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Background: Oxidative damage has been found in various types of hair loss. As a polyphenolic
phytoalexin, resveratrol (RSV) is known as an antioxidant, anti-inflammatory and anti-apoptotic
agent.

Objective: Thus, we aim to examine the effects of RSV on hair growth.

Methods: In vivo C57BL/6 mice were used to evaluate the effects of RSV on hair cycle, hair
length, skin thickness, hair follicle diameter, hair cycle score and the percentage of hair cycle
stage. Then hair shaft length and hair cycle were evaluated by human hair follicles (HFs) ex
vivo. The proliferative activities of human dermal papilla cells (hDPCs) cultured in vitro with
RSV were assessed using RTCA. The ability of RSV to protect hDPCs against H,O,-induced
oxidative damage is examined by a ROS assay kit.

Results: Topical application of RSV significantly promoted hair growth and stimulated the
transition of hair cycle from telogen into the anagen phase on shaved C57BL/6 mice. Ex vivo
experiments showed that RSV increased the hair shaft length of HFs and delayed the entry
into catagen. In vitro experiments indicated that RSV proliferated hDPCs and prevented
hDPCs from oxidative damage caused by H,O,.

Conclusion: RSV can promote hair growth and may be a potential candidate for the
treatment of hair loss.
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Introduction

Hair loss, or alopecia, is a condition in which hair in some area of the scalp is lost
or no longer regrowth.' There are many types of hair loss, such as androgenetic
alopecia (AGA) and alopecia areata (AA). Hair loss is caused by genetic factors and
external factors especially prominent in modern society, such as work stress,
emotional change and hormone secretion disturbance. Its prevalence tends to be
among the young and it may result in disturbed self-perception and psychological
conflict. Nowadays, it is becoming a worldwide issue for all ages.

Compared to the increasing prevalence of hair loss, approved treatments for hair loss
are limited. Currently, minoxidil and finasteride are the only two drugs that have been
approved by the United States Food and Drug Administration (FDA) to treat AGA, the
most common type of hair loss.”® Minoxidil is a multifunctional biological response
regulator, which contributes to accelerating hair growth, thickening the skin and prolong-
ing the anagen phase of hair cycle.” It is widely used in treating many kinds of hair loss.
Another drug, finasteride is a Sa-reductase inhibitor, which can reduce the conversion of
the androgen testosterone (T) to dihydrotestosterone (DHT),” an excess of which is the
main cause of AGA. However, the two drugs have certain limitations. Minoxidil may
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cause pruritus and local irritation while Finasteride has restric-
tions on use in women. Moreover, they do not work for all
patients.®® Thus, it is necessary to find new substances with
fewer side effects.

Hair growth undergoes a cycle of three different phases:
anagen, catagen and telogen. In the three phases, anagen is
a growth phase of hair shaft, but catagen and telogen are
recognized as phases of regression and loss of hair. Longer
regression and resting phase and shorter growth phase always
occur in hair disorders. Therefore, to help hair growth, it is
effective to maintain anagen or shorten catagen and telogen.’
The dermal papilla cell (DPC), a mesenchymal derived fibro-
blast in the hair follicle, play a dominant role in regulating hair
cycle and hair growth. It can release a variety of growth factors
and transcription factors to help surrounding stem cells differ-
entiate into various structural cells of hair follicles.'""
Decrease of DPC activity, or even apoptosis, can lead to hair
loss, including AGA."? Evidence has revealed that some fac-
tors increase the level of oxidative damage in hair follicle,
leading to the damage of various substances in the cells of hair

follicles, which lead to hair loss.'*'* Antioxidative capacity of

some compounds has been identified as a contributing factor
to promote hair growth.

