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Abstract. Although hair loss or alopecia is a common disease, 
its exact mechanisms are not yet well understood. The present 
study investigated the hypothesis that the homeostatic regu-
lation of genes during hair regeneration may participate in 
hair loss, based on the cyclicity of hair growth. A cluster of 
such genes was identified by an expression gene‑array from 
the dorsal skin in a depilated mouse model, and CXCL4 was 
identified as a significantly regulated gene during the hair 
regeneration process. To elucidate the function of CXCL4 
in hair growth, CXCL4 activity was blocked by the admi
nistration of an anti‑CXCL4 monoclonal antibody (mAb). 
Histomorphometric analysis indicated that anti‑CXCL4 mAb 
induced an earlier anagen phase and delayed hair follicle 
regression, in contrast with that in the control group. Moreover, 
CXCL4 mAb upregulated the transcription levels of several 
hair growth‑related genes, including Lef1, Wnt10b, Bmp4 
and Bmp2. In addition, CXCL4 mAb increased the levels of 
the proliferation‑related protein PCNA and Bcl‑2 during the 
anagen phase, while it reduced the expression of pro‑apoptotic 
protein Bax and cleaved caspase‑3 during the catagen phase. 
These findings reveal that CXCL4 plays an important role in 
hair growth, and that blockade of CXCL4 activity promotes 
hair growth.

Introduction

Hair is considered to be an accessory structure of the integu-
mentary system, along with sebaceous glands, sweat glands 
and nails. Hair growth is cyclic, involving a growth (anagen) 
phase, an apoptosis‑mediated regression (catagen) phase and a 
resting (telogen) phase (1,2). Hair loss or alopecia is becoming 
more prevalent worldwide (3). Although hair loss is generally 
not life‑threatening, it has been shown to have a substantial 
negative impact on social interactions and psychological 
well‑being (4). To date, most marketed anti‑hair‑loss products 
are ineffective. Finasteride and minoxidil are the only two 
products approved for hair loss by the US Food and Drug 
Administration. However, their use is limited owing to unpre-
dictable efficacy and undesirable side effects (5). Therefore, 
it is urgently necessary to develop novel pharmacological 
treatments.

Various cytokines and growth factors contribute to the 
regulation of hair morphogenesis and the hair growth cycle. 
Chemokine (C‑X‑C motif) ligand 4 (CXCL4; also known 
as platelet factor‑4) is a member of the CXC chemokine 
family of small (8‑10 kDa) proteins (6). CXCL4 was first 
described by Deutsch et al in 1955 and was demonstrated to 
be a platelet protein with anti‑heparin activity (7). CXCL4 
is a 7.8‑kDa protein comprising 70 amino acids, that is 
synthesized in megakaryocytes, expressed in other cells, and 
stored in α‑granules (8). CXCL4 has been reported to have 
numerous biological effects, including immunization, apop-
tosis, cell differentiation, survival, proliferation and tissue 
repair effects  (9). CXCL4 inhibits the spontaneous apop-
tosis of monocytes and mediates their differentiation into 
a specific subtype of macrophages (9,10). It also promotes 
the survival of hematopoietic stem cells and progenitor 
cells (11). Moreover, CXCL4 has been reported to have an 
antiproliferative effect on endothelial cells and fibroblasts, 
in addition to anti‑angiogenic activity (12‑15). In addition, 
CXCL4 participates in mediation of the cell recruitment 
and activation necessary for inflammation and the repair of 
tissue damage (6). However, to the best of our knowledge, the 
role of CXCL4 in the hair growth cycle has not yet been 
reported.
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Hair shafts are made by the hair follicle, which undergoes 
self‑renewal when hairs are damaged. The present study is 
based on the proposal that homeostatically regulated gene 
expression during the hair cycle is essential for hair growth. In 
order to identify those genes, a genome‑wide gene expression 
array using a depilation‑induced hair growth mouse model 
was performed.

