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Dynamic features of liver fibrogenesis and fibrosis resolution
in the absence of matrix metalloproteinase-9
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Abstract. The two-edged effect of matrix metalloproteinase-9
(MMP9) makes it difficult to understand its role in liver
fibrogenesis and fibrosis resolution. The present study aimed
to investigate the dynamic features of liver fibrogenesis and
fibrosis resolution in the absence of MMP9. MMP9™" mice were
used to induce liver fibrosis by thioacetamide. The degrees of
liver fibrogenesis and fibrosis resolution were designated by
the levels of collagen I, IIT and IV, which were determined
via western blotting. Liver injury and the transcriptional levels
of MMPs and tissue inhibitor of metalloproteinases (TIMPs)
were also determined. It was revealed that, in the absence of
MMP?Y, acute liver injury was attenuated and the expression
of collagen was alleviated at the early stage of liver fibrosis,
particularly in the first 3 weeks. However, their levels increased
to levels as high as those in the control group by week 8.
During liver fibrosis resolution, in the absence of MMP9, the
ratio of (MMP9 + MMP13)/TIMP1 and the ratio of (MMP2+
MMP14)/TIMP2 were decreased, and the collagen levels were
increased. The present study revealed the dynamic features
of liver fibrogenesis and fibrosis resolution in the absence of
MMP9. The information obtained here will improve current
understanding of the effect that MMPO has in liver fibrogen-
esis and fibrosis resolution.
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Introduction

Liver fibrosis, the typical response to chronic liver disease and
the main factor contributing to the development of liver failure,
is regarded as a mixture of fibrogenesis and fibrosis resolu-
tion (1-3). The degree of liver fibrosis is largely dependent on
the balance between fiber generation and degradation (4,5).
Matrix metalloproteinases (MMPs) have been demonstrated
to serve a critical role in liver fibrosis by promoting fibrogen-
esis and fibrosis resolution (6-8).

MMPs are a family of zinc metallo-endopeptidases and
their role in promoting liver fibrosis has been investigated
extensively (9). The general principle is that MMPs promote
the expression of cytokines and chemokines, particularly
transforming growth factor p (TGFf), by which MMPs
activate hepatic stellate cells (HSCs) and promote fibrogen-
esis (10-12). Previous studies have demonstrated that the
depletion of MMP9 or MMP13 suppressed the activation
of TGFp and the generation of fibrosis in response to acute
liver injury (13,14). During liver fibrosis, the generation and
degradation of collagen occur simultaneously (2-4). Until
now, although numerous MMPs, including MMP1, MMP2,
MMP12, MMP13 and MMP14, have been demonstrated
to be involved in the regression of liver fibrosis (4,10,15),
the underlying molecular mechanism by which MMPs are
involved in the degradation of extracellular matrix (ECM)
remains unknown. Using a transgene of MMP9, a previous
study observed that MMP9 accelerated the resolution of liver
fibrosis by neutralizing tissue inhibitor of metalloproteinase-1
(TIMP1) (16). Other studies have indicated that MMPs have a
critical role in the apoptosis of activated HSCs, or facilitate the
generation of restorative macrophages, which has been proven
to promote fibrosis resolution (17,18).

As one of the most important members of the MMP
family, MMP9 promotes collagen deposition and degrada-
tion. This two-edged effect of MMP9 makes it difficult to
understand the precise role of MMP9 in liver fibrosis. The
present study aimed to investigate the dynamic features of
liver fibrogenesis and fibrosis resolution in the absence of
matrix metalloproteinase-9. It was revealed that the absence
of MMP?9 attenuated liver fibrosis in the early stage of disease,
but collagens accumulated in the liver tissues with time and
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reached the same levels as those in the control by 8 weeks. The
regression of fibrosis was induced by stopping TAA treatment,
and collagen levels were higher in MMP9” mice. It has also
been suggested that fibronectin peptides generated by limited
digestion by MMP9 during liver injury act as local regulatory
signals that induce the apoptosis of HSCs, and so prevent
chronic fibrogenesis and fibrosis (19).