Studies have found that many plant extracts show unique
advantages in helping hair growth.'>™'® Extracts are usually
less toxic, less expensive and more available.'” Resveratrol
(RSV), as a plant polyphenol, was first isolated from the root
of Veratrum grandiflorum. It was mainly found in grapes,
peanuts, mulberry and other plants.>® Previous studies have
found that RSV has anti-tumor, antioxidative,
inflammatory and anti-aging pharmacological effects.”’
Studies on skin wound healing have also found that RSV
can accelerate wound healing, add the number of hair follicles

anti-

in the skin of young rodents, and promote the production of
hair follicles,”” but there is a lack of further research.
Furthermore, a study found that a combination of RSV with
Pyridine-2,4-dicarboxylic acid diethyl ester protects the hair
matrix cells in hair follicles from toxic effect of oxidative
stress and works well on increasing human hair density,”
but it focused mainly on the properties of their combination,
not the effect of RSV itself. Therefore, it is speculated that

RSV can promote hair growth and may be one of the candidate

https:

1806

Dove!

Clinical, Cosmetic and Investigational Dermatology 2021:14


https://www.dovepress.com
https://www.dovepress.com

Dove

Zhang et al

drugs to treat hair loss, but it needs further investigation. In this
study, we aim to study RSV’s potential in hair growth through
in vivo mouse models, ex vivo hair follicle culture models and
dermal papilla cells, respectively.

Materials and Methods

Experimental Animals

Six-week-old male C57BL/6 mice were bought and allowed to
adapt for 1-2 weeks with food and water ad libitum. To
synchronize the mice’s hair growth cycle, the hair on their
backs was shaved and their backs were treated with liquid
rosin under anesthesia on the same day. Then, they were
randomly divided into two groups (n = 3 mice/group): RSV
group (topical application of RSV dissolved in isopentyl diol
at 5% daily), Control group (topical application of isopentyl
diol daily). Pictures of all mice were taken using a digital
camera (Panasonic, Japan) on day 0, 7, 14, 18 after depilation.
The grayscale of the shaved areas (the region of the back of
mice circled by the red line in the photograph) was analyzed
by Image J software to evaluate the process of hair cycle and
shown as ratios (grayscale/255). On day 18, new hair on the
shaved areas of all mice were plucked to measure their length.
The study was reviewed and admitted by the Institutional
Animal Care and Use Committee of Fudan University and
was performed according to the guidelines of the Science and
Technology Commission of Shanghai Municipality (No.
SYXK(hu)2020-0011).

Histopathology and Immunofluorescence
Analysis

To further evaluate RSV’s effect on hair cycle in vivo, mor-
phological study was conducted on day 5 after treatment
because the first few days after shaving are the important
time for hair follicles to change from telogen to anagen.**
Skin samples resected from the applied site of three mice in
every group were fixed in 4% paraformaldehyde and
embedded in paraffin on day 5. The H&E stained tissues
were observed and analyzed through an optical microscope
(Nikon, Japan). Skin thickness, which corresponds to hair
follicle length,”® was defined as the distance between the
granular layer of the epidermis and the panniculus carnosus.
Each sample was tested in three different areas, and its average
value was chosen as every mouse’s data. As for HF size, at
least 30 hair follicles with visible hair bulb structures were
measured and the largest diameter of the hair bulb was selected
as the data of per sample. Evaluation of hair cycle per sample
were conducted according to Miiller-Réver et al** and

Jing et al.?® To be brief, HFs in anagen I-IIla got a score of
100, HFs in anagen IIIb-1lIc were 200, and HF's in anagen IV—
VI were 300. An average score was obtained for each group
based on the number of hair follicles. For immunofluorescence
staining, the sections were blocked with 5% BSA (Servicebio,
China) and incubated with an antibody to Ki67 (Servicebio,
China) overnight at 4 °C. The sections were then incubated
with Alexa Fluor™ 488-conjugated (Servicebio, China) sec-
ondary antibody for 1 h at room temperature. And TUNEL
staining was performed using Fluorescein (FITC) Tunel Cell
Apoptosis Detection Kit (Servicebio, China) according to the
supplier’s recommendations. Cell nuclei were counterstained
(DAPI;
China). Stained sections were viewed and photographed

with  4',6-diamidino-2-phenylindole Servicebio,

using fluorescence microscopy (Olympus, Japan).