The aim of the present study was to determine whether 
CXCL4 is an important gene in hair regeneration. Previously, 
the present authors identified that CXCL4 induced apoptosis 
of the IEC‑6 intestinal epithelial cell line, and that CXCL4 
monoclonal antibody (mAb) reduced the apoptosis of the crypt 
epithelia in a 5‑fluorouracil‑induced mucositis model  (16). 
Therefore, it was hypothesized that CXCL4 may retard hair 
growth by exerting an anti‑proliferative effect on hair follicle 
cells, whereas CXCL4 mAb may promote hair growth by 
stimulating follicular proliferation and delaying the catagen 
phase. The present study demonstrated that the expression of 
CXCL4 was downregulated following the transition from the 
telogen to the anagen phase, and returned to the normal level 
following the next telogen phase. CXCL4 mAb significantly 
promoted the initiation of the hair follicle transition from 
the telogen to the anagen phase through upregulation of hair 
growth‑related genes in  vivo. These results indicated that 
CXCL4 plays an important role in hair growth.

Materials and methods

Reagents. Antibodies against Bcl‑2 (3498), Bax (2772) and the 
cleaved form of caspase‑3 (9664) were purchased from Cell 
Signaling Technology, Inc. (Danvers, MA, USA). Antibodies 
against proliferating cell nuclear antigen (PCNA) (sc‑25280) 
and β‑actin (sc‑47778) were from Santa Cruz Biotechnology, 
Inc. (Dallas, TX, USA). Rat immunoglobulin G (IgG) was 
purchased from Sigma‑Aldrich (Merck KGaA, Darmstadt, 
Germany). CXCL4 mAb was produced in the laboratory, as 
previously described (16).

Experimental animals. All experiments with mice were 
conducted in accordance with the Guide for the Care and Use of 
Laboratory Animals (National Academies Press, Washington, 
DC, USA, 1996) and were approved by the Animal Research 
Committee of Shanghai Jiaotong University (Shanghai, 
China). Male C57BL/6 mice were purchased from Shanghai 
SLAC Laboratory Animal Co., Ltd. (Shanghai, China). The 
6‑week‑old mice (17‑20 g) were allowed to adapt to their 
new environment for 1 week. Mice were housed in standard 
animal rooms with food and water available ad libitum under 
controlled humidity (50±15%) and temperature (22±2˚C). The 
room was illuminated by fluorescent lights that were on from 
8:00 a.m. to 8:00 p.m.

Microarray analysis. Microarray analysis was conducted 
by Shanghai Biotechnology Corporation (Shanghai, China). 
Total RNA was extracted using TRIzol reagent (Thermo 
Fisher Scientific, Inc., Waltham, MA, USA) from excised 
C57BL/6 mouse back skin, followed by purification, using 
RNeasy Mini kit (Qiagen GmBH, Hilden, Germany) and 
RNase‑Free DNase set (Qiagen GmBH). Total RNA was 
amplified and labeled using a Low Input Quick Amp Labeling 

kit, One‑Color (Agilent Technologies, Inc., Santa Clara, CA, 
USA). Labeled cRNA was hybridized with Mouse Genome 
Microarray 4*44K (Agilent Technologies, Inc.) and washed 
according to the manufacturer's recommendations. Slides were 
scanned using an Agilent Microarray Scanner (G2565CA; 
Agilent Technologies, Inc.). The signals were analyzed using 
Feature Extraction Software 10.7 (Agilent Technologies, 
Inc.), excluding the data from signals that were recognized 
as outlier or equal to background. Raw data were normalized 
by Quantile algorithm, Gene Spring Software 11.0 (Agilent 
Technologies, Inc.).

