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Introduction: Alopecia is a systemic disease with multiple contributing factors. Effective treatment is challenging when only hair
growth mechanisms are targeted while ignoring the role of maintaining hair follicle microenvironment homeostasis, which is crucial
for cell growth and angiogenesis. Oxidative stress and inflammation are major disruptors of this microenvironment, leading to
inhibited cell proliferation and compromised hair follicle circulation. Drugs with antioxidant and anti-inflammatory effects could
potentially restore microenvironment homeostasis, offering a promising strategy for alopecia treatment.

Methods: Resveratrol (RES), a potent antioxidant and anti-inflammatory agent, was selected as the model drug and encapsulated into
an active carrie—PPD-Lip to create PPD-Lip@RES. The efficacy of PPD-Lip@RES was comprehensively evaluated in both in vitro
and in vivo aspects, and its underlying mechanism was also primarily explored.

Results: PPD-Lip@RES promoted the proliferation and migration of dermal papilla cells, up-regulated the expression of positive hair
growth regulators, and facilitated angiogenesis. It also activated hair follicle stem cells by increasing the expression of Ki67, K5, 8-
catenin, CD31, and CK19. In the telogen effluvium model, PPD-Lip@RES resulted in more robust hair regeneration, with less hair
shedding compared to the minoxidil group. Furthermore, it showed significant therapeutic effects in severe androgenetic alopecia,
outperforming finasteride and even the healthy control group.

Conclusion: The results suggested that PPD-Lip@RES, as a systemic intervention strategy, could effectively facilitate hair growth by
targeting both the pathological and physiological processes involved in hair loss. Its superior performance in both telogen effluvium
and androgenetic alopecia models indicates its potential as an advanced treatment option for alopecia.
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Introduction

Alopecia, an increasingly prevalent health issue among contemporary young and middle-aged people, leads to significant
negative psychological effects, such as anxiety, inferiority, self-doubt, and even depression.! With the intensification of
mental stress and environmental pollution, the incidence rate of alopecia is rapidly increasing and developing a trend
toward younger ages, resulting in a rising demand for treatment. Hair loss as a progressive disease, unless early
intervention, will become increasingly severe, eventually balding, and then aggravating the negative impact on the
patient’s physical and mental health. Currently, there are two mainstream drugs approved by the Food and Drug
Administration (FDA) for the treatment of hair loss: topical minoxidil and oral finasteride. However, hair loss treatment
would take a long time, long-term use of minoxidil and finasteride might have toxic side effects. In addition, compared to
the complex etiology of hair loss, both two drugs have a single mechanism and hence establish the limited effectiveness
in treating hair loss.” Therefore, it is urgent to develop a safe and effective alternative comprehensive therapy addressing
multiple pathological factors for hair loss.

International Journal of Nanomedicine 2024:19 1387513900 13875
Received: 10 July 2024 © 2024 Thang et al. This work is published and licensed by Dove Medical Press Limited. The full terms of this license are available at https://www.dovepress.com/terms.
AT php and incorporate the Creative Commons Attribution — Non Commercial (unported, v3.0) License (http:/creati org/licenses/by-nc/3.0/). By accessing the

Accepted: 20 November 2024
Published: 24 December 2024

work you hereby accept the Terms. Non-commercial uses of the work are permitted without any further permission from Dove Medical Press Limited, provided the work is properly attributed. For
permission for commercial use of this work, please see paragraphs 4.2 and 5 of our Terms (https://www.dovepress.com/terms.php).


http://orcid.org/0009-0009-7082-6952
http://www.dovepress.com/permissions.php
https://www.dovepress.com/terms.php
https://www.dovepress.com/terms.php
http://creativecommons.org/licenses/by-nc/3.0/
https://www.dovepress.com/terms.php
https://www.dovepress.com

Zhang et al Dove

Alopecia is a systemic disease caused by a variety of factors, mainly including inhibition of cell proliferation,
insufficient vascularization, and hair follicle microenvironment disorders, etc. Most treatment strategies only focus on
promoting cell proliferation and angiogenesis but neglect the effect of hair follicle microenvironment homeostasis on
promoting cell proliferation and angiogenesis, ultimately reducing the effectiveness of hair loss treatment. That is, the
homeostasis of the hair follicle microenvironment was essential to maintain the normal cycle of hair follicles. The
disordered microenvironment around hair follicles would fail to activate hair follicle stem cells (HFSCs), suppress cell
growth and angiogenesis, preventing the transition of hair follicles from the telogen phase to the anagen phase and
ultimately inhibiting hair growth.

Excessive inflammation and oxidative stress are the key causes of abnormal hair follicle microenvironment, which
cannot be ignored.

Typically, the excessive accumulation of reactive oxygen species (ROS) can be caused by multiple factors, such as the
closed state of the hair follicle microenvironment. The high vascularization and an exceedingly high proliferation rate of
matrix cells in hair follicles brings about the production of a substantial amount of ROS. Moreover, ultraviolet radiation
and pollutants could also cause the generation of ROS.? The excessive accumulation of ROS damages the function of
various cells in hair follicles, including increasing p-galactosidase activity, up-regulating aging-related proteins in dermal
papilla cells (DPCs), accelerating DPCs aging, and then inducing the secretion of signaling molecules that inhibit hair
follicle activation and hence hinder hair growth.*-> Besides, oxidative stress was responsible for the loss of blood vessels
by damaging vascular endothelial cells and hence cutting off the supply of nutrients and growth factors provided by the
blood vessels around the hair follicles.

Inflammation around hair follicles was another inducement of hair loss,® which could damage the microenvironment
of HFSCs through interferon-induced cytokine expression, but also serve as a trigger for disrupting the homeostasis of
hair follicle microenvironment, impact the normal function of hair follicles, promote the transition of hair follicles from
the anagen to the catagen phase, thereby inhibiting hair growth, and ultimately lead to hair loss. In addition, the local
chronic inflammation could also stimulate the production of ROS, leading to the vicious cycle of hair follicle micro-
environment disorder.” Therefore, drugs with anti-inflammatory activity were expected to eliminate inflammatory factors,
restore the homeostasis of hair follicles microenvironment, and promote hair growth.’

In summary, the causes of hair loss are complex, apart from promoting cell proliferation and angiogenesis, eliminat-
ing ROS and inflammatory factors in the hair follicle microenvironment is of great value in maintaining cell growth and
various functions, and promoting hair growth. Therefore, a comprehensive strategy that could restore hair follicle
homeostasis through antioxidation and anti-inflammation, promoting the proliferation and migration of DPCs and
facilitating angiogenesis around the hair follicle and so on, is expected to demonstrate good hair loss treatment effects.

Resveratrol (RES), a naturally non-flavonoid polyphenol compound, has excellent anti-oxidant and anti-inflammatory
activities. It has garnered considerable attention in cosmetic research and been widely used. Studies have found that RES
could improve hair loss in patients with polycystic ovaries.® Zhang et al found that RES could promote the proliferation
of DPCs,” prevent H,O,-induced oxidative damage to DPCs. Juchaux et al combined 5% 2,4-diethylpyridine dicarbox-
ylate with 0.25% RES,'° which significantly increased the hair density of women after 1.5 months treatment. Chisato
et al found that RES could up-regulate the expression of B-catenin,'' activate the Wnt/B-catenin signaling pathway, and
drive hair follicles from the telogen phase to the anagen phase. These studies suggested that RES may be a potential
candidate for treating alopecia.

Since alopecia occurs on the scalp, topical administration of RES appears promising for improving therapeutic effect
and reducing systemic toxicity by increasing the drug content in the scalp.'? However, the RES was highly lipophilic (log
P = 3.32) and slightly soluble, which has poor skin permeability by direct use. Compared with the method of using
organic solvent for drug delivery, loading RES into nanovesicles might significantly improve the solubility, stability, and
skin penetration of RES,"® hence raising its biological activity. Our previous study has found that by substituting
cholesterol with protopanaxadiol (PPD) as the liposomal membrane material, PPD-Lip not only avoids the adverse
effects associated with cholesterol but also effectively delivers drugs to the deep skin and maintains prolonged retention
within hair follicles. Furthermore, PPD serves as both an active ingredient for treating hair loss, making PPD-Lip
a promising system for the targeted delivery of compounds like RES. In addition, the natural origin of PPD contributes to
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Scheme | Schematic of the construction of PPD-Lip@RES (A) and its mechanism (B) for alopecia treatment.

the more excellent biocompatibility and biodegradability of PPD-Lip than some synthetic materials, making it safer for
prolonged use. This combination of targeted delivery, skin permeability, and high safety profile positions PPD-Lip as an
effective and reliable delivery system for therapeutic compounds targeting the hair follicle and deep skin layers.

