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Abstract Apoptotic injury participates in hepatic fibrosis,
but the molecular mechanisms are not well understood. The
present study aimed to investigate the role of inducible
TIMP1 in the pathogenesis of hepatic apoptosis-fibrosis.
Apoptosis was induced with GCDC, LPS, and alcohol in
precision-cut liver slices or bile duct ligation (BDL) in rats,
as reflected by caspase-3 activity, TUNEL assay, and
apoptosis-related gene profiles. The hepatic fibrosis was
detected with Picrosirius staining, hydroxyproline determi-
nation, and expression profiling of fibrosis-related genes.
Levels of TIMP1 were upregulated by the hepatic apoptosis,
but downregulated by caspase inhibitor. The inducible
TIMP1 was apoptosis-dependent. Once TIMP1 was inhib-
ited with treatment of TIMP1-siRNA, the fibrotic response
was reduced as demonstrated by hydroxyproline assay. In
addition, the expression of fibrosis-related genes aSMA,
CTGF, and TGFb2r were down-regulated subsequent to the
treatment of TIMPI-siRNA. TIMP1 could mediate the
expression of fibrosis-related genes. TIMP1 was transcrip-
tionally regulated by nuclear factor c-Jun as demonstrated by
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EMSA and ChIP assay. The treatment of c-Jun siRNA could
significantly decrease the expression of TIMP1 induced by
alcohol, GCDC, or LPS treatment. Hepatic apoptosis induces
the expression of TIMP1. Inducible TIMP1 can modulate the
expression of fibrosis-related genes in liver. TIMP1 pathway
is a potential target for therapeutic intervention of fibrotic
liver diseases.
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Abbreviations

PCLS Precision-cut liver slices

TIMP1 Tissue inhibitor of metalloproteinase-1

GCDC Glycochenodeoxycholate

LPS Lipopolysaccharide

EtOH Alcohol

BDL Bile duct ligation

TUNEL Terminal deoxynucleotidyl transferase dUTP
nick end labeling

EMSA Electrophoretic mobility shift assay

ChIP assay Chromatin immunoprecipitation assay

Introduction

Apoptosis is a ubiquitous feature in liver disease. Hepatic
apoptosis can be caused by different inducers such as
alcohol, pharmacological use of drugs, medicinal use of
weight loss supplements, hepatotropic viruses, attacks by
free fatty acids in the metabolic syndrome, and immune-
mediated inflammatory processes afflicting the liver [1].
Apoptosis is generally considered a fast process without
inflammatory response, since activation of caspases is
quickly followed by cell fragmentation and phagocytosis
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[2]. Caspases are central initiators and executioners of the
hepatic apoptosis [3, 4]. Caspase-3, a particular signaling
caspase, is either partially or totally responsible for the
proteolytic cleavage of many key proteins such as the
nuclear enzyme poly (ADP-ribose) polymerase [5].
Chronic liver injury is characterized by frequent apoptosis,
regeneration, and progressive fibrosis, despite different
etiologies. The hepatocyte apoptosis is prominent in
hepatic pathology, which is believed as a pivotal step in
most forms of liver injury.

Tissue inhibitor of metalloproteinase-1 (TIMP1) is a
natural glycoprotein that can inhibit the activation of matrix
metalloproteinases (MMPs) [6]. The MMPs, a family of
secreted proteolytic enzymes, function in the biosynthesis of
connective tissue [7]. MMPs degrade constituents of the
basal membrane and the extracellular matrix, including
collagens, proteoglycans, gelatin, fibronectin, laminin, and
elastin, under physiological and pathological conditions [8].
The MMPs can form complexes with TIMP inhibitors,
which regulate the biological activities of the proteases [9].
TIMP1 is an essential member of TIMP family and vigor-
ously participates in pathophysiologic activities. For
example, down-regulation of tissue TIMP1 in aged human
skin contributes to matrix degradation and impairs cell
growth and survival [10]. TIMP1 may take part in matrix
remodeling and involve endocarditis and degenerative val-
vular disease [11]. TIMP1 balances the role of MMPs in the
central nervous system, which is associated with several
inflammatory diseases [12]. TIMP1 protein has an antiap-
optotic function and is able to promote cell proliferation in a
wide range of cell types [13]. These mechanisms are
important in a broad range of malignancies. TIMP1 is
expressed in a subset of malignant lymphomas, which
stimulates cell survival [14]. The TIMPI expression is
amplified in pancreatic cancer cells [15] as well as non-
small cell lung cancer [16]. The augmented TIMPI
expression plays an adverse prognosis in the adenocarci-
noma, as compared with the squamous cell carcinoma
subtype [17]. TIMPI is correlated with melanocyte malig-
nant transformation and cancer cell survival [18]. TIMP1
also is a contributory factor in the development of liver
fibrosis as proven in murine experimental models and
patient samples [19]. Overexpression of TIMP1 itself did
not induce liver fibrosis in TIMP1 transgenic mice under
control of the albumin promoter/enhancer. After treatment
with CCl4, however, TIMP1 had a significant increase in
transgenic mice as compared with the control mice. TIMP1
does not singlehandedly induce liver fibrosis, but strongly
exacerbates liver fibrosis progression. [20]. In a study on
resolution of liver fibrosis, ribonuclease protection analysis
demonstrated a rapid decrease in expression of the colla-
genase inhibitors TIMP1 and TIMP2, whereas collagenase
mRNA expression remained at levels comparable to peak