Human Hair Follicles Organ Treatment

All hair follicles were obtained from the occipital scalp of hair
transplant patients after ethical approval by Huashan Hospital
of Fudan University (ethical approval number 2019M-008)
and written informed patient consent. The isolated anagen
follicles were cultured in 500 uL Williams E medium (Gibco,
USA) in individual wells of 24-well plates at 37.0 °C in 5%
CO,. After 24 h, the HFs that grew 0.3—-0.5 mm were cultured
with DMSO or 50 uM RSV for 6 days. The picture of hair
follicles and the length of hair shaft was obtained with a stereo
microscope (Zeiss, Germany). On day 6, each hair follicle was
evaluated whether in anagen phase (A) or in catagen (C), and
the A/C ratio was calculated in each group. The procedure for
immunofluorescence staining of Ki67 and TUNEL is similar to
the part of Histopathology and Immunofluorescence Analysis.

Proliferation Analysis of hDPCs

Human hair dermal papilla cells (hDPCs) were obtained
according to the previously described methods.?” Cell
proliferation was determined by Real Time Cellular
Analysis (RTCA) (ACEA Biosciences, USA). A density
of 8000 cells per well was seeded in a 16-well microplate.
After incubation for 8 h, the medium was removed, fol-
lowed by the addition of either the medium alone
(Control) or the medium with varying concentrations of
RSV (30, 35, 40, 50, 60, 125 and 250 pM, respectively).

Determination of Intracellular ROS of
hDPCs

The intracellular ROS of hDPCs was measured with
a ROS assay kit (Sigma, USA) that sets DCFH-DA as
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the probe. There are three groups. One group was treated
with 200 uM H,0, (Sigma-Aldrich, USA) for 12 h to
show the oxidative stage. Another group was treated with
50 uM RSV for 24 h before H,O, treatment and control
group was treated with vehicles. Then cells were incubated
with medium containing 10 pM DCFH-DA at 37°C for 30
min, and then washed with PBS. The cellular fluorescence
intensity was visualized with fluorescence microscope
(Olympus, Japan) and the mean fluorescence intensity of
each group was measured by Image J software.

Statistical Analysis

All the data in the experiments were presented as mean +
SD. Independent #-test and one-way ANOVA were used to
perform statistical analyses between different groups, and
statistical significance was defined as P < 0.05.

Results

Local Application of RSV on Mice Back
Skin Promotes Hair Length and
Accelerates Anagen Phase Entry

To investigate whether RSV has the effect of hair growth,
RSV was topically applied to C57BL/6 mice in telogen

daily after depilation. On day 0, the skin at the depilation
area of the back of all three groups was pink, indicating

their follicles are in telogen phase of hair cycle
(Figure 1A). On day 7, all three groups experienced
a change in back skin color from pink to gray-black to
black (Figure 1A). But the skin color of RSV group is
slightly darker than Control group and the corresponding
skin grayscale ratio of RSV group is lower than Control
group. However, both results have no significant differ-
ences (Figure 1B). On day 14, the promoting effect of
RSV on the hair of mice started to become obvious. Skin
grayscale ratio of RSV group is significantly lower than
Control group (34.06% = 0.96% vs 14.89% + 4.04%, **P
= 0.0013) (Figure 1B). On day 18, the back skin of the
mice treated with RSV have been mostly filled with hair
while dorsal margins of Control group have not been
filled with hair (Figure 1A) and the hair length of RSV
group was significantly longer compared to the untreated
mice (4.69 + 0.35 vs 9.34 + 0.33, ****P < (.0001)
1C). The
Supplementary Figure 1, in which the hair length of

(Figure same results can be seen in

RSV group on day 18 was similar to that of positive
control group-minoxidil group.