Materials and methods

Animal experiments. MMP9” (FVB) mice from the Model
Animal Research Center of Nanjing University (Nanjing, China)
were crossed into the B6/C57 background for six generations, and
homozygous wild-type (WT) mice were used as controls (13,14).
A total of 100 8-weeks old, male mice (20-25 g) were main-
tained under controlled temperature (22-24°C) and humidity
(50%) with a 12-h light/dark cycle and were fed standard labora-
tory chow and water (supplied ad libitum). Animal experimental
protocols were approved by the Institutional Animal Care and
Research Advisory Committee of Nanjing Drum Tower Hospital
(Nanjing, China). The murine model of liver fibrogenesis and
fibrosis resolution was prepared as previously described (4)
with some modification. Briefly, liver fibrogenesis was induced
by repeated intraperitoneal administration of thioacetamide
(TAA, 0.1 mg/g body weight; Sigma-Aldrich; Merck KGaA)
every 2 days for 8 weeks. Following all challenges, spontaneous
fibrosis resolution was observed for 9 days. Control mice were
injected with the same volume of saline.

Serum transaminase and ELISA. Serum was collected by
ocular blood extraction at the indicated time points (0, 12, 24,
36 and 48 h). Liver injury was estimated according to the increased
activity of serum alanine aminotransferase (ALT), which was
measured in a clinical biochemical laboratory of Nanjing Drum
Tower Hospital. The levels of tumor necrosis factor-a (TNF-a),
interleukin-1p (IL-1), IL-10 and TGF in the liver homogenate
were determined using commercial ELISA kits (R&D Systems,
Inc.) according to the manufacturer's protocol. All samples and
standards were measured in duplicate.

Western blot analysis. The liver samples were prepared as
previously described (20). Equal quantities (30 ug) of protein
extracted from liver tissues were run on 10% SDS-PAGE gels,
followed by electrotransfer onto a polyvinylidene fluoride
membrane. The membrane was cut into three for and blocked
with 5% skimmed milk for 2 h at room temperature and then
incubated overnight with primary antibodies at 4°C. Primary
antibodies targeting collagen-I (ab34710, 1:1,000), collagen-I11
(ab7778, 1:1,000), collagen-IV (ab6586, 1:1,000) and GAPDH
(ab181602, 1:2,000) were purchased from Abcam. Horseradish
peroxidase-conjugated secondary antibodies (sc-2004, 1:500,
Santa Cruz Biotechnology, Inc.) were used 1 h at room
temperature prior to detection with Super Signal West Femto
Chemiluminescent substrate (Pierce; Thermo Fisher Scientific,
Inc.). The protein band intensities in the western blot analysis
were quantified using Image Quant software (version 5.2; GE
Healthcare Life Sciences.).

Reverse transcription-quantitative PCR (RT-gPCR) analysis.
Total RNA was extracted from liver tissue using TRIzol® (Life
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Technologies; Thermo Fisher Scientific, Inc.). The analysis
was performed as described previously (20). Briefly, reverse
transcription was performed with random primers and the
RNAPCR kit (Takara Biotechnology Co., Ltd.). RT-qPCR
was conducted according to the manufacturer's instructions
using SYBR Premix Ex Taq (Takara Biotechnology Co., Ltd.).
Amplifications were performed in a final volume of 20 ml
containing 2 ml of cDNA. The reactions were run on the
StepOnePlus Real-Time PCR System (Applied Biosystems;
Thermo Fisher Scientific, Inc.) using the following program:
95°C for 10 min for the holding stage and 40 cycles of 95°C
for 15 sec and 60°C for 1 min. The expression levels of the
target genes were normalized to the housekeeping gene
GAPDH. The final result of gene transcription was calculated
ag 2(CtGAPDH-2CtGene) (1) - Analyses were performed using the
StepOne Software 2.0 (Applied Biosystems).

