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Abstract This study aimed to evaluate the therapeutic effect of black wolfberry (Lycium ruthenicum Murr.)
ferment on mice with androgenetic alopecia (AGA). Mice were arbitrarily clustered into four groups: control (C),
model (M), low-dosage ferment (LF), and high-dosage ferment (HF) groups. Mice in the M, LF, and HF groups had
AGA induced for 16 d. Then, the C group was treated with normal saline for 16 d; and LF and HF mice received
daily doses of 2.5 and 25 mL/kg body weight of black wolfberry ferment, respectively. The results indicate that
black wolfberry ferment increased the weight of hewborn hair on mice with AGA. It also enhanced the number of
hair follicles, terminal hairs, and vellus hairs, and increased the dermal and hypodermal thickness, as verified by the
proliferation of hair follicles expressing Ki-67 and hair follicle stem cell marker Sox9. A total of 1,636 genes were
selected as necessary genes using differential gene expression and weighted gene co-expression network analysis.
The KEGG analysis showed that the promotion of hair regrowth was most likely associated with the PI3K/AKT,
NF-kappa B, and MAPK signaling pathways. Black wolfberry ferment can be used as a therapeutic agent for AGA,
and the potential genes and pathways involved in its action were identified using transcriptomics.
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1. Introduction

Black wolfberry (Lycium ruthenicum Murr.) of the
Solanaceae family is mostly cultivated in the arid regions
of northwest China [1]. Its fruit can be either directly
consumed or used for drink processing in the nutritional
food sector. Numerous studies have revealed the presence
of bioactive components, such as flavanols, anthocyanins,
dietary fiber, organic acids, and vitamin C in black
wolfberry fruit [2], which is used to treat hypertension,
eye disease, menstruation problems, and menopause
symptoms [3,4]. Lactic acid bacteria fermentation has
been employed to maintain or improve the nutrients,
sensory values, and shelf-life of fruit [5], and has shown
health-promoting effects in the form of probiotic
supplements.  During the fermentation  process,
microorganisms produce some bioactive compounds, such
as peptides, amino acids, vitamins, and minerals in foods
[6,7]. The consumption of probiotic-containing fermented
products has been linked to cholesterol metabolism and
angiotensin-converting enzyme inhibition, antimicrobial
activity, tumor suppression, faster wound healing, and
immune system modulation [8], thereby increasing the
desirability of these commodities for consumers. Despite

the well-established beneficial properties of black
wolfberry fruit, prior to this research, when it came to
developing functional foods with black wolfberry as the
raw material, there was a dearth of information about the
effects of its fermented drink on health-related aspects.
Androgenetic alopecia (AGA), usually known as male
pattern baldness, is a common type of progressive hair
loss, characterized by a specific pattern of baldness. In a
Chinese epidemiological survey, AGA patients were
mainly male and overall prevalence was 21.3%, and
increased with age [9]. Although previous research
demonstrated that androgen acts on hair follicles through
androgen receptors, shrinking hair follicles and inhibiting
hair growth [10], most of the molecular mechanism is far
from clear, thereby limiting available treatments. Current
treatments for AGA include pharmacotherapy, surgery,
and cosmetic aids. Despite the huge demand, only two
medications are approved by the US Food and Drug
Administration as a therapy for AGA. However, these
medications are expensive, require an indefinitely chronic
treatment, and often have undesirable side effects [11].
Therefore, a safe and convenient method is needed to cure
hair loss. One study found that topical transient receptor
potential vanilloid-3 inhibitors hold promise as a new
therapeutic approach for treating AGA [12]. Hair growth
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and hair luster can be effectively increased by dietary
intervention of vitamin E, protein, iodine, and iron [13]. A
polyphenol compound extracted from apple, procyanidin
B-2, was found to enhance the number of total hairs in the
designated scalp area, acting as a hair-growing factor for
AGA [14]. Proanthocyanidins identified from grape seeds
accelerated the proliferation of hair follicle cells in vitro
and converted the hair cycle in vivo [15]. A kimchi and
cheonggukjang (fermented soybean paste) probiotic
product could enhance hair count and promote hair growth
without reversing hair loss and without side effects such
as diarrhea among men with stage 1l to V patterns of hair
loss [16]. Some previous studies have focused on the
improvement of the hair loss phenotype but have not
considered the abundance levels of key proteins and
changes in the transcriptional regulation of genes, which
are crucial for determining the mechanism of hair loss.
Little is known about the efficacy of black wolfberry as
a treatment for hair loss. The present study examined
newborn hair weight, numbers of lost hair, the
histopathology of skin tissue, and the expressions of Ki67-
and Sox9-positive cells to assess the effectiveness of black
wolfberry ferment oral administration in an AGA animal
model. Next-generation sequencing and weighted gene co-
expression network analysis (WGCNA) were applied to
identify the key genes and gene networks, to explain the
molecular regulatory mechanisms underlying the
alleviating effect of black wolfberry ferment on AGA
mice. The research results will contribute to the utilization
of black wolfberries with high added value and the
development of functional foods for preventing hair loss.