Based on the above assumptions, this project is intended to load RES into PPD-Lip to fabricate PPD-Lip@RES for
alopecia treatment (Scheme 1). Firstly, RES has good antioxidant, anti-inflammatory activities and could restore the
homeostasis of the hair follicle microenvironment, which provides good soil for cell proliferation and angiogenesis.
Secondly, PPD-Lip itself has been confirmed that it could accelerate angiogenesis, reshape the hair follicle microcircula-
tion system, and promote proliferation, migration, and gene expression of DPCs. Therefore, PPD-lip is expected to form
a good complement with RES for alopecia therapy. Thirdly, the use of nanovesicles could increase the solubility, stability,
and transdermal delivery and retention of RES, thereby significantly improving its anti-hair loss efficacy. All in all,
different from most one-target drug development strategies for alopecia treatment, PPD-Lip@RES based on compre-
hensive strategy could exert the treatment effect on alopecia via multiple mechanisms and pathways, thereby has broad
prospects.

Materials and Methods

Materials

Soybean lecithin was bought from A.V.T. Pharmaceutical Co., Ltd. (Shanghai, China). Protopanaxadiol was purchased
from Nanjing Spring & Autumn Biological Engineering Co., Ltd. (Nanjing, China). Matrigel matrix was provided by
Corning (USA). Nitric Oxide Assay Kit was obtained from Beyotime (Shanghai, China). IL-6 and TNF-a ELISA kits
were purchased from Boster Biological Technology (Wuhan, China). Ki67 antibody (GB111499) was purchased from
Servicebio Technology Co., Ltd (Wuhan, China). f- Catenin antibodies (51067-2-AP) and CD31 antibodies (28083-
1-AP) were purchased from Proteintech. CK19 antibody (YT1269) was purchased from ImmunoWay Biotechnology.
Cytokeratin 5 antibody (bs-1060R) was purchased from Biosynthesis Biotechnology Co., Ltd. (Beijing, China). DMEM
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medium, Fetal Bovine Serum (FBS), and Phosphate Balanced Solution (PBS) buffer were purchased from Gibco (USA).
2’,7’-dichlorofluorescein diacetate (DCFH-DA) was provided by MedChemExpress LLC (Shanghai, China). Minoxidil,
resveratrol, and testosterone propionate came from Macklin Biochemical Co., Ltd. (Shanghai, China). The dialysis bag
was bought from Viskase (USA). Animal hair removal cream was purchased from Nair (USA). Endothelial Cell Medium
(ECM) was purchased from ScienCell (USA). Lipopolysaccharide (LPS), Iron (II) sulfate heptahydrate, salicylic acid,
and DHE dye solutions were obtained from Sigma Aldrich (USA). Hydrogen peroxide(H,0,) was purchased from
Guanghua Technology Co., Ltd. (Guangdong, China). Paraformaldehyde(4%,w/w) was bought from Yongjin
Biotechnology Co., Ltd. (Guangzhou, China). Minoxidil tincture (5%,w/w)was purchased from Wansheng
Pharmaceutical Co., Ltd. (Zhejiang, China).

Cell Lines and Animals

DPCs were purchased from BLUEFBIO Co., Ltd. (Shanghai, China), human umbilical vein endothelial cells (HUVECs),
RAW264.7, and C57BL/6 mice (5 ~ 6 weeks old) were provided by the Laboratory Animal Center of Sun Yat-sen
University (Guangzhou, China). The use of the cell lines was approved by the research ethics committee of Sun Yat-sen
University. All the animal procedures were conducted according to the laboratory animal regulations approved by the
Institutional Animal Care and Use Committee of Sun Yat-sen University, Ethics Approval No. 2022000828.

Preparation and Characterization of Nanovesicles

PPD-Lip@RES was prepared through the ethanol injection method. RES, PPD, and soybean lecithin were mixed at mass
ratios of 1:1:3, 0.8:1:3, 0.4:1:3, and 0.2:1:3, slowly injected the mixture into deionized water using a micropipette gun
under room temperature, and continue stirring for 30 min to obtain PPD-Lip@RES. PPD-Lip@MNX was prepared in the
same way. The particle sizes and size distributions of nanovesicles were measured by Zetasizer Nano ZS90 (Malvern, U.
K.). Additionally, transmission electron microscopy (TEM; JOEL, Japan) under 120 kV was employed to assess the
morphological characteristics. Notably, the alterations of particle size and PDI under different dilutions and times at room
temperature were used to evaluate the stability of the nanovesicles.

The drug concentrations of PPD-Lip@RES and PPD-Lip@MNX were analyzed via high-performance liquid chro-
matography (HPLC, Agilent, USA), using an XB-C18 column (Waters, 250 mm x 4.6 mm, 5 um) with a mobile phase of
acetonitrile/0.12% acetic acid water (65: 35, v/v), at a flow rate of 1.0 mL/min and a detection wavelength of 306 nm for
RES, ZORBAX SB-C18 (Agilent, 250 mm x 4.6 mm, 5 um) with a mobile phase of methanol/water (80: 20, v/v), at
a flow rate of 1.0 mL/min and a detection wavelength of 230 nm for MNX. According to the previous method,'* the drug
loading (DL%) and encapsulation efficiency (EE%) were obtained according to the following equations:

N WF ree

Total

EEY% = <1 ) * 100%

(WTotal - WFree)
(WTotallipids + WTotal - WFree)

DL% = * 100%

Where Wpg,..~ drug content not encapsulated in liposome; Wy~ total drug content; W, sipiq= total lipid content.

In vitro Transdermal Experiment

The SD rat abdomen skin was excised, removed the adipose tissue, and fixed on the Franz diffusion cell with
a permeation square of 3.14 cm? (TK-24BL, Kaikai Technology Co., Ltd., Shanghai, China), and 8 mL of normal saline
with 40% PEG (v/v) served as the receiving medium, stirring at 250 rpm with a constant temperature of 32 + 0.5°C.
Subsequently, 0.5 mL PPD-Lip@RES or RES was added to the donor cell, which contained 25 pg of RES (n = 5). One
milliliter of release medium was collected at 2 h, 4 h, 6 h, 8 h, 12 h, and 24 h, and an equal volume of medium was added
to the receptor. The cumulative permeated amount of RES was evaluated by HPLC. Additionally, the skin retention of
drugs was quantified.
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The metabolism of RES and MNX in skin homogenate was also measured (see Supplementary Materials
Experimental Section for details).

In vitro Pharmacodynamic Evaluation

Cell Proliferation Assay

DPCs were seeded in 96-well plates at a cell density of 2.5 x 10? cells per well. Upon adherence to the plate surface, the
cells were subjected to treatment with 10 uM of MNX, RES, PPD-Lip@MNX, and PPD-Lip@RES. Subsequently, the
cells were cultured for 24, 48, and 72 h, and the impact of different formulations on DPC proliferation was assessed using
the CCKS assay (ESscience, China). Similarly, HUVECs were seeded in 96-well plates at a density of 3 x 10° cells per
well, using identical procedures to evaluate the effects of the various drugs on their proliferation. The cytotoxicity of
different formulations on DPCs and HUVECs was measured via MTT assay (see Supplementary Materials Experimental
Section for details).

Cell Migration Experiment

The influence of nanovesicles on cellular migration was assessed via scratch wound assay. Specifically, logarithmic-
phase DPCs and HUVECs were seeded and cultured in a 6-well plate until approximately 80 ~ 90% confluence was
reached. Next, a 200 pL pipette tip was used to draw the liner scratch on the cell monolayer, followed by rinsing
with PBS. Subsequently, 2 mL of medium containing MNX, RES, PPD-Lip, PPD-Lip@MNX, and PPD-Lip@RES
were introduced. The plate was incubated for 48 h, and the migration of the cells was observed at 0, 24, and
48 h using an inverted microscope. Quantification of the scratch area and healing rate was accomplished utilizing
Image J software.

HUVECs Tubule Formation Experiment

Matrigel matrix was evenly coated on the surface of each well in a 96-well plate, utilizing a volume of 50 puL per well.
Subsequently, the plate was incubated at 37°C for 30 min. Next, HUVECs suspension mixed with MNX, RES, PPD-Lip,
PPD-Lip@MNX, and PPD-Lip@RES (n = 3), which contained 3 x 10* cells, were seeded to each well. After culturing
for 4 h, the formation of tubes was observed under the microscope. The number of mesh circles per field was quantified
by Image J.

