotes cell proliferation,
migration, and secretion of growth factors such as IGF1, KGF, and
VEGF ". Conversely, dickkopf-related protein 1 (DKK1), an endo-
genous inhibitor of Wnt signaling, is upregulated during catagen
and telogen, thereby suppressing Wnt/g-Catenin signaling '* "’
The BMP signaling pathway is predominantly active during cata-
gen and telogen. BMP4, a member of the transforming growth
factor-beta (TGF-B) superfamily produced by DPCs, reaches peak
expression in telogen and declines during early anagen '°. Elev-
ated BMP4 levels maintain HFs in a refractory state, preventing
responsiveness to regenerative Wnt/p-Catenin signals '°. Fur-
thermore, TGF-B1, a well-established inhibitor of hair growth, in-
duces apoptosis and promotes HF regression *’. Additionally,
BMP-mediated inhibition of Wnt signaling is associated with in-
creased DKK1 expression “ ', Although the direct link between
BMP4 and DKK1 in HF cycle regulation remains unclear, BMP4’s
role as an upstream regulator of DKK1 in inhibiting Wnt/f-Caten-
in signaling has been extensively documented in bone formation
and idiopathic pulmonary fibrosis *"*.

A healthy scalp typically maintains approximately 90% of
HFs in the anagen phase, 1% in catagen, and 9% in telogen °.
However, disruptions to the normal HF cycle caused by stress,
medications, or hormonal imbalances can increase the propor-
tion of follicles in telogen, reduce hair density, and ultimately
lead to baldness . Currently, only minoxidil and finasteride are
FDA-approved treatments for hair loss; however, their limited ef-
ficacy and potential adverse effects fail to fully meet patient
needs **. Hair loss generally progresses gradually, highlighting
the importance of enhancing the growth phase and cyclical re-
newal of HFs at early stages to prevent further deterioration. Re-
cently, natural compounds have gained increasing recognition for
their safety and multifaceted therapeutic potential in HF regener-
ation, prompting significant interest in identifying bioactive con-
stituents from plant extracts capable of promoting hair growth
for anti-hair loss product development " *°. Fish collagen pep-
tides enhance DPC proliferation and growth factor expression by
upregulating Wnt/f-Catenin signaling while downregulating
BMP4, DKK1, and the inhibitory factor TGF-B, a modulation
shown to promote dorsal hair growth in C57BL/6 mice *°. Simil-
arly, anemarrhena saponin BII (0.5%) increases hair regenera-
tion area and HF density in mouse models, with mechanistic stud-
ies indicating its ability to upregulate $-Catenin and Wnt10b ex-
pression in dorsal skin *’. Additionally, ginseng extract and its
active components (ginsenosides Rb1, Rgl, and Re) have been
demonstrated to promote HS elongation in ex vivo HF organ cul-
ture systems, inhibit BMP4 expression in DPCs, and stimulate the
transition from telogen to anagen **.

Traditional Chinese medicine has been used for thousands of
years to treat hair loss, accumulating extensive clinical experi-
ence. Cyperus rotundus rhizomes (CR), known as Xiangfu in tradi-
tional Chinese medicine, possess diverse biological activities,
making them valuable for healthcare applications *’. Recent stud-
ies have elucidated the pharmacological effects, phytochemistry,
biological activities, safety, and applications of CR, revealing anti-
inflammatory, anti-oxidant, anti-depressant, anti-diabetic, neuro-
protective properties, as well as their capacity to regulate irregu-
lar menstruation *’. Although the ancient Chinese medical text
Hongjing Tao’s Ming Yi Bie Lu documented the beneficial effects
of CR on hair growth and included them in prescriptions for
treating hair loss , no scientific studies have evaluated their hair
growth-promoting activity or identified the underlying bioactive
components. In this study, we investigated, for the first time, the
activity of CR in regulating and promoting hair growth during the
HF cycle using both in vitro and in vivo models. We demonstrate
that the hair growth-promoting effects of CR involve mediation
and modulation of the Wnt/f-Catenin pathway, with sesquiter-
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penoids likely playing a major role.