2. Materials

2.1. Materials

Black wolfberry was purchased from Zhongning
Qifuyuan Trading Co., Ltd. (Zhongwei, China). Mulberry
(Fructus mori) was donated by Shandong Hegu Food Co.,
Ltd. (Linyi, China). Isomalto-oligosaccharides and fructo-
oligosaccharides were bought from Bowling Treasure
Biology Co., Ltd. (Yucheng, China). Lactobacillus
plantarum HCS03-001, L. reuteri HCS02-001, and L.
rhamnosus HCS01-013 were sourced from Jiangxi Renren
Health Industry Co., Ltd. (Yichun, China).

2.2. Preparation of Black Wolfberry Ferment

The three bacterial strains (L. plantarum HCS03-001, L.
reuteri HCS02-001, and L. rhamnosus HCS01-013) were
first inoculated into activated medium at an inoculum
proportion of 0.05-0.08% and cultured under optimized
conditions. The black wolfberry was then soaked in water
and mixed with mulberry, isomalto-oligosaccharides, and
fructo-oligosaccharides (1:1:1:1, w/w). The mixed
solution was fermented with the pre-activated bacteria in a
5000-L fermenter (Nanjing Huike Biological Engineering
Equipment Co., China) and maintained at 37 “C and 60-80
r/min for 47 h. Then, the fermented liquid was filtered
with 300-mesh cloth. After centrifugation, the mixture was

sterilized and aseptically filled in vials for further analyses.

The ferment contained characteristic compounds,

including 2.4 x 10* g/kg of organic acids, 100 mg/100 g of
crude polysaccharides, 16 mg/g of polyphenols, and
superoxide dismutase (2.47 x 10* U/L).

2.3. Animal Experiment Design

Twenty healthy C57BL/6 male mice aged 6-8 weeks
[~20 g body weight (bw)] were purchased from Shanghai
Slac Laboratory Animal Co., Ltd. All animal procedures
were approved by the Experimental Animal Ethics
Committee of Yanxuan Biotechnology (Hangzhou) Co.,
Ltd. (no. HZYX2207153750), and strictly performed
according to the Guide for the Care and Use of Laboratory
Animals to minimize pain and injury. During the
experiment, the room was maintained at an ambient
temperature of 25 £+ 2°C and 12-h light/dark cycles, and
the mice received normal feeding with standard pellets
and water. The animals were fed adaptively for a week,
during which no experiment was performed.

Before the experiment, each animal included in the
study was numbered. Using a computer-generated random
number table, mice were randomly separated into four
groups (n = 5): control (C), model (M), low-dosage
ferment (LF), and high-dosage ferment (HF) groups.
Rosin and paraffin (1:1) were mixed, and heated. After
slightly cooling, the mixture was applied to the dorsal hair
of mice covering an area of 2 cm x 2 cm, and then the hair
was removed. After 12 h, a testosterone propionate
solution (5 mg/mL, 10 mL/kg bw) was applied by
subcutaneous injection in M, LF, and HF groups for 16 d
to generate AGA-induced mice. Normal control mice were
given an equal volume of normal saline every day, so as to
not induce AGA. At the same time, the experimental
animals were intragastrically administered with normal
saline and ferment according to the groups: the C and M
groups were given normal saline, and the LF and HF
groups were treated with 2.5 mL/kg bw (the ferment was
diluted 10 times with normal saline) and 25 mL/kg bw of
black wolfberry ferment by oral gavage, respectively.
Food intake, body weight, and hair growth status were
evaluated daily. After 16 d of experiment, the mice were
anesthetized and sacrificed by cervical dislocation. During
the experimental process, the personnel involved in
experimental operations and data recording carried out
their operations and recordings solely based on the
numbers on the animals. The corresponding relationship
between the numbers and the groupings was not revealed
until all experimental data had been fully collected and the
preliminary analysis had been completed.