From the histological analysis, it showed that the skin
was thicker, the depth of hair follicles was deeper, and the
diameter of hair follicles was larger in RSV group than
those in Control group (Figure 2B-D) on day 5. It also
showed that quite a lot of hair follicles in Control group
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Figure | Macroscopic observations of the hair growth and hair cycle in vivo. (A) Macroscopic pictures of mice on day 0, day 7, day 14 and day 18. The area circled by the
red line is the measurement area of grayscale in (B). (B) The corresponding skin color grayscale ratio on day 0, day 7, day 14 and day 18. (C) Mean hair length on day |18 of
each group. Data were presented as mean * SD, n=3 in each group. The experiments were performed three times with similar results. ns: no significant difference. *P<0.05,
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Figure 2 RSV induces anagen entry and development in vivo. (A) A representative histological section of the shaved sites on day 5 after treating with RSV or vehicle.
Original magnification was X100. Red lines indicate the hair bulb diameter. (B) Skin thickness of each group on day 5. (C) The largest hair follicle diameter of each group
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experiments were performed three times with similar results. ¥*P<0.05, **P<0.01.
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were still in the early growth period of anagen phrase
(anagen I-anagen IIla) while more hair follicles in RSV
mice entered a later growth period (anagen IV-VI)
(Figure 2A and E). On day 7, hair follicles reached the
most vigorous stage of growth, at which time proliferating
cells (Ki67+cells) increased substantially in RSV group,
mainly around hair matrix, outer root sheath and internal
root sheath (Figure 2F) while the number of TUNEL+
apoptotic cells in both groups showed no difference
(Figure 2G). Taken together, these findings suggested
that RSV promotes hair length growth and accelerates
anagen entry in vivo by increasing the number of prolif-
erating cells.

Treatment with RSV in Anagen Human
HFs Promotes Hair Shaft Growth and

Delays Catagen Progression

HFs ex vivo were used to investigate RSV’s effect on the
progression of catagen phase, and cultured HFs were
divided into two groups (Control, RSV). HFs were taken
pictures every other day. The length of hair shaft growth and
the hair cycle stage were recorded. The hair shaft of RSV
group grew significantly faster than Control group in each
passing day (Figure 3A and B). And RSV treatment group
went into catagen slower, while Control group entered
catagen earlier with a distal retraction of the hair fiber and
a reduction in volume of the hair bulb including matrix and
hair dermal papilla (Figure 3C and D). On day 6, a larger
percentage of HFs remained in anagen phase in RSV group
compared to Control group (77.8% = 19.2% vs 19.4% =+
17.3%, *P = 0.0175), while there was a lower percentage of
catagen HFs in RSV group compared to Control group
(22.2% + 19.2% vs 80.6% =+ 17.3%, *P = 0.0175;
Figure 3D). Also, RSV increased Ki67+cells in hair folli-
cles, but had no effect on TUNEL+ apoptotic cells
(Figure 3E and F). These results indicate that RSV promotes
hair shaft growth and prolongs the anagen of hair follicles in
an ex vivo model.

RSV Increased the Proliferation of hDPCs
and Protected hDPCs Against Oxidative

Stress

Proliferation of DPCs is essential in hair growth and the
process of hair cycle because DPCs have been seen as a key
modulator in HFs as described before. In order to assess the
effect of RSV on hDPC proliferation, we added RSV at various
concentrations to the cultured cells. Lower doses of RSV (30

UM, 35 uM, 40 puM, 50 uM, 60 uM and 125 uM) accelerated
the proliferation of hDPCs (Figure 4A) even though higher
dose of RSV (250 uM) shows cytotoxicity. Thus, RSV could
promote hDPCs proliferation and the following RSV concen-
tration of ROS experiment was determined as 50 uM in this
study.