Experimental analysis using CXCL4 mAb. Twenty C57BL/6 
mice in two randomized groups (n=10) were used for studying 
the activity of CXCL4 mAb. The anagen phase was induced 
by depilation on the dorsal skin of the animals at 7 weeks old. 
This was performed by applying a melted wax/rosin mixture 
to the dorsal skin and peeling off this mixture after hardening, 
as previously described (17). All depilated mouse hair follicles 
were synchronized in the telogen stage. The animals in the 
test group were subcutaneously injected with CXCL4 mAb 
(1 mg/kg body weight) once a week for three consecutive 
weeks, and the control group were subcutaneously injected 
with rat isotype IgG (1 mg/kg body weight) once a week for 
three consecutive weeks. The dorsal skin of the mice was 
observed and photographic images were captured on 0, 7, 10 
and 18 days after depilation. Three mice from each time point 
were sacrificed to obtain skin specimens. Briefly, after being 
euthanized, mice were shaved with mechanical clippers and 
total, fully‑thickness dorsal skin was dissected free. The skin 
was frozen quickly in liquid nitrogen prior to analysis.

Histological preparation. Dorsal skin of the mice was fixed 
with 10% neutral buffered formalin. The tissues were dehy-
drated through an ascending series of graded ethanol, cleared 
in xylene, and embedded in paraffin blocks. Subsequently, 
samples were cut either longitudinally or transversely into 
5‑µm sections. These sections were stained with hematoxylin 
and eosin (H&E), and the histological morphology was exam-
ined using light microscopy.

Hair follicle counting. Digital photomicrographs were taken 
from representative areas of slides at a fixed magnification of 
x40. All images were cropped in a fixed area with a width of 
1,500 µm. The hair follicles in the deep subcutis were counted 
manually, as previously described (5).

Reverse transcription‑quantitative polymerase chain reac‑
tion (RT‑qPCR). Total RNA was extracted from the skin 
using two‑step RNA extraction with TRIzol (Invitrogen; 
Thermo Fisher Scientific, Inc.). Reverse transcription 
(RT) reaction was performed with RNA (2 µg) at 37˚C for 
15 min and 85˚C for 5 sec according to the PrimeScript RT 
reagent kit (Takara Biotechnology Co., Ltd., Dalian, China). 
The product was amplified in a reaction volume of 20 µl 
containing 9.2 µl RT product, 10 µl SYBR Premix Ex Taq II 
(2x) (Takara Biotechnology Co., Ltd.), and 20 pmol of each 
primer. PCRs were performed for 40 cycles at 95˚C for 10 sec, 
60˚C for 30 sec and 72˚C for 30 sec using a 7900HT Fast 
Real Time RT‑PCR System (Applied Biosystems; Thermo 
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Fisher Scientific, Inc.). Three replicates were performed at 
each time point. All data were normalized to β‑actin mRNA 
levels, and the fold change for each mRNA was calculated 
using the 2‑∆∆Cq method (18). The primer sequences used are 
shown in Table I.

Western blot analysis. Skin tissue (100 mg) was homogenized 
in 1 ml radioimmunoprecipitation assay lysis buffer with 
protease and phosphatase inhibitors (Beyotime Institute of 
Biotechnology, Haimen, China). Supernatants were recovered 
after 12,000 x g centrifugation at 4˚C for 10 min, and their 
protein content was determined using a bicinchoninic acid 
assay kit (P001; Beyotime Institute of Biotechnology). Proteins 
(30 µg) were separated using 12% SDS‑PAGE gels, and trans-
ferred to a polyvinylidene difluoride membrane. Membranes 
were blocked in 5% non‑fat dry milk for 2 h at room tempera-
ture and incubated with anti‑PCNA (1:1,000 dilution, sc‑25280, 
Santa Cruz Biotechnology, Inc.), anti‑cleaved caspase‑3 
(1:1,000 dilution, 9664, Cell Signaling Technology, Inc.), 
anti‑Bcl2 (1:1,000 dilution, 3498, Cell Signaling Technology, 
Inc.), anti‑Bax (1:1,000 dilution, 2772, Cell Signaling 
Technology, Inc.), and anti‑β‑actin (1:1,000 dilution, sc‑47778, 
Santa Cruz Biotechnology, Inc.) primary antibodies overnight 
at 4˚C and then with the corresponding HRP‑conjugated 
secondary antibodies (1:5,000, 7044 and 7066, Cell Signaling 
Technology, Inc.) for 2 h at room temperature. The membranes 
were washed and visualized using enhanced chemilumines-
cence reagents (Thermo Fisher Scientific, Inc.) and analyzed 
using a gel imaging system (Tanon 3500; Tanon Science and 
Technology Co., Ltd., Shanghai, China). β‑actin was employed 