2.4. Determination of Newborn Hair Weight

Newborn hair weight was determined at the end of 16 d
of treatment. All hair in the experimental area was
collected and weighed with an analytical balance, which
was determined as newborn hair weight.

2.5. Histological Evaluation

The dorsal skin tissues from treatment areas were
soaked in 10% formalin, embedded in paraffin, and sliced
into sections 2.5-4.0 um thick. The slices were stained
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with a Masson Trichrome Staining Kit (Solarbio, China)
to examine the intensity of blue color, which represented
collagen deposition. The slices were stained with
hematoxylin (Zhuhai Baso Biotechnology, China) and
eosin (Sinopharm Chemical Reagent, China) to assess
skin morphology and determine the numbers of hair
follicles, terminal hairs, and vellus hairs. The stained
sections were observed under a light microscope, and the
photomicrographs were quantified using ImageJ software.

2.6. Immunohistochemistry

Immunostaining was performed on 2.5-4.0 pm sections
after a series of deparaffining, rehydration, and antigen
retrieval with citrate buffer (Solarbio). After blocking with
5% bovine serum albumin (Solarbio), the sections were
incubated with the primary antibodies of rabbit
monoclonal anti-SOX9 (ab184230; Abcam, USA) and
rabbit  polyclonal anti-Ki67 (ab15580; Abcam),
respectively, overnight at 4°C. Then the sections were
washed with phosphate buffer saline, and incubated with
the secondary antibodies of goat anti-rabbit 1gG (H+L)
HRP (S0001, Affinity Biosciences, China) for 1 h at room
temperature. Finally, the sections were stained with
diaminobenzidine and counterstained with hematoxylin.
The histological changes were assessed using fluorescent
microscopy (AxioVert.Al, ZEISS).

2.7. RNA-Sequencing and Data Processing

Total RNA from hair follicles was extracted using
Trizol (Invitrogen, USA), and then qualified and
quantified using a Nano Drop and Agilent 2100
bioanalyzer (Thermo Fisher Scientific, USA) to construct
sequencing libraries. The sequencing data were filtered by
removing the low-quality fragments and adaptors. The
clean reads were mapped to the reference genome and
aligned to the reference coding gene set. Gene expression
was calculated by RSEM (v1.2.12).

The identification of clinical trait-related gene modules
and hub genes was achieved using WGCNA in the R
statistical package [17]. Genes were clustered into
different modules based on the topological overlap matrix
dissimilarity measure. The optimal soft threshold power
has been reported to determine the module-trait
associations, gene significance, and module membership.
Importantly,  differential  expression analysis  was
conducted using the DESeq?2 (v1.4.5), taking P < 0.05 and
[fold change|[>2 as thresholds to identify differentially
expressed genes (DEGs). Gene ontology (GO) and Kyoto
Encyclopedia of Genes and Genomes (KEGG) enrichment
analyses were applied to understand the function of
annotated DEGs or pathways involved in regulation, so as
to associate with the phenotype.

2.8. Quantitative Real-time PCR (qRT-PCR)

Eleven genes were randomly selected to verify the
RNA-sequencing results. The RNA of dorsal skin tissue
was extracted using RNAiso Plus Reagent (Takara Bio
Inc., China), and complementary DNA was synthesized
using PrimeScriptTM RT Master Mix (Takara Bio Inc.).
The qRT-PCR was performed with SYBR Premix Ex Taq

Il (Takara, Japan) and analyzed in an Applied Biosystems
QuantStudio 3 system (Thermo Fisher Scientific). A three-
step method was used for gRT-PCR analysis with the
following specific procedure: pre-denaturation at 95°C for
30 s; followed by 40 cycles of denaturation at 95°C for 5 s
and annealing/extension at 60°C for 34 s; and finally,
melting curve analysis at 95°C for 15 s, 60°C for 1 min,
and 95°C for 15 s. The primers used are shown in
Supplementary Table S1. The housekeeping gene Actin
was used as internal reference, and the relative
quantification of related genes was conducted by ““Ct
method [18]. Three biological and technical replicates
were conducted for each sample.