Isolation and Treatment of Mice Vibrissa Follicles

According to the literature,'” three-week-old male C57BL/6 mice were sacrificed, and the whisker pads were separated.
The isolated vibrissa follicles were transferred to separate wells of a 48-well plate and incubated with the culture medium
containing 10 uM of MNX, RES, PPD-Lip@MNX, PPD-Lip@RES (n = 5), and the control group supplemented with
medium only. Follicles images were imaged every three days by the microscope, and the length of vibrissae follicles was
quantified using Image J software. Additionally, morphological evaluation was conducted via hematoxylin and eosin
(H&E) staining.

Mechanism Research

PCR Assay

According to the previous research method,'* the expression levels of p-catenin, vascular endothelial growth factor
(VEGF), insulin-like growth factor-1 (IGF-1), and matrix metalloproteinase 3 (MMP3) in DPCs were investigated
through quantitative real-time polymerase chain reaction (QRT-PCR). The extraction of total cellular RNA from DPCs
and reverse transcription was performed following the manufacturer’s protocols. The data were normalized to the level of
GAPDH. The primer sequences employed for this investigation could be found in Table 1.

Antioxidant Activity Evaluation
According to the experimental method proposed by Zhang et al,'® we evaluated the in vitro antioxidant activity of MNX,
RES, PPD-Lip, and PPD-Lip@RES by examining their scavenging ability of DPPH, -OH, and ABTS radicals.
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Table | DNA Sequence of Primer Pairs Used for qRT-PCR in DPCs

Gene Forward Primer Reverse Primer

GAPDH | TGAAGGTCGGAGTCAACGG TGGAAGATGGTGATGGGAT
B-catenin | CATCTACACAGTTTGATGCTGCT | GCAGTTTTGTCAGTTCAGGGA
VEGF AGGGCAGAATCATCACGAAGT AGGGTCTCGATTGGATGGCA
IGF-1 GCTCTTCAGTTCGTGTGTGGA GCCTCCTTAGATCACAGCTCC
MMP3 AGTCTTCCAATCCTACTGTTGCT | TCCCCGTCACCTCCAATCC

Protective Effect of Drugs on H,0O,-Damaged Cells

To investigate the protective effect of drugs on H,O,-damaged cells, DPCs were seeded into 96-well culture plates at
a density of 2.5 x 10° cells each well and added 200 uM of H,O, to induce oxidative damage cell model. Furthermore,
10 uM or 20 uM of RES and PPD-Lip@RES were added, and the cell viability was measured by MTT assay after 24 h of
cultivation.

Clearing Effect of Drugs on Intracellular ROS

The assessment of drug-induced clearance of intracellular ROS was conducted by evaluating the fluorescence intensity of
intracellular DCF. Briefly, the DPCs were cultured in glass dishes at a density of 2 x 10° cells/well. After attachment, the
cells were incubated with 10 uM or 20 uM of RES and PPD-Lip@RES and exposed to H,O, (200 uM) (n = 6). The
DMEM-only group was used as blank control and the H,O,-only group served as a negative control. After 24 h of
incubation, the DCFH-DA probe staining (10 pM) was then added and the cells were further incubated for 20 min, while
the DAPI was used for cell nucleus staining. Subsequently, the fluorescence intensity of intracellular DCF was visualized
under laser scanning confocal microscope (CLSM; Olympus, Japan).

In vitro Anti-Inflammatory Activity

RAW264.7 cells were seeded into a 96-well plate at a 1.5 x 10* cells/well density. Except for the control group, other groups
were stimulated with LPS (2 pg/mL). The DMEM-only group was used as blank control, and the LPS-only group served as
anegative control. The drug treatment groups were also incubated with MNX, RES, PPD-Lip, PPD-Lip@MNX, and PPD-Lip
@RES, respectively. After culturing for 24 h, cellular morphology was observed and recorded by microscope. Meanwhile, the
content of NO, IL-6, and TNF-a in cell supernatant from each group was detected utilizing ELISA Kits.

Pharmacodynamical Studies

Telegen Effluvium (TE) Model

Based on the previous research method,'* the TE model was established. Seven-week-old C57BL/6 mice were randomly
divided into 5 groups (n = 5). Following anesthesia, the dorsal hair of the mice was shaved, and depilatory cream was utilized
to ensure complete hair removal. After recovering for one day, the mice were topically treated with 0.2 mL of different
formulations: normal saline, MNX tincture (5 mg/mL MNX), PPD-Lip@MNX (contained 5 mg/mL. MNX), or PPD-Lip
@RES (contained 5 mg/mL RES). To evaluate body weight, changes in dorsal skin color, and hair regrowth, photographs of
the mice in each group were captured on day 6, 9, 12, 15, and 30. At the end of the experiment, the mice were anesthetized, and
a “hair pull test” was conducted using transparent tape to record the extent of hair loss. Subsequently, the regeneration hair of
mice was collected and weighed, and the morphological characterization was observed by Field Emission Scanning Electron
Microscope (FESEM; JOEL, Japan) and inverted microscope, and the diameter of the hair shaft was measured by Image J.

AGA Model

Based on the previous research method,'® the severe AGA model was established by subcutaneous injection of 0.2 mL of
testosterone propionate (TTP, 5 mg/mL) once daily for continuous 20 days. Briefly, the mice were randomly classified
into five groups (n = 5), wherein the blank control group and model group received topical application of normal saline,
while other groups topical application of 0.25% finasteride (FIN), RES (5 mg/mL), and PPD-Lip@RES (containing
5 mg/mL of RES). Subsequently, photographs of the mice in each group were captured on day 0, 15, 25, 30, 40, 50, 60,
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65, and 70, and the same evaluations were performed as the TE model. Image J software was employed to calculate the
hair coverage of mice in each group from day 60 to day 70. Concurrently, a hair detection device was utilized to assess
hair regeneration in each group. To further investigate the stage of hair follicle cycle after hair regeneration in each
group, the dorsal skin color was observed after shaving new hair.

Histological Analysis, Immunofluorescence Staining, and Immunohistochemical Experiments

Upon isolation of the dorsal skin, fixed with paraformaldehyde, followed by H&E and Masson staining for hair follicles and
skin morphologies observation. The skin thickness and hair bulb diameter were measured by Image J, and hair follicle cycling
was analyzed based on established hair follicle morphological criteria.'” Additionally, the oxidative state of the dorsal skin in
severe AGA mice was evaluated through DHE staining. To evaluate the hair follicle cell proliferation in each group, Ki67 and
keratin 5 (K5) immunofluorescence staining was applied to paraffin-sectioned dorsal skin samples. Furthermore, -catenin
immunofluorescence mono staining was employed to scrutinize the expression of B-catenin in skin tissues. Finally, immu-
nohistochemistry analysis was conducted to examine the expression of CD31 and CK19 in each group.

The mRNA expression levels of B-catenin, VEGF, Wnt3a, fibroblast growth factors-5 (FGF-5), bone morphogenetic
proteins (BMP2), dickopff-1 (DKK-1), and transforming growth factor-1 (TGF-f1) on the dorsal skin of mice in each
group were detected by quantitative real-time PCR analysis. The primer sequences utilized can be found in Table S1 (see
Supplementary Materials Experimental Section for details).

Statistical Analysis

All data were presented as means + standard deviation. The statistical evaluation of significant differences was performed
by one-way analysis of variance (ANOVA) followed by Tukey’s multiple comparison test with GraphPad Prism version 9
software.

Results and Discussion

Preparation and Characterization of Nanovesicles

As shown in Table S2, the encapsulation efficiency of PPD-Lip@RES was higher than 80% under different RES dosages
from 4.8% to 20.0%, indicating that PPD-Lip@RES possesses high drug loading to meet the actual need in clinical.
Similarly, the encapsulation efficiency of PPD-Lip@MNX was 87% (Table S3). The PPD-Lip@RES exhibited a particle
size of approximately 120 nm, a zeta potential of approximately —12.6 mV (Table S4), and the PPD-Lip@MNX had
a particle size of about 150 nm with uniform dispersion, zeta potential of about —10.8 mV (Table S5).

As shown in Figure 1a—d, the TEM results showed that PPD-Lip@RES and PPD-Lip@MNX were spherical in shape,
with particle sizes of 115.39 + 8.27 nm and 143.94 + 7.82 nm, respectively. PPD-Lip@RES and PPD-Lip@MNX have
good dilution and placement stability. When diluted to 100-fold and placed for 30 d, the particle size and PDI have no
obvious change, and no obvious aggregation was observed.

