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Simple Summary

The physiological state of secondary hair follicle stem cells plays an important role in the
development of secondary hair follicles in cashmere goats. Quercetin has recently been proven to
promote the proliferation of hair follicle stem cells. However, its role in SHFSCs of cashmere goats is
poorly understood. This study investigated the effects of quercetin in secondary hair follicle stem
cells of cashmere goat with the aim to potentially improve cashmere production. Cashmere goat
secondary hair follicle stem cells were treated with quercetin. Through in vitro cell experiments, it
was confirmed that quercetin inhibit the cell death of secondary hair follicle stem cells in cashmere
goats. Furthermore, analyses revealed that quercetin promotes secondary hair follicle stem cells
proliferation by modulating pathways involved in environmental information processing and
metabolism. Our findings offer a potential regulatory approach to boost cashmere yield in goats.

Abstract

This study investigated the effects of quercetin on the proliferation and apoptosis of secondary hair
follicle stem cells (SHFSCs) isolated from Arbas cashmere goats. SHFSCs were treated with varying
quercetin concentrations. Treatment with 10 ug/mL quercetin for 48 h significantly promoted cell
proliferation. CCK-8, EAU assays, and flow cytometry analyses indicated enhanced cell viability, with
the proportion of S-phase cells increasing from 15.5% to 21.2%. The mRNA expression levels of
proliferation markers PCNA and TERT and their corresponding protein levels were upregulated.
Additionally, quercetin inhibited cell apoptosis, as evidenced by the downregulation of the pro-
apoptotic genes BAX, TP53, and CASP3, upregulation of the anti-apoptotic gene BCL-2, and a reduced
number of late apoptotic cells. Mechanistically, quercetin activated the PI3K-Akt, Wnt, and TGF-f3
signaling pathways, upregulated the expression of cell cycle genes (CCND1 and CDK4), and
improved cellular energy metabolism and antioxidant status by enhancing mitochondrial membrane
potential, reducing reactive oxygen species levels, and promoting the secretion of growth factors
(VEGF/FGF/HGEF). Transcriptome analyses revealed that differentially expressed genes (DEGs) were
enriched in translational processes, insulin-like growth factor binding, and proliferation-related
signaling pathways. Quercetin therefore promotes SHFSC proliferation through multiple pathways,
providing a regulatory strategy for improving cashmere production from goats.

Keywords: quercetin; hair follicle stem cell; cell proliferation; apoptosis; antioxidation; RNA-seq

1. Introduction

Arbas cashmere, a key raw material for down products, is renowned for its warmth, lightness,
and bright luster [1]. The Arbas cashmere goat, a unique breed from Inner Mongolia, has long been
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globally recognized for its advantages in terms of cashmere yield, fineness, and length [2]. The goat’s
hair follicles, an appendage of the skin, play a crucial role in determining cashmere quality. Cashmere
goat hair follicles are categorized into primary (hair-producing) and secondary follicles (cashmere-
producing) [3]. Research on secondary follicles is essential for improving the quality of cashmere.
The development of secondary follicles comprises a typical periodic cycle with seasonal variations:
anagen (April to November), catagen (December to January), and telogen (February to March) [4,5].
Anagen phase directly influences cashmere yield. Previous studies have shown that secondary hair
follicle stem cells (SHFSCs), located in the bulge region adjacent to the arrector pili muscle at the base
of the follicles, are critical for follicle growth and development. SHFSCs maintain their stemness and
regulate follicle growth cycles through interactions with the surrounding microenvironment,
including the dermal papilla (DP) cells, the extracellular matrix, and various signaling molecules [6—
8].