as a loading control. Three replicates were performed for each 
treatment.

Statistical analysis. All data are presented as the mean ± stan-
dard deviation from three independent experiments. All 
statistical analysis was performed using SPSS 18.0 (SPSS, Inc., 
Chicago, IL, USA). Differences between experimental groups 
were evaluated by Student's t‑test. P<0.05 was considered to 
indicate a statistically significant difference.

Results

Expression of CXCL4 during the induced mouse hair cycle. 
In the mouse model used in the present study, a new cycle 
of hair growth was induced by depilation, as previously 
described (17). The anagen phase was fully synchronized over 
the entire area of depilation. At 0 and 26 days, typical telogen 
morphology, including the entire hair follicle residing in the 
dermis and lacking melanin, was observed in the hair matrix 
above the dermal papilla. At 7 and 14 days, enlarged dermal 
papillae were observed. In addition, elongated hair shafts 
emerged (Fig. 1A). Gene expression of the total dorsal skin 
taken from mice at several time points following depilation 
(7, 14 and 26 days) was analyzed by DNA microarray hybri
dization and compared with skin samples taken at the telogen 
phase (0 days). The expression of CXCL4 was identified to be 
decreased during the anagen phase (0‑14 days) and returned to 
the normal level during the telogen phase (26 days; Fig. 1B). 
The homeostatic regulation of CXCL4 shown in the expression 
array was confirmed by RT‑qPCR (Fig. 1C). The expression 

Table I. Sequences of forward and reverse primers for reverse transcription‑quantitative polymerase chain reaction.

Genes	 Primer	 Sequences (5'‑3')	 Product size (bp)	 GenBank accession no.

β‑catenin	 Forward	 GTCAGCTCGTGTCCTGTGAA	 148	 NM_007614.3
	 Reverse	 GTGCGCTGAGCTTCAGGT
Ccnd2 	 Forward	 CTGAGTCTGGTTGGTGCTGA	 239	 NM_009829.3
	 Reverse	 ACACCCGAGACCACAGAAAC
Lef1	 Forward	 GCCACCGATGAGATGATCCC	 107	 NM_010703
	 Reverse	 TTGATGTCGGCTAAGTCGCC
Wnt10b	 Forward	 TCTTGGATTCCAGGGAGGCT	 120	 NM_011718.2
	 Reverse	 ACGTTCCATGGCATTTGCAC
Wnt5a	 Forward	 GCTTCGCTTGAATTCCTCGG	 143	 NM_009524.3
	 Reverse	 ACTTGGAAGACATGGCACCT
Bmp4	 Forward	 TGAGCCTTTCCAGCAAGTTT	 180	 NM_007554.2
	 Reverse	 CTTCCCGGTCTCAGGTATCA
Bmp2	 Forward	 TGGAAGTGGCCCATTTAGAG	 166	 NM_007553.3
	 Reverse	 TGACGCTTTTCTCGTTTGTG
Gli1	 Forward	 CCAAGCCAACTTTATGTCAGGG	 130	 NM_010296
	 Reverse	 AGCCCGCTTCTTTGTTAATTTGA
Vcan	 Forward	 TTTTACCCGAGTTACCAGACTCA	 106	 NM_001081249
	 Reverse	 GGAGTAGTTGTTACATCCGTTGC
β‑actin	 Forward	 AGCCTTCCTTCTTGGGTATG	 103	 NM_007393
	 Reverse	 GTGTTGGCATAGAGGTCTTTAC

Ccnd2, cyclin D2; Lef1, lymphoid enhancer binding factor 1; Bmp, bone morphogenetic protein; Gli1, GLI‑Kruppel family member GLI1; 
Vcan, versican.
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pattern of CXCL4 in the hair cycle suggests its participation in 
hair growth following depilation.