2. Materials and methods

2.1. Materials

Minoxidil and DHT were purchased from Beijing Solarbio
Technology Co., Ltd. (Beijing, China). Cyperenone and a-cyper-
one were obtained from Chengdu Pufei De Biotechnology (Cheng-
du, China). Nootkatone was bought from Chengdu Must Biotech-
nology (Chengdu, China). MSAB was bought from MedChemEx-
press (Shanghai, China). Human DKK1 protein was purchased
from SinoBiological (Beijing, China). Mouse Wnt10B antibody
(MAB2110) was purchased from R&D Systems (Minneapolis, MN,
USA). a-Smooth muscle actin (a-SMA) (14395-1-AP), -Catenin
(51067-2-AP), and DKK1 (21112-1-AP) antibodies were ob-
tained from Proteintech (Wuhan, China). a-Tubulin rabbit mAb
(AC049), TGF beta rabbit pAb (A2124), and BMP4 rabbit pAb
(A1565) were bought from ABclonal (Wuhan, China). Alexa Fluor
488 AffiniPure goat anti-rabbit IgG (H + L) and goat anti-rabbit
IgG HRP were obtained from Biosharp (Anhui, China). The
BCIP/NBT alkaline phosphatase (ALP) staining kit was pur-
chased from Beyotime (Shanghai, China). Mouse VEGFA enzyme-
linked immunosorbent assay (ELISA) kit was purchased from AB-
clonal (Wuhan, China). All reagents or kits were used according
to the manufacturer’s instructions.

2.2. Extraction and isolation of CR

CR was purchased from Bozhou Chinese Medicinal Market,
and identified by Prof. Qing Huang from the School of Traditional
Chinese Medicine of China Pharmaceutical University. The
rhizomes were chopped using a high-speed cutter, soaked in 75%
ethanol for 24 h, and ultrasonically extracted three times at 50 °C
for 1 h each. The extract was filtered under reduced pressure and
concentrated to dryness using a vacuum rotary evaporator to ob-
tain CR, yielding 13% of the original rhizome mass.

Following a polarity gradient, petroleum ether, ethyl acetate,
and n-butanol were sequentially used to partition the CR water
suspension, yielding the petroleum ether extract (CRP), ethyl
acetate extract (CRE), n-butanol extract (CRB), and water
raffinate (CRW), with yields of 24%, 12%, 8%, and 56% of the CR
mass, respectively. CRP was further separated by silica gel
column chromatography and eluted with CH,Cl,-MeOH mixtures
(50:1 to 1:1) to afford fractions CRP-1, CRP-2, CRP-3, CRP-4, and
CRP-5, with yields of 2.9%, 1.4%, 20.5%, 20.5%, and 44.8% of the
CRP mass, respectively.

2.3. LC analysis

2.3.1. Chromatographic conditions

CR extracts and fractions were analyzed using Diamonsil Plus
Cig (4.6 mm x 250 mm, 5 pm) or Hedera ODS-2 (4.6 mm x 250
mm, 5 um) columns. The mobile phase consisted of water (A) and
methanol (B). The elution program was as follows: 0-10 min,
40%-48% B; 10-45 min, 48%-58% B; 45-65 min, 58%-62% B;
65-75 min, 62%-65% B; 75-90 min, 65%-80% B. The flow rate
was maintained at 1 mL-min™", with a column temperature of
40 °C. Samples were injected at a concentration of 2 mg-mL™" and
an injection volume of 10 pL.

2.3.2. Mass spectrometry conditions for electrospray ionization
(ESI)-quadrupole-time-of-flight (Q-TOF) tandem mass spectro-
metry (MS/MS) analysis of CR

ESI-Q-TOF MS/MS analysis was conducted on an Agilent
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1290 Infinity liquid chromatography (LC) system coupled to an
Agilent 6545 Q-TOF mass spectrometer. ESI was performed in
both negative and positive ionization modes, and data for posit-
ive and negative ions with m/z values ranging from 100 to 1700
were collected. Fixed collision energies of 10, 30, 50, and 70 eV
were applied for MS/MS analysis. Data were processed using Agi-
lent MassHunter Qualitative Analysis software.

2.4. Isolation and identification of primary mice dermal papilla
cells (MDPCs)

We optimized the enzymatic digestion method for isolating
DPs to simplify the procedure and improve reproducibility *'*".
The protocol is outlined in Fig. S1 (Supporting information). The
isolated cells were identified based on morphology and expres-
sion of a-SMA and ALP markers (Fig. $2) °"*°. MDPCs from the 2"
to 4" passages were used in experiments.

2.5. Cell culture and cell viability

MDPCs, immortalized human hair DPCs (IHHDPCs, ABM,
Canada), human immortal keratinocyte line (HaCaT, Meisen,
Zhejiang, China), and human umbilical vein endothelial cells
(HUVEC, Shanghai Institute of Cell Biology, China) were cultured
in DMEM medium (Mersen, Zhejiang, China), with 10% FBS
(Gibco, US) and 1% penicillin-streptomycin (NCM Biotech, Su-
zhou, China), at 37 °C in a 5% CO, incubator. Cell viability was as-
sessed using the CCK8 assay according to the manufacturer’s in-
structions (Vazyme, Nanjing, China), and measured using a Spec-
tra Max 190 microplate reader (Molecular Devices) at a
wavelength of 450 nm. A preliminary dose-response experiment
on MDPC revealed that CR concentrations of 100 pg'-mL™ and
above exhibited strong cytotoxicity, while 50 ug-mL™" was identi-
fied as the safe concentration limit.