The in vitro transdermal experiment results showed that at 24 h after treatment, the cumulative permeation of RES
and PPD-Lip@RES was 786.53 + 180.93 ug and 442.38 + 137.47 g, respectively. Skin retention was 95.20 + 13.69 pg/
cm?” and 54.99 + 13.39 pg/ecm?, respectively (Figure le and f), indicating that PPD-Lip@RES could significantly improve
the skin penetration and retention of RES.

As shown in Figure 1g and h, the cumulative permeation of MNX in the free MNX group (487.90 + 122.68 pg) was
higher than that in the PPD-Lip@MNX group (390.42 £ 64.55 pg). Because MNX was a highly permeable drug with
good transdermal properties,'' the cumulative permeability of free MNX was slightly higher than that of the
nanovesicle group. The skin retention of MNX in PPD-Lip@MNX group (23.67 + 4.85 pg/cm?) was significantly
higher than that in free MNX group (14.53 % 5.15 ug/cm?), indicating that PPD-Lip@MNX could increase the skin
retention of MNX.

In vitro Promote DPCs Proliferation, Migration, and Regulate Gene Expression
Dermal papilla (DP) serves as the signaling center for hair follicles, and its primary component, known as DPCs, plays
a crucial role in regulating the regeneration and cycle of hair follicles by stimulating epithelial HFSCs. In addition, DPCs
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behavior of drugs in the skin. The skin homogenate obtained from homogenized mouse skin tissue could preserve the enzyme system in the skin. The concentration of RES,
varying from 98% to 105%, RSD < 2% at 24 h after incubation with skin homogenate, indicating RES was not easily metabolized by enzymes in the skin and could exist stably
in the skin, which was conducive to exert drug efficacy. Similarly, the concentration of MNX varies between 99% and 101%, showing good stability (Figure SlI).
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proliferate during the growth phase and could secrete various signaling factors, which contribute to hair regeneration.'’
Thus, DPCs have become a critical cellular model for studying the effects of hair growth regulators on hair follicles."
We investigated the effects of different formulations on DPCs. First, the cytotoxicity of MNX, PPD-Lip@MNX, RES,
and PPD-Lip@RES to DPCs at different concentrations was investigated by MTT assay. The results showed that the cell
viability in each group was more than 80% at a concentration of 50 uM, indicating good cell safety of drugs (Figure S2).
When the drug concentration was 10 uM, the cell viability of MNX, PPD-Lip@MNZX, RES, and PPD-Lip@RES groups
were 105.02 + 6.71%, 125.12 + 6.83%, 114.58 + 8.82%, and 143.85 £ 5.62%, respectively. The results indicated that the
effect of RES on DPCs proliferation was superior to MNX at 10 pM. According to the literature,"* MNX at the
concentration of 10 uM serves as positive control.

As shown in Figure 2a, with the prolongation of drug administration, the cell proliferation rate gradually increased,
among which, PPD-Lip@RES has the strongest proliferative effect on DPCs, with a cell proliferation rate of 163.59 +
16.87% after 72 h of treatment. The proliferative rates of MNX, RES, and PPD-Lip@MNX were 116.66 + 5.73%, 122.04
+ 6.36%, and 145.60 + 6.38%, respectively, indicating that loading MNX and RES into PPD-Lip could superimpose the
proliferative effects of drugs and carriers on DPCs. Moreover, since RES has a stronger proliferative effect on DPCs than
MNX, the effect of PPD-Lip@RES was stronger than that of PPD-Lip@MNX.

The results of the DPC migration experiment were displayed in Figure 2b and c, the scratch area of cells in all groups
decreased gradually with the extension of time, and the scratch area of cells in PPD-Lip, PPD-Lip@MNX, and PPD-Lip
@RES groups were completely closed after 48 h. The relative cell mobility of MNX and RES groups was 54.76 £ 0.19%
and 70.00 + 1.50%, respectively (Figure 2b), indicating that the ability of promoting cell migration was weak in the free
drug groups. After loading the drugs into the active vehicle, PPD-Lip could enhance the role of RES in promoting cell
migration, thereby facilitating hair regeneration.

Furthermore, in order to explore the regulatory effect of drugs on the expression of hair growth-related genes in
DPCs, the expressions of f-catenin, VEGF, IGF-1, and MMP3 in DPCs after treatment were investigated by PCR. Wnt/
B-catenin signaling pathway was one of the key pathways controlling hair growth and cycle,? and it plays a vital role in
maintaining hair follicle growth and development, stem cell aggregation, and differentiation. B-catenin was the core
effector of the Wnt/B-catenin signaling pathway. Activation or upregulation of B-catenin was essential for promoting hair
growth, which could facilitate the transition of hair follicles from the telogen phase to the anagen phase. The formation of
blood vessels around hair follicles played an essential role in the periodic circulation of hair follicles and hair growth.?!
VEGF, as a growth factor, exerts stimulatory effects on angiogenesis, and its overexpression was associated with
enhanced angiogenic activity. In addition, MMP3 and IGF-1 were essential regulators of hair follicle growth. MMP3
could affect adult epithelial stem cells by activating the Wnt/B-catenin signaling pathway, thereby stimulating hair follicle
growth.?® IGF-1 could promote the proliferation and migration of hair follicle cells, reduce cell apoptosis, promote the
hair follicle to enter the growth phase, and delay the degeneration phase, which was essential for maintaining the hair
growth phase and extending the hair shaft length.**

As shown in Figure 2d - g, in comparison to the untreated negative control, the drug treatment groups exhibited up-
regulated expressions of B-catenin, VEGF, IGF-1, and MMP3, and PPD-Lip@RES had the strongest up-regulation effect
(P < 0.05). These results indicated that PPD-Lip@RES could promote the hair follicles to enter the anagen phase and
maintain the continuous growth of hair by activating the Wnt/B-catenin signaling pathway, stimulating angiogenesis,
promoting the proliferation and migration of hair follicle cells and other mechanisms.

In vitro Promote HUVECs Proliferation, Migration, and Angiogenesis

Adequate blood supply could transport abundant nutrients and bioactive molecules such as growth factors, to hair
follicles, which was crucial for meeting the high metabolic energy need and the maintenance of hair follicles during
growth.?® Studies had shown that the density and volume of blood vessels around hair follicles were the largest in the
anagen phase and gradually decrease or disappear in the catagen and telogen phases. The formation of blood vessels was
positively correlated with the diameter of the hair shaft and hair bulb.?’ Degeneration of blood vessels around hair
follicles and disorder of hair follicle microcirculation could promote hair follicles entering the catagen and telogen phase,
leading to hair loss. Androgen receptor-mediated parasecretory signals in DPCs of AGA patients could lead to apoptosis
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of microvascular endothelial cells around DP, eventually leading to a degeneration of peri-follicle vessels and miniatur-
ization of hair follicles.”* Therefore, promoting the proliferation of vascular endothelial cells, enhancing vascularization
around hair follicles, and reshaping microcirculation to meet the nutritional need of hair growth were crucial for hair
regeneration.

The cytotoxicity results of MNX, PPD-Lip@MNX, RES, and PPD-Lip@RES on HUVEC: at different concentrations
were shown in Figure S3. At the concentration of 50 uM, the RES group exhibited certain toxicity to cells (viability 61.71 +
2.54%). And the toxicity absolutely was attributed to the solvent, 0.5% ethanol, which was used to increase the solubility of
RES. Comparatively, at the same concentration of 50 uM, the cell viability of PPD-Lip@RES was 102.53 + 11.55%,
indicating that loading RES into nanovesicles could not only effectively increase RES’s solubility but also eliminate the
toxicity derived from the solvent. When the drug concentration reduced to 10 uM, the cell survival rates of MNX, PPD-Lip
@MNX, RES, and PPD-Lip@RES groups were 103.21 + 7.41%, 129.86 + 6.08%, 114.22 + 5.49%, and 138.05 + 7.44%,
respectively, indicating that PPD-Lip@RES had a good effect on promoting the proliferation of HUVECs.

The proliferation rate of HUVECs cells increased in a time-dependent manner. At 72 h, the cell proliferation rates of MNX,
PPD-Lip@MNX, RES, and PPD-Lip@RES were 119.77 + 4.18%, 132.77 + 5.00%, 123.41 + 4.92%, and 159.03 + 23.95%,
respectively (Figure 3a), indicating that PPD-Lip could promote HUVECsS proliferation of drugs, and the effect of PPD-Lip
@RES was superior to PPD-Lip@MNX.

