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Abstract
Introduction: Tumor necrosis factor (TNF)-α released after 
follicular injury such as that caused by plucking plays a role 
in the activation of hair regeneration. Microneedle (MN) 
treatment is applied to the scalp to increase permeability 
and facilitate the delivery of any number of compounds. Be-
cause the MN treatment causes injury to the epidermis, al-
beit minor, we reasoned that this treatment would lead to a 
temporary TNF-α surge and thereby promote hair regenera-
tion. Methods: To investigate the effects of MN-treatment-
induced microinjury and TNF-α on hair growth, we used 
C57BL/6N mice which were divided into six experimental 
groups: three groups of 1) negative control (NC), 2) plucking 
positive control (PK), and 3) MN therapy system (MTS) mice; 
and three groups identical to above were treated with a 
TNF-α blocker for 3 weeks: 4) NCB, 5) PKB, and 6) MTSB group. 
Results: After injury, TNF-α surge occurred on day 3 in the PK 
group and on day 6 in the MTS group. Wnt proteins and VEGF 
expression were markedly increased in the PK group on day 
3 and on day 6 in the MTS group compared to the NC group. 

Following wound healing, only MTS and PK groups dis-
played thickened epidermis and longer HF length. Within 
the 2 weeks following treatment, the rate of hair growth was 
much slower in the injured mice treated with the TNF-α 
blocker. Conclusion: Our findings indicate that microinjury 
stimulates the wound-healing mechanism via TNF-α/Wnt/
VEGF surge to induce hair growth, and that blocking TNF-α 
inhibits this growth process. © 2023 The Author(s).

Published by S. Karger AG, Basel

Introduction

Microneedle (MN) therapy is a method in which mi-
crochannels are created in the epidermis across the stra-
tum corneum to increase the skin permeability in order 
to facilitate the absorption of small molecule drugs, pro-
teins, and vaccines [1]. As MN-based drug delivery by-
passes degradation via the digestive and hepatic system, 
the effects are more reproducible and consistent than de-
livery via oral routes [2]. In addition to drug delivery, MN 
therapy induces wound healing by causing microinjury to 
the skin [3], thereby targeting the corneocytes and kera-
tinocyte stem cells that reside in the hair follicle (HF) [4]. 
HF is essential not only to hair regeneration, but also to 
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wound healing and skin regeneration [5]. When injury to 
the skin is provoked by MN, it triggers a proliferative re-
sponse from adjacent cells in the epidermis and the HF. 
Even when superficial wounds result in removal of the 
surface epidermis, as long as the HFs are intact the entire 
wound area becomes re-epithelialized with patches of 
new epidermis seen spreading outward from the HFs [5]. 
In contrast, more profound wounds in which the HFs are 
damaged are slower to heal and do so only from the mar-
gins [6]. These observations strongly suggest that there is 
a link between HF regeneration and wound healing.

HF regeneration is defined as the process of re-entry 
of the HF into the anagen phase, during which multiple 
signal transduction pathways are activated [7]. As a cyto-
kine that triggers the immune response, tumor necrosis 
factor (TNF)-α surge has been known to cause the inflam-
matory cascades that occur in rheumatoid arthritis or 
Crohn’s disease [8]. According to previous in vitro studies, 
TNF-α has a central role in the induction of HF apoptosis 
[9], with some investigators reporting that HF apoptosis 
is a more critical factor in hair loss than dihydrotestoster-
one [10]. The importance of TNF-α in hair regeneration 
can also be deduced from a recent study in which the re-
searchers found that hair regeneration, after plucking 
hair from the back skin of mice, occurred in the injured 
area as well as the surrounding areas through quorum-
sensing behavior of macrophages. According to the re-
port, TNF-α levels peaked 1–2 days after plucking, 
which was the point of HF anagen entry, and then de-
creased [11].

Although previous studies have examined the effec-
tiveness of MN drug delivery in patients with alopecia 
[12–14], no specific mechanisms underlying the thera-
peutic effects of MN on wound-induced hair growth were 
offered. As an important component of hair regenera-
tion, Wnt proteins are expressed in HF, which are 
composed of dermal papilla cells and epithelial cells, as a 
component of the canonical Wnt signaling pathway [15]. 
Together with the co-receptor lipoprotein receptor-relat-
ed protein and G-protein coupled receptor, frizzled, Wnt 
signaling pathway allows β-catenin to translocate to the 
nucleus and, along with other transcription factors, fa-
cilitates the transcription of genes that regulate HF stim-
ulation and eventual hair growth [15, 16].