fibrosis [21]. In clinical patients with chronic hepatitis C,
TIMP1 was one of serum markers in liver fibrosis [22].
TIMP1, mainly produced by activated hepatic stellate cells
(HSCs) and Kupffer cells (KCs), plays a critical role in liver
matrix remodeling.

Hepatic apoptosis has been implicated in the progression
of fibrotic liver disease [23]. The mechanisms likely involve
professional phagocytic cells engulfing apoptotic bodies
such as CpG-DNA motifs or other mediators released by
apoptotic cells. Engulfment of apoptotic bodies can activate
a variety of signaling cascades, resulting in myofibroblasts
(activated HSCs) that generate collagen 1 and the pro-fibr-
ogenic cytokine TGF-f [24]. Inhibition of apoptosis with
caspase inhibitors manifests the beneficial effects in murine
models of hepatic fibrosis [25]. Apoptosis resistance is
associated with TIMP1 expression in different cell types as
well. Liver injury has shown differential levels of TIMP1
expression, but the relationship between hepatic apoptosis
and TIMP1 remains obscure. Mechanistic links are still
undetermined. The present study investigates the patho-
physiologic role of TIMP1 subsequent to apoptotic liver
injury. By analyzing TIMP1 expression with fibrosis-related
gene expression profiles, we provide novel insight into the
role of apoptosis-TIMP1 network in fibrotic liver diseases.
These results refine the molecular mechanisms, through
which apoptosis mediates the process of liver fibrosis. The
comprehensive role of TIMP1 may be an interesting target
for therapeutic intervention of liver disease.

Materials and methods
Precision-cut liver slice (PCLS) culture

Wistar rat liver was perfused with cold-Hanks’ balanced salt
solution supplemented with 5 mM glucose and 50 pg/ml
gentamycin. The consecutive PCLS (8 mm diameter,
250 um thickness) were incubated for 2 h in Williams’ E
medium enforced with 0.35 pM insulin, 0.1 pM dexameth-
asone, and 5 % fetal calf serum (FCS) to promote adherence
to the mesh [26]. Then, PCLS were treated for 28 h with
30 uM of GCDC, 1.5 pg/ml of LPS, and 40 mM of alcohol,
respectively [27-29]. Regular culture of PCLS was per-
formed with Williams” E medium containing insulin, dexa-
methasone, and 1 % FCS. In each experiment, at least six
PCLS per condition were used.

Cell culture
Hepatocytes were isolated from adult Wistar rat liver along

standard liver perfusion procedure. Primary hepatocyte
culture was described previously [30].
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Cell co-culture

HSCs were co-cultured with KCs as previously described
[31]. Briefly, primary cells were isolated by liver perfusion
with bacterial pronase and liberase, followed by density
gradient centrifugation with Histodenz (11 % over 17.5 %)
and elutriation to separate KCs from endothelial cells.
Purity of the HSC fraction (~95 %) was assessed by
autofluorescence, and that of the KC fraction (~96 %) by
immunolabeling with the monoclonal antibody RPE-ED2.
A ratio of KC:HSC was maintained at 3:1. After 1 day
incubation, both KCs and HSCs were washed triple times
with serum-free DMEM/F12 and cell-culture inserts con-
taining the KCs were transferred onto the HSCs. New
medium (4 ml without serum) was added to HSCs cultured
with KCs or with empty inserts as control.

Animal procedures

Wistar rats received humane care according to the criteria
outlined by the National Academy of Sciences and the
National Institutes of Health. The common bile duct was
ligated through a ventral laparotomy [32].

