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Abstract. According to the growth state of hair follicles, the 
hair cycle is divided into the anagen, catagen and telogen 
phases. A number of biological factors have been shown to 
synchronize with the hair cycle. As an important component 
of the hair follicle, the extracellular matrix is regulated by 
matrix metalloproteinases (MMPs) and their inhibitors (tissue 
inhibitor of matrix metalloproteinases; TIMPs). It has been 
reported that MMP‑2, MMP‑9 and TIMP‑1 are associated 
with the hair cycle; however, their expression levels during 
the hair cycle have not been fully elucidated. Reverse tran-
scription‑polymerase chain reaction and ELISA analysis in the 
present study demonstrated that, during the hair cycle in mice, 
mRNA and protein expression levels of MMP‑2 and MMP‑9 
were elevated in the anagen phase, and decreased during the 
catagen and telogen phases. Furthermore, SDS‑PAGE gelatin 
zymography demonstrated that their activities fluctuated in 
the hair cycle. Additionally, it was observed that the mRNA 
and protein expression levels of TIMP‑1 and TIMP‑2 were 
negatively correlated with MMP‑9 and MMP‑2, respec-
tively. Immunohistochemical examination demonstrated that 
MMP‑2 and TIMP‑2 were present in all structures of the hair 
follicle. However, MMP‑9 and TIMP‑1 were locally expressed 
in certain areas of the hair follicle, such as in the sebaceous 
gland at the anagen, catagen and telogen phases, and in the 
inner root sheath at the catagen phase. These results suggested 
that MMP‑2 and MMP‑9 may serve an important role in the 
hair growth cycle.

Introduction

The hair cycle is an intrinsic and cyclic system of regener-
ating tissue (1), which is composed of the anagen (phases of 
rapid growth; 1‑3 weeks), catagen (phases of apoptosis‑driven 
regression; ~2 days) and telogen (phases of relative quiescence; 
~2 weeks) phases (Fig. 1). The growth of hair is considered to 
be a result of the cyclic remodeling of the follicle (2). There are 
numerous biological factors that regulate or synchronize with 
the hair cycle (3), such as hormones, growth factors, enzymes 
and transcriptional factors. Enzymes include ornithine decar-
boxylase, aromatase and nexin 1. The hair cycle is considered 
to be a process of tissue regeneration associated with extracel-
lular matrix (ECM) degradation and remodeling (4).

Matrix metalloproteinases (MMPs) are a family of 
zinc‑dependent endopeptidases that can be produced by a 
number of different types of cells in the skin, including fibro-
blasts, keratinocytes, macrophages, endothelial cells, mast 
cells and eosinophils (5). MMPs consist of at least 19 cloned 
membranes, including the type  IV collagenases (such as 
MMP‑2 and MMP‑9), metalloelastase, interstitial collage-
nase, stromelysins, matrilysins and membrane‑type MMPs. 
In addition, increasing evidence demonstrates that MMPs 
can affect the signaling pathways associated with various 
factors, such as insulin‑like growth factor‑binding protein‑3, 
tumor necrosis factor‑α (TNF‑α), fibroblast growth factor 
receptor 1 and angiogenic factors (6‑10). MMP‑2 and MMP‑9 
are important members of the MMP superfamily, since they 
can degrade gelatin, collagen IV, V, VII and X, fibronectin, 
and elastin (9‑13).

The expression levels of MMP‑2 and MMP‑9 are reported 
to be regulated by numerous factors. For instance, MMP‑2 is 
regulated by transforming growth factor (TGF)‑β, interleukin 
(IL)‑1β and interferon (IFN) in certain fibroblasts (14‑17), and 
Wnt in T cells (18). Similarly, MMP‑9 is induced by several 
regulators, including epidermal growth factor, TGF‑α, TGF‑β, 
IL‑1β and IFN‑α (16,19‑23). The activities of MMP‑2 and 
MMP‑9 are specifically inhibited by tissue inhibitor of matrix 
metalloproteinases (TIMP)‑2 and TIMP‑1, respectively (24), 
which may be vital in the regulation of connective tissue 
metabolism and remodeling in numerous different organ 
systems, including hair follicle.