2.9. Western Blot

The proteins of dorsal skin tissue were extracted with
RIPA buffer (Boster, China). Protein extracts were
subjected to analysis by SDS-PAGE, 20 ug of total protein
per sample was resolved, and the separated proteins were
transferred onto PVDF membranes (Merck KGaA,
Darmstadt, Germany). After blocking with 5% skim milk,
the membrane was incubated using the primary antibodies
as follows: B-actin, forkhead box O3 (FOXO3), protein
tyrosine phosphatase nonreceptor type 7 (PTPN7), and
PIK3R5, with suggested dilutions. The immunoblotting
was detected using ECL luminous fluid (Invitrogen). The
gray value of the strip was determined using ImageJ, and
the data were normalized using p-actin to determine the
protein expression level of experimental groups. Three
biological and technical replicates were conducted for
each sample.

2.10. Statistical Analysis

Each experiment was repeated at least three times. The
statistical data chart was drawn using GraphPad Prism 9
software, and data analysis was performed using SPSS 26
software. Student’s t-test was used to calculate the level of
statistical significance compared with the M group: *, P <
0.05; **, P < 0.01; and ***, P < 0.001.

3. Methods

3.1. Determination of Hair Regrowth

The dorsal hair of C57BL/6 mouse has a 7-week, time-
synchronized hair growth cycle [19], which was used to
evaluate the hair growth-promoting effect of black
wolfberry ferment in this study. The skin pigmentation is
considered evidence of hair growth, and the
homogenously bright pink color suggests the telogen
phase; whereas gray or black color indicates the anagen
phase. Mice skin at the edge of the depilated area in the M
and LF groups was still light pink (Figure 1A). The skin of
mice became nearly all black in the C and HF groups,
showing that the hair follicles were in the growing phase.
Hair growth is regulated by modulation of the hair cycle,
such as extending the anagen phase and promoting the
transition from telogen to anagen phase [20]. These
observations confirmed that oral intake of black wolfberry
ferment promoted the telogen to anagen transition.
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Compared with the M group, the weight of newborn
hairs notably increased in the C and HF groups (Figure 1B,
P < 0.05). The results indicated that testosterone
propionate solution successfully induced AGA in mice.
Black wolfberry ferment seemed to have hair growth-
promoting effect, of which HF treatment promoted hair
regeneration in the mice model. These findings were
consistent with a previous study of Subedi et al. [21],
which found that bimatoprost increased the weight of
newly grown hair in mice with AGA, showing therapeutic
potential for alopecia.

(A) 0D 8D 10D 12D 14D (B)

0.05
dkk
. 0.04-
5
Lo
$
Z 002
[}
T 0.014 ﬁ
0.00
C M LF HF

Figure 1. Effect of black wolfberry ferment on androgenetic alopecia in
mice. (A) Hair regrowth in areas of testosterone propionate-induced hair
removal. (B) The weight of newborn hairs. C: control group; M: model
group; LF: low-dosage ferment group; HF: high-dosage ferment group.
Student’s t-test was used to compare significant differences, with *
representing P < 0.05, ** representing P < 0.01, and *** representing P <
0.001 compared to the M group

3.2. Histopathology of Dorsal Skin

The structure of skin is divided into three layers:
epidermis, dermis, and subcutaneous tissue. Collagen and
elastin in the dermis maintain skin structure and are
responsible for its elasticity [19]. Therefore, collagen
synthesis can be used to evaluate the state of hair growth
through Masson’s trichrome staining. The collagen
arrangements for the LF and HF groups were neater than
for the M group (Figure 2A). The highest collagen fiber
area was observed in the HF group (Figure 2B). A
previous study found that pep-1-conjugated mitochondria
induced collagen formation to promote hair regrowth in
alopecia mice [22]. Therefore, the formation of collagen in
the LF and HF groups might be related to an induction of
anagen stage.

The pathological changes of alopecia are mainly
manifested in the reducing volume and number of hair
follicles. The hair follicles were sparsely distributed and
mostly located in the epidermis, and the cells showed
vacuolization in the M group (Figure 2C). After treatment
of black wolfberry ferment, the hair follicles were widely
distributed and tightly arranged, and located in the deep
subcutaneous tissue. The size and location of hair follicles
vary according to each cycle of the anagen, catagen, and
telogen phases [23]. For example, the dermal papilla and
hair follicles are large and deeply located in the