The effects of different formulations on HUVECs migration were shown in Figure 3b, the scratch area of cells in all groups
decreased gradually with the extension of time, and the scratch area of cells in PPD-Lip@RES group was completely closed
after 48 h. By contrast, the scratch area of cells in MNX, PPD-Lip, PPD-Lip@MNX, and RES groups did not completely heal
at 48 h, and the migration rates were 59.03 + 2.29%, 70.59 + 10.23%, 82.43 £ 4.39%, and 99.44 + 0.96%, respectively
(Figure 3c). PPD-Lip@MNX demonstrated a favorable effect in promoting cell migration, which attribute to the promotion
effect of PPD-Lip itself on the migration of HUVECS. It’s noteworthy that PPD-Lip@RES was superimposed with the dual
effects of RES and PPD-Lip, which had the strongest effect of promoting HUVECs migration, with the cell migration rate
reaching 97% after 24 h of treatment.

The in vitro tube formation experiment results showed that compared with the control group, more tubes were formed
on the matrix gel at 4 h after treatment in the drug groups (Figure 3d and e). Among them, RES had a significantly
stronger ability to promote angiogenesis in vitro than that of MNX (P < 0.001). Coupled with the carrier’s own
angiogenic effect, the PPD-Lip@RES group showed the strongest angiogenic ability, which was expected to reshape
hair follicle blood vessels, improve hair follicle microcirculation, and restore blood supply to the hair follicle micro-
environment to meet the nutritional need of hair follicles, drive hair follicles into the anagen phase and maintain the
anagen phase in vivo.

Promoted Vibrissae Hair Shaft Elongation in Mouse Vibrissa HF Organ Model

The growth of mouse hair follicles in vitro was strongly related to the growth of hair in vivo.>> The mice vibrissa follicle
was a typical model for evaluating the effect of drugs on hair follicle growth. Generally, mouse vibrissa follicles begin to
degrade and stop growing after a few days of in vitro culture without drug treatment. Therefore, the effect of drugs on
hair follicles could be evaluated by comparing the elongation of mouse vibrissa follicles and the morphological
characteristics of hair follicles after treatment with different drugs.

As shown in Figure 4a and b, after 12 d in vitro cultivation of mice vibrissa follicle, the cumulative hair shaft
elongation of vibrissae in treatment groups was longer than that of the untreated control group. Among them, RES had
a superior effect on promoting the growth of mice vibrissa follicles than MNX, and the PPD-Lip@RES group had the
strongest effect in promoting hair shaft elongation (P < 0.07). The results showed that PPD-Lip@RES could promote the
growth of hair follicles and the elongation of hair follicles in mice, which might attribute to the dual effects of RES and
PPD-Lip.

H&E staining was used to investigate the morphology of mouse vibrissae follicles in each group. As shown in
Figure 4c, DP of control group atrophied and moved upward, the hair bulb atrophy into rod-shaped, and the hair follicle
was in the catagen stage. In the drug treatment groups, DP was spherical, and hair follicles were in the anagen stage.
Among them, the RES and PPD-Lip@RES groups had larger diameters of hair bulbs, and had a better effect on

International Journal of Nanomedicine 2024:19 hetps: 13885
ove!


https://www.dovepress.com/get_supplementary_file.php?f=477820.docx
https://www.dovepress.com
https://www.dovepress.com

Zhang et al Dove

) 200 Control  EMNX  ERES ®) Em Control BN MNX ®m PPD-Lip
200~ ™ PPD-Lip@MNX ms RES
Hm PPD-Lip@RES

e dek e dede ke

1 1

i PPD-Lip@MNX
I PPD-Lip@RES

-
(4
o

(4
=

Cell Proliferation (%) &
>
o

24 h 48 h 72h

Relative Migratory Area (%)

24 h 48 h
Time(h)

(©) .
Control MNX PPD-Lip

0h

24 h

48 h
(d) on!rol . MNX RES . (e)
80
2360
EET
58
i
3520
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promoting the growth of mouse vibrissae follicles. These results indicated that RES and PPD-Lip@RES could promote
the growth of mice vibrissae follicles and maintain the anagen phase of hair follicles in vitro. These results were in
accordance with their promoting effects on the proliferation and migration of DPCs.
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Antioxidant and Anti-Inflammatory Effects in vitro

Oxidative stress was involved in the development of AGA.?® Studies had found that ROS levels in AGA patients were
higher than those in the control group, and DPCs in the bald area were more sensitive to oxidative stress than those in
non-balding areas. In addition, increased ROS levels were associated with inflammation, which increased the production
of pro-inflammatory cytokines, resulted in damage to DNA, proteins, and lipid in the hair follicle environment.?’
Moreover, ROS could increase the secretion of hair growth inhibitor TGF Bl and induce DPCs senescence.’®
Therefore, the antioxidant significantly protects DPCs cells, maintains hair follicle microenvironment homeostasis, and
promotes hair growth.

The antioxidant activity of PPD-Lip@RES was investigated by free radical scavenging experiments and intracellular
antioxidant experiments. As shown in Figure 5a, MNX and PPD-Lip exhibited low clearance rate (20%) to DPPH even if
the concentrations come up to 200 uM. In comparison, for RES and PPD-Lip@RES, removing 20% of DPPH only
needed a concentration of 0.5 uM, and the DPPH scavenging effect showed a concentration dependent. The scavenging
effect of RES and PPD-Lip@RES on DPPH was equivalent to that of vitamin C (Vc) at almost each concentration,
indicating the excellent antioxidant activity of RES and PPD-Lip@RES. Moreover, the scavenging ability of RES and
PPD-Lip@RES to -OH and ABTS was much higher than that of Vc, while MNX and PPD-Lip showed weak activity
even at 200 uM (Figure 5b and c). The results indicated that the antioxidant activity of PPD-Lip@RES was attributed to
RES itself. The antioxidant capacity of PPD-Lip@RES makes it helpful to reduce the damage caused by oxidative stress
occurring in hair follicles.

According to the literature,”’ H,O, accumulates in human hair follicles. As a potent oxidizing agent, H,O, could
casily enter the cell membrane and generate highly reactive free radicals intracellularly. This process stimulated the
production of ROS, which subsequently triggers oxidative damage and apoptosis. Furthermore, we used H,O, as an
oxidative damage inducer for DPCs to investigate the protective effect of RES and PPD-Lip@RES on DPCs. The
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modeling concentration of DPCs damaged by H,O, was first explored here. As shown in Figure S4, the cell viability of
DPCs decreased with the increase in H>O, concentration. After 24 h treatment with 200 uM of H,O,, the cell viability
was 74.6 + 6.1%, significantly lower than that of the control group (P < 0.001). Therefore, 200 uM of H,O, was chosen
to construct the DPCs oxidative damage model.
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As shown in Figure 5d, the cell viability of H,O, group was 71.7 £ 7.7%, and the cell viability was significantly
improved by RES and PPD-Lip@RES. At 10 uM, the cell viability of the RES group and PPD-Lip@RES group were
108.1 £ 13.4% and 116.1 £ 9.5%, respectively. When the concentration of RES reached 20 pM, the cell viability reached
113.7 + 8.0% and 143.2 + 10.3%, respectively. The result suggesting that RES and PPD-Lip@RES could protect DPCs
from oxidative damage caused by H,O, and promote the proliferation of DPCs.

DCFH-DA served as a widely employed probe for detecting ROS and did not have fluorescence. Upon entering the
cell, it could generate non-fluorescent DCFH. When intracellular ROS was present, DCFH could be oxidized into
fluorescent DCF, and observing the fluorescence intensity of intracellular DCF through CLSM could indirectly determine
the ability to clear intracellular ROS.

As shown in Figure 5e, no DCF fluorescence was detected in the blank control group, while the H,O, group showed
strong green fluorescence. After drug treatment, the fluorescence intensity decreased with the increase in drug concen-
tration. When the drug concentration reached 20 puM, the intracellular ROS level was basically consistent with the blank
group, indicating that RES and PPD-Lip@RES could markedly clear intracellular ROS. The above results suggested that
PPD-Lip@RES could relieve intracellular oxidative stress state by clearing free radicals and reducing intracellular ROS
levels.