The impetus for this study was in our prediction that 
micro-wounding by roller stimulation could induce an in-
crease in TNF-α level and hair growth. From this, we 
hypothesized that the TNF-α surge is necessary for hair 
regrowth to occur. Thus, to investigate the therapeutic ef-
fects and mechanistic insight into MN therapy, we utilized 

a mouse model in which microinjury was induced in the 
back skin of mice by roller stimulation. After confirming 
increase in TNF-α production, we studied the effects of 
TNF-α surge and the mechanism of hair regrowth during 
the healing process following micro-wound induction.

Materials and Methods

Animal Experiment
The animal experiments were reviewed and approved by the 

Institutional Animal Care and Use Committee (IACUC) of Chung-
Ang University (ID:201800026). The animals were 6-week-old 
male C57BL/6N mice purchased from Daehan Biolink, Inc. (Chung - 
buk, Korea), and maintained under controlled conditions (tem-
perature, 23°C ± 3°C; relative humidity, 50% ± 10%; and a 12-h 
light/dark cycle) with ad libitum access to food and water. After a 
7-day acclimatization period, experiments were performed during 
the following 3 weeks. All animal care and experimental proce-
dures were performed in accordance with the Guide for the Care 
and Use of Laboratory Animals (8th edition, the National Acade-
mies Press, Washington, DC, USA).

The animals were divided into six groups of five mice each with 
3 groups receiving and 3 not receiving the TNF-α blocker treat-
ment. The 3 not receiving the treatment were designated as nega-
tive control (NC) group, positive plucking control (PK) group, and 
MN therapy system (MTS) group. The other 3 that were adminis-
tered the TNF-α blocker for 3 weeks were designated as NC + 
TNF-α blocker (NCB) group, positive plucking control blocker + 
TNF-α blocker (PKB) group, and MTS + TNF-α blocker (MTSB) 
group (Fig. 1). Prior to the experiment, we used wax strips to re-
move the hair from the back skin of all mice at the same time to 
synchronize the HF cycle to the same refractory telogen phase.

At the end of each time period, mice were euthanized using CO2 
on experimental days 0, 3, 6, 9, 12, and 21, and samples of the back 
skin were collected. The collected samples were either stored at 
−80°C for RNA and protein extraction or fixed in 10% formalin 
(Sigma-Aldrich, Louis, USA).

MN Stimulation
The MN roller is made of hundreds of tiny needles which are 

mounted on the roller head to cause microinjury to the skin. The disk 
MN rollers were supplied by CNK BEAUTY Co. Ltd. (Seoul, Korea). 
MN stimulation was performed by applying identical strength in the 
same direction in the middle of the back skin of all mice by the same 
operator [18]. One cycle was defined as rolling the MN from the 
caudal to cranial skin and back to the caudal skin. After stimulation, 
the skin displayed mild erythema, but without swelling or bleeding. 
In accordance with the previous finding [17], we performed 10 cycles 
of rolling with a 0.5-mm MN every day for 3 weeks.

Plucking Treatment
For the PK group, we drew three 5-mm diameter circles (19.6 

mm2) on the back of each mouse by using a marker pen and plucked 
approximately 200 hairs evenly from the marked areas under a mi-
croscope at a density of 10 hairs/mm2 under anesthesia [11]. With 
this level of injury, HF cells display TNF-α immunoreactivity and 
undergo regeneration through quorum-sensing signaling [11].
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TNF-α Blocking Treatment
The NCB, MTSB, and PKB groups received the identical treat-

ment as described above, except that a TNF-α blocker was admin-
istered. The TNF-α blocker treatment used was from an earlier 
publication [18]. Briefly, mice were administered intraperitoneal 
injections of 10 mg/kg anti-TNF-α antibody (Bio X Cell, Lebanon, 
USA) every two days until the end of the experiment.