subcutaneous tissue at the anagen phase; however, the
dermal papilla is relatively small and the hair bulb is
located in the dermis near the epidermis at the telogen
phase [24]. These findings suggested that black wolfberry
ferment induced the anagen phase. Compared with M
group, the number of hair follicles significantly increased
in the order of C > HF > LF (Figure 2D, P < 0.05).
Relatively higher numbers of terminal hair and vellus hair
were observed in the LF and HF groups compared to the
M group, but neither value recovered to that of the C
group (Figure 2E). Furthermore, HF treatment increased
dermal thickness (14.88%) and decreased hypodermal
thickness (13.80%) in alopecia mice; however, there was
no significant difference compared to the M group (Figure
2F, P > 0.05). Accordingly, black wolfberry ferment
administration was conducive to collagen deposition and
hair regrowth, increasing the numbers of terminal and
vellus hairs for AGA mice. A research revealed that black
wolfberry ferment is rich in anthocyanins, including
cyanidin, delphinidin, malvidin, pelargonidin, and
peonidin [3]. An in vivo experiment with mice showed that
the application of cyanidin-3-O-glucoside effectively
improved hair follicle shrinkage, regression, and apoptosis
caused by dihydrotestosterone [25]. Kurnia et al. [25]
discovered that Trichophyton cacao, which contains
polyphenol compounds (including catechin, anthocyanin,
and proanthocyanidin  flavonoid), has anti-alopecia
potential, especially catechin. It diffuses and interacts with
plasma proteins that direct it to the target when given
orally. Therefore, the alleviating effect of black wolfberry
ferment on alopecia may be due to its rich content of
anthocyanins.

(A) (B)

250000

©
200000

150000

100000
50000

0

(©) St Ashle ) c o

Collagen fiber are:

200 wxx

150+ 4 a

100+

The number of hair follicles

g+

: C M LF HF
() (F)

Terminal hair o Vellus hair Dermal thickness o Hypodermia thickness
90 . 50 T

Terminal hair number
o
v
1BquUINU Jjey SNjIaA
Dermal thickness (pm)
8

(wirl) ssauxaiy) elwiapod.

c M LF HF c M LF HF

Figure 2. Histopathology of dorsal skins in the newborn hair area. (A)
Masson staining. (B) Collagen fiber area. (C) HE staining. (D) The
number of hair follicles. (E) The number of terminal hair and vellus hair.
(F) Dermal thickness and hypodermis thickness. C: control group; M:
model group; LF: low-dosage ferment group; HF: high-dosage ferment
group. Student’s t-test was used to compare significant differences, with
* representing P < 0.05, ** representing P < 0.01, and *** representing P
< 0.001 compared to the M group
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3.3. Cell Proliferation Markers

The Ki67 is an antigen associated with cell proliferation
and mitosis, thus being applied to mark cells during the
proliferation cycle [26]. The black wolfberry ferment-
treated follicular proliferative pattern in hair keratinocytes
was examined by analyzing the Ki67-positive rate. Hair
follicles in the C group had a high Ki67-positive rate,
whereas the positive density in the M group significant
decreased in the bulb (Figure 3A and B). The ferment
treatment markedly increased the Ki67-positive rate in
AGA mice (P < 0.05), confirming that oral gavage of
black wolfberry ferment promoted the proliferation of hair
follicles. In previous studies, increased Ki67-positive
expression levels of red ginseng extract treatment were
associated with proliferative hair matrix cells and hair
growth-promoting effects [27]. In this study, we
confirmed that oral administration of black wolfberry
ferment promoted the expression of hair growth-
promoting factors.

Hair follicle stem cells are important mediators of hair
regeneration, whose proliferative ability is closely related
to hair follicle transition and hair growth. As a hair follicle
stem cell marker, Sox9 is dedicated to maintaining stem
cell bulges and is required for differentiation of the outer
root sheath [28]. There were significant increases in the
Sox9-positive expression rate in LF and HF groups (Fig.
3C and D), showing that ferment treatment triggered the
activation of hair follicle stem cells. This result was
consistent with previous research, in which a significant
increase in Sox9 expression was detected from bone
marrow-derived mesenchymal stem cell-treated mice,
thereby promoting hair regrowth [29]. Overall, black
wolfberry ferment induced certain key hair induction-
related proteins, thus stimulating the cycle of hair follicles
and promoting hair regrowth in AGA mice. However, the
specific mechanisms require further exploration.
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Figure 3. Expression of Ki67- and Sox9-positive cells in hair follicles.
(A) Immunofluorescence staining image of Ki67. (B) Positive rate of
Ki67. (C) Immunofluorescence staining image of Sox9. (D) Positive rate of
Sox9. C: control group; M: model group; LF: low-dosage ferment group;
HF: high-dosage ferment group. Student’s t-test was used to compare
significant differences, with * representing P < 0.05, ** representing P <
0.01, and *** representing P < 0.001 compared to the M group