Inflammation was another important cause of hair loss, and studies had shown that some inflammatory cytokines
negatively regulate HFSCs,*® which could lead to hair follicle degeneration. NO, TNF-a and IL-6 could cause micro-
inflammation of hair follicles, thereby hindering hair growth. Therefore, effectively inhibiting the release of these pro-
inflammatory factors was of great significance for the prevention and treatment of hair loss. As shown in Figure 6a, after
LPS stimulation, RAW264.7 cells transformed from a spherical shape to an irregular spindle shape, with pseudopodia
stretching out, indicating the successful construction of a cellular inflammation model. After drug treatment, the number
of deformed cells was significantly reduced, and the cell morphology of RES and PPD-Lip@RES groups had no
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significant difference with the control group, indicating that they had good anti-inflammatory activities. The levels of
NO, TNF-a, and IL-6 in RAW?264.7 cells were significantly increased after LPS stimulation (P < 0.0001), suggesting that
the cell inflammation model could be successfully constructed by inducing RAW264.7 cells with 2 pg/mL LPS. As
displayed in Figure 6b—d, after drug treatment, the levels of inflammatory cytokines were decreased, and RES, PPD-Lip,
PPD-Lip@MNX, and PPD-Lip@RES could significantly inhibit the production of NO (P < 0.0001). The inhibitory
activity of PPD-Lip@RES on NO production was stronger than that of PPD-Lip@MNX. In addition, RES and PPD-Lip
@RES significantly decreased the levels of TNF-a (P < 0.05) and IL-6 (P < 0.0001), indicating that RES and PPD-Lip
@RES had good anti-inflammatory activities and could effectively reduce the levels of inflammatory factors induced by
LPS in RAW264.7 cells. The above results indicated that RES and PPD-Lip@RES could reduce the LPS-induced
deformation of RAW264.7 cells by reducing the levels of inflammatory factors in cells, and had good anti-inflammatory
activity, which was conducive to protecting hair follicles from the damage of inflammatory factors and restoring the
homeostasis of hair follicle microenvironment.

In vivo Evaluation of Hair Growth Promotion

To explore the effect of RES and PPD-Lip@RES on the treatment of alopecia in vivo, the C57BL/6 mice telogen
effluvium (TE) model was established, and the whole treatment schedule was displayed in Figure 7a. Due to the
epidermis of C57BL/6 mice lacks melanocytes, the color change of its dorsal skin comes from the melanin synthesized
by hair follicles. The activity of melanocytes in hair follicles was closely related to the hair follicle cycle, when the hair
follicles were in telogen phase, their dorsal skin color appears pink. With the entry of hair follicle anagen phase, melanin
begins to synthesize, and the dorsal skin color deepened, so the hair follicle growth progress of mice could be judged by
the color of dorsal skin. As shown in Figure 7b, the dorsal skin color of each group on the 6™ day was pink after hair
removal, indicating that the hair follicles were in the telogen phase. As time passed, the hair follicles gradually entered
the anagen phase, and the dorsal skin color deepened, accompanied by hair regeneration. By the 12" day, the dorsal skin
of the MNX group became completely black, and hair regenerated on 15" day. Although the hair growth rate of PPD-Lip
@RES group was slower than that of MNX group, by the 30™ day, the hair of PPD-Lip@RES group almost covered the
whole back area, while there were still uncovered areas on the back of MNX group. Overall, PPD-Lip@RES group
gained the thickest hair at the endpoint of the experiment.

The strength and toughness of the regrowth hair of each group on the 30™ day were investigated through the “hair
pull” test. As shown in Figure 7c, although the MNX group regenerated hair earlier, the new hair easily fell off. In
contrast, the regrowth hair in PPD-Lip@RES groups was sturdy and tough, and was not easy to fall off.

As shown in Figure 7d, there was no significant change in the body weight of each group, and there was no erythema,
edema, or necrosis on dorsal skin (Figure 7b), indicating the good skin safety of different formulations. Considering that
the color of the dorsal skin of mice was positively correlated with the hair cycle, starting from the 9™ day, the skin color
of each group of mice was scored, as shown in Figure 7e, the skin color score of the treatment groups was higher than
that of the model group, indicating that drug treatment could accelerate the hair follicles enter the anagen phase.

The regrowth hair in each group was collected and weighed, as shown in Figure 7f. The hair weight of PPD-Lip
@RES group was significantly higher than those of the other groups (P < 0.05). In addition, as displayed in Figure 7g,
the hair shaft diameter of the drug administration group was significantly larger than that of the model group (P <
0.0001), and the hair shaft diameter of RES, PPD-Lip@MNX and PPD-Lip@RES groups was significantly larger than
that of MNX group (P < 0.001). The hair shaft in PPD-Lip@RES group was significantly higher than that in PPD-Lip
@MNZX and RES groups (P < 0.0001). The morphology of regenerated hair in each group was observed by microscope
and SEM, and the results showed that the hair of each group was healthy with complete hair scales (Figure 7h).

To further investigate the changes of the hair follicle cycle after hair regeneration in each group, the dorsal skin color
was observed after shaving the new hair. As shown in Figure S5. The dorsal skin color of the model and MNX group was
pink, indicating that all hair follicles had entered the telogen period. Significantly, the dorsal skin color in RES, PPD-Lip
@MNX, and PPD-Lip@RES groups still had black areas, indicating that they could prolong the anagen period of hair
follicles and contribute to the sustained growth of hair.
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Figure 7 (a) Schematic diagram of the establishment of TE model and experimental schedule. (b) Photographs of TE mice treated with different formulations. (c) Hair loss of mice in each group after hair pull test by the tape assay. In
vivo evaluation of promoting hair growth in TE mice by different formulations. (d) Body weight of mice; (€) Skin color score of mice. (f) The weight of regenerated hair. (g) Diameter of hair shaft. ***P < 0.001; ****P < 0.0001 vs Model.
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The skin thickness was closely related to the hair cycle. When the hair follicles were in the anagen phase, the skin
thickness was thicker, and gradually thinner as the telogen phase enters.”> The skin H&E staining results of each group
were shown in Figure 8a, the skin of RES, PPD-Lip@MNX, and PPD-Lip@RES groups were thicker, with a larger
number of hair follicles, and the hair follicles were deeply rooted in the deep layers of the skin. Quantitative analysis of
the mouse skin thickness and hair bulb diameter (Figure 8b and c) revealed that the skin thickness and hair ball diameter
of PPD-Lip@RES group were significantly greater than PPD-Lip@MNX, MNX, RES, and modal groups (P < 0.05). The
evaluation results of hair follicle cycle stages showed that the percentage of hair follicles in the anagen phase in PPD-Lip
@RES, RES, and PPD-Lip@MNX groups were higher than that of MNX and model groups (Figure 8d). The results
suggested that although the MNX group could accelerate hair follicles to enter the anagen phase, it could not maintain the
anagen phase. After hair regeneration, the hair follicles would enter the telogen phase again, resulting in thinner skin
thickness and smaller hair bulb diameter. Nevertheless, PPD-Lip@RES could not only promote the transition of hair
follicles from the telogen phase to the anagen phase but also maintain the anagen phase of hair follicles to promote
continuous hair growth. The effect of PPD-Lip@RES on promoting hair regeneration was stronger than PPD-
Lip@MNX.

Collagen, a vital constituent of the extracellular matrix (ECM) within hair follicles, played a pivotal role in preserving
distinct cell phenotypes and facilitating the functioning of DP through intricate cellular interactions.>’ In addition,
collagen could strengthen hair follicles and prevent hair loss. Masson’s trichrome staining result showed that the collagen
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Figure 8 Histological analysis in TE mice. (a) H&E staining images, scale bar = 1000 um. (b) Skin thickness. (c) Bulbs diameter. (d) Percentage of hair cycle stage in each
group. (€) Masson’s trichrome staining images, scale bar = 200 um. **P < 0.01; *¥P < 0.0001 vs Model. P < 00001 vs MNX. &P < 0.05; #%%%p < 00001 vs PPD-Lip
@MNX.
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tightly surrounded the hair follicles in the PPD-Lip@RES group (Figure 8¢), which could provide approving ECM for
hair follicle growth, promote hair growth, and help to stabilize the hair follicle to prevent hair loss.