2.6. EdU staining

After 24 h of treatment, cell proliferation was assessed using
the BeyoClick™ EdU cell proliferation kit with Alexa Fluor 555 ac-
cording to the manufacturer’s instructions and visualized under a
fluorescence microscope (Guangzhou Micro-shot Technology Co.,
Ltd., MSHOT MF53-N).

2.7. Ribonucleic acid (RNA) extraction and reverse transcription-
quantitative polymerase chain reaction (RT-qPCR)

Cells were harvested after 24 h of treatment and lysed with
TRIzol to extract total RNA following the reagent protocol (Accur-
ate Biology, China). cDNA synthesis and RT-qPCR were per-
formed per the manufacturer’s instructions (Vazyme, Nanjing,
China). Primer sequences are listed in Table S1.

2.8. Western blot (WB)

After 24 h of treatment, cells were lysed using RIPA buffer
(R0010, Solabo, Beijing) and subjected to high-speed centrifuga-
tion to collect protein samples. Proteins were separated by elec-
trophoresis, transferred to membranes, and detected using ECL
reagent on an imaging system (Tanon, China). Detailed proced-
ures followed previously published protocols *.

2.9. Immunofluorescence assay

MDPCs were seeded in six-well plates. After adherence, ser-
um-free medium was used to starve cells for 12 h. Cells were
treated with CR or minoxidil for 1 h. Intracellular f-Catenin was
labeled with S-Catenin antibody and fluorescent secondary anti-
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body, and nuclei were stained with DAPI. Fluorescence micro-
scopy was used for detection.

2.10. Mice vibrissa HFs organ ex vivo culture

Vibrissa HFs from 5-week-old C57BL/6 mice were isolated,
retaining only intact follicles in anagen phase IV/V ¥’. HSs above
the epidermis were trimmed, and two follicles were placed per
well in a 24-well plate. They were randomly assigned to six
groups (n = 20-24): control (vehicle), 6.25 ug-mL’1 CR, 125
pg-mL™" CR, 100 pmol-L™" minoxidil, 10 pmol-L™" DHT, and 12.5
pg-mL™" CR + 10 pmol-L™" DHT. All samples were dissolved in Wil-
liam’s E medium (Procell, Wuhan, China) containing 2 mmol-L™" L-
glutamine (Solarbio, Beijing), 10 pg-mL™ insulin (Solarbio,
Beijing), 5 ng-mL™" hydrocortisone (OriLeaf, Shanghai), and 1%
penicillin-streptomycin; 400 pL of solution was added to each
well . Images were captured under a stereomicroscope at con-
sistent magnification on days 0, 1, 2, 3, and 4 for subsequent data
analysis.

2.11. Scratch assay

IHHDPCs were seeded into six-well plates pre-marked with
horizontal lines. Upon reaching 100% confluence, a scratch was
made across the monolayer. After removing floating cells with
PBS washes, culture medium with or without 25 ug-mL'1 CR, CRP,
or 10 pmol-L™" minoxidil was added. Scratch widths at the inter-
section points were recorded and compared under an optical mi-
croscope at 0 and 30 h post-treatment.

2.12. Hair loss mice model establishment and trial grouping

Male C57BL/6 mice (6-7 weeks old) were purchased from Ji-
angsu Qinglongshan Biotechnology Co., Ltd. (Jiangsu, China) and
housed under a 12-h light-dark cycle. All animal procedures were
approved by the Institutional Animal Ethics Committee of China
Pharmaceutical University (approval number: 2024-02-013). Giv-
en the differences between in vitro and in vivo settings, dosage
ranges were referenced from literature on topical application of
plant extracts in mice *. The pilot experiment preceded the form-
al study to confirm efficacy and absence of adverse effects on
body weight. Following one week of acclimatization, mice were
randomly divided into six groups: Control (solvent); Minoxidil
(2.5% minoxidil in solvent); CRL (1.25% CR in solvent); CRH
(2.5% CR in solvent); CRPL (1.25% CRP in solvent); CRPH (2.5%
CRP in solvent). Hair was removed using 3 cm x 5 cm wax strips
to expose uniform dorsal skin areas under anesthesia. Test solu-
tions were prepared in a mixture of 60% ethanol, 38% propylene
glycol, and 2% DMSO, and 200 pL was applied topically daily for
21 d (n = 12). Photographs were taken under avertin anesthesia
(Nanjing Aibi Biotechnology Co., Ltd., Nanjing, China) on days 0,
7, 14, and 21 post-depilation. Skin samples were collected on
days 0, 7, 10, 14, and 21 post-depilation for histological analysis.

2.13. Histological analysis and immunohistochemistry analysis

Mouse skin samples were fixed in 4% paraformaldehyde, em-
bedded in paraffin, and sectioned. Paraffin sections were stained
with hematoxylin and eosin (H&E) and Masson’s trichrome. Im-
munohistochemical analysis was performed to detect Ki67 and f3-
Catenin using specific antibodies.