3.4. Profiles of Transcriptome Data

In molecular biology, RNA-sequencing is an
indispensable tool to deepen our understanding of gene
functions [30]. Here, the transcriptional changes in dorsal
skin were investigated to explore the underlying molecular
mechanism using RNA-sequencing. The total number of
clean reads was 177.68 million (C group, 44.48 million;
M, 44.13 million; LF, 44.68 million; and HF, 44.40
million), and the proportions of total clean reads mapping
to the reference genome were all above 96%
(Supplementary Table S2). After normalization and
annotation of the mapping reads, a total of 18,750 genes in
four groups were found. Principal component analysis
showed that between-group variation was greater than
within-group variation (Figure S1A); therefore, four
sample groups were separated and the intra-group samples
were grouped together. The Venn diagram in Figure S1B
illustrates 16,938 common genes shared by the four
groups, with 165, 192, 196, and 162 specific genes
identified in the C, M, LF, and HF groups, respectively.
The hierarchical clustering tree in Fig. S1C shows no
outliers among the samples, so all samples were available
in the following analysis.

3.5. WGCNA Construction

The development of omics and quantitative biology
have provided several approaches to confirm gene
networks and their regulatory mechanisms in living bodies,
among which, WGCNA is a promising method for
identifying co-expressed gene networks using RNA-
sequencing results. Considering that the differences in
gene expression levels cannot reveal the complexity of
molecular mechanisms involved in alopecia, we applied
WGCNA to identify necessary genes and signaling
pathways for the black wolfberry ferment treatment of
hair loss. The WGCNA contributes to discovering
modules and networks of co-expressed genes that have
high connection with phenotypic traits, and identifying
eigengenes or hub genes in the network for therapeutic
targets. It is more useful than other bioinformatics
analyses, and comprehensively examines the associations
between co-expression modules and clinical traits, which
is highly reliable and has biological significance [31].
Therefore, the 16,938 common genes generated from 12
samples were used for WGCNA. Soft-thresholding
power values from 1 to 20 were used to calculate
network structures and obtain a co-expression network
(Figure 4A). The red line in Fig. 4A indicates that when
the power value was set at 18, the scale-free fit index
achieved 0.85. The connectivity between genes in the
network was relatively high and met the scale-free
network distribution (Figure 4B). A hierarchical
clustering tree was constructed according to the method
of dynamic hybrid cut (Figure 4C), and a total of 10 co-
expression modules were constructed (Figure 4D). The
adjacency heatmap of the relationship for each model
(Figure 4E) showed that the co-expression relationship
of genes in the same module was strong, and that the 10
modules were relatively independent.
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3.6. Key Gene Screening and Gene
Enrichment Analysis

A previous study found that administration of 1 mg of
finasteride significantly increased hair weight in men with
AGA [8]. To explore the genes related to hair weight in
animal experiments, module—trait correlations were
calculated (Figure 5A). Three out of 10 modules were
closely connected with hair growth in AGA mice (|cor| >
0.8). The MEgymon (cor =0.93, P =1 x 10'5) was positively
correlated with hair weight, while MEgeqnas and MEie had
negative correlations (cor = —0.85, P = 5 x 10 and cor =
—0.84, P = 6 x 10 *, respectively) in AGA mice.

Using P < 0.05 and [fold change|>2 as thresholds, a
total of 5,396 genes were screened as DEGs in the training
group. Compared with the M group (mice injected with
testosterone propionate solution), there were 1,508 up-
and 2,982 down-regulated, 1,351 up- and 2,040 down-
regulated, and 1,329 up- and 2,422 down-regulated genes
identified in the C, LF, and HF groups, respectively
(Figure 5B). Among them, 1,636 DEGs were considered
key genes because they also belonged to the salmon
module in the Venn diagram (Figure 5C).