The primer sequences used for PCR amplification of the
mouse genes were as follows: MMP9, forward 5'-CGTGTC
TGGAGATTCGACTTGA-3' and reverse 5"TGGAAGATG
TCGTGTGAGTTCC-3"; MMP13, forward 5-CCTTCTGGT
CTTCTGGCACAC-3, reverse, 5S'-GGCTGGGTCGTCACA
CTTCTCTGG-3"; MMP2, forward, 5'-CAACGGTCGGGA
ATACAGCAG-3' and reverse 5-CCAGGAAAGTGAAGG
GGAAGA-3'; MMPI14, forward 5'-ATCTCACAGCTCGGT
GTGTGTTCA-3' and reverse 5-~AAGGTCAGAGGGTCT
TGCCTTCAA-3"; TIMPI, forward 5-GCATGGACATTT
ATTCTCCACTGT-3' and reverse 5-TCTCTAGGAGCC
CGATCTG-3"; TIMP2, forward 5-GCCAAAGCAGTGAGC
GAGAAG-3' and reverse 5-GGGGAGGAGATGTAGCAA
GGG-3"; GAPDH, forward 5-AACTTTGGCATTGTGGAA
GG-3' and reverse 5-"ACACATTGGGGGTAGGAACA-3".

Histological examination. The liver tissues were collected at
definite times (1, 5 and 9 days after TAA withdrawal) and fixed
in 4% formalin and subsequently embedded in paraffin. The
sections were cut into 5-mm slices and were deparaffinized
and rehydrated. The slides were incubated with hematoxylin
(5 min, room temperature) followed by rinsing with water and
quick dips into acid ethanol to destain. For eosin staining, the
slides were incubated with eosin (1 min, room temperature)
followed by 95, 100% ethanol and xylene. For Sirius Red
staining, the sections were deparaffinized and then stained
by Sirius Red (10-15 min, room temperature). The slides were
evaluated using light microscopy, as previously described (4).

Statistical analysis. All data are expressed as the
mean + standard deviation. The differences between two groups
were analyzed using two-tailed Student's t-test. Differences
between multiple groups were tested with analysis of variance.
Statistics and graphs were generated using GraphPad Prism
5.0 (GraphPad Software Inc.). P<0.05 was considered to indi-
cate a statistically significant difference.

Results

Attenuation of acute liver injury and liver fibrogenesis in the
absence of MMP9. Inflammation has been revealed to induce
the progression of liver fibrosis (2). In the present study, the role
of MMP?9 in acute liver injury was investigated. All animals
were subjected to the challenge course presented in Fig. 1A.
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Figure 1. Attenuation of liver injury by depleting MMP9. (A) WT and MMP9” mice were treated with TAA (0.1 mg/g body weight; intraperitoneally) every
2 days for 8 weeks, following which the TAA challenge was withdrawn and fibrosis resolution was observed for 9 days. (B) Serum was collected at the indicated
time points. ALT level was measured in a clinical biochemical laboratory. The levels of (C) TNF-a, (D) IL-1p, (E) IL-10 and (F) TGF in the liver homogenate
were determined using commercial ELISA kits. All samples and standards were measured in duplicate. Data are expressed as fold-change compared with the
control. "P<0.05 vs. WT animals. MMP9, matrix metalloproteinase-9; WT, wild-type mice; MMP9KO, MMP9-deficient mice; ALT, alanine aminotransferase;
TAA, thioacetamide; TNF-a, tumor necrosis factor a; IL, interleukin; TGFp, transforming growth factor f.

Certain animals were sacrificed just prior to the second chal-
lenge with TAA in order to analyze the degree of acute liver
injury. The serum level of ALT was increased markedly in the
WT animals 24 h after TAA injection, whereas the elevation
was less marked in the MMP9”" mice (Fig. 1B). The same
variation was observed in the levels of TNF-a and IL-1B
(Fig. 1C and D). The level of IL-10 was increased by 98% at
12 h and decreased by 48% at 24 h in the WT mice compared
with that in the saline-treated animals. However, no significant
change was observed in the MMP9” animals (Fig. 1E). The
level of TGFp was increased 5-fold in the WT animals 2-fold
in the MMP9™ animals 24 h after TAA injection, compared
with that in the controls (Fig. 1F).