Since RSV is an antioxidant, the ability of RSV to protect
hDPCs from the production of ROS in hDPCs was measured
by using DCFH-DA as fluorogenic probe. Intracellular ROS
was induced by H,O,. After 12 h of treatment, H,O, treated
cells showed a significantly larger number of mean fluores-
cence intensity compared to control (32.39 £ 5.97 vs 12.92 +
6.32, *P = 0.0179), but the increase in ROS content was
prevented if cells were pretreated with RSV for 24 h, as
shown by the mean fluorescence intensity of RSV group
compared to H,O, group (11.69 £+ 4.40 vs 32.39 + 5.97,
**P = 0.0085) (Figure 4B and C). Thus, these results demon-
strate that RSV has a protection for hDPCs against oxidative
damage induced by H,O,.

Discussion

Although hair loss does not have a major impact on health,
it often affects people’s appearance, which brings serious
psychological burden, and thus affects the quality of life.
Therefore, demand for new drugs to treat the condition is
growing. RSV is a natural polyphenolic compound which
can be found in a variety of plants, including grape berries,
and peanuts. Antioxidative and anti-inflammatory proper-
ties of RSV imply that RSV may be able to promote hair
growth?%2° because oxidative stress and inflammatory
responses are assumed to be involved in the development
of hair loss.>*? Therefore, in this study, we used in vivo
C57BL/6 mice model, ex vivo human hair follicle cultures
and in vitro hDPCs to assess RSV for its hair growth
modulating effects.

C57BL/6 mice are a frequently used model in the
studies of hair growth and hair cycle. At 6-8 weeks, all
hair follicles in C57BL/6 mice enter telogen, and they will
no longer enter anagen spontaneously without
intervention.”* Plucking by liquid rosin or applying depi-
latory creams can induce their HFs to go back to anagen
synchronously, and then go through the three phases of
hair cycle (anagen, catagen and telogen) again.>* Thus,
C57BL/6 mice are an ideal model for the investigation of
the functions of RSV on the transition of HFs from telogen
to anagen. We found that RSV prompted the transition of
hair cycle, which indicates that hair can grow faster with

the treatment of RSV in vivo. In 2020, Kubo et al also
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Figure 3 RSV delays catagen entry and increases the length of HFs ex vivo. The HFs were cultured with RSV for 6 days. (A) Photographs of HFs being cultured every
other day. (B) Change in hair shaft length of HFs cultured with RSV for 6 days after isolation. (C) Photographs of the bulb in HFs being cultured every other day. (D)
Macroscopic quantification of hair cycle stage on day 6 with RSV treatment. (E) Representative image of Ki67 staining on day 2. (F) Representative image of TUNEL staining

on day 2. Data are presented as mean * SD, n=3 in each group. The experiments were performed three times with similar results. ¥*P<0.05, **P<0.01.

Clinical, Cosmetic and Investigational Dermatology 2021:14

https:

1811


https://www.dovepress.com
https://www.dovepress.com

Zhang et al

Dove

A

50 uM
40 uM
30 pM
35 uM

HJJJJJ111111]1111H1111l111111vlmmmummmm

»ua1 00l
yyyyyyyyyyy }

Normalized Cell Index

11111111

60 uM

125 yM
Control
250 uyM

Time (in Hour)

RSV - - +
H202 = + +

20.0

25.0

c 501 ) I ke I
40+ I I
T

N [
(=] (=]
1 1

-

-
(-]
1

Mean fluorescence intensity

RSV - . +
H202 - + +

Figure 4 RSV promotes proliferation of cultured hDPCs and protects hDPCs against oxidative stress. (A) Growth curves (measured as cell index over time) of hDPCs
treated by RSV with different concentrations. All growth curves were measured with the RTCA system. (B) Photographs taken by fluorescence microscope. (C)
Quantification of mean fluorescence intensity of each group. Data are presented as mean + SD; *P < 0.05; **P < 0.001. The experiments were performed three times
with similar results. +, hDPCs were treated with relative materials; -, hDPCs were treated without relative materials.

treated C57BL/6 mice with RSV and found that RSV
activated hair growth, although only a small amount of
hair grew in the hair removal area. Both of our studies
confirmed the effect of RSV on the hair follicles of mice.