RNA interference

The double stranded siRNA against TIMP1 or c-Jun
(GenBank accession number: NM_053819.1 for TIMP1,;
NM_021835.3 for c-Jun) were consisted of pools of three
target-specific 19-25nt siRNA in accordance with Ambion
web-based criteria. Double-stranded siRNA (0.1 mg/kg)
was injected through rat portal vein 20 h ago, prior of
sacrifice for PCLS preparation [33].

Caspase assay

Liver tissue was homogenized with RIPA lysis buffer
(Sigma-Aldrich). 100 pg of lysate protein and colorimetric
substrate IETD-pNA were utilized for caspase assay. The
activity was calculated as pmol/min [2].

TUNEL Assay

The TdT-FragEL™ DNA fragmentation detection kit was
obtained from Calbiochem [2]. Apoptotic rate is calculated
by counting the number of TUNEL-positive cells in 100x
microscopic fields.

Western blotting assay

Protein samples were resolved with 10 % SDS—poly-

acrylamide gel electrophoresis and blotted with appropriate
primary antibodies at dilution of 1: 500-1,000. Horseradish
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peroxidase-conjugated signal was detected using ECL
chemiluminescent substrate (Amersham Biosciences).

Quantitative real-time PCR (qRT-PCR)

Total tissue RNA was extracted with TRI Reagent
(Molecular Research Center, Cincinnati, OH). cDNA was
synthesized using cDNA Synthesis Kit (Invitrogen). The
level of gene expression was calculated by a mathematical
delta—delta method, which was normalized to the expres-
sion level of 18S rRNA.

Electrophoretic mobility shift assay (EMSA)

Nuclear extracts were prepared with the modified Dignam
protocol [2]. The consensus binding was labeled with digoxin.
Protein—-DNA complexes were separated from the unbound
DNA probe through 6 % native polyacrylamide gels.

Chromatin immunoprecipitation (ChIP) Assay

As previously described [30], the crude nuclear extract was
re-suspended in Lysis Buffer and then gotten sonication at
a power setting of 30 %. 4 pg of rabbit antiserum was used
for the immunoprecipitation. Crosslinks were reversed by
400 pl of Elution Buffer. 1 pul of DNA was amplified with
suitable primers that covered the potential binding area.

Statistical analysis

All results represented experiments from a minimum of three
separate preparations. Data were expressed as mean £+ SD
unless otherwise indicated. Comparisons were performed
using Student’s ¢ test or two-way analysis of variance fol-
lowed by Bonferroni correction where appropriate. A p value
of <0.05 was considered to be statistically significant.

Results
TIMP1 was upregulated subsequent to apoptosis

In vitro apoptosis was induced in precision-cut liver slices
(PCLS) by different inducers such as GCDC, LPS, and
alcohol, respectively. Viabilities were indicated by MTT
assay (Supplement Fig. A). The in vivo apoptosis was
caused by common bile duct ligation (BDL) in rats. Apop-
tosis, reflected by caspase-3 activity (Supplement Fig. B, C)
and TUNEL assay (Supplement Fig. D-G), resulted in an
upregulation of TIMP1 expression at mRNA level through
gRT-PCR (Fig. la, b) and protein detection by Western
blotting (Fig. 1c). TIMPI1 levels were increased in BDL
livers, as compared with the sham livers. Time-course
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analysis revealed that the TIMP1 expression was correlated
to caspase-3 activity following BDL treatment (Fig. 2a, b).
Taken together, the apoptotic liver injury could upregulate
the expression of TIMP1 as demonstrated by qRT-PCR and
Western blotting. These causative factors might have dif-
ferent mechanisms to initiate apoptosis, but TIMP1 expres-
sion was significantly elevated.

Upregulation of TIMP1 was apoptosis-dependent

TIMP1 expression was markedly enhanced by different
apoptosis-inducers. It was thus hypothesized that the upreg-
ulation of TIMP1 might depend on the apoptotic status. To test
this hypothesis, precision-cut liver slices were treated with
pan-caspase inhibitor Z-VAD-FMK (50 uM) [34] and then
challenged with the aforementioned GCDC, LPS, and alco-
hol, respectively. The Z-VAD-FMK suppressed caspase
activation and decreased apoptosis as demonstrated by cas-
pase-3 activity and TUNEL assay (Fig. 3a, b). When apop-
tosis was inhibited in PCLS, TIMP1 expression was decreased
as determined by the mRNA level of TIMP1 (Fig. 3c). TIMP1
protein showed a similar trend to the level of gene expression
(Fig. 3d; Supplement Fig. H). While liver slices were stimu-
lated with insulin-like growth factor 1 (IGF-1), levels of
TIMP1 were not altered by the IGF-1 treatment (Supplement
Fig. I). These results suggest that the inducible TIMP1 is
mediated by apoptotic process or apoptosis-dependent, not
through growth signal pathway.