To explore the molecular functions and biological
pathways of key genes involved in hair growth, GO term
and KEGG enrichment analyses were performed to check
gene functions and their participation in biological
processes. The GO functional items can be classified into
biological processes, cell components, and molecular
functions (Figure S2A). The most abundant GO functional
items in the category of biological processes were cellular
process, biological regulation, regulation of biological
process, metabolic process and response to stimulus, those
in the cellular component were cell, cell part, organelle,
and membrane and organelle part, and those in the
molecular function were binding and catalytic activity. In
order to select the gene function, KEGG enrichment
analysis was conducted to annotate key genes and explore
functional pathways. The top 30 pathways with the largest
number of candidate genes are shown in Fig. S2B. The
enrichment pathways with the most abundant gene
numbers were as follows: lysosome, cytokine—cytokine
receptor interaction, pathways in cancer, the PI3BK/AKT
signaling pathway, and the chemokine signaling pathway.
The genes in these pathways may play pivotal roles in hair
growth by affecting these biological processes and
molecular functions. Eleven genes in the above pathways
were randomly chosen for verification using qRT-PCR,
and the results were found to be highly correlated with the
transcriptome profiles (Figure S3), where the correlation
coefficient (R) was 0.70. This result confirmed that the
RNA-sequencing data were accurate and reliable. Four
proteins were selected for western blot analysis.
Testosterone propionate solution significantly increased
the expressions of PIK3R5, FOXO03, and PTPN7 proteins
(Figure 6, P < 0.05). Following black wolfberry ferment
treatment, expressions of PIK3R5, FOXO3, and PTPN7
proteins significantly decreased compared with those in
the M group (P < 0.05). All of these were consistent with
RNA-sequencing results, showing that black wolfberry
ferment mediated changes in the abundance of key
proteins that affected AGA.

3.7. Black Wolfberry Ferment Promotes Hair
Regrowth Through PI3K/AKT, MAPK,
and NF-kappa B Signaling Pathways

In the current study, the PISBK/AKT, MAPK, and NF-
kappa B signaling pathways showed high enrichment with
target genes, and gene expression levels in these pathways
are presented in Supplementary Table S3. The PI3K/AKT
signaling pathway is extensively present in cells, and has
been shown to be involved in the regulation of cell growth,
proliferation, and differentiation, especially hair follicle
regeneration [32]. The PI3K/AKT signaling pathway is
recognized as a prominent regulator of sensory hair cell
survival against oxidative stress by regulating the
transcription of several antioxidant genes [33]. Activation
of the PIBK/AKT pathway represents a promising strategy
for hair cell protection. The expression levels of genes
encoding PI3K (PIK3CD and PIK3R5) were higher in the
AGA mice compared with those in the C, LF, and HF
groups. Western blot analysis (Figure 6) demonstrated that
PIK3R5 protein level was up-regulated in a dose-
dependent manner with black wolfberry ferment treatment.
Black wolfberry ferment effectively down-regulated the
expression level of the gene encoding FOXO3, consistent
with the western blot results (Figure 6). FOXO is an
essential downstream factor of the PI3K/AKT pathway.
The FOXO family members actively arrest the cell cycle
in cells that have the capacity to divide [34]. Therefore,
decreased the expression of the gene encoding FOXO3
may be beneficial to proliferation of hair follicle cells and
acceleration of the hair growth cycle. Black wolfberry
polysaccharides and anthocyanins were found to induce
mitochondria-mediated apoptosis through the PI3K/AKT
signaling pathway to exert an antitumor effect [35].
Overall, black wolfberry ferment affected the secretion of
factors related to hair growth through the PI3K/AKT
pathway.
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Figure 6. Western blot analysis. (A) The protein expression of PIK3RS5,
FOXO03,and PTPN?7. (B) Corresponding quantification. C: control group;
M: model group; LF: low-dosage ferment group; HF: high-dosage
ferment group. Student’s t-test was used to compare significant
differences, with * representing P < 0.05, ** representing P < 0.01, and
*** representing P < 0.001 compared to the M group
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Mitogen-activated protein kinase (MAPK) participates
in regulating proliferation, survival, differentiation, and
migration of normal cells, consisting of three main groups:
ERK (extracellular signal-related kinases), JNK (Jun
amino-terminal kinases), and p38 [36]. Corticotropin-
releasing hormone has been suggested to induce alopecia
through the MAPK signaling pathway [37], which is
involved in regulating quiescence of hair follicle stem
cells and controlling the hair cycle [38]. MAPK pathways
are the major oxidative stress-sensitive signal transduction
pathways in most cell types [39]. ERK signaling
participated in the multiplication of dermal papilla cell and
hair matrix cell [40]. The protein PTPN7 and its encoding
genes were down-regulated in C, LF, and HF groups
compared with the M group. The PTPN7 is a member of
protein tyrosine phosphatase family and negatively
controls ERK activation [41]. The JNK plays an important
role in proliferating and differentiating bulge hair follicle
stem cells. In JNK signaling, black wolfberry ferment
decreased the expression level of the gene encoding FLNa
in AGA mice, consistent with the trend in the C group. A
previous study reported that FLNa could activate PAK1
and induce the phosphorylation of JNK and p38, thereby
leading to cytoskeleton rearrangement and cell death [42].
Therefore, the downregulation of FLNa may be the cause
of the alleviating effect of black wolfberry ferment on
AGA in mice. In p38 signaling, the activation of p38
promoted the multiplication of dermal papilla cells to
regulate hair growth [43]. In this study, an increasing
expression level of the gene encoding p38 (Mapk12) was
observed in C, LF, and HF groups compared with the M
group, which probably mediated the hair growth-
promoting effect. Thus, there was a significant correlation
between the black wolfberry ferment treatment of AGA
and the MAPK signaling pathway.