At cellular level, SHFSCs play a key role in follicular development. During the anagen phase,
DP cells secrete key signals, including Wnt ligands. Activation of Wnt signaling pathway stimulates
SHFSC activity, promotes proliferation, and sustains stemness. For example, WNT10b induces
anagen [9,10], driving SHFSCs proliferation, differentiation, and initiating follicle cycle progression
[11]. During catagen phase, bone morphogenetic protein (BMP) signaling inhibits SHFSCs activation,
regulating the cells into a quiescent state to prevent premature differentiation and maintain the stem
cell pool, with BMP4 and BMP6 playing important roles [10,12,13]. The JAK/STAT pathway
modulates stem cell behavior under specific conditions, while the PI3K/AKT pathway promotes
SHFSCs growth and differentiation and inhibits apoptosis, balancing quiescence and activation [14—
16]. TGF-B signaling participates in regulating inflammation and cellular responses during follicle
regeneration [17-19]. Additionally, the transcription factor RUNX1 enhances SHFSC sensitivity to
activation signals, promoting the transition from telogen to anagen, while the vascular system
interacts with hair stem cells to maintain follicle cycle homeostasis [20-22]. Despite systematic studies
on the regulatory mechanisms underlying SHFSC behavior, the complex follicle regulatory network
requires further exploration to develop effective modulation strategies.

Quercetin, a secondary metabolite abundant in onions, grapes, and tea, exhibits antioxidant,
anti-inflammatory, and anticancer properties [23]. It enhances antioxidant capacities by scavenging
free radicals and increasing the activities of enzymes such as superoxide dismutase (SOD) and
glutathione peroxidase (GPx), while inhibiting the NF-kB pro-inflammatory pathway [24]. Recent
studies have indicated that quercetin can enhance chemotherapy efficacy by regulating cellular
signaling pathways [25-27], showing promise for cancer treatment. However, its application is
limited due to its poor bioavailability [28]. Notably, in hair regulation, quercetin influences follicle
development through multiple pathways. It enhances DP cell viability by increasing NAD(P)H
production and mitochondrial membrane potential, thereby optimizing cellular energy metabolism
[29]. Quercetin also prolongs anagen phase by upregulating the anti-apoptotic protein Bcl-2 and the
proliferation gene KI67 to regulate follicle cycle [30]. In addition, it promotes the transcription and
synthesis of growth factors such as bFGF, KGF, and VEGF, which are critical for maintaining follicle
activity and periodic turnover. Mechanistically, quercetin activates the MAPK/CREB signaling
pathway, inducing the phosphorylation of ERK, AKT, and CREB to regulate follicle-associated
biological processes [31]. Recent clinical studies have shown that quercetin stimulates the
proliferation of keratinocytes in quiescent follicles and enhances dermal vascularization via HIF-1a
activation, providing nutrients to follicles [32].

Although the effects of quercetin on follicle development have been studied, its role in regulating
follicle development through SHFSCs in cashmere goats, particularly in relation to improving
cashmere yield, remains poorly understood. This study investigated the effects of quercetin in
cashmere goat SHFSCs, filling research gaps and aiming to enhance cashmere production.

2. Materials and Methods

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202508.1088.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 14 August 2025 d0i:10.20944/preprints202508.1088.v1

3 of 15

2.1. Sample Collection and Cell Culture

Three healthy adult cashmere goats were selected from the Yiwei White Goat Farm in Ordos,
Inner Mongolia, China. All animals were raised under standard conditions. Skin samples (1 cm?)
were collected from the back of the goats when the hair follicle cycle entered the anagen phase in
September. The collected skin samples were immediately frozen in liquid nitrogen for RNA and
protein extraction, RNA sequencing, and subsequent analyses.

The culture system for secondary hair follicle stem cells (SHFSCs) of Arbas cashmere goats
consisted of DMEM/F-12 medium (Biological Industries, Kibbutz Beit Haemek, Israel) supplemented
with 4% fetal bovine serum, 14 ng/mL epidermal growth factor (PeproTech, Rocky Hill, NJ, USA),
0.4 ng/mL hydrocortisone (Monmouth Junction, NJ, USA), and 0.5 pg/mL ITS-X (Gibco BRL, Grand
Island, NY, USA). Cultures were maintained at 37 °C with 5% CO,. The medium was changed every
other day. Subsequent experiments were performed when the cells reached 70-80% confluence.