Liver fibrogenesis occurs alongside the development of liver
injury (2). Increasing deposition of collagen types I and III
is the paramount feature of liver fibrogenesis (22,23). In the
present study, enhanced expression levels of collagens I and 111
were observed in both genotypic mice following TAA treat-
ment (Fig. 2). However, the quantified data revealed that the
depletion of MMP9 decreased the level of collagen I by 55%
at day 1, and by 72% at day 2, compared with that in the WT
mice. Collagen III exhibited the same variation in the absence
of MMP9 (Fig. 2). Collagen IV is a substrate of MMP9 and
also contributes to liver fibrogenesis, although it only pres-
ents along vessels or around myofibroblasts (23-25). In the
present study, the expression of collagen IV was significantly
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Figure 2. Role of MMP9 in the early stage of fibrogenesis. Protein was extracted from MMP9”- and WT mice 1 or 2 days following TA A treatment. Saline-treated
animals were used as the control. The levels of collagen type I, IIT and IV in liver tissues were determined via western blotting. Total protein concentrations
were determined. Data were normalized to GAPDH and expressed as fold-change compared with the control. n=5, "‘P<0.05 vs. WT animals. MMP9, matrix
metalloproteinase-9; WT, wild-type mice; MMP9KO, MMP9-deficient mice; TAA, thioacetamide.

decreased in the absence of MMP9 2 days after TAA treat-
ment, compared with that in the control (Fig. 2).

Dynamic features of collagen deposition and degradation
in the absence of MMP9. With continual TAA challenge,
the levels of collagens increased with time in both geno-
typic animals. Compared with that in the WT animals,
collagen deposition was slower in the MMP9” mice at the
early stage of liver fibrosis, particularly during the first
3 weeks. The quantified data demonstrated that the absence
of MMP9 decreased collagen I by 46% at week 1, 57%
at week 3, 49% at week 5 and 32% at week 7 (Fig. 3). The
expression of collagen III decreased by 33% at week 1, 51%
at week 3 and 37% at week 5, but there was no significant
change at week 7. The expression of collagen IV decreased
by 46% at week 1, 57% at week 3,49% at week 5 and 32%
at week 7 (Fig. 3).

The resolution of reversible fibrosis is initiated through
the cessation of insults causing liver injury (6). The effect
of MMP9 on liver fibrosis resolution was observed for
9 days following the withdrawal of TAA. By quantifying
the data from the western blotting, it was revealed that
there was no significant difference in the expression of
collagen between the two genotypic animals after 8 weeks

of TAA treatment when measured on the first day of TAA
withdrawal. The levels of collagens decreased faster in the
WT animals (Fig. 4). The quantified data revealed that the
expression of collagen I decreased by 29% at day 5 and 58%
at day 9; collagen III decreased by 33% at day 5 and 69%
at day 9; collagen IV decreased by 21% at day 5; and
48% at day 9, compared with levels in the MMP9-depleted
controls (Fig. 4). The histological examination indicated
that the resolution of fibrosis was suppressed by the deple-
tion of MMPO (Fig. 5).

Regulatory effect on the ratio of MMPs/TIMPs by MMP9.
Liver injury, wound healing and the activation of MMPs occur
in the process of fibrogenesis or fibrosis resolution (2,13). In
the present study, the dynamic features of these factors were
also demonstrated, which may influence the role of MMP9 in
liver fibrosis, however, the underlying molecular mechanism
by which MMP9 promotes fibrogenesis or fibrosis resolution
requires further investigation. It was observed that the absence
of MMP9Y decreased the serum level of ALT at the acute
injury phase, and modulated the fluctuation of serum ALT at
the chronic injury period, although there was no significant
difference in the average level of serum ALT compared with
that in the controls (Fig. 6).
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Figure 3. Role of MMP9 in the dynamic process of collagen accumulation. TAA challenge was administered every 2 days for 8 weeks. The protein was
extracted from MMP9” and WT mice at weeks 1, 3,5 and 7. The levels of collagen types I, III and I'V in liver tissues were determined via western blotting.
To reduce the degradation of protein, western blotting was performed on the day of sample collection. Data were normalized to GAPDH and expressed
as the fold-change compared with the control. n=3. “P<0.05 vs. WT animals. MMP9, matrix metalloproteinase-9; WT, wild-type mice; MMP9KO,

MMP9-deficient mice.