2.14. Statistical analysis

Data were analyzed using GraphPad Prism 9.5 and are
presented as mean * standard deviation (SD). One-way analysis
of variance (ANOVA) and two-tailed Student’s t-test were used to
determine statistical differences between groups. A P value < 0.05
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was considered statistically significant.

3. Results and discussion

3.1. Chemical characterization of CR

Cyperus rotundus contains various bioactive compounds, in-
cluding flavonoids, phenolic acids, and terpenoids, which have
garnered considerable attention due to their biological activities.
A review by Xue et al. summarized 522 components identified in
Cyperus rotundus in recent years *’. In this study, 61 sesquiter-
penoids (including 3 sesquiterpenoid alkaloids), 7 flavonoids, 4
phenolic acids, and 1 B-hydroxy acid with its derivatives were
tentatively identified. Identification was based on analysis of re-
tention times and m/z values of precursor and fragment ions
from LC-MS/MS data, supported by literature references and nat-
ural product databases, with a mass accuracy error threshold.
Representative sesquiterpenoids—cyperenone, a-cyperone, and
nootkatone—were confirmed using authentic standard samples.
The total ion chromatogram (TIC) is shown in Fig. S3, and the
identified constituents along with corresponding fragment ions
are listed in Tables S2 and S3. Additionally, an high performance
liquid chromatography (HPLC) method was established to
quantify the major components—cyperenone, a-cyperone, and
nootkatone—to ensure consistency in administration. The assay
methodology and results for these compounds are provided in
Fig. S4 and Table S4.

Chinese Journal of Natural Medicines 24 (2026) 203-214

3.2. Effects of CR on cell viability

DPCs play a pivotal role in HF morphogenesis and regenera-
**_The proliferative capacity of DPCs determines the size of
the DP, which is a key factor influencing HF size, type, and HS dia-
meter *°. Epithelial cells proliferate and differentiate to particip-
ate in HF formation, while capillaries expand to support HF nutri-
tion “*'. To evaluate the effect of CR on cell viability, a CCK-8 as-
say was performed. EdU staining was also conducted to quantify
the proliferation rate of MDPCs. The results (Figs. 1A-1C) showed
that, compared with the control group, MDPC viability signific-
antly increased after treatment with 6.25-50 pug-mL™" CR for 24 h,
with the most pronounced increase (132.7%) observed at 12.5
pg-mL™" CR. EdU staining further confirmed a significant, dose-de-
pendent increase in the number of EdU(+) cells following CR
treatment. Moreover, CR treatment significantly enhanced the vi-
ability of HaCaT and HUVEC cells (Figs. 1D and 1E), which may
support HF development and nutrient supply.

tion

3.3. CR upregulated the expression of growth factors

DPCs regulate the HF cycle transition through autocrine and
paracrine signaling. Growth factors such as IGF1, KGF, and VEGF
are highly expressed during the anagen phase and promote cell
proliferation, HF development, and maintenance ***. We invest-
igated the effects of CR on the expression of Igf1, Kgf, and Vegfin
MDPCs using RT-qPCR and quantified VEGF secretion via ELISA.
The results (Figs. 1F-1H) showed that treatment with 12.5
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Fig. 1 Effects of CR on cell viability and growth factors secretion in MDPC. (A, D, E) The effects of CR on MDPC, HaCaT and HUVEC viability. (B) MDPC proliferation ability
via EdU assay, EdU(+) in red and cell nucleus in blue. (C) Quantification of the EAU(+) cells rate in (B) Relatlve mRNA expressmn of lgfl (F), Kgf (G), and Vegf (H) in MDPC.
(I) Quantified the secretion of VEGF by Elisa assay. The data were expressed as mean + SD (n = 3-5). P<0.05, "P<0.01, "P<0.001, P <0.0001 vs control by ANOVA. Mi:
minoxidil, as a positive control.
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pg-mL™ CR upregulated the relative messenger RNA (mRNA) ex-
pression of Igfl, Kgf, and Vegf by 1.74-fold, 4.01-fold and 1.99-
fold respectively. Additionally, extracellular VEGF secretion in-
creased significantly in a dose-dependent manner compared to
the control group (Fig. 11).