CXCL4 mAb promotes hair regeneration. The homeostatic 
regulation of CXCL4 in the skin strongly suggests its role 
in hair growth. A strategy of using a neutralizing mAb to 
block CXCL4 was used to evaluate the role of CXCL4 in 
hair growth. Adult C57BL/6 mice are useful for testing hair 
growth‑promoting reagents, as their truncal pigmentation 
is dependent on their follicle melanocytes, which produce 
pigment only during anagen (19). It has been reported that the 
skin color of mice is pink in the telogen phase, and gradually 
becomes grey and black along with anagen initiation (20). 
Thus, black pigmentation is taken as evidence of the transition 
of hair follicles from the telogen to the anagen phase.

To evaluate the hair growth activity of CXCL4 mAb, the 
depilated mice were treated with CXCL4 mAb once a week, 
for 3 weeks. Each day, the degree of hair growth was evaluated 
by observing the skin color. Darker skin was observed in the 
CXCL4 mAb‑treated group at 7 and 10 days, compared with 
that of the control mice treated with isotype IgG (Fig. 2). These 
results indicate that CXCL4 mAb significantly stimulated hair 
growth.

Effects of CXCL4 mAb on the development and structure 
of mouse hair follicles. An increase in the number of hair 
follicles has been considered as an indicator of the transition 
of hair growth from the telogen to the anagen phase. The 
anagen phase is associated with an increase in the number of 
hair follicles that lie in the deep subcutis compared with that 
of the telogen phase, in which hair follicles lie in the dermis 
only (20). The effect of CXCL4 mAb on hair follicle density 
was further assessed via histological analysis of mouse skin 
samples following staining with H&E (Fig. 3A‑F). CXCL4 
mAb significantly increased the number of hair follicles 
in mice, compared with that in the control group at 10 and 
18 days (P<0.05; Fig. 3G).

In accordance with the classification of hair cycle stages 
in mice (1), hair follicles at 18 days following depilation are 
in the catagen phase. Longitudinal sections of dorsal skins are 
shown in Fig. 3H‑K. It was observed that regression of the hair 
follicles pulled the dermal papillae upward into the dermis 
in the control group (Fig. 3I). By contrast, almost all of the 
hair follicles in the CXCL4 mAb‑treated group continued to 
reside in the subcutis (Fig. 3K). These observations indicate 
that blockade of CXCL4 induced an earlier anagen phase and 
prolonged the mature anagen phase, compared with that in the 
control group.

CXCL4 mAb upregulates Wnt‑ and bone morphogenetic 
protein (Bmp)‑dependent signaling. Previous studies demon-
strated that transient activation of Wnt‑dependent β‑catenin 
signaling in cutaneous keratinocytes is sufficient to trigger 
the active growth phase of the hair cycle in mice (21,22). 
Therefore, total RNA was isolated from C57BL/6 skin 
samples at 10 days after depilation and expression levels 
of Wnt pathway genes were examined using RT‑qPCR. 
Increased mRNA levels of β‑catenin (2.0‑fold), cyclin D2 
(Ccnd2; 1.4‑fold), lymphoid enhancer binding factor 1 (Lef1; 
2.8‑fold), Wnt10b (2.3‑fold) and Wnt5a (1.5‑fold) were 

observed in the mice treated with CXCL4 mAb compared 
with the control mice (Fig. 4A).