There are a few studies investigating the relationship 
between MMP‑2, MMP‑9, TIMP‑1 and the hair cycle (25). 
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MMP‑2, MMP‑9 and TIMP‑1 have been suggested to be 
associated with the hair cycle in vitro and in vivo  (26). In 
addition, the expression profiles of MMP‑2, MMP‑9, TIMP‑1 
and TIMP‑2 in the hair cycle remain unclear. Therefore, the 
present study aimed to investigate the expression levels of 
MMP‑2, MMP‑9, TIMP‑1 and TIMP‑2 throughout the hair 
cycle in mice.

Materials and methods

Materials. Rabbit polyclonal antibodies against MMP‑2 
(cat.  no.  ab37150), MMP‑9 (cat.  no.  ab38898), TIMP‑1 
(cat.  no.  ab61224) and TIMP‑2 (cat.  no.  ab180630) were 
purchased from Abcam (Cambridge, MA, USA) and were all 
diluted to a concentration of 1:1,000. The ELISA kits were 
purchased from Thermo Fisher Scientific, Inc. (Waltham, 
MA, USA; cat.  nos.  KHC3081, KHC3061, KHC1491 and 
EHTIMP2).

Animals. Female C57BL/6 mice (n=5 at each week of age) 
aged between 3 and 12 weeks (weight range, 9‑23 g) were 
purchased from the Laboratory Animal Center of Guangzhou 
University of Chinese Medicine (Guangzhou, China). All 
animal experiments were performed in strict accordance 
with the recommendations in the Guide for the Care and 
Use of Laboratory Animals (2014). The mice had access to 
food and water ad libitum, and were housed in a controlled 
environment (temperature, 23±2˚C; humidity, 55±10%; 12 h 
light/dark cycle). To collect skin biopsies at each stage of the 
hair cycle, 6 mice at each week of age were used in this study. 
To ameliorate animal welfare, the animals were used at a 
minimum number during the study. As the mice reached their 
desired age, they were sacrificed by CO2 gas inhalation. To 
obtain specific hair cycle stage specimens, the dorsal skin of 
each mouse was excised from just below the line connecting 
the scapulas. Each skin specimen was separated from the 
subcutaneous tissue and was sampled by punch biopsy for the 
examinations. Ethical approval was obtained from the Ethics 
Committtee of Guangzhou University of Chinese Medicine 
(approval no. 20141406‑63).

Enzyme activity measurement. MMP‑2 and MMP‑9 activities 
were measured by 10% SDS‑PAGE gelatin zymography as 
previously described (24). Briefly, without boiling or reduction, 
the samples (12 µl sample, 4 µl loading buffer) were fraction-
ated in an SDS‑polyacrylamide gel containing 0.1% gelatin by 

electrophoresis at 100 V for 90 min at 4˚C. Next, the gels were 
incubated in a digestion buffer (Shanghai Ann Inquiry Trading 
Co., Ltd., Shanghai, China) with bivalent metal ions to recover 
the activities of MMP‑2 and MMP‑9. Subsequent to rinsing in 
distilled water, the gels were stained with Coomassie brilliant 
blue (Beijing Seitz Biotechnology Co., Ltd., Beijing, China), 
and then destained. Gelatinolytic activity appeared as clear 
bands of digested gelatin against a dark blue background of 
stained gelatin. The intensity of the bands was measured using 
with Alpha Imager HP and AlphaView software (version 1.0; 
ProteinSimple, San Jose, CA, USA), and was proportional to 
the activities of MMP‑2 and MMP‑9. 

Reverse transcription‑polymerase chain reaction (RT‑PCR). 
Total RNA in the skin samples was isolated with TRIzol 
reagent (Invitrogen; Thermo Fisher Scientific, Inc.). The RNA 
was quantified by measuring the absorption at 260 nm using 
NanoDrop 2000 (Thermo Fisher Scientific, Inc.), and the 
purity of the RNA was assayed by the ratio of absorbance at 
260 nm and 280 nm. A fraction was electrophoresed with 1% 
agarose to verify its integrity. The total RNA of each sample 
was then reverse transcribed into cDNA with SuperScript III 
Reverse Transcriptase (Thermo Fisher Scientific, Inc.). PCR 
was performed to measure the mRNA levels of MMP‑2, 
MMP‑9, TIMP‑1 and TIMP‑2, using the primers (synthesized 
by Invitrogen; Thermo Fisher Scientific, Inc.) presented in 
Table I. In a 15 µl system containing 7.5 µl 2X qPCR master 
mix, 2 µl primers and 5.5 µl ddH2O, GAPDH was used as a 
housekeeping gene and mRNA expression was analyzed using 
an RT‑PCR system (AB17500; Applied Biosystems, Foster 
City, CA, USA) and the following thermal cycling conditions: 
40 cycles at 50˚C for 2 min, 95˚C for 2 min, 95˚C for 15 sec 
and 60˚C for 32 sec.