3.4. Effect of CR on the balance of positive and negative regulators
in MDPCs

Multiple molecular signaling pathways are involved in HF de-
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velopment and cycling. The Wnt/f-Catenin pathway promotes HF
development and maintains the growth phase, whereas BMP4,
TGF-B1, and DKK1 induce HF regression >** """,

To examine the effects of CR on positive regulators (Wnt10b
and p-Catenin) and negative regulators (BMP4, TGF-f1, and
DKK1) in MDPCs, we employed RT-qPCR and WB analysis, along
with immunofluorescence co-localization to assess nuclear f-
Catenin levels. The results (Figs. 2A-2E) showed that, compared
with the control group, CR upregulated Wnt10b and f-Catenin
mRNA expression and increased protein levels of Wnt10b and f-
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Fig. 2 Effects of CR on the Wnt/p-Catenin pathway, DKK1, BMP4 and TGF-f31 in MDPCs. (A and B) Effects of CR on the mRNA expression levels of Wnt10b and S-Catenin (n =
3). (C-E) Effects of CR on the protein levels of Wnt10b and f-Catenin and quantification of the relative gray value density (n = 3-4). (F) Immunofluorescence analysis of -
Catenin nuclear translocation following CR treatment. $-Catenin is labeled in green, and the nuclear region is labeled in blue. (G) Quantification of the relative mean fluores-
cence intensity of f-Catenin in the nucleus. (H, J-L) Effects of CR on the protein level of DKK1, BMP4 and TGF-B1, and its quantification (n = 5). (I) Effects of CR on the mRNA

expression level of Dkk1. The data were expressed as mean + SD. P < 0.05, "P<0.01, ™
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Catenin in a dose-dependent manner. Cells treated with 12.5
pg-mL™" CR exhibited increased nuclear accumulation of S-Caten-
in (Figs. 2F and 2G). Furthermore, CR treatment downregulated
the protein levels of DKK1, BMP4, and TGF-B1 in MDPCs, as well
as the transcription level of Dkk1 mRNA (Figs. 2H-2L). These
findings indicate that CR maintains the anagen phase and allevi-
ates HF regression by activating the Wnt/S-Catenin signaling
pathway and suppressing the inhibitory signals mediated by TGF-
B1, BMP4 and DKKI1.

3.5. Effects of CR on ex vivo-cultured mice vibrissa HF organ

Previously, we explored the potential of CR to promote HF
growth and modulate the HF cycle at the cellular level. Since ex
vivo-cultured mouse vibrissa HFs maintain HS elongation and
cycle transitions similar to those observed in vivo **/, the effect
of CR was further evaluated using this model. Randomly grouped
mouse vibrissa HFs were photographed on days 0, 1, 2, 3, and 4
of treatment. HS elongation and the proportion of HFs in anagen
and catagen phases were recorded. By day 3, visible changes in
HF morphology were observed across groups Fig. 3A. HS elonga-
tion was measured (Fig. 3B): average HS length increased to 548
um in the control group, whereas treatment with 6.25 and 12.5
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pg-mL™ CR, as well as minoxidil, resulted in HS elongation to
822.3,936.0, and 794.0 um, respectively, indicating that both CR
and minoxidil accelerated HS extension. In contrast, DHT treat-
ment significantly inhibited HS extension in ex vivo-cultured
mouse vibrissa HFs, but this inhibition was reversed when CR
was co-administered.

Ex vivo-cultured HFs undergo regression, characterized by
separation of the HS from the DP. Based on the distance between
the HS and DP, HFs were classified into anagen, early catagen,
and late catagen phases (Fig. 3C) " *®. The data showed that over
70% of HFs remained in the anagen phase after 3 days of treat-
ment with CR or minoxidil, compared to 62% in the control
group. Consistent with previous reports *’, DHT exacerbated HF
regression, with only 52% of HFs in the anagen phase and 41% in
the late catagen phase. However, with concurrent CR treatment,
the proportion of HFs in the late catagen phase decreased to 26%.
These results demonstrate that CR prolongs the anagen phase
and counteracts DHT-induced HF regression.

3.6. Effects of CR extracts and fractions on IHHDPC

To identify the active constituents in CR responsible for pro-
moting hair growth, a stepwise extraction was performed Fig. 4A,
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Fig. 3 Effects of CR ex vivo-cultured mice vibrissa HFs (n = 20). (A) Representative mice vibrissa HFs of each group after 3 d ex vivo-culture. (B) Effects of CR on the increase
of HS length of HFs. Data are presented as mean + SD. P<0.05, P<0.01, P <0.001 by two-tailed Student’s t-test. (C) Effects of CR on the cycle transition of HFs.
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enabling effective separation of each extract. Based on LC-MS/MS
and HPLC-UV analyses, flavonoids and phenolic acids were en-
riched in the CRE fraction, whereas sesquiterpenoids were en-
riched in CRP. The effects of CR and its four extracts on the viabil-
ity of IHHDPCs were assessed using the CCK-8 assay. As shown in
Fig. 5A, CR enhanced IHHDPC viability, with CRP exhibiting the
highest activity among the four extracts. Treatment with 50
pg'mL™ CRP increased IHHDPC viability to 175%. Although
flavonoids such as quercetin and luteolin in CRE have been repor-
ted to stimulate DPC viability ***°. CRE did not show significant
activity in our study, likely due to low concentrations of these
compounds. EdU staining and scratch assays were performed on
IHHDPCs treated with CR and CRP (Figs. 5B-5E). Compared with
the control group, the EAU(+) cell rate increased to 29.0% and
33.9% after 24 h of treatment with 25 pug-mL™" CR and CRP, re-
spectively. After 30 h, the cell migration rate was 28.3% in the
control group and increased to 36.1% and 61.4% with 25 pg-mL™"
CR and CRP treatments, respectively. These results indicate that
both CR and CRP promote cell proliferation and migration, with
CRP showing a more pronounced effect, suggesting that sesquit-
erpenoids enriched in CRP are primarily responsible for the hair
growth-promoting activity.