Visible Comparison of Hair Growth and Skin Tissue Sampling
The day the treatment was administered the first time was de-

fined as day 1. Thereafter, the mice were monitored daily, and the 
measurements related to hair growth were made on days 1, 7, 10, 
and 14.

Real-Time PCR
To determine the extent of TNF-α signaling involved in hair 

growth, the relative mRNA expression of four molecules (TNF-α, 
Wnt3, Wnt10a, and Wnt10b) was quantified. Total RNA was ex-
tracted by using RNeasy Fibrous Tissue Mini Kit (Qiagen, Dus-
seldorf, Germany) in accordance with the manufacturer’s in-
structions. cDNA was synthesized from 1 μg of total RNA by 
using RevertAid First Strand cDNA Synthesis Kit (Thermo Fish-
er Scientific Inc, Waltham, USA). PCR was performed using a 
Piko RealTM 96 real-time PCR system (Thermo Fisher Scientific 
Inc, Waltham, USA) using Maxima SYBR Green/ROX qPCR 
Master Mix and the following reaction parameter: pre-denatur-
ation at 95°C for 10 min, followed by 40 cycles of 95°C for 15 s, 

Fig. 1. A schematic describing the study design. NC, negative control; MTS, microneedle therapy system; PK, 
plucking; NCB, negative control blocker; MTSB, microneedle therapy system blocker; PKB, plucking blocker.
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60°C for 30 s, and 72°C for 30 s. The primer sets were purchased 
from Bioneer (Daejeon, Korea). The primer sequences for each 
gene, including GAPDH used as the housekeeping gene, are 
shown in online supplementary Table 1 (for all online suppl. ma-
terial, see www.karger.com/doi/10.1159/000528403).

Western Blotting
Protein was extracted from the mouse back skin by incubation 

in RIPA buffer and protease inhibitor (Thermo Fisher Scientific 
Inc, Waltham, USA) and quantified using a bicinchoninic acid as-
say. 30 μg of protein was run on 10% sodium dodecyl sulfate-poly-
acrylamide gel electrophoresis and transferred to polyvinylidene 
fluoride membranes (Millipore, Billerica, USA). Nonspecific bind-
ing to the membrane was blocked for 1 h at room temperature us-
ing 5% BSA solution in Tris-buffered saline Tween-20 (20-mm 
Tris, pH 7.6; 136-mm NaCl; 0.1% Tween-20). The primary anti-
bodies to TNF-α (Cell Signaling Technology, Danvers, USA) and 
VEGF (Santa Cruz Biotechnology Inc, Dallas, USA) were diluted 
at 1:1,000, incubated overnight at 4°C, and then incubated with 
HRP-conjugated goat anti-rabbit IgG (Santa Cruz Biotechnology 
Inc, Dallas, USA) at a dilution of 1:1,000 for 1 h at RT. Subsequent-
ly, protein expression was measured by using enhanced chemilu-
minescence system (Thermo Fisher Scientific Inc, Waltham, USA).

Histological Assessment of Back Skin and Visual Inspection of 
Hair Growth
H&E staining on the back skin samples was performed using the 

routine Mayer method [19]. After formalin fixation, samples were 
processed using an ascending series of graded ethanol and cleared in 
xylene (Sigma-Aldrich, Louis, USA). Subsequently, each tissue piece 
was resected, placed in a cassette to be incubated with paraffin for 24 
h in Tissue-Tek® Auto TEC® automated embedder (Sakura, San 
Francisco, USA), and then mounted into a paraffin block. Using a 
microtome (Leica, Wetzlar, Germany), 4-μm-thick sections were cut 
from each paraffin-embedded tissue and affixed to a glass slide. Each 
slide was stained with H&E (Sigma-Aldrich, Louis, USA) with a slide 
stainer (Shandon Linistain GLX, Shandon Inc., Pittsburgh, USA). 
The shape of the follicles from each stained section was viewed by an 

experienced veterinary pathologist using a light microscope (Leica, 
Wetzlar, Germany) at ×100 magnification, and the skin thickness 
and follicle depth were measured using the scale bar of the micro-
scope program. The hair growth-related characteristics on the treat-
ed skin were measured on days 1, 7, 10, and 14 using photographs 
taken with a Canon EOS 600D camera (Canon Corp, Tokyo, Japan).