TIMP1 modulated the expression of fibrosis-related
genes

Hepatic fibrosis was time-dependent as exhibited by Sirius
staining (Fig. 4a; Supplement Fig. J, K) and hydroxyproline

A mRNA levels of TIMP1 by real-

determination (Fig. 4b) in BDL rats. The hepatic fibrosis was
also characterized by the expression profile of fibrosis-related
genes composed of aSMA, Collal, CTGF, TGFB1, TGFb2r,
and TIMP1 (Fig. 4c, d). The ample expression of TIMP1 was
positively correlated with accumulative levels of CTGF
and TGFb2r (Fig. 4e, f). When TIMP1 was inhibited by
TIMP1-siRNA through portal vein injection, the response of
the tissue was investigated by qRT-PCR and Western blotting
(Fig. 5a, b). To exclude the side effect of TIMP1 knockdown
in hepatocytes, the effect of siRNA-mediated knockdown on
hepatocyte apoptosis was examined. Hepatocytes were iso-
lated from control or siRNA-treated livers following previous
protocol (2). Primary hepatocytes were then stimulated with
GCDC, LPS, and alcohol, respectively. Hepatocyte apoptosis
was reflected by caspase-3 activity (Fig. 5c). The fibrotic
response was quantitated by hydroxyproline assay (Fig. 5d).
Interestingly, expression profiles of fibrosis-related genes
aSMA, CTGF, and TGFb2r were significantly altered
(Fig. 5e). Surely, the mechanism by which TIMP1 affects the
expression of fibrosis-related genes is worthy of further
investigation. In addition, the proliferating ability was detec-
ted by MTT assay and cyclin D1 level (Supplement Fig. L, M).
Inflammatory cytokines TGFf1 and TNFo were measured
subsequent to TIMP1 knockdown as well (Supplemental
Data, Fig. N). The modification of TIMP1 expression could
modulate the hepatic fibrosis through the regulation of fibro-
sis-related gene expression and cell proliferation.

Expression of TIMP1 was detected in hepatocytes
Apoptotic injury altered the level of TIMP1 in PCLS. In
order to understand the inter-relationship between apopto-

sis and TIMP1 expression, it was necessary to know which
cells were involved and how TIMP1 expression was

B mRNA levels of TIMP1 by real-
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Fig. 1 Expression of TIMP1 was increased by apoptosis-inducers.
a expression of TIMP1 at mRNA levels through qRT-PCR. Precision-
cut liver slices (PCLS) was treated for 28 h with 30 pM of GCDC,
1.5 pg/ml of LPS, and 40 mM of alcohol, respectively. Histograms

represent mean = SD of 7-10 PCLS per group. **P < 0.01 versus
control. b mRNA levels of liver TIMP1 from control (or sham, n = 3)
or BDL (n = 5) treatment for 2 weeks. ¢ protein levels of TIMP1 by
Western blotting
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Fig. 2 Expression of TIMP1
was correlated with apoptosis.
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activated in response to apoptotic injury. As we know,
PCLS contains several phenotypically distinct cell types,
e.g. hepatocytes, stellate cells, Kupffer cells, cholangio-
cyte, sinusoidal endothelial cells, etc. Predominant hepa-
tocytes make up 70 % of the liver cells. Hepatocytes were
thus isolated according to the standard procedure and the
primary culture was carried out (2). Primary hepatocytes
were targeted by ethanol, GCDC, and LPS toxicity.
Hepatocyte apoptosis was revealed by caspase-3 activity
(Fig. 6a). Levels of TIMP1 in hepatocytes were analyzed
through real-time PCR, which were compared with that in
PCLS (Fig. 6b). The levels of TIMP1 in hepatocytes did
not show any significant difference between apoptotic
treatment and control group. The source of inducible
TIMP1 might be independent of the hepatocytes. Addi-
tionally, no difference was found for hydroxyproline
measurement (Fig. 6¢). To address the producer cells of
inducible TIMP1, levels of TIMP1, CTGF, and aSMA
were analyzed by real-time PCR after primary stellate cells
and Kupffer cells were co-cultured with apoptotic bodies
generated by hepatocytes (Fig. 6d) [31]. Expression levels
of TIMP1 were also estimated in primary hepatocytes and
stellate cells isolated from the BDL livers (Fig. 6e).