CRP was further fractionated using silica gel column chroma-
tography to yield CRP-1 to CRP-5, effectively isolating major com-
pounds in each fraction, as analyzed by TLC (Fig. S5). HPLC ana-
lysis revealed that cyperotundone and a-cyperone were enriched
in CRP-3, while nootkatone was enriched in CRP-4 (Fig. 4B). Eval-
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uation of IHHDPC proliferation activity by CRP-1 to CRP-5 (Fig.
5F) showed varying degrees of stimulation, with CRP-3 exhibit-
ing the strongest activity. However, treatment with 50 pg-mL™
CRP-3 increased IHHDPC viability to 143%, which was lower than
that induced by 50 pg:-mL™ CRP (175%) under identical condi-
tions, indicating reduced activity after fractionation. This sug-
gests that synergistic interactions among multiple sesquiterpen-
oids in CRP contribute to its superior efficacy. Therefore, for sub-
sequent animal experiments, whole CRP was selected over indi-
vidual subfractions.

3.7.CR and CRP promote IHHDPC proliferation, migration and
growth factor expression via Wnt/f-Catenin pathway

The specific Wnt/f-Catenin pathway inhibitor MSAB pro-
motes B-Catenin degradation and has been reported to inhibit -
Catenin-dependent cell proliferation *'. As shown in Figs. 6A-6D,
treatment with 500 nmol-L™" MSAB for 24 h did not affect IHHD-
PC viability but significantly downregulated intracellular §-Caten-
in expression. Furthermore, MSAB attenuated or abolished the
pro-proliferative effects of CR and CRP on IHHDPCs. By inhibiting
Wnt/B-Catenin signaling, MSAB reduced the transcription levels
of IGF1, KGF, and VEGF, as well as IHHDPC migration capacity.
Consequently, MSAB diminished or negated the stimulatory ef-
fects of CR and CRP on growth factor secretion and cell migration
(Figs. 6E-6H). These findings indicate that CR and CRP promote
IHHDPC proliferation, migration, and growth factor secretion
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Fig. 5 Comparison of the activity of CR with its isolated extracts and fractions. (A) Effects of CR and CRP, CRE, CRB, and CRW on the viability of IHHDPCs. Effects of CR and
CRP on the proliferation (B) and the migration (C) of IHHDPCs. (D and E) Quantification of the EdU(+) cell rate in (B) and cell migration rate in (C). (F) Effects of CRP-1-5 on
the viability of IHHDPCs. Data are presented as mean  SD (n = 3-5). P < 0.05, "P < 0.01, "'P < 0.001, P < 0.0001 vs control by ANOVA.
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The data were expressed as mean + SD (n = 3-5). P < 0.05, "P < 0.01, "P < 0.001,

through activation of the Wnt/S-Catenin activation.

Additionally, DKK1, an endogenous Wnt inhibitor, is upregu-
lated during the catagen phase and induces follicle regression by
suppressing Wnt/g-Catenin signaling '°. Similar to MSAB, treat-
ment with 1 pg-mL™ DKK1 protein did not affect cell viability
(Fig. 6L) but significantly reduced B-Catenin expression (Figs.
61-6K), thereby diminishing the pro-proliferative and pro-mi-
gratory effects of CR and CRP (Figs. 6L and 6M). These findings
suggest that reducing DKK1 expression facilitates Wnt/f-Catenin

S
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activation, thus sustaining the anagen phase and promoting hair
growth.

3.8. CR and CRP promoted hair growth in mice

C57BL/6 mice are commonly used in hair growth research
due to their synchronized HF cycles and lack of melanin produc-
tion in dorsal skin. Skin color changes from pink to dark blue as
melanin content increases during different hair cycle phases, al-
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lowing assessment of hair growth status via pigmentation *’.