Statistics
The data were analyzed by using SPSS Statistics ver 23.0 (SPSS 

Inc., Chicago, USA). For between-group statistical analyses, a one-
way ANOVA and Duncan’s multiple range test were performed. A 
between-group difference was considered statistically significant if 
the p value <0.05. Student’s t test was also used to analyze the data 
with statistical significance defined as *p < 0.05, **p < 0.01, and ***p 
< 0.001. All experiments were repeated three times to assess repro-
ducibility. All data are expressed as the mean ± standard deviation.

Results

TNF-α mRNA Expression in Mouse Back Skin by 
Treatment Type
We measured the changes in TNF-α mRNA expres-

sion in the back skin based on the type of injury (Fig. 2). 
In the NC group, TNF-α expression decreased on day 3 
relative to day 0 (p < 0.05) and was not significantly 
changed on days 6, 9, and 12, remaining at levels similar 
to day 0. In the MTS group, a significant TNF-α surge oc-
curred on day 6 compared with day 0, with levels return-
ing to baseline values on days 9 and 12. In the PK group, 
there was an initial TNF-α surge on day 3, which returned 
to the basal level on day 6 and then surged again on days 
9 and 12 (Fig. 2). In contrast, none of the groups treated 
with TNF-α blocker showed a TNF-α surge, and there was 
a tendency for decreased TNF-α levels (data not shown).

Fig. 2. TNF-α mRNA expression in the mouse dorsal skin following different treatments. All experiments were 
performed in triplicate. Values are mean ± standard deviation, and values with different superscript letters differ 
significantly at p < 0.05 by Duncan’s multiple range test. NC, negative control; MTS, microneedle therapy system; 
PK, plucking.



Tumor Necrosis Factor-α Stimulates Hair 
Regeneration

31Skin Pharmacol Physiol 2023;36:27–37
DOI: 10.1159/000528403

Quantitative analysis of TNF-α expression revealed a 
clear surge, with a 2.5-fold increase from day 0–6 in the MTS 
group and 2.5-fold increase from day 0–3 in the PK group. 
These results show that the injury-induced TNF-α surge oc-
curred at similar levels after HF injury regardless of whether 
the injury was caused by plucking or MN, suggesting that 
TNF-α surge can occur with relatively minor injury.

TNF-α Blockade Efficacy
To assess the inhibitory effect of the TNF-α antibody 

treatment on TNF-α surge, we measured the TNF-α 
protein expression in the mouse back skin at the time of 
TNF-α surge. Treatment with the TNF-α blocker led to a 
substantial decrease in the TNF-α protein as shown in the 
Western blots of the MTSB6 and PKB3 groups compared 

a b

Fig. 3. Protein expression of TNF-α at the time of TNF-α surge. a TNF-α protein expression in PK and PKB group 
on day 3. b TNF-α protein expression in MTS and MTSB group on day 6. All experiments were performed in 
triplicate. Each data bar represents mean ± standard deviation. *** indicates statistical difference with p < 0.001 
by Student’s t test. MTS, microneedle therapy system; MTSB, microneedle therapy system blocker; PK, plucking; 
PKB, plucking blocker.

Fig. 4. Pattern of hair growth in mouse dorsal skin over the 3-week experimental period following various treat-
ments. NC, negative control; NCB, negative control blocker; MTS, microneedle therapy system; MTSB, mi-
croneedle therapy system blocker; PK, plucking; PKB, plucking blocker.
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to their counterpart with no blocker treatment (Fig. 3). 
The TNF-α protein expression was decreased by 65% in 
the MTSB group compared with MTS group on day 6, 
and by 54% in the PKB group compared with PK group 
on day 3 (Fig. 3). These results confirmed that the anti-
body treatment was successful in inhibiting TNF-α pro-
tein levels in the skin.