Enzyme‑linked immunosorbent assay (ELISA). The expres-
sion levels of MMP‑2, MMP‑9, TIMP‑1 and TIMP‑2 in the 
skin were detected using ELISA kits, according to the manu-
facturer's instructions. Briefly, 100 µl prepared standard or 
sample (1:40 dilution) was added to each well and incubated 
for 2 h at room temperature. The plates were then washed 
with buffer four times. Following washing, 100 µl biotinyl-
ated labeled primary antibody was added to the wells, and 
the plates were incubated for 1 h at room temperature. After 
washing four times with buffer, the plates were incubated with 
peroxidase‑conjugated secondary antibody for 45 min. The 
plates were washed three times, and 100 µl Streptavidin‑HRP 

Figure 1. Time‑scale of the hair cycle in female C57BL/6 mice during the first 12 weeks after birth.
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Working Solution was added to each well (except the chro-
mogen blanks) to induce the color reaction at room temperature 
for 30 min. The assay was stopped at 20‑25 min. The optical 
density at 450 nm was determined using an automated micro-
plate reader (ELx808) and Gen5 Data Analysis Software 
(version 2.0) (both purchased from BioTek, Shoreline, WA, 
USA).

Immunohistochemical analysis. The collected samples for 
immunohistochemical examination were promptly fixed in 
10% formalin solution. Following dehydration and embedding 
in paraffin, skin sections of ~3 µm in size were prepared, depa-
raffinized and incubated with 3% H2O2 at room temperature 
for 5‑10 min in order to eliminate the endogenous peroxidase 
activity. For histopathological examination, the sections 
were stained with hematoxylin and eosin (Beijing Seitz 
Biotechnology Co., Ltd.). For immunohistochemical exami-
nation, the sections were processed with antigen repair and 
blocking, according to a previous study (27,28). Briefly, slides 
in 0.01 M sodium citrate buffer (Sigma‑Aldrich, St. Louis, MO, 
USA), pH 6.0, were incubated at 99‑100˚C for 20 min. Slides 
were then removed from heat and kept in cool buffer at room 
temperature for 20 min and rinsed in Tris‑buffered saline with 
0.1% Tween‑20 (Aviva Systems Biology Corporation, San 
Diego, CA, USA) at room temperature for 1 min. Following 
incubation overnight at 4˚C with primary antibodies against 
MMP‑2, MMP‑9, TIMP‑1 and TIMP‑2 separately, the samples 
were exposed to horseradish peroxidase‑conjugated anti‑rabbit 
IgG secondary antibody (1:5,000 dilution; cat. no. W4011; 
Promega Corporation, Madison, WI, USA). Subsequently, 
DAB (Cell Signaling Technology, Inc., Danvers, MA, USA) 
was used to visualize the expression of proteins stained with 
hematoxylin and eosin.

Results

Fluctuation of MMP‑2 and MMP‑9 activities throughout the 
hair cycle. To investigate the correlation between MMP‑2, 
MMP‑9 and the hair cycle, the activities of MMP‑2 and MMP‑9 
were determined using samples of dorsal skin, including the 
hair follicle. As presented in Fig. 2A, the enzyme activities 
were present at each phase of the hair cycle. The activity of 
MMP‑2 fluctuated in the hair cycle; the activity peaked at 
6 and 10 weeks during the anagen phase, decreased during the 
catagen phase, and reached its lowest level of activity at 7 and 
12 weeks during the telogen phase of the hair cycle (Fig. 2B). 

Similarly, the activity of MMP‑9 fluctuated, with a peak at 
6 and 10 weeks (Fig. 2C). Typical histopathological images of 
each stage during the hair cycle are presented in Fig. 2D. Cells 
in the cytoplasm during the anagen phase were light or mild 
alkalophilic by eosin coloration, and were eosinophilic with 
aging or degeneration.