During the development of fibrosis, the mRNA levels of
MMP9 (Fig. 7A), MMP13 (Fig. 7B), MMP2 (Fig. 7C) and
MMP14 (Fig. 7D) were marginally increased, but there was
no significant difference between the two genotypic animals.
During the resolution of fibrosis, the mRNA levels of MMPs
were significantly decreased. The absence of MMPO signifi-
cantly attenuated the decrease in the mRNA level of MMP13
(Fig. 7B).

It was observed that the mRNA levels of TIMP1 (Fig. 8A)
and TIMP2 (Fig. 8B) also increased slightly during the first
5 weeks of TAA treatment. The absence of MMP9 decreased
the mRNA level of TIMPI, rather than that of TIMP2. During
the resolution of fibrosis, the mRNA levels of TIMP1 and

TIMP2 were markedly decreased in the WT animals, but only
marginally in the MMP9" mice (Fig. 8A and B).

The actual proteolytic activation of MMPs is dependent
on the ratio of MMPs with their corresponding TIMPs. In
the present study, it was observed that the absence of MMP9
decreased the (MMP9 + MMP13)/TIMP1 ratio (Fig. 9A).
The (MMP2 + MMP14)/TIMP?2 ratio was slightly increased
during the development of fibrosis and decreased on fibrosis
resolution (Fig. 9B). It was also observed that the absence of
MMP9 decreased the hepatic level of TGFf in the develop-
ment of fibrosis, whereas its expression was enhanced during
fibrosis resolution, particularly notable IX days following TAA
withdrawal (Fig. 9C).
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Figure 4. Effect of MMP9 on liver fibrosis resolution. Following TAA withdrawal, protein was extracted from MMP9"- and WT mice on days 1,5 and 9. The
levels of collagen types I, III and IV in liver tissues were determined via western blotting. To reduce degradation of protein, western blotting was performed
on the day of sample collection. Data were normalized to GAPDH and expressed as the fold-change compared with the control. n=5."P<0.05 vs. WT animals.
MMP9, matrix metalloproteinase-9; WT, wild-type mice; MMP9KO, MMP9-deficient mice.
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Figure 5. Histological examination of fibrosis resolution in the mice with or without MMP9 depletion. Following TAA withdrawal, the protein was extracted
from MMP9”" and WT mice on days 1, 5 and 9. The liver tissue was collected and fixed in 4% formalin and subsequently embedded in paraffin. Sections
were cut into 5-mm slices for subsequent H&E and Sirius red staining. The results represent three independent tests. WT, wild-type mice; MMP9KO,
MMP9-deficient mice; H&E, hematoxylin and eosin.
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Figure 7. Effect of MMP9 on the transcription of MMPs. Certain MMP9”- and WT mice were sacrificed at the indicated time points. Total mRNA was
extracted from the liver of these mice. The levels of (A) MMP9, (B) MMP13, (C) MMP2 and (D) MMP14 were analyzed via reverse transcription-quantitative
PCR analysis. Data were normalized to GAPDH and expressed as the fold-change compared with the control. n=5. “P<0.05 vs. week 8; "P<0.05 vs. WT animals.
MMP, matrix metalloproteinase; WT, wild-type mice; MMP9KO, MMP9-deficient mice; w, week; d, day.

Discussion TA A-induced liver injury and investigated the dynamic features
of fibrosis development and regression in the absence of MMP9.
Despite MMP9 being important in liver fibrogenesis and Liver fibrogenesis is driven by inflammation, therefore,

fibrosis resolution, the dynamic features of liver fibrosis induced  inflammatory cytokines in acute liver injury were first deter-
by the two-edged effect of MMP9 remain unclear. The present  mined during the present study. In line with previous studies
study used the previously established liver fibrotic model of  on ischemia and reperfusion and hepatic toxin-induced liver
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Figure 9. Regulatory effect of MMP9 on MMP/TIMP ratios and the expression of TGFp. The ratios of (A) (MMP9 + MMP13)/TIMP1 and (B) (MMP2 +
MMP14)/TIMP2 were calculated based on the mRNA levels of MMP and TIMPs. (C) TGFf in the liver homogenate was determined using commercial ELISA
kits. Data are expressed as the fold-change compared with the control. n=5. "P<0.05 vs. week 8; "P<0.05 vs. WT animals. MMP, matrix metalloproteinase;
TIMP, tissue inhibitor of metalloproteinase; TGFf, transforming growth factor 3; WT, wild-type mice; MMP9KO, MMP9-deficient mice; w, week; d, day.