Previous studies have revealed that the Bmp pathway may 
provide a molecular target for anagen induction and hair growth 
in mice and humans (23), and that Wnt1a‑conditioned medium 
upregulates hair‑induction related genes (24). Similar to the 
aforementioned RT‑qPCR experiments, increased mRNA 
levels of Bmp4 (2.2‑fold), Bmp2 (2.7‑fold), GLI‑Kruppel 
family member GLI1 (Gli1; 2.5‑fold) and versican (Vcan; 
1.2‑fold) were found in the mice treated with CXCL4 mAb in 
comparison with the control mice (Fig. 4B).

Effects of CXCL4 mAb on proliferation‑ and apoptosis‑asso‑
ciated proteins. Whole‑tissue lysates of dorsal skin tissues 
were utilized to investigate the effects of CXCL4 mAb on 
proliferation‑ and apoptosis‑associated factors in hair growth 
and regression. At 10 days, CXCL4 mAb was observed to 
significantly increase Bcl‑2 (1.5‑fold) and PCNA (1.8‑fold) 
expression during the anagen phase, compared with that in the 
control group (Fig. 5A and B). In addition, at 18 days, CXCL4 
mAb treatment significantly reduced the protein expression of 
two apoptosis‑associated factors, Bax (1.6‑fold) and cleaved 
caspase‑3 (1.9‑fold), compared with that in the control group, 
indicating that CXCL4 mAb prevented hair follicles from 
undergoing apoptosis (Fig. 5C and D). These results indicate 
that CXCL4 mAb promoted hair regrowth and delayed hair 
regression.

Discussion

In the present study, a novel role for CXCL4 mAb in the 
promotion of hair growth in mice following depilation was 
uncovered. To the best of our knowledge, the present study 
is the first to report an association between CXCL4 and hair 
growth. It demonstrated that dorsal skin expressed low basal 
level of CXCL4 mRNA during the anagen phase of hair 
growth, and the expression level returned to normal following 
the next telogen phase. Furthermore, the present study demon-
strated that CXCL4 was involved in the control of hair growth, 
and that neutralization of CXCL4 using a mAb significantly 
promoted hair growth in a depilated mouse model.

Previous studies have shown that CXCL4 inhibits 
endothelial cell proliferation and interferes with the cell 
cycle (12,25). It has been reported that CXCL4‑stimulated 
human monocytes induce the apoptosis of endothelial cells 
via the release of oxygen radicals (26). This is consistent with 
our previous study, in which recombinant human CXCL4 was 
observed to induce the apoptosis of intestinal epithelial cells, 
CXCL4 mAb was demonstrated to protect mouse intestine 
from chemotoxicity (16). To the best of our knowledge, there 
are no previous reports concerning the effect of CXCL4 or 
anti‑CXCL4 antibody on hair growth. In the present study, 
it was identified that the expression of CXCL4 was down-
regulated during the anagen phase and returned to the basal 
level at the telogen phase. The effect of CXCL4 mAb on 
hair growth was also investigated in the present study. The 
results suggest that CXCL4 mAb induces hair growth by 
promoting telogen to anagen transition of hair follicles, and 
suppresses apoptosis of hair follicles during the catagen phase 
in mice.
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Hair cycling between the telogen and anagen phases is 
precisely regulated by dermal papilla (DP) cells. The Wnt 
pathway is an important signaling pathway that activates 
the hair induction ability of DP cells  (27). β‑catenin and 
Wnt5a expression are moderate in the early anagen phase, 
high in the middle anagen phase, and weak in the catagen 
and telogen phases  (21,28). Adenovirus‑mediated ectopic 
expression of Wnt10b was able to activate precocious anagen 
entry in a previous mouse model (29). Lef1 is an essential 
regulatory protein in the Wnt‑signaling pathway that controls 
cell growth and differentiation (30). In the stem cell niche, 
Wnt signaling and β‑catenin stabilization are considered to 
activate the Lef1/T‑cell factor complex, which binds to its 
target genes and promotes stem cell activation and prolifera-
tion; these constitute critical steps required to support hair 
growth (31). Moreover, the Bmp signal transduction pathway 
also plays an important role in anagen induction  (23). In 
the present study, elevated mRNA levels of Wnt‑β‑catenin 
signaling molecules were detected, including β‑catenin, 
Ccnd2, Lef1, Wnt10b and Wnt5a at 10 days after depilation 
in mice (Fig. 4A). Furthermore, increased levels of Bmp4, 
Bmp2, Gli1 and Vcan were also found in mice treated with 
CXCL4 mAb (Fig. 4B). These findings are consistent with 
previous studies in which the expression levels of hair induc-
tion‑related genes were upregulated in hair regrowth (24,32). 
The data demonstrate that CXCL4 mAb activates the 
Wnt/β‑catenin‑ and Bmp‑signaling pathways to mediate hair 
regeneration.