@ Springer

TIMP1 was regulated by nuclear factor c-Jun

TIMP1 gene promoter contains potential nuclear factor
binding sites such as PPAR-y1, Ets, STATs, SRE, SPI,
NF-kb, c-Jun, c-Fos, HNF-1, HNF-4, HNF-6, etc. Some
binding sites Ets, STATs, SRE, SP1 and LBP1, had been
investigated [35], but other potential binding sites still need
to be confirmed. Activation of c-Jun was altered in stellate
cells and Kupffer cells co-cultured with apoptotic bodies
generated by hepatocytes (Supplemental Data, Fig. O). The
present study thus focused on the function of c-Jun nuclear
protein in the regulation of TIMP1 expression. c-Jun com-
bines c-Fos to form an AP-1 early response transcription
factor. The inducible transcriptional complex AP-1 is crucial
for cell adaptation to environmental changes [36]. A simi-
larity of putative c-Jun binding sites is contrasted within
—2.6 kb area of TIMP1 promoter. c-Jun binding sequences
ttactcagcce and tgctgactcaggt are completely conservative in
mouse, rat, and human genomes (Fig. 7a). EMSA was per-
formed to examine whether c-Jun nuclear protein could bind
TIMP1 promoter regions. Oligonucleotide probes contain-
ing the identical sequences for c-Jun binding sites were
designed and optimized (Supplement Table 1). Results
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showed that in vitro-synthesized probes could bind nuclear
protein (Fig. 7b). When c-Jun antibody was added into the
complex of probe/nuclear protein, the binding signal was
further inspected with gel supershift assay (Fig. 7c). EMSA
and gel supershift assay demonstrated that there were
c-Jun-specific DNA sequences in TIMP1 promoter. Next,
ChIP assay was carried out to determine the ability of nuclear
protein binding to DNA structure in native chromatin con-
text. The crude nuclear extract was mechanically sheared by
sonication to generate small protein-DNA fragments. These
fragments were immunoprecipitated with c-Jun specific
antibody or rat IgG as non-specific control (Fig. 7d). After
having reversed the cross-links and removed proteins from
the immunoprecipitated protein-DNA complexes, the puri-
fied DNA was analyzed by appropriate primers to cover
potential binding regions (Supplement Table 2). The relative

ratios of c-Jun specific antibody/IgG could reflect the result
of ChIP assay (Fig. 7e). The ratio of c-Jun/IgG was signifi-
cantly 15.5-fold (P = 0.0012). According to data from
EMSA, gel supershift, and ChIP assay, we concluded that
TIMP1 was regulated by transcription factor c-Jun. Subse-
quently, c-Jun was silenced by siRNA to investigate the role
of c-Jun in regulation of TIMP1 expression. c-Jun siRNA
was a pool of target-specific 19-25nt siRNAs designed to
knock down c-Jun expression. The pretreatment of c-Jun
siRNA could inhibit the expression of TIMP1 as detected by
Western blotting (Fig. 7f). When c-Jun siRNA-pretreated
PCLS were then challenged with alcohol, GCDC, and LPS,
the expression of TIMP1 at mRNA level was significantly
downregulated (Fig. 7g—i). Other fibrosis-related genes
CTGF, TGFb2r were measured as well (Supplemental Data,
Fig. P). Moreover, variation of c-Jun was assessed in primary
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hepatocytes and stellate cells separated from the liver of
BDL-operated rats (Supplemental Data, Fig. Q).

Discussion

Apoptotic injury was induced in precision-cut liver slices
by GCDC, LPS, and alcohol or in rats through common
bile duct ligation. Apoptosis could consistently upregulate
the level of TIMPI in spite of different initiating mecha-
nisms. The molecular basis behind this phenomenon
remains unknown. The upregulated TIMP1 was suppressed
by caspase inhibitor. This suggests that the certain rela-
tionship is existed between apoptosis and TIMP1 expres-
sion. Furthermore, a modification of the TIMP1 expression
altered expression profiling of fibrosis-related genes.
Hepatic apoptosis was associated with fibrosis through the
TIMP1-mediated pathway. Due to complexity of regula-
tory networks, it is unsure whether the TIMP1 signaling is
the only pathway that regulates the progression of hepatic
fibrosis. The treatment of c-Jun siRNA significantly
decreased the expression of TIMPI1. This is a novel
approach to adjust the expression of TIMP1 at the tran-
scriptional level. The blockage of c-Jun expression or
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CTGF TGFb2r

TIMP1 pathway can be alternative approaches to interfere
in the exacerbation of liver fibrosis.