The NF-kappa B transcription factors regulate the
expression of numerous genes necessary for immune
regulation, apoptosis, and cellular proliferation [44]. Hair
follicle regeneration can be inhibited by negatively

regulating the nuclear transcription factor kappa B (NFk

B)-mediated inflammatory response signaling pathway
[45]. Alopecia areata is considered as a type 1
inflammatory disease. The Thl cytokine interferon-y
produced by NKG2D+CD8+ cells disrupts the immune
tolerance of hair follicles and exposes self-antigens, which
induces inflammatory cell infiltration and apoptosis
around hair follicles, resulting in hair loss [46]. Krieger et
al. [47] found that the NF-kappa B signaling pathway was
involved in the growth and activation of hair follicle stem
cells in a mouse model. Here, all genes in the NF-kappa B
signaling pathway were down-regulated in C, LF, and HF
groups compared with the M group, suggesting an
inhibition of inflammatory cytokine production in vivo.
Extensive NF-kappa B target gene analyses suggested that
NF-kappa B regulates the expression of transcription
factor Sox9 [47]. The strong expression of Sox9 at the
mRNA level in the LF and HF groups suggested a
functional role of black wolfberry ferment in hair follicle
stem cell activation and hair growth. In addition, a
homogeneous polysaccharide from black wolfberry was
discovered to induce apoptosis of pancreatic cancer cells
by inactivating p38, MAPK, and NF-kappa B signaling

pathways [48]. In summary, the results indicated a
potential role for the NF-kappa B signaling pathway in
cell activation and hair proliferation in AGA mice.
Compared with drug treatments, black wolfberry, as a
natural food ingredient, is rich in various nutritional
components and bioactive substances, and its fermentation
process, which usually involves natural biological
transformations, makes it more likely to be accepted by
patients.

However, given the limitation of the relatively short
feeding time of mice in this study, longer-term studies are
needed to determine the sustained effects of black
wolfberry ferment on hair loss and to ensure that the
benefits do not diminish over time, and so provide a more
reliable basis for practical applications. In addition, while
this study identified some molecular pathways and genes
involved, it did not fully elucidate the precise mechanisms
that promote hair growth. These limitations do not
necessarily invalidate our findings, but they underscore
the need for further research to corroborate and expand
upon these initial results before black wolfberry ferment
can be widely recommended as a treatment for AGA. The
future research scope can be gradually expanded. In
addition, from AGA to other types of alopecia models
(alopecia areata and telogen effluvium). The differential
effects and mechanisms of black wolfberry ferment on
different types of alopecia can be explored, thus
broadening its application prospects.

4. Results and Discussion

This study demonstrated the potential of black
wolfberry ferment to alleviate AGA in mice, including the
promotion of newborn hair weight. The results were
verified by assessing the number of hair follicles, dermal
and hypodermal thickness, proliferation of hair follicles
expressing Ki67, and the multiplication of hair follicle
stem cell marker Sox9. RNA-sequencing data were
systematically analyzed from dorsal skin samples, and
18,750 genes were identified. Using WGCNA and
differential gene matching, 1,636 genes were selected as
key genes involved in the hair growth processes, which
were enriched in three main signaling pathways: the
PIBK/AKT, MAPK, and NF-kappa B signaling pathways.
Western blot confirmed that black wolfberry ferment
down-regulated PIK3R5, FOXO3, and PTPN7 protein
levels. Taken together, our results suggest that the
fermentation of black wolfberry (a natural compound) has
the potential the ameliorate AGA in mice. The study
contributes to a broader exploration of black wolfberry as a
source of novel bioactive compounds that can be developed
into prevention and treatment strategies for alopecia. To
further reveal the molecular mechanism by which black
wolfberry ferment may improve AGA will require
implementation of a human population experimental model
and a combined analysis of multi-dimensional omics.
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