injury, the depletion of MMP9Y attenuated acute liver injury  for the first time, to the best of our knowledge, that the deple-
and decreased liver fibrogenesis in the present study (14). The  tion of MMPO9 attenuated collagen deposition at the early stage
continual TAA challenge utilized in the present study revealed  of liver fibrosis, although the deposition remained increased
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with time. At the end of the challenge course, the expression of
these collagens reached the same levels as those in the control.
a-smooth muscle actin (a-SMA) is a marker for active HSCs.
The depletion of MMP9 suppresses the activation of HSCs and
decreases the expression of a-SMA (14). Why the long-term
effect of MMP9 is not obvious requires further investigation
in the future. However, to the best of our knowledge, MMP9
is only one of the MMPs regulating liver fibrogenesis and
fibrosis resolution. In the absence of MMP9, other MMPs may
serve an important role (10-14).

The resolution of fibrosis is initiated when the cause of
cirrhosis is removed. The liver adapts to a near-normal struc-
ture (26). In the present study, the absence of MMP9 increased
collagen levels. However, the underlying mechanism by which
MMP9 regulates the resolution of liver fibrosis remains to be
fully elucidated. Our previous study demonstrated that the
adoptive transfer of MMP9-expressing kupffer cells promoted
fibrosis resolution (20).

Increasing evidence has demonstrated that MMP9 promotes
fibrogenesis by activating latent TGFp, which stimulates the
activation of HSCs (10-12). However, the underlying molecular
mechanism by which MMP9 facilitates the regression of fibrosis
requires further investigation. In general, the process of fibrosis
resolution consists of three steps: The transformation of immu-
noreaction phenotypes following insult withdrawal, particularly
the generation of restorative macrophages; the decline in acti-
vated HSCs; and the degradation of ECM (6). MMP8 has been
demonstrated to promote transformation of the macrophage
phenotype (18), whereas MMP9 has been demonstrated to
induce the apoptosis of activated HSCs (16). Kupffer-derived
MMP9, MMP12 or MMP13 serve critical roles in ECM degrada-
tion (6,27). Previous studies have revealed that MMP9 indirectly
promoted the resolution of fibrosis by promoting the expression
of vascular endothelial growth factor to facilitate transformation
to the macrophage phenotype (3,28) and decreasing collagen I to
promote the apoptosis of activated HSCs (16,29).

In the present study, the dynamic features of liver injury,
wound healing and MMP activation were demonstrated, which
are associated with liver fibrosis and its regression (3). It was
observed that the absence of MMP9 attenuated acute, rather
than chronic, liver injury. Previous studies have demonstrated
that MMP?9 caused collapse of the hepatic sinus and worsened
acute liver injury (30), however, why the absence of MMPO has
no effect on chronic injury remains to be elucidated.

The actual activation of MMPs is dependent on their
expression levels and the levels of TIMPs (4,31). In the
present study, it was observed that the mRNA levels of
MMPs (MMP2, MMP9, MMP13 and MMP14) and TIMPs
(TIMP1 and TIMP2) were increased with TAA challenge and
were decreased following TAA withdrawal. The (MMP9 +
MMP13)/TIMP1 and (MMP2 + MMP14)/TIMP?2 ratios were
calculated and it was revealed that both ratios were lower in
the absence of MMP9. In addition, it was revealed that the
absence of MMP9 increased the expression of TGFf during
the late stage of fibrosis resolution compared with that in the
control. The effect of the loss of MMP9Y on liver fibrosis can be
partially explained by the features of these promotive factors
for fibrogenesis or fibrosis resolution, although the precise
underlying molecular mechanism requires further investiga-
tion.
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In conclusion, the present study demonstrated the dynamic
features of liver fibrogenesis and fibrosis resolution in the
absence of MMP9. These results indicate that the two-edged
effect of MMP?9 is regulated by the time and state of liver
injury. An improved understanding of the role of MMP9 in
liver fibrosis will provide a stepping stone for novel clinical
applications by targeting MMP?9 in the future.
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