In this study, dorsal hair of C57BL/6 mice was removed to
expose a uniform skin area (Fig. 7A). The effects of CR and CRP on
hair growth were evaluated by daily topical application for 21
days, with minoxidil as a positive control. No significant differ-
ences in average body weight were observed across groups dur-
ing the 21-day period (Fig. 7B). As shown in Figs. 7C and 7D,
varying degrees of pigmentation appeared on mouse backs.
Quantitative analysis using the mouse skin color score index on
day 7 revealed that CR, CRP, and minoxidil groups exhibited
more pronounced pigmentation and significantly higher scores
than the control group, indicating effective induction of hair cycle
reentry. Microscopic observation of subcutaneous HFs from
dorsal skin collected on day 10 (Figs. 7F-7H) showed that CR,
CRP, and minoxidil groups had greater HF coverage and more
guard hairs in anagen phases IV-VI compared to the control. Fur-
thermore, newly grown HFs from the depilated area on day
21 were collected and weighed. Results (Fig. 7E) demonstr-
ated increased HS weight after treatment with CR, CRP, and
minoxidil, confirming their effectiveness in promoting hair
growth in mice.
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3.9. Effects of CR and CRP on hair follicles and dorsal skin histology
in mice

The transition from telogen to anagen is characterized by in-
creased HF size, length, density, niche remodeling, and increased
skin thickness * . To investigate the effects of CR and CRP on HF
growth and development in mice, dorsal skin samples were col-
lected on days 0, 7, 10, 14, and 21 after depilation and analyzed
by H&E and Masson staining. H&E staining results (Figs. 8A-8E)
showed that all mice were in the telogen phase on day 0. Trans-
verse sections revealed that 7 days after depilation, the number
of anagen HFs in dWAT layer increased, and skin thickened signi-
ficantly in CR-, CRP-, and minoxidil-treated groups compared to
controls. Longitudinal sections showed continuous HF elongation
in all groups over 14 days. By day 14, a few HFs in the minoxidil
group began to regress. By day 21, HFs in the CRPL and CRPH
groups were in late catagen, while most other groups had entered
telogen.

Collagen is a crucial structural component of skin and HFs,
providing mechanical support essential for maintaining normal
HF morphology and function, which is vital for proper hair
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Fig. 7 Effects of CR and CRP on hair growth in C57BL/6 mice. (A) 3 cm x 5 cm wax paper was used to remove hair from the back of mice. (B) Weight change curve of mice in
each group within 21 days. (C) Photos of hair growth in mice on days 0, 7, 14, and 21 after depilation. (D) Quantitative skin color score in mice on day 7 according to the
mouse skin color score index (n = 12). (E) Weight of HS collected from depilated area of mice on day 21 after depilation (n = 5). (F) Microscopic observation of subcutaneous
HFs of dorsal skins collected on day 10 after depilation. (G) Quantification of the ratio of HF coverage area in (F). (H) Number of guards in the anagen phase IV-VIin (F). The

data were expressed as mean * SD. P < 0.05, "P < 0.01, P < 0.001, ""P < 0.0001 vs control by ANOVA.
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Fig. 8 Effects of CR and CRP on mouse hair follicle and skin histology. (A) H&E staining of transverse and longitudinal sections of skins. (B-E) Statistical analysis of the num-
ber of hair follicles in the dWAT layer, as well as the thickness of the epidermis, dermis, and dWAT on day 7 in (A) (03] Masson staining of transverse sections of skin on day

7, and (G) the average optical density of Masson staining. The data were expressed as mean + SD (n = 5). 'P < 0.05, P < 0.01,

growth and renewal **. To assess the effects of CR and CRP on col-
lagen content, skin sections were subjected to Masson staining.
Results (Figs. 8F and 8G) showed darker blue staining in the CR,
CRP, and minoxidil groups compared to control, indicating in-
creased collagen deposition, with the CRPH group showing the
most significant enhancement.

3.10. Effects of CR and CRP on Ki67 and f-Catenin levels in HFs and
dorsal skin of mice

Ki67 expression reflects cellular proliferative activity **, and
B-Catenin is a central mediator of the Wnt pathway, playing a
critical role in maintaining hair growth **. Immunohistochem-
istry for Ki67 and fB-Catenin was performed on skin samples col-
lected on day 7 using specific antibodies. The results (Fig. 9)
showed higher levels of Ki67 and $-Catenin in skin sections from
the minoxidil, CRH, and CRPH groups compared to the control
group.