Hair follicle cell proliferation was an important feature of the anagen phase. Ki67 was one of the essential markers of hair
follicle cell proliferation, which could be evaluated by immunofluorescence staining to assess whether or not hair follicles
were in the anagen phase.”> In addition, the Wnt/B-catenin signaling pathway was one of the most critical pathways controlling
hair growth and cycle, regulating the proliferation and migration of hair matrix, DP, and HFSCs through autocrine or
paracrine, which could induce hair follicles to transform from the telogen phase to the anagen phase and maintain growth
period. The expression of B-catenin could be used to evaluate whether the Wnt/B-catenin signaling pathway was activated.
Keratin was the main component of hair formation, which was directly related to the development and differentiation of hair
follicle epithelium. Furthermore, keratin regulates communication between cells. K5 belongs to type II keratin, which was
expressed in the early anagen stage of hair follicle epidermal cells. As shown in Figure 9a—c, PPD-Lip@RES, RES, and PPD-
Lip@MNX could up-regulate the expression of Ki67, B-catenin, and K5, indicating that they promoted hair regeneration by
promoting cell proliferation and activating Wnt/B-catenin signaling pathway, accelerating the entry of hair follicle anagen
phase. In addition, they also could maintain hair follicle growth by promoting epidermal cell growth.

The formation of blood vessels around the hair follicle was closely related to the hair follicle cycle. When the hair follicle
was in the growth phase, the density and volume of the blood vessels around the hair follicle were the largest. With the entry of
the catagen and telogen phase, the number of blood vessels significantly reduced and even disappeared. Enhancing
vascularization around hair follicles could provide sufficient nutrients and growth factors to meet the nutritional need of
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Figure 9 Expression of Kié7 (a), B-catenin (b) or K5 (c) in dorsal skin of mice, scale bar = 200 um. Immunohistochemical results of CD31 (d), or CKI9 (e) expression in
the dorsal skin of TE mice. The red arrow indicated the expression of CD31 or CKI9, scale bar = 400 um.
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hair follicle growth, which was particularly important for accelerating hair growth and increasing hair follicle density. CD31
was a marker of vascular endothelial cells, which could be used to determine the degree of vascularization.

HFSCs were essential for the maintenance and regulation of hair follicle cycle, and the formation of new hair shafts
depends on the activation of HFSCs. When the hair follicles were in the catagen and telogen phase. In contrast, HFSCs
will enter the activated state after entering the anagen phase. The high expression of CK19, a marker of HFSCs, implied
the good status of HFSCs.

As shown in Figure 9d and e, the expression of CD31 and CK19 was up-regulated in PPD-Lip@RES, RES, and PPD-Lip
@MNX groups, and the effect of PPD-Lip@RES was superior to that of PPD-Lip@MNX. These results indicated that PPD-Lip
@RES could promote angiogenesis, increasing the microcirculation blood supply of hair follicles. In addition, they could activate
HFSCs to promote the transition of hair follicles from the telogen phase to the anagen phase, thus promoting hair growth.

As displayed in Figure 10a, we used 5 mg/mL of testosterone propionate (TTP) as the modeling agent to construct a severe
AGA mouse model. The result showed that compared with the control group, the darkening time of the dorsal skin color in the
model group was extended from 25 days to 50 days (Figure 10b), and the regenerated hair was unable to cover their dorsal skin on
the 70™ day, indicating the successful construction of a severe AGA mouse model. In the drug treatment groups, hair regeneration
began on the 40™ day, and the hair coverage area gradually increased in a time-dependent matter. The coverage area of
regenerated hair in the RES and FIN group was similar and significantly greater than that of the model group. In addition, the
exposed skin color of the RES group was darker, while the exposed skin color of the FIN group was pink, indicating that RES
could accelerate the hair follicles enter the anagen phase. Notably, compared with the RES and FIN groups, PPD-Lip@RES
group had a larger hair coverage and darker dorsal skin color. On day 60, the regenerated hair in PPD-Lip@RES group almost
covered the entire back area of the mice, while there were still uncovered area in the RES and FIN groups. These results indicated
that PPD-Lip@RES could accelerate hair follicles into the anagen phase and had the best hair regeneration effect.

As shown in Figure 10c, there was no significant change in mouse body weight throughout the entire experimental
cycle, indicating that each administration group had good skin safety. The dorsal skin color score result showed that since
the 30™ day, the skin color score of the drug administration groups came much higher than that of the model group,
indicating that drug treatment could accelerate the hair follicle to enter the anagen phase (Figure 10d). The quantitative
results were consistent with the results we had observed from Figure 10b.

The quantitative results of the coverage area of new hair from day 60 to 70 were shown in Figure 10e. On day 60, the hair
coverage area of five mice in PPD-Lip@RES group was more than 80%, while only four mice in FIN and RES groups had
more than 50%, and only two mice in the model group had new hair, with one mouse had a hair coverage area less than 50%.
On day 70, the hair coverage area of PPD-Lip@RES group was close to 100%, which was significantly higher than that of the
control group (about 82%). And the average hair coverage of the RES was about 83%, which was higher than that of the FIN
group (about 71%) and model group (about 32%). In general, the hair coverage area of FIN group and RES group was higher
than that of model group in a time-dependent manner, but the regeneration hair coverage area was still significantly lower than
that of PPD-Lip@RES group. These results indicated that androgen could delay hair regeneration in mice, and PPD-Lip
@RES could significantly promote hair regeneration in AGA model mice, which was much better than the FIN group.

Hair growth of mice at different stages was observed by hair detector, as shown in Figure 10f. Hair follicles in the
model group were still closed at day 40, with almost no new hair. In the PPD-Lip@RES group, although there was no
significant hair regeneration observed with naked eye on day 30, new hair could be observed under the hair detector, and
the hair density was significantly higher than that of FIN, RES, model, and control groups. In addition, with the extension
of time, hair continued to grow and could be observed with naked eye. On day 45, new hair was observed under the hair
microscope in the FIN group, but the hair density was significantly lower than that in PPD-Lip@RES group. On day 70,
compared with the other groups, the hair in group PPD-Lip@RES was dense, and the hair stem was thicker. These results
showed that PPD-Lip@RES could promote the regeneration of healthy hair in severe AGA model mice.

Since the hair of the model mice was too short to pull, hair pull tests were only conducted in the other groups. As
shown in Figure 10g, the pull-down hair in RES and PPD-Lip@RES groups was similar to that of the control group,
implying new hair was strong, sturdy, and not easily pulled off. Comparatively, the pull-down hair in FIN group was less

than that of RES group, because the regrowth hair in FIN group was shorter than that in RES group. All in all, the PPD-
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Figure 10 In vivo evaluation of promoting hair growth in AGA mice by different formulations. (a) Schematic diagram of the establishment of severe AGA model and mice treatment schedule. (b) Photographs of AGA mice. (c) Body
weight of mice. (d) Skin color score of mice. (e) Hair coverage rate. (f) Detection of hair regeneration in mice by scalp detector. (g) Hair pull test by the tape assay in mice treated with various formulations. Evaluation of regenerated hair
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Lip@RES group not only exhibited a faster hair growth rate but also stronger and tougher hair, indicating that PPD-Lip
@RES could promote the hair regeneration and preventing hair shedding.

As shown in Figure 10h—j, the regrowth hair of mice in each group with the same area was collected and weighed,
and the hair shaft diameter was measured too. The new hair morphology was observed by microscope and SEM. The hair
weight of the model group was significantly lower than that of the other groups (P < 0.01), which indicated that
androgens could cause hair follicle miniaturization and hair thinning. The hair weight and diameter in PPD-Lip@RES
and RES groups were significantly larger than those in the model group and FIN group (P < 0.05). Among them, the hair
shaft of the PPD-Lip@RES group was even significantly thicker than that of the control group (P < 0.07) with the hair
scales intact, indicating that the PPD-Lip@RES group had a superior effect on promoting hair growth.

As shown in Figure S6, the dorsal skin color after shaving in the model group and control group was pink, indicating
that the hair follicles were in a telogen phase. In contrast, FIN, RES, and PPD-Lip@RES groups still had black areas,
indicating that the hair follicles were still in the anagen stage, suggesting that it could not only promote the transition of
hair follicles from the telogen phase to the anagen phase in AGA mice but also maintain the growth stage.