2.2. RNA Extraction and gRT-PCR Detection

Total RNA was isolated from skin samples utilizing RNAiso reagent (Takara Bio Inc., Shiga,
Japan) as per the manufacturer’s protocol. The purity and concentration of RNA were determined
using a NanoDrop spectrophotometer (Thermo Fisher Scientific, Waltham, MA, USA). cDNA was
synthesized using the PrimeScript FAST RT Reagent Kit with gDNA Eraser (Takara Bio Inc., Shiga,
Japan). qRT-PCR was conducted using TB Green® Premix Ex Taq™ II (Takara Bio Inc., Shiga, Japan)
on a CFX96 real-time PCR system (Bio-Rad Laboratories, Hercules, CA, USA). GAPDH was used as
the internal reference, and the relative expression level was calculated by the 2-AACt method. The
primer sequences are listed in Supplementary S1.docx.

2.3. Protein Extraction and Western Blot Analysis

Total protein was extracted from cell samples using a mammalian protein extraction kit (CWBIO,
Beijing, China). The protein concentration was determined using a bicinchoninic acid (BCA) protein
assay kit (Thermo Fisher Scientific,c Waltham, MA, USA). Equal amounts of protein (20 pg) were
loaded into each well, separated by sodium dodecyl sulfate—polyacrylamide gel electrophoresis, and
transferred to polyvinylidene difluoride membranes. The membranes were blocked with 5%
skimmed milk for 1 hour at 37 °C and then incubated with primary antibodies overnight at 4 °C. The
next day, the membranes were incubated with horseradish peroxidase (HRP)-conjugated secondary
antibodies for 1 hour, and visualization was performed using a Tanon 5200 imaging system (Tanon,
Shanghai, China). Image] software was used to quantify the band intensity for statistical comparison
between groups. Detailed information of the antibodies used is shown in Supplementary S1.docx.

2.4. Flow Cytometry Analysis of the Cell Cycle and Cell apoptosis

Cell cycle distribution was analyzed using a cell cycle detection kit. Secondary hair follicle stem
cells were cultured in 6-well plates for 48 hours. Subsequently, the cell culture medium was collected
into a centrifuge tube. Adherent cells were digested with trypsin for 5 minutes, and the collected
medium was added. The cells were centrifuged for 5 minutes at 1500 rcf/min and the supernatant
was aspirated. Afterward, the cells were resuspended in 1 mL pre-cooled PBS and centrifuged again
for 5 minutes at 1500 rcf/min. The cells were then incubated with 1 mL pre-cooled 70% ethanol for 12
hours at 4 °C, resuspended in 500 uL of propidium iodide (PI) staining buffer (Beyotime, Shanghai,
China), and incubated for 30 minutes at 37 °C in the dark. The cell suspension was analyzed using a
flow cytometer (FACSAria SORP, BD BioSciences, NJ, USA). Each group consisted of three
independent replicates.

Cell apoptosis rate was evaluated by Annexin V-FITC/PI staining. After 48 hours of cell
treatment, cells in different treatment groups were washed at least three times with 1 mL of 1x PBS
(pH 7.4) and digested with trypsin. They were then collected in 15 mL centrifuge tubes, washed again
with 1 mL of 1x PBS, and resuspended in 1x binding buffer (Solarbio, Beijing, China). The cells were

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202508.1088.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 14 August 2025 d0i:10.20944/preprints202508.1088.v1

4 of 15

incubated with 5 uL of Annexin V-FITC and 10 pL of PI (Solarbio, Beijing, China) for 10 minutes at
37 °C in the dark. They were then analyzed by flow cytometry (FACSAria SORP, BD BioSciences, NJ,
USA).

2.5. Cell Counting Kit-8 (CCK-8) assay

Cells were seeded in 96-well plates with 100 uL of medium per well. Each treatment group had
9 independent replicates. After incubation for 48 hours at 37 °C with 5% CO,, 10 pL of CCK-8 reagent
(Biosharp, Jiangsu, China) was added to each well and incubation was continued for 4 hours.
Absorbance was measured at 450 nm using a microplate reader (BioTek, Winooski, VT, USA).