Hair loss arises from multiple factors. In men, the most com-
mon causes include scalp androgen sensitivity and hyperandro-
genemia at the vertex. In contrast, female hair loss is more com-
plex and challenging to treat. Besides androgenic effects, factors
such as postpartum changes and menopause, which lead to estro-
gen imbalance, can trigger telogen effluvium °* ", Hair loss signi-
ficantly impacts quality of life and self-esteem, posing a substan-
tial burden for affected individuals *’. Current FDA-approved
treatments—minoxidil and finasteride—have notable side ef-
fects. Topical minoxidil may cause scalp irritation and itching,
while oral minoxidil is associated with dizziness, coma, and hir-
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“P<0.001, P <0.0001 vs control by ANOVA.

sutism °*. Finasteride has been linked to sexual dysfunction in

men **. Hair loss primarily results from disruptions in the HF
cycle and progressive HF atrophy, underscoring the importance
of early intervention and consistent care. Given the limitations
and adverse effects of existing therapies, they may not represent
ideal long-term solutions. In contrast, natural plant extracts offer
a promising alternative due to their synergistic actions, fewer
side effects, and broad consumer acceptance " *’. Cyperus ro-
tundus, a traditional Chinese medicine with a long clinical history,
has been used for gynecological and neurological disorders. Al-
though ancient texts mention its beneficial effects on hair gro-
wth, its efficacy in treating hair loss remains unexplored 7> ***’,
This study confirms the efficacy of CR in promoting hair growth,
providing scientific validation for its use in hair loss prevention
and highlighting its potential for incorporation into anti-hair loss
products and cosmetics.

HFs are complex micro-organs composed of diverse cell
types. Their development and growth are regulated by interac-
tions between DPCs and the proliferation/differentiation of oth-
er follicular cells *. In this study, we utilized MDPC, IHHDPC, Ha-
CaT, and HUVEC cell models, along with ex vivo-cultured mouse
vibrissa HFs and a C57BL/6 mouse model, to comprehensively
investigate the efficacy and underlying mechanisms of CR in pro-
moting hair growth and modulating the HF cycle at cellular, or-
gan, and organismal levels. Following standard protocols, we first
conducted LC-TOF-MS/MS to analyze the chemical composition
of CR. We quantified its major constituents—cyperenone,
nootkatone, and a-cyperone—to ensure consistent dosing. CR
treatment enhanced the viability of MDPC, IHHDPC, HaCaT, and
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Fig. 9 Immunohistochemical analysis and quantification of f-Catenin (A and C) and Ki67 (B, D and E) levels in mouse dorsal skin tissue on day 7. The data were expressed

asmean % SD (n=5).""P<0.001, P < 0.0001 vs control by ANOVA.

HUVEC cells and upregulated growth factor expression in MDPCs.
CR maintained and prolonged the anagen phase and stimulated
hair growth in both ex vivo-cultured mouse vibrissa HFs and in
vivo mouse models. The underlying mechanism involves activa-
tion of the Wnt/S-Catenin pathway and modulation of inhibitory
signals such as TGF-B1, potentially through downregulation of
BMP4 signaling and reduced DKK1 expression in MDPCs. Fur-
thermore, CRP—the sesquiterpenoid-enriched fraction of
CR—demonstrated superior efficacy in IHHDPC and mouse mod-
els compared to crude CR. The effects of CR and CRP on promot-
ing IHHDPC proliferation, migration, and growth factor secretion
were mitigated or abolished by the exogenous Wnt/S-Catenin in-
hibitor MSAB and the endogenous inhibitor DKK1, underscoring
the essential role of this pathway in mediating CR’s effects. Redu-
cing DKK1 expression may enhance intracellular S-Catenin accu-
mulation, thereby facilitating Wnt signal transduction and pro-
moting hair growth. To further explore active components, CRP
was fractionated into five subfractions (CRP-1 to CRP-5) via silica
gel chromatography to enrich sesquiterpenoids of varying polar-
ities. However, component enrichment did not enhance activity;
subfractions showed lower proliferative effects than CRP, and 50
pg-mL™" CRP-5 even inhibited cell viability, suggesting potential
synergistic interactions among multiple sesquiterpenoids in CRP.
These findings highlight the need to further investigate such syn-
ergies and suggest that multi-component formulations may out-
perform purified fractions. Additionally, analyzing toxic constitu-
ents in CRP-5 could improve the safety profile of CRP-based pre-
parations.

4. Conclusion

In summary, this study elucidated the role and underlying
mechanisms of CR and its sesquiterpenoid-rich fraction, CRP, in
promoting hair growth. A comprehensive approach was
ployed, encompassing chemical profiling, cell-based assays, ex

em-

vivo organ culture, and in vivo animal models. The findings
demonstrate that both CR and CRP promote HF development and
sustain the anagen phase by enhancing cell proliferation, regulat-
ing growth factor expression, and activating the Wnt/f-Catenin
pathway, while simultaneously suppressing TGF-f1, BMP4, and
DKK1 signaling. Notably, CRP exhibited stronger effects on cell
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proliferation, migration, and growth factor secretion than crude
CR, indicating that sesquiterpenoids are the primary bioactive
constituents. Animal experiments further confirmed that CR and
CRP reactivate the hair cycle, stimulate hair growth, and improve
the follicular microenvironment by increasing collagen content in
mouse dorsal skin. These results provide a robust experimental
foundation and theoretical framework for the application of CR
and CRP in hair loss prevention and regenerative therapies.
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