Assessment of Hair Growth Pattern
The pattern of mouse hair growth, as determined by vi-

sual inspection over the 3-week experimental period, is 
shown in Figure 4. From day 7, the skin color of mice in the 
NC and MTS group changed from apricot to dark gray, 
whereas in the PK group, the color of the injured site was 
observed to be light gray until day 7. On day 10, mice in the 

a

b

Fig. 5. Wnt mRNA expression at the time 
of TNF-α surge. a Wnt3, Wnt10a, and 
Wnt10b mRNA expression on day 3. b 
Wnt3, Wnt10a, and Wnt10b mRNA ex-
pression on day 6. All experiments were 
performed in triplicate. Values are mean ± 
standard deviation, and values with differ-
ent superscript letters differ significantly at 
p < 0.05 by Duncan’s multiple range test. 
NC, negative control; MTS, microneedle 
therapy system; PK, plucking.

a b

Fig. 6. Protein expression of VEGF at the time of TNF-α surge. a VEGF protein expression following different treat-
ments on day 3. b VEGF protein expression following different treatments on day 6. All experiments were performed 
in triplicate. Values are mean ± standard deviation, and values with different superscript letters differ significant-
ly at p < 0.05 by Duncan’s multiple range test. NC, negative control; MTS, microneedle therapy system; PK, plucking.
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Fig. 7. Histologic characteristics of hair follicles representing different treatments of dorsal tissues on day 21. In 
the MTS group, an enlarged lumen was observed in the growing hair follicle (*), whereas in the PK group the cell 
layer surrounding HF was greatly amplified (▲). NC, negative control; NCB, negative control blocker; MTS, mi-
croneedle therapy system; MTSB, microneedle therapy system blocker; PK, plucking; PKB, plucking blocker.

a b

Fig. 8. Hair follicle length and epidermal thickness as a result of 
different dorsal tissue treatments on day 21. Comparison of hair 
follicle length is shown in a, whereas comparison of epidermal 
thickness is shown in b. All experiments were performed in tripli-
cate. Each data bar represents mean ± standard deviation. *, **, and 

*** indicate statistical difference with p < 0.05, p < 0.01, and p < 
0.001 by Student’s t test, respectively. NS means not significant. 
NC, negative control; NCB, negative control blocker; MTS, mi-
croneedle therapy system; MTSB, microneedle therapy system 
blocker; PK, plucking; PKB, plucking blocker.
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NC and MTS group, but not the PK group, showed gradual 
hair regeneration which reached ≥90% by day 14. In the PK 
group, plucking within a 0.5-cm-diameter area resulted in 
rapid hair growth from day 10–14. In contrast, in all 3 
TNF-α blocker groups (NCB, MTSB, and PKB) there was 
markedly slower hair growth from day 10 relative to the 
normal groups (NC, MTS, PK). On day 14, the MTSB mice 
showed patches of gray in the back skin, whereas MTS mice 
showed nearly full coverage. Similarly, in the PKB group the 
color remained gray in the 0.5-cm-diameter plucked areas 
as compared to fully black color shown in the patches of 
mice in the PK group. These results suggest that hair regen-
eration was delayed in the groups treated with a TNF-α 
blocker relative to the normal groups, confirming that the 
TNF-α surge is a prerequisite for a full hair regrowth.

Wnt Expression during TNF-α Surge
Because we observed TNF-α surge on day 6 in the MTS 

group and on day 3 in the PK group, we measured Wnt 
mRNA expression in the mouse back skin on days 3 and 

6 for each experimental group (Fig. 5). Relative to the NC 
group, Wnt3 expression on day 3 was increased by 1.7-
fold in the MTS group and by 3.2-fold in the PK group. 
Wnt10a expression was increased 3.0-fold in the MTS 
group and 5.5-fold in the PK group, whereas Wnt10b ex-
pression was increased 8.0-fold in the MTS group and 
28.4-fold in the PK group (Fig. 5a). In addition, on day 6 
relative to the NC group, Wnt3 expression was increased 
5.1-fold in the MTS group and 9.5-fold in the PK group 
whereas Wnt10a expression was increased 26.4-fold in 
the MTS group and 6.9-fold in the PK group and Wnt10b 
expression was raised 14.1-fold in the MTS group and no 
change in the PK group (Fig. 5b).