As shown in Figure 11a—d, the skin thickness of the model group was significantly thinner than that of the other groups, the
number of hair follicles was less, hair bulb diameter was significantly lower and most hair follicles were in the telogen stage,
indicating that the AGA model was successfully constructed. It was noteworthy that after drug treatment, the skin thickened, the
diameter of the hair bulb increased, the number of hair follicles in the anagen phase increased, and the hair follicles rooted in the
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Figure 11 Histological analysis in AGA mice. (a) H&E staining images, scale bar = 1000 pum. (b) Skin thickness. (c) Bulbs diameter. (d) The percentage of HF at each hair
cycle stage. (e) Masson’s trichrome staining images, scale bar = 200 pm. *P < 0.05 vs Control. 4P < 0.01; #%%p < 0.001; #%4%p < 00001 vs Model. “P < 0.05 vs FIN.
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deep layer of skin, implying that drug treatment could effectively treat AGA. Among them, the hair bulb diameter and percentage
of anagen phase hair follicles in the PPD-Lip@RES group were significantly higher than those in the FIN group, indicating the
optimal therapeutic effect. Masson staining showed that the collagen fibers in the PPD-Lip@RES group were neatly arranged
around the hair follicles (Figure 11e), which could effectively strengthen the hair follicles and prevent hair loss.
The pathogenesis of AGA involved multiple pathways and factors, including oxidative stress, inflammation, angiogenesis,
32 As an important pathogenic factor, oxidative stress was related to cell dysfunction, cellular senescence, and migration.”
According to the literature,* dihydrotestosterone (DHT) in the hair follicles of AGA patients could stimulate the secretion of hair
growth inhibitory factors. At the same time, oxidative stress and ROS accumulation may inhibit growth factor signaling in cells,
thereby affecting hair growth. Therefore, evaluating the effects of drugs on oxidative stress in AGA mice was of great significance.
Dihydroethidium (DHE), as a superoxide anion probe, could freely penetrate the cell membrane and be oxidized by ROS to
ethylene oxide, which could be incorporated into the nuclear DNA to form red fluorescence. Therefore, DHE staining could be
used to determine the oxidative state of mouse skin. As shown in Figure S7, the red fluorescence of the model group was
significantly higher than that of the other groups, indicating that the ROS level in the model group was the highest. After drug
treatment, the ROS level decreased, resulting in a decrease in fluorescence. Among them, there was almost no red fluorescence
was detected in RES group and PPD-Lip@RES group, indicating RES and PPD-Lip@RES had good antioxidant activity and
could effectively eliminate ROS in the skin of AGA mice, helped to prevent premature aging of DPCs and promoted hair growth.
As shown in Figure 12a—c, RES and PPD-Lip@RES could significantly upregulate the expression of Ki67, B-catenin,
and K5, suggesting that they could promote cell proliferation, activate Wnt/B-catenin signaling pathway, increase the

(a) DAPI Ki67 Merge

(b) DAPI/B-catenin (c)

Merge
Control
h -
" -
PPD-Lip
@RES
(d) Model
- e x
o
€ | ' Pepes L AP
Control T Model FIN RES ;
| 2 --1« ;; T T 2 gt ;"“g \e. .-N-—,-),\-‘—"M"w P S el ;
S g g R o / (8 -"' :
o o 7 / {\x’\ B SRR o o
ey § Sy c 5

===

Sl

Figure 12 Expression of Ki67 (a), B-catenin (b) or K5 (c) in the dorsal skin of AGA mice, scale bar = 200 pm. Immunohistochemical results of CD31 (d), or CKI19 (e)
expression in the dorsal skin of AGA mice. The red arrow indicated the expression of CD31 or CKI9, scale bar = 400 pum.
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growth of epidermal cells, and promote the transition of hair follicles from telogen to anagen phase, thereby promoting
hair regeneration.

The immunohistochemical results showed that the expression levels of CD31 and CK19 in the model group were
extremely low (Figure 12d and e), indicating that androgen could cause insufficient vascularization around the hair
follicles and inhibit the transition of hair follicles from the telogen phase to the anagen phase. On the contrary, the
expression of CD31 and CK19 in PPD-Lip@RES group was significantly higher than that in the model and control
groups, indicating vascularization increased and HFSCs activated. The results showed that PPD-Lip@RES could restore
hair follicle microcirculation by inducing angiogenesis, providing nutrients for hair growth, and promoting hair follicle
growth. In addition, PPD-Lip@RES could activate HFSCs, maintain the hair follicle in the anagen phase, and promote
sustained hair growth.

Wnt3a, B-catenin, and VEGF were hair growth-promoting genes. FGF5 could directly act on matrix cells, inhibit their
proliferation, or induce apoptosis, and then induce hair follicle degeneration.** BMP2, as a negative regulator of hair
growth, could delay the entry of the anagen phase of hair follicles by inhibiting the proliferation of hair follicle cells and
maintaining the resting state of HFSCs to inhibit hair growth.*’

As shown in Figure S8, the expression of hair growth-promoting genes, including Wnt3a, B-catenin, and VEGF in the
skin was up-regulated in the drug administration groups. In contrast, the expression of hair growth inhibiting genes,
FGF5 and BMP2, was down-regulated. Among them, PPD-Lip@RES could significantly up-regulate the expression of
Wnt3a and VEGF (P < 0.05), suggesting that PPD-Lip@RES could promote the hair follicle to enter the anagen phase
and delay the hair follicle to enter the telogen phase, thus promoting hair regeneration.

DKK-1 was an inhibitor of the Wnt pathway. Overexpression of DKK-1 could inhibit the Wnt signaling pathway, leading
to apoptosis of outer root sheath cells in hair follicles, and promoting early regression of hair follicles.>® Kwack et al found that
DHT in the hair loss area could induce DPCs to secrete DKK-1,3” inhibit the growth of hair root sheath cells, and induce
apoptosis of keratinocytes. In addition, TGF- B1 was a critical factor in the onset of AGA.*® TGF- B1 could cause fibrosis in the
surrounding tissues of hair follicles, induce cell apoptosis, cause hair follicles to shrink and become smaller, promote hair
follicles to enter the catagen and telogen stages early, shorten the anagen phase, and then lead to hair loss. Therefore, we
examined the expression of the hair growth-inhibiting genes DKK-1 and TGF- B1 in the skin of AGA mice.

As shown in Figure S9, PPD-Lip@RES significantly up-regulated the hair growth-promoting expression of Wnt3a, f3-
catenin, and VEGF in the skin of AGA mice. The expression of DKK-1 and TGF-B1 in the model group was higher than that
of the control group, indicating that androgens could upregulate DKK-1 and TGF-f1. While drug treatment groups could
down-regulate the expression of DKK-1 and TGF-B1, indicating that drug therapy could promote hair follicles to enter the
anagen phase and accelerate hair growth by inhibiting the expression of hair growth inhibitory genes. The possible reason that
the expression levels of DKK-1 and TGF-B1 in the drug treatment groups lower than the control group was that the control
group was not affected by androgens so that the hair follicle cycle was normally advanced. By the 25™ day, the hair follicles
had regenerated and entered the anagen phase. As time went on, the hair follicles gradually entered the catagen and telogen
phases. Therefore, the expression of negative regulatory genes was higher than that of the drug treatment group, which was in
the anagen phase. These results indicated that PPD-Lip@RES could promote hair follicles to enter the anagen phase and delay
the entry of the telogen phase by up-regulating the expression of hair growth-related genes and down-regulating the expression
of negative regulatory genes, thus promoting sustainable hair growth.

Conclusion

Based on the complicated pathogenesis of hair loss, utilizing comprehensive strategies involving multi-mechanisms of
anti-hair loss might better achieve the treatment of hair loss. In this study, we constructed a multi-mechanism nanovesicle
PPD-Lip@RES, which has prominent antioxidant, anti-inflammatory, pro-proliferations, and pro-angiogenesis activities
to promote hair growth through various mechanisms. Our results confirmed that PPD-Lip@RES could effectively deliver
RES to the skin and remain long in the skin, thus serving as a drug reservoir for sustained effectiveness. It facilitated hair
growth in vitro and in vivo by enhancing cell proliferation, initiating the Wnt/B-catenin signaling pathway, promoting
angiogenesis, and activating HFSCs. Moreover, PPD-Lip@RES could improve the oxidative stress and inflammatory
status, and thus restore the microenvironmental homeostasis of the hair follicles. The results of in vivo efficacy in the
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telogen effluvium model showed that the PPD-Lip@RES group gained tougher new hair than the MNX group. More
importantly, it also has a good therapeutic effect on the severe AGA model, with faster hair growth rate, denser hair
cover, and stronger new hair than those of the topical FIN group as well as the healthy control group. Overall, PPD-Lip
@RES with a comprehensive strategy, targeting the multi-mechanisms of alopecia, could play a superior role in treating
normal and even severe hair loss, meanwhile providing a new direction for the clinical treatment of hair loss.

However, certain limitations warrant further investigation. Firstly, more extensive exploration based on animal
experiments is needed to validate the generalizability of our findings. Additionally, the exact underlying mechanisms
such as the detailed interactions with cell signaling pathways remain incompletely understood. Future research would
focus on elucidating these pathways with greater precision to optimize the therapeutic potential of PPD-Lip@RES in
clinical applications.
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