CXCL4 has been demonstrated to induce apoptosis of 
epithelia through activation of extrinsic and intrinsic death 
pathways (16,26), which is regulated primarily by Bcl‑2 family 
proteins. The Bcl‑2 family of proteins are either anti‑apoptotic 

or pro‑apoptotic in nature, notably the anti‑apoptotic Bcl‑2 
and pro‑apoptotic Bax proteins. Bcl‑2 is considered to protect 
cells from apoptosis, while Bcl‑2 activity is determined by 
interaction with Bax (33). The present study demonstrated that 
CXCL4 mAb increased the expression of the anti‑apoptotic 
Bcl‑2, whereas there was no significant change in the expres-
sion level of Bax in the skin at 10 days after depilation, at the 
anagen phase of hair follicles. Notably, the level of PCNA 

Figure 2. Anti‑CXCL4 mAb promotes hair regeneration. Telogen‑matched, 
7‑week‑old C57BL/6 mice were depilated and subcutaneously injected with 
CXCL4 mAb (n=10) or IgG as the control (n=10) once weekly for 3 weeks. 
Photographic images were captured at 0, 7, 10 and 18 days. Darker skin was 
observed in the CXCL4 mAb‑treated mice compared with the control mice 
treated with isotype IgG. Control mice at (A) 0 days, (B) 7 days, (C) 10 days 
and (D) 18 days, and mice treated with CXCL4 antibody at (E) 0 days, 
(F) 7 days (G) 10 days and (H) 18 days. CXCL4, chemokine (C‑X‑C motif) 
ligand 4; mAb, monoclonal antibody; IgG, immunoglobulin G.

Figure 1. Expression profile of CXCL4 at different phases of the hair growth cycle. The anagen was induced in the dorsal skin of C57BL/6 mice by depilation. 
(A) Changes in hair follicle morphology at 7, 14 and 26 days after depilation; 0 days indicates hair in the telogen phase, prior to depilation (n=3). Scale bar, 
100 µm. (B) Expression level of CXCL4 mRNA at different phases of the hair growth cycle as detected by microarray (n=3). (C) Expression level of CXCL4 
mRNA at different phases of the hair growth cycle as determined by reverse transcription‑quantitative polymerase chain reaction (n=3). CXCL4, chemokine 
(C‑X‑C motif) ligand 4.
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expression was clearly increased (Fig. 5). These results indi-
cate that CXCL4 mAb promotes telogen to anagen transition 
by the stimulation of proliferation and suppression of apoptosis 
of hair follicular cells.