VEGF Protein Expression at the Time of the TNF-α 
Surge
Although MTS and PK treatments result in varying 

types and severity of injury, both types of injuries are 
healed through the classic wound-healing process [17, 
20]. In this process, VEGF serves as a critical factor in 

Fig. 9. Cartoon depicting the events that follow microneedle therapy injury to hair follicle. Injury to the back skin 
leads to TNF-α surge which in turn activates the Wnt signaling pathway that involves LRP5/6 and frizzled pro-
teins eventually resulting in B-catenin activation that directly enhances hair regeneration. Treatment with TNF-
a blocker reduces the TNF-α surge resulting in reduced hair regeneration.
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promoting angiogenesis and regeneration. To determine if 
VEGF indeed played a role in the post-treatment healing 
of our MTS and PK mice, we measured VEGF protein ex-
pression in the back skin of the two groups of mice at the 
time of TNF-α surge (Fig. 6). On day 3, VEGF protein ex-
pression was significantly higher, relative to the NC group, 
by 2.0-fold in the MTS group and by 6.2-fold in the PK 
group (Fig. 6a). On day 6, the expression level was 2.6-fold 
higher in the MTS group and 2.3-fold higher in the PK 
group compared to the NC group (Fig. 6b). These results 
indicated that VEGF likely plays a role in the wound-heal-
ing process after injury caused by MTS and PK treatments.

Histologic Characteristics of HFs
H&E staining results are presented in Figure 7. In the 

NC group, the majority of HFs in the dermis showed 
normal growth at 21 days post-stripping. In the MTS 
group, the number of HFs observed in the dermis was 
increased compared with the control, whereas the hair 
thickness decreased. Interestingly, in the PK group, parts 
of keratinized epithelium and epidermis grew thicker by 
2–3 layers, relative to NC. In addition, although the 
number of dermal HFs appeared to have decreased, lu-
men of the growing HF was enlarged relative to normal 
tissue, and the surrounding cell layer was greatly ampli-
fied. In comparison, the TNF-α blocker groups showed 
significantly diminished number of HFs compared with 
their control counterparts.

We next measured the HF length and epidermal thick-
ness as shown in Figure 8a, b, respectively. HF length was 
significantly longer in the MTS (750 μm) and PK (740 
μm) groups compared with the NC (565 μm) group (p < 
0.05). Among the groups that received the TNF-α block-
er, the measured lengths were 523 μm, 540 μm, and 455 
μm in the NCB, MTSB, and PKB groups, respectively 
(Fig. 8a). Furthermore, the MTS and PK groups that ex-
hibited TNF-α surge had significantly longer HF length 
than the MTSB and PKB groups.

Epidermal thickness was also significantly greater in 
the MTS and PK group relative to that in the NC group (p 
< 0.05), which was measured to be 1.55 μm in the NC 
group, 2.52 μm in the MTS group, and 4.03 μm in the PK 
group. Within the groups receiving the TNF-α blocker, 
the epidermal thickness was 1.54 μm in the NCB mice, 
2.25 μm in the MTSB mice, and 3.20 μm in the PKB mice, 
demonstrating that the epidermis was thicker in the MTS 
and PK groups compared to the respective TNF-α block-
er groups (Fig. 8b). Moreover, the number of corneocytes 
in the thickened epidermis was greater than in the thinner 
epidermis of the TNF-α blocker groups (Fig. 7).

Discussion

Similar to a previous study in which plucking led to an 
early surge in TNF-α [11], we observed an early surge in 
TNF-α at day 3 with plucking and on day 6 with MN 
stimulation. Although the surge levels were similar, the dif-
ference in timing may be due to plucking inducing more 
severe injury to the HFs than the microneedle method. The 
dependence of wound healing and hair growth on TNF-α 
has been demonstrated by delayed wound healing and in-
hibition of hair growth in TNF-α knockout mice [21]. Us-
ing an anti-TNF-α antibody, we also observed a marked 
inhibition of hair growth in the TNF-α blocker groups, 
which confirms our hypothesis that the TNF-α surge is im-
plicated as a key element in wound-induced hair growth.

We believe that MN stimulation-mediated TNF-α 
surge along with concomitant increase in expression of 
Wnt3, Wnt10a, and Wnt10b, the signaling factors related 
to hair regeneration, led to hair growth in our MTS mice. 
Wnt signal transduction pathway is known to regulate 
hair growth and influence hair shaft structure [16]. In-
creases in Wnt3, Wnt10a, and Wnt10b promote activa-
tion of the Wnt/β-catenin signal transduction pathway, 
the activation of which not only initiates hair morpho-
genesis, but is also a critical modulator of HF regenera-
tion and the growth of the hair shaft [22]. Mechanisti-
cally, Wnt3 and Wnt10a mediate the canonical Wnt 
signaling pathway which induces β-catenin stabilization 
[23], whereas Wnt10b promotes HF proliferation and 
maintains the trichogenesis-promoting ability [24].