2.6. EAU Detection

Detection of 5-ethynyl-2'-deoxyuridine (EdU) was performed according to the instructions of
EdU Cell Proliferation Kit (RiboBio, Guangzhou, China). Before immunostaining, secondary hair
follicle stem cells were first incubated with serum-free medium containing 10 uM EdU reagent for 24
hours. Each group consisted of three independent replicates. Fluorescence images were captured
using a Leica fluorescence microscope (Leica, Wetzlar, Germany). Image] software was used to
analyze the cell positivity rate to evaluate cell proliferation ability.

2.7. Transcriptome Sequencing and Bioinformatics Analysis

Total RNA was extracted using TRIzol reagent, following the product’s instructions. RNA purity
and quantity were measured using a NanoDrop 2000 spectrophotometer (Thermo Scientific, USA).
RNA integrity was evaluated using an Agilent 2100 Bioanalyzer (Agilent Technologies, Santa Clara,
CA, USA). The transcriptome library was constructed using the VAHTS Universal V6 RNA-seq
Library Prep Kit, according to the manufacturer’s instructions. Transcriptome sequencing and
analysis were performed by Shanghai OE Biotech Co., Ltd. (Shanghai, China).

The library was sequenced on an Novaseq 6000 sequencing platform (Illumina, Inc., San Diego,
CA, USA), generating 150 bp paired-end reads. The fastp software was used to process the raw reads
in fastq format. Clean reads for subsequent data analysis were obtained after removing low-quality
reads. HISAT2 [2] software was used to align the reads with the reference genome and to quantify
gene expression. PCA analysis and plotting were performed on genes (counts) to evaluate the
biological replicates of samples. DESeq?2 software was used for differential expression gene analysis,
where genes with q value < 0.05 or loglfold changel > 2 were defined as differentially expressed
genes (DEGs). R (4.5.0) was used for analysis of DEGs, whereas ggplot2 tool was used for
visualization. Enrichment analysis was performed using the tools on the GO and KEGG websites.

2.8. Statistical Analysis

All data were expressed as mean + standard deviation. T-test was used for comparison between
two groups. A p value < 0.05 was considered statistically significant.

3. Results

3.1. In Vitro Culture and Identification of Arbas Cashmere Goat SHFSCs

Dorsal skin samples were collected from Arbas cashmere goats during the anagen phase.
Secondary follicles were isolated under a microscope (Figure 1a) and adherent cells were obtained
after primary culture (Figure 1b). Primary and secondary follicle cells were digested with type IV
collagen [33] to obtain purified SHFSCs (Figure 1c). To confirm their identity, immunofluorescence
staining for the SHFSC surface markers CD34 and K19 was performed, with positive signals shown
in red (Figure 1d). The purified SHFSCs exhibited a cobblestone-like morphology, small size, rapid
division, and high viability.
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Figure 1. In vitro culture and identification of Arbas cashmere goat SHFSCs. (a) Primary and secondary follicles
are isolated from skin tissue; (b) Adherent secondary follicle cells after culture; (c) Purified secondary follicle
stem cells; (d) Immunofluorescence identification of SHFSCs using markers CD34 and K19. DAPI stains nuclei,

CY5 conjugates with primary antibodies, and merge shows the colocalization of antibodies and nuclei.

3.2. Quercetin Promotes the Proliferation of Arbas Cashmere Goat SHFSCs

Quercetin treatment at certain durations and concentrations of promoted follicle stem cell
proliferation. The optimal concentration and treatment time were determined by testing different
quercetin concentrations (0, 2.5, 10, and 40 pg/mL) and durations (24 h, 48 h, and 72 h). Maximum
cell viability was observed after treatment with 10 pg/mL quercetin for 48 h (Figure 2a).