Fluctuation of MMP‑2, MMP‑9, TIMP‑1 and TIMP‑2 mRNA 
and protein expression levels throughout the hair cycle. To 
determine whether the expression of the enzymes of MMP‑2 
and MMP‑9 fluctuated, RT‑PCR and ELISA were performed 
in order to determine the mRNA and protein expression levels, 
respectively, of each protein. As shown in Figs. 3 and 4, the 
mRNA and protein expression levels of the enzymes were 
similar and detectable throughout the hair cycle. The expres-
sion of each protein fluctuated, with a peak at 5 and 10 weeks, 
and a decrease at 7 and 12 weeks, as is expected in the hair 
cycle (29).

In addition, the expression levels of TIMP‑1 and TIMP‑2 
were determined for comparison against their targets, MMP‑9 
and MMP‑2, respectively. Figs. 3 and 4 show the fluctuations 
in the mRNA and protein expression levels of the TIMPs. 
mRNA and protein expression levels were the lowest at 6 and 
10 weeks, which corresponded to the anagen phase, and were 
then increased during the catagen phase, reaching peak levels 
at 7 and 12 weeks during the telogen phase. These results 
indicate that the expression levels of TIMP are negatively 
correlated with the MMP expression levels.

Localization of MMP‑2, MMP‑9, TIMP‑1 and TIMP‑2 
throughout the hair cycle. To identify the expression sites of 
MMP‑2, MMP‑9, TIMP‑1 and TIMP‑2 at each stage of the hair 
cycle, immunohistochemical analysis was performed (Fig. 5). 
Positive staining for MMP‑2 and TIMP‑2 was almost observed 
throughout the entire hair follicle at each stage, although the 
expression was most intense during the anagen (early catagen) 
phase. Positive staining was observed for MMP‑9 and TIMP‑1 
locally in the hair follicle, such as in the sebaceous gland 
during the anagen and catagen phases, and in the inner root 
sheath during the catagen phase.

Discussion

The mechanism underlying the hair cycle has been widely 
studied, whereas the factors involved have yet to be elucidated. 
MMPs and TIMPs are important regulators, participating 

Table 1. Primer pair sequences used in reverse transcription‑polymerase chain reaction.

Gene	 Forward primer	 Reverse primer

GAPDH	 5'‑GGCCTCCAAGGAGTAAGAAA‑3'	 5'‑GCCCCTCCTGTTATTATGG‑3'
MMP‑2	 5'‑ATCGCAGACTCCTGGAATG‑3'	 5'‑CCAGCCAGTCTGATTTGATG‑3'
MMP‑9	 5'‑TCCAGTACCAAGACAAAGC‑3'	 5'‑GAGCCCTAGTTCAAGGGCAC‑3'
TIMP‑1	 5'‑AGTCCCAGAACCGCAGTGAA‑3'	 5'‑AGAGTACGCCAGGGAACCAA‑3'
TIMP‑2	 5'‑GGTAGCCTGTGAATGTTCCT‑3'	 5'‑ACGAAAATGCCCTCAGAAG‑3'

MMP, matrix metalloproteinase; TIMP, tissue inhibitor of matrix metalloproteinase.
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Figure 3. mRNA expression levels of (A) MMP‑2, (B) MMP‑9, (C) TIMP‑1 and (D) TIMP‑2, normalized to GAPDH. MMP, matrix metalloproteinase; 
TIMP, tissue inhibitor of matrix metalloproteinase.

  A   B

  C   D

Figure 2. MMP‑2 and MMP‑9 activity at each stage of the mouse hair cycle. (A) Gelatin zymography of MMP‑2 and MMP‑9 activity; quantification of 
(B) MMP‑2 and (C) MMP‑9 activity; and (D) immunohistochemical analysis of skin samples at anagen (4 weeks), early catagen (6 weeks) and telogen 
(10 weeks) phases, stained with hematoxylin and eosin (scale bar, 0.1 mm). MMP, matrix metalloproteinase.

  A

  B   C

  D
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Figure 4. Protein expression levels of (A) MMP‑2, (B) MMP‑9, (C) TIMP‑1 and (D) TIMP‑2. MMP, matrix metalloproteinase; TIMP, tissue inhibitor of matrix 
metalloproteinase.