VEGF is an important vascular growth factor that fa-
cilitates cell survival and proliferation [25]. In addition, 
it is known to play an integral role in angiogenesis-relat-
ed inflammation and various cancers [26]. In mice with 
MN injury, VEGF is expressed during wound healing 
and causes supercompensation. We suspect that the 
blood vessels of the dermis in the back tissue were af-
fected by MN stimulation to undergo vasodilation, an-
giogenesis, and regeneration, and that such vascular re-
sponses provided an increased nutritional supply to the 
HF to prolong its anagen phase. Minoxidil is an FDA-
approved medication for the treatment of male-pattern 
hair loss, which also increases VEGF expression in  
hDPCs [27]. The present study demonstrated that the 
effects of MN stimulation may occur through a similar 
mechanism to minoxidil and confirm previous findings 
that an increase in VEGF facilitates hair growth [28, 29].

Histologic results showed that on day 21, an increase 
in HF length was observed in the MTS and PK groups 
relative to the TNF-α blocker groups, and that the cell 
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layer surrounding the HF was greatly amplified. HF 
length was determined to be mediated, at least in part, by 
the persistence of the anagen phase which suggests that 
the injury-induced TNF-α surge helps prolong and main-
tain the anagen phase. In mammals, epidermis is seen as 
a complex and dynamic tissue as there is quick cell turn-
over in the interfollicular epidermis and HFs undergo cy-
clic phases. Maintenance of the epidermis depends on a 
population of multipotential stem cells that have the abil-
ity to generate all of the differentiated epidermal lineages 
[30]. In the current study, the epidermis of the mouse 
dorsal skin was markedly thickened in the MTS and PK 
group compared with the NC, NCB, MTSB, and PKB 
groups. This may be due to the expression of epidermal 
growth factor (EGF) in the MTS and PK epidermis as a 
result of injury stemming from MN and PK stimulation. 
It has been reported that EGF in saliva accelerates wound 
healing in skin [31, 32] and that during healing process, 
mesenchymal stem cells are induced to differentiate into 
DPCs and promote HF regeneration [33]. It stands to rea-
son that EGF expression after MN or PK treatment may 
have helped maintain the HF anagen phase. Furthermore, 
several Wnts and their frizzled receptors are expressed in 
the epidermis in a highly dynamic and complex pattern 
[34]. Transgenic mice in which the Wnt pathway is 
blocked in the epidermis have progressive hair loss [35, 
36]. Furthermore, the major effect of transient activation 
of β-catenin in adult epidermis appears to be to promote 
anagen phase of the hair cycle [37].

Conclusion

In conclusion, the TNF-α surge observed in the pres-
ent study caused DPCs present in HFs to promote the 
expression of hair growth factors such as Wnt3, Wnt10a, 
and Wnt10b, and to induce the transition from telogen 
phase to anagen phase while blocking entry to the catagen 
phase. Furthermore, increased VEGF expression allowed 
DPCs access to increased nutritional supply from the cir-
culation to undergo active metabolism. In terms of hair 
growth, our study demonstrates that MN stimulation 
causes microinjuries in the skin which induces a TNF-α 
surge as a part of the wound-healing mechanism and re-
sults in measurable hair growth. The sequence of events 
following MN injury including TNF-α surge and the Wnt 
pathway and VEGF production that eventually led to hair 
regeneration is shown in Figure 9. The figure also dem-
onstrates the inhibition of hair growth following treat-
ment with TNF-α blocker. Although the positive effects 

that we observed seem to offer a potential hair loss treat-
ment, to apply the findings to the treatment of alopecia 
additional experiments must be conducted to include the 
effects of other growth factors known to influence hair 
growth such as hepatocyte growth factor, insulin-like 
growth factor 1, and keratinocyte growth factor during 
wound healing.
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