During hair follicle growth and hair production, factors 
promoting proliferation, differentiation and survival predomi-
nate in activity. However, hair follicle regression in the catagen 
phase is characterized by the activation of a number of signaling 
pathways that induce the apoptosis of hair follicle cells (34). 
In addition, in the process of hair follicle regression, caspase 

activation is required to induce apoptosis  (35). Caspase‑3 
is a key executor of the apoptosis signal (36). In the present 
study, during the catagen phase (at 18 days after depilation), 
it was demonstrated that pro‑apoptotic Bax expression was 
decreased, the expression of Bcl‑2 was unchanged, and the 
expression of cleaved caspase‑3 was significantly decreased 
in the skin treated with CXCL4 mAb (Fig. 5). During the 
catagen phase, the dermal papilla transforms into a cluster of 
quiescent cells near to the regressing hair follicle epithelium, 
which moves from the subcutis to the border of the dermis and 

Figure 3. Hair follicles in the telogen‑matched C57BL/6 mice treated with CXCL4 mAb. The effect of CXCL4 mAb on the hair follicles was analyzed using 
hematoxylin and eosin staining. (A‑F) Transverse sections of the dorsal skin at 0, 10 and 18 days were stained, and representative photomicrographs of 
skin sections are shown. Scale bar, 100 µm. Control mice at (A) 0 days, (B) 10 days and (C) 18 days, and mice treated with CXCL4 antibody at (D) 0 days, 
(E) 10 days and (F) 18 days. (G) The number of hair follicles in the deep subcutis in five fields per mouse was determined under a microscope (magnification, 
x40). Values are the mean ± standard deviation (n=5 mice per group); *P<0.05 and ***P<0.001 as indicated. (H‑K) Longitudinal sections of the dorsal skin were 
stained, and the images shown are representative of 5 mice. Scale bar, 100 µm. Control group at (H) 10 days and (I) 18 days and mice treated with CXCL4 
mAb at (J) 10 days and (K) 18 days after depilation. CXCL4, chemokine (C‑X‑C motif) ligand 4; mAb, monoclonal antibody.
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subcutis (35). In the present study, suppression of hair follicle 
apoptosis prevented the dermal papilla from being pulled 
upwards from the subcutis to the dermis in the catagen phase 
of hair follicles in the mice treated with CXCL4 mAb (Fig. 3). 
Thus, CXCL4 mAb attenuated the apoptosis of hair follicle 
cells in the catagen phase and delayed hair follicle regression.

In conclusion, blockade of CXCL4 using CXCL4 mAb 
accelerated hair growth through promotion of telogen to 
anagen transition, and delayed the regression of hair follicles 
in the catagen phase. In‑depth studies are necessary to further 
elucidate the molecular mechanisms through which CXCL4 
mAb imparts its hair growth activity.

Figure 4. Wnt‑ and Bmp‑signaling pathways are upregulated in the dorsal skin of mice at 10 days after CXCL4 mAb treatment. Relative mRNA expression 
levels of Wnt‑ (A) and Bmp‑ (B) signaling pathway genes were measured by reverse transcription‑quantitative polymerase chain reaction with specific primers, 
with β‑actin mRNA as the internal control. Data represent the mean ± standard deviation for three independent experiments. n=3; *P<0.05 vs. the control group. 
CXCL4, chemokine (C‑X‑C motif) ligand 4; mAb, monoclonal antibody; Bmp, bone morphogenetic protein; Ccnd2, cyclin D2; Lef1, lymphoid enhancer 
binding factor 1; Gli1, GLI‑Kruppel family member GLI1; Vcan, versican.

Figure 5. Effect of CXCL4 mAb on the expression of proliferation‑ and apoptosis‑associated proteins. Depilated mice were treated with CXCL4 mAb or immu-
noglobulin G (control) once a week. Whole‑tissue lysates of dorsal skin tissues at 10 and 18 days were subjected to western blot analysis. (A) Representative 
western blots and (B) quantification on day 10 and (C) representative western blots and (D) quantification on day 18. β‑actin was used as the loading control. 
Data represent the mean ± standard deviation (n=3). *P<0.05 and **P<0.01 as indicated. CXCL4, chemokine (C‑X‑C motif) ligand 4; mAb, monoclonal 
antibody; PCNA, proliferating cell nuclear antigen.
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