Subsequent experiments used 10 pg/mL quercetin for 48 h (experimental group: EG; control
group: CG). RT-qPCR analyses showed significantly increased mRNA expression levels of the
proliferation markers, proliferating cell nuclear antigen (PCNA) and telomerase reverse transcriptase
(TERT), in the EG compared to that in the CG (Figure 2b). This observation was consistent with the
elevated protein levels of PCNA and TERT (Figure 2c). EAU assays revealed significantly more EAU-
positive cells in the EG than in CG and confocal microscopy showed the upregulated expression of
the proliferation marker KI67, further confirming enhanced proliferation (Figure 2d). Cell cycle
analyses indicated a significant increase in the number of S-phase cells in the EG (from 15.5% to
21.2%; Figure 2e). RT-qPCR analyses also showed the upregulated expression of the cell cycle-related
genes CDK4 and CCND1 in the EG (Figure 2f). Collectively, these results demonstrate that quercetin
promotes the proliferation of goat skin follicle stem cells.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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Figure 2. Quercetin promotes the proliferation of Arbas cashmere goat SHFSCs. (a) CCK-8 assay showing the
proliferation activity of follicle stem cells following treatment with different quercetin concentrations and
durations; (b) RT-qPCR detection of PCNA and TERT mRNA expression in the control group (CG) and
experimental group (EG); (c) Western blot analysis of PCNA and TERT protein expression in the CG and EG,

with quantitative analyses via grayscale scanning. GAPDH served as the internal control; (d) EAU assay and
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KI67 immunofluorescence under a fluorescence microscope, with quantitative analyses performed using
fluorescence intensity; (e) Flow cytometry analysis of cell cycle phases in the CG and EG, with quantitative
comparisons of cell percentages; (f) RT-qPCR detection of CDK4 and CCND1 mRNA expression in the CG and
EG. Data are presented as the mean + standard error of the mean (SEM) of three independent replicates.
Statistical analyses were performed using t-tests. “*”, “**”, and “***” indicate P<0.05, P<0.001, and P<0.0001,

respectively.

3.3. Quercetin Inhibits the Apoptosis and Modulates the Physiological Status of Arbas Cashmere Goat
SHFSCs

The role of quercetin in the apoptosis of goat secondary skin follicle stem cells was further
investigated. The mRNA levels of the pro-apoptotic genes BAX, TP53, and CASP3 were
downregulated in quercetin-treated cells, whereas the expression of the anti-apoptotic gene BCL-2
was upregulated. Consistently, the protein levels of BAX, p53, and CASP3 were downregulated and
that of BCL-2 was upregulated in the EG. The RNA and protein expression trends are shown as bar
and line graphs in Figure 3a. Annexin V-FITC/PI staining further showed that quercetin inhibited
apoptosis and significantly reduced the proportion of late apoptotic cells (Figure 3b), confirming its
anti-apoptotic effects.

The effects of quercetin on physiological status of SHFSCs were also assessed. JC-1 staining
showed increased mitochondrial membrane potential in the EG compared to that in the CG (Figure
3c), indicating improved energy metabolism. Additionally, quercetin reduced reactive oxygen
species (ROS) levels, increased the glutathione (GSH) content, and promoted the secretion of the
growth factors VEGF, FGF, and HGF. These results demonstrate that quercetin enhances antioxidant
capacity, sustains energy metabolism, and promotes growth factor secretion, thereby supporting
SHESC proliferation.
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Figure 3. Quercetin inhibits the apoptosis and modulates the physiological status of Arbas cashmere goat
SHFSCs. (a) RT-qPCR and western blot analyses of p53, BAX, CASP3, and BCL-2 expression in the CG and EG,
with quantitative bar graphs and trend line graphs. GAPDH served as the internal control; (b) Flow cytometry
analysis of apoptosis in the CG and EG using Annexin V-FITC/PI staining, with quantitative analyses of late
apoptotic cells (Q3); (c) Fluorescence intensity of JC-1 staining under a microscope; (d) Quantification of
glutathione (GSH), reactive oxygen species (ROS), VEGF, FGF, and HGF levels in the CG and EG using a

microplate reader, with quantitative bar graphs.
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3.4. Quercetin Alters the Transcriptome of Arbas Cashmere Goat SHFSCs

To investigate quercetin’s effects on the SHFSC transcriptome, high-throughput RNA
sequencing was performed on SHFSCs from EG and CG. After quality control and sequence
alignment, 16,751 expressed genes were identified. A principal component analysis (PCA)
distinguished gene expression profiles between the EG and CG, showing high intragroup
reproducibility and confirming experimental consistency and reliability (Figure 4a).