  A   B

  C   D

Figure 5. Localization of MMP‑2, MMP‑9, TIMP‑1 and TIMP‑2 at each stage of the hair cycle in mice. Brown staining identifies the proteins. MMP, matrix 
metalloproteinase; TIMP, tissue inhibitor of matrix metalloproteinase.
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in proteolytic remodeling of ECM in various physiological 
pathways, including tissue development, tissue repair and 
angiogenesis (30). In the present study, the expression levels 
of MMP‑2 and MMP‑9, typical ECM‑degrading enzymes 
and their inhibitors, TIMP‑2 and TIMP‑1, throughout the hair 
cycle were investigated.

Bacterial infections of the hair follicle is considered 
as primarily being caused by Staphylococcus  aureus. 
ECM is secreted by dermal papilla cells and involves a 
cyclic process composed of degradation and renewal, 
which is regulated by numerous factors, including growth 
factors, cytokines, hormones, adhesion molecules and 
associated enzymes (13‑16). It has been reported that Wnt, 
TGF‑β/bone morphogenic protein, hepatocyte growth factor, 
and epidermal growth factor signaling pathways serve as key 
regulators of hair follicle development (31). As a downstream 
cytokine regulated by the aforementioned signaling pathways, 
MMP‑9 is an important collagenase involved in ECM remod-
eling (32). Previous studies suggested that MMP‑9 serves an 
important role in the hair cycle (25). In the present study, the 
expression and activity of MMP‑9 fluctuated, demonstrating 
peak activity during the catagen phase and minimum activity 
during the telogen phase in mice. This suggests that MMP‑9 
contributes towards the hair cycle, which was also demon-
strated in a previous study using MMP‑9‑/‑ mice (26).

It has been hypothesized that other MMPs, such as MMP‑2, 
may compensate for the effects of MMP‑9 on hair canal 
formation in MMP‑9‑/‑ mice, including the changing of the 
width of the hair canal and the dynamics of its formation (26). 
In the current study, it was demonstrated that the activity of 
MMP‑2 fluctuated throughout the hair cycle, similarly to 
MMP‑9. However, the activity of MMP‑2 was much stronger 
compared with MMP‑9, which is consistent with the findings 
of a previous in vitro study (33). Using immunohistochemical 
analysis, it was observed that in addition to the localization 
of MMP‑9, MMP‑2 was visualized at other localizations of 
the hair follicle at the same stage. These results support the 
hypothesis that MMP‑2 contributes to the hair cycle in vivo 
and may compensate for the effects of MMP‑9 on hair canal 
formation in MMP‑9‑/‑ mice.

Divano et al  (34) reported that the expression levels of 
collagen fluctuate with regards to the hair cycle. The results 
demonstrate that collagen expression levels increased suddenly 
and significantly during the first 84 days of the telogen phase, 
whereas it decreased in the last week of the phase (34). The 
results regarding the activities of MMP‑2 and MMP‑9 in the 
present study may explain these data. Following ECM degra-
dation and remodeling, MMP‑2 and MMP‑9 may affect the 
hair cycle by releasing growth factors from the ECM, and by 
stimulating cell migration (35) or activating growth factors, 
such as TGF‑β (36). This strongly suggests that MMP‑2 may 
serve an important role in the hair growth cycle.

In the current study, TIMP‑1 and TIMP‑2 expression levels 
were demonstrated to fluctuate throughout the hair growth 
cycle. As expected, the expression levels of TIMP‑1 and 
TIMP‑2 were negatively correlated to those of MMP‑9 and 
MMP‑2 respectively, implying a negative correlation between 
MMPs and TIMPs. Similar to previous immunostaining and  
histological studies, strong correlations were observed between 
MMPs and TIMPs  (37). However, the mRNA and protein 

expression levels of TIMP‑1 and TIMP‑2 were higher when 
compared with those of MMP‑9 and MMP‑2, respectively. In 
addition to inhibition of MMPs, TIMPs are demonstrated to 
be multifunctional; for instance, TIMP‑2 is required for the 
activation of MMP‑2, and TIMP‑1 has been shown to act as 
a growth factor (38). This suggests that the balance between 
the expression levels of MMP‑9 and TIMP‑1, and of MMP‑2 
and TIMP‑2 may functionally contribute towards the hair 
growth cycle.

In conclusion, the present study demonstrated that the 
expression levels and activities of MMP‑2 and MMP‑9 fluc-
tuate throughout the hair growth cycle, and may be involved in 
its regulation. However, the mechanism underlying the regula-
tion of the hair growth cycle by the enzymes requires further 
investigation.
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