HFs are a complex and dynamic mini-organ composed
of different anatomical structures, including the dermal
sheath,
bulge.®® Using HFs ex vivo is useful to test the effect of

papilla, matrix, root sebaceous gland, and
compounds on hair growth as it can largely mimic the state
of hair growth in vivo. In this study, we observed that HFs
cultured with RSV (50 uM) had longer hair shaft and
delayed anagen HF’s catagen entry, which confirmed the
result in animals and it is the first result that evaluated the
promoting effect of RSV on HFs ex vivo. All the results
indicate that RSV do play a role in hair growth and the
cycle of hair follicles in both animals and human organs.

Combined with previous studies, the effect of RSV on
hair growth can be in many aspects and in several impor-
tant cells in hair follicles. First, RSV triggers the prolif-
eration of some important cells in HFs, such as hair matrix
cells and DPCs (Figures 1, 2 and 4). Second, RSV protects
the cells of hair follicles from environmental damage. We

found that RSV prevents hDPCs from oxidative damage

by H,0,. Juchaux et al also found that RSV can reduce the
production of ROS in HFs, especially in hair matrix
cells.”® Stress induced by environmental factors such as
H,0,, Ultraviolet radiation and DHT will cause damage to
DPCs, resulting in hair loss. If hair growth promoters
protect DPCs from those stress-related factors, it may
suggest that they are effective against hair loss caused by
hair follicle damage, such as AGA. Hence, RSV maintains
these cells in a better status to help hair follicle growth.
DPCs can interact with other cells in hair follicles and are
able to release various cytokines to activate several path-
ways which control the differentiation of the matrix cells
and regulate hair growth and development.’® With the
capability to resist environmental pressure, the matrix
cells can also respond more quickly to the regulation of
cytokines and signaling pathways and fast differentiate
into various structures of the hair follicle, such as outer
root sheath cells, internal root sheath cells, keratinocytes.

Among the many signaling pathways that regulate hair
growth, Wnt/B-catenin pathway plays an important role for
the morphogenesis, development, and growth of hair
follicles.*”*® Kubo et al have found that RSV activated the
expression of f-catenin in both dorsal skin cells of mice and
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HaCaT keratinocytes.”® We also found that the mRNA and
protein levels of B-catenin increased in hDPCs after RSV
treatment (Supplementary Figure 2). Thus, the activation of

B-catenin might be a key event for hair growth promotion of
RSV. Moreover, RSV may accelerate hair growth by accel-
erating blood flow and enhancing blood supply. Zhao et al
found that RSV improved vascularization while promoting
wound healing and increased the number of hair follicles.**
The increased blood supply allows the hair follicles to better
exchange substances, obtaining substances that are good for
hair follicle growth and discharging wastes. Therefore, the
effect of RSV on hair growth may be carried out on multiple
levels, which needs further studies.

Although this study confirmed the promotion effect of
resveratrol on hair growth from animal, hair follicle and
cell levels, the mechanism of RSV has not been studied in
depth and the relationship between various cytokines and
multiple pathways is still lacking. In future studies, we aim
to clarify the mechanisms underlying RSV-induced regula-
tion of Wnt/B-catenin pathway and the interaction between
different signaling pathways. Since RSV has the ability to
resist environmental stress, it is also a direction of our
future research to study the therapeutic effect of RSV on
hair loss by using disease models.

Conclusion

In conclusion, we found that RSV has promoting effects in
hair growth and prolongs anagen phase of hair follicle from
accelerating anagen entry and delaying catagen progression.
Low concentrations of RSV can also mediate the prolifera-
tion of DPCs and protect DPCs from oxidative process, but
the mechanism of RSV regulating hair follicles needs further
studies. Therefore, RSV is expected to be a potential drug
for the prevention and treatment of hair loss.
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