The DEGs were filtered using the following criteria: [logFCI>1 and P<0.05, identifying 1,540
DEGs in the EG vs. CG, including 1,157 upregulated and 383 downregulated genes (Figure 4b). To
validate the accuracy of the RNA-seq, six upregulated and six downregulated genes were randomly
selected for qPCR verification. The logFC trends between the RNA-seq and qPCR results were
consistent and visualized in a trend line comparison graph (Figure 4c). The top 10 upregulated and
downregulated DEGs were identified as potential key genes, with logFC values shown in a sorted
graph (Figure 4d). Notably, ANKRD66 and PLA2G7 were significantly upregulated. ANKRD66 is
associated with enhanced cell proliferation in tumor cells [34], whereas PLA2G7 catalyzes
phospholipid hydrolysis to produce arachidonic acid, participating in inflammatory signaling and
lipid metabolism [35,36]. In contrast, GREM1 is found to be downregulated. GREM1 is a BMP
antagonist that inhibits BMP signaling, which typically suppresses proliferation and promotes
differentiation [37]. Its reduced expression may enhance BMP signaling and inhibit proliferation,
however, this effect may have been offset by the pro-proliferative effects of quercetin.

A GO enrichment analysis explored the biological functions associated with the DEGs, including
biological processes (BPs), cellular components (CCs), and molecular functions (MFs; Figure 4e). In
BPs, “cytoplasmic translation” and “translational initiation” were enriched, indicating that quercetin
promotes protein synthesis to support proliferation. In MFs, “insulin-like growth factor binding” was
enriched. Insulin-like growth factors, such as IGF-1 and IGF-2, regulate proliferation via the PI3K-
Akt and RAS-MAPK pathways, consistent with the observed pro-proliferative effects.

A KEGG enrichment analysis (Figure 4f) showed that the DEGs were enriched in various
pathways including Cellular Processes, Environmental Information Processing, Metabolism, Genetic
Information Processing, and Organismal Systems. Key pathways included PI3K-Akt, Wnt, and TGEF-
[ signaling, which are part of Environmental Information Processing. Additionally, under
Metabolism, pathways related to cysteine/methionine metabolism and glycine/serine/threonine
metabolism were enriched. These pathways are critical for follicle development and SHFSC
proliferation. Key regulatory genes identified include the COL6A family and CD19 in the PI3K-Akt
signaling pathway [38,39]; Wnt family genes in Wnt signaling; and SMAD family genes and BMP7 in
TGF-f signaling. Additionally, CTH and AHCY reduced ROS levels and enhanced the antioxidant
capacity through the cysteine/methionine metabolism pathway [40,41]. Western blot analyses of the
key pathway proteins (Figure 4g) confirmed differential expression levels consistent with the
sequencing data, supporting quercetin’s role in activating the PI3K-Akt, Wnt, and TGF-f3 signaling
pathways.

In summary, the transcriptome analysis revealed that quercetin promotes SHFSC proliferation
and metabolism via multiple pathways, including PI3K-Akt, Wnt, TGF-f3, and PSAT1-related
pathways, clarifying its molecular mechanisms.
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Figure 4. Quercetin alters the transcriptome of Arbas cashmere goat SHFSCs. (a) Principal component analysis
(PCA) plot of RNA-seq data from the CG and EG; (b) Volcano plot of the differentially expressed genes (DEGs)
between the CG and EG; (c) Trend comparisons of the gene expression between the RNA-seq and qPCR data;
(d) Sorted logFC values of the DEGs; (e) Gene Ontology (GO) term enrichment analysis of the DEGs; (f) Kyoto
Encyclopedia of Genes and Genomes (KEGG) bubble plot and Sankey diagram showing pathway-gene
relationships; (g) Western blot analysis of the key pathway proteins in the CG and EG, with quantitative bar
graphs created via grayscale scanning.

4. Discussion

This study found that quercetin promotes SHFSC proliferation in a concentration- and time-
dependent manner, with optimal effects at treatment with 10 pug/mL quercetin for 48 h. This is
consistent with previous findings in human DP cells Error! Reference source not found. Enhanced proliferation
was revealed by an increased number of S-phase cells and upregulated PCNA and TERT expressions,
suggesting that quercetin accelerates DNA replication and maintains telomere stability. Notably,
upregulated Cyclin D1 and CDK4 expression—key regulators of the G1/S transition —may relieve the
Rb-mediated inhibition of E2F transcription factors, activating DNA replication-related genes [42,43].

Transcriptome analysis and western blot showed that quercetin activates the PI3K-Akt and
Wnt/B-catenin pathways. PI3K-Akt activation may inhibit (-catenin degradation via GSK3f
phosphorylation, promoting nuclear translocation and the transcription of proliferation genes [44].
This is supported by observed increase in B-catenin and phosphorylation levels. Wnt10b, a key
anagen inducer, may synergize with PI3K-Akt to drive the SHFSC transition from quiescence to
proliferation [45].

Quercetin downregulated the expression of pro-apoptotic genes (BAX, TP53, and CASP3) and
upregulated that of BCL-2, consistent with its anti-apoptotic effects in tumor cells [46,47].
Mechanistically, JC-1 staining revealed increased mitochondrial membrane potential, reduced
cytochrome c release, and caspase cascade activation. As a natural antioxidant, quercetin reduces
ROS levels and increases GSH levels, mitigating oxidative damage to DNA and mitochondria [48].
An enhanced antioxidant capacity may also promote the secretion of VEGF and FGF, which further
stimulates SHFSC proliferation via paracrine effects.

Transcriptome analyses identified 1,540 DEGs, with ANKRD66 and PLA2G7 being significantly
upregulated. ANKRD66, an ankyrin repeat family member, may regulate cell proliferation via
cytoskeletal dynamics, consistent with its proliferative role in cancer [49]. PLA2G7 generates
arachidonic acid, a precursor of proinflammatory and proliferative prostaglandins, aligned with an
improved inflammatory microenvironment [23]. Downregulated GREM1 expression may enhance
BMP signaling (typically pro-differentiation/anti-proliferation); however, this effect may be offset by
quercetin-activated pathways [12].

KEGG enrichment analyses highlighted the PI3K—-Akt, Wnt, and TGF-{3 pathways. The reduced
phosphorylation of SMAD2/3 in TGF-f3 signaling may weaken the transcriptional inhibition of Cyclin
D1, thereby accelerating the cell cycle [50-52]. The activation of cysteine/methionine metabolism may
provide methyl donors to support DNA/histone methylation, whereas CTH and AHCY reduce ROS,
enhance the antioxidant capacity, and regulate proliferation-related genes [53,54]

Despite its promising results, this study had various limitations, including its reliance on in vitro
experiments. This entails the need for in vivo validation in cashmere goats. Additionally, the complex
SHFSC microenvironment (DP cell interactions) has not been fully recapitulated in vitro, warranting
the use of 3D culture or organoid models. Furthermore, future studies should explore the association
between quercetin and epigenetic modifications, such as DNA methylation and histone acetylation.

5. Conclusions

Our results demonstrate that quercetin plays a critical role in regulating follicle stem cell
proliferation and apoptosis, specifically promoting proliferation and inhibiting apoptosis. It exerts

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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these effects via multiple signaling pathways, including PI3K-Akt, Wnt, and TGEF-{-related
pathways, enhancing SHFSCs proliferation and metabolism. These findings provide valuable
insights into developing a regulatory strategy for improving cashmere production from goats.
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BMP Bone morphogenetic protein
BP Biological process
CcC Cellular component
CCK-8 Cell Counting Kit-8
CG Control group
DEG Differentially expressed gene
DP Dermal papilla
EdU 5-ethynyl-2'-deoxyuridine
EG Experimental group
GPx Glutathione peroxidase
GO Gene Ontology
GSH Glutathione
HRP Horseradish peroxidase
KEGG Kyoto Encyclopedia of Genes and Genomes
MF Molecular function
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PCA Principal component analysis

PCNA Proliferating cell nuclear antigen

PBS Phosphate-buffered saline

ROS Reactive oxygen species

SHFSC Secondary hair follicle stem cell

SOD Superoxide dismutase

TERT Telomerase reverse transcriptase
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