Apoptosis increases TIMP1 expression. As rats were
treated with alcohol intake and choline-deficient diet, this
combined treatment triggered an apoptotic response as
determined by elevated Bax, cytochrome c release, and
caspase-3 activity. The combined treatment also stimulates a
profibrogenic response due to upregulation of TIMPI,
COL1al, aSMA, as well as downregulation of MMP13,
MMP2, and MMP9 [37]. Hepatitis C virus infection leads to
hepatocyte apoptosis, which can activate HSCs and amplify
the fibrogenic genes TIMP1, TIMP2, COL1a1, and TGFB1
[38]. Apoptosis stimulates the expression of TIMPI. The
upregulated TIMP1 would, in turn, inhibit apoptosis. TIMP1
expression could inhibit MMPs and was sufficient to block
radiation-induced apoptosis in the capillary endothelial
cells. The protective mechanism depended on the relative
levels of MMPs and TIMPs [39]. TIMP1 is associated with
apoptosis resistance that is related to negative prognosis in
some human cancers. An overexpressed TIMPI in mela-
noma cells reduced latency time for tumor appearance and
increased metastatic potential. The elevated TIMP1 was
combined with a progressive gene demethylation, which
conferred anoikis resistance. TIMP1 may be a valued marker
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Fig. 7 TIMP1 expression was
regulated by nuclear factor
c-Jun. a potential c-Jun binding
sequences ffactcagcc and
tgctgactcaggt are completely
conservative in mouse, rat, and
human TIMP1 promoter within
—2.6 kb area. b In vitro-
synthesized probes could bind
nuclear protein as demonstrated
by EMSA. ¢ gel supershift
assay. d the crude nuclear
extract was precipitated with
cJun-specific antibody, while rat
IgG as control. e the relative
ratios of cJun-specific antibody/
1gG could reflect the result of
ChIP assay (P = 0.0012).

f TIMP1 expression was
inhibited by c-Jun siRNA
through portal vein injection as
detected by Western blotting.
g-i after livers were pretreated
by c-Jun siRNA, mRNA levels
of TIMP1 in PCLS were altered
by alcohol, GCDC, and LPS
treatment. **P < 0.01
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for melanocyte malignant transformation [18]. The TIMP1
expression inhibited apoptosis and mediated the survival of
breast epithelial cells [40]. When apoptosis is induced during
liver disease, a series of response is followed, e.g. activation
of Kupffer cells and production of TIMP1. Phagocytic cells
engulf apoptotic bodies such as CpG-DNA motifs [23, 24],
which can release mediators to accelerate TIMP1 expres-
sion. TIMP1 further activates HSCs and synthesis of colla-
gen, in mediation of the liver-fibrotic pathogenesis. In
progressive fibrosis, HSCs proliferate and secrete collagen
into the extracellular space. When the degradation of colla-
gen accomplished by metalloproteinases is reduced by tissue
inhibitors TIMPs, extracellular collagen is accumulated as
demonstrated in liver and pulmonary fibrosis [19, 41].
TIMP1 plays an essential role in matrix remodeling. This is a
dynamic process to connect apoptosis with fibrosis in liver
diseases. Actually, the upregulation of TIMP1 can be
understood as a stress response that is induced by apoptosis.

Progression of liver fibrosis is a wound healing response
attributable to liver injury. During hepatic fibrosis, the
activated HSCs undergo continuous proliferation as reflec-
ted by activation markers a-SMA. The excessive matrix
proteins are secreted by HSCs. Expression of MMP1 is
inhibited, whereas TIMP1 expression is upregulated. An
imbalance between MMP1 and TIMPI results in a net
increase in extracellular matrix accumulation [42]. TIMP1
siRNA significantly reduced HSC proliferation. The atten-
uated proliferation was associated with reduced Akt phos-
phorylation and was partially rescued by addition of
recombinant TIMP1. TIMP1 has a novel autocrine mito-
genic effect on HSC, which may involve Akt-dependent and
specific nuclear mechanisms of action [43]. Moreover, our
data indicated that the treatment of TIMP1-siRNA could
alter the profile of fibrogenic aSMA, CTGF, TGFf1, and
TGFb2r. In animals of spontaneous recovery from liver
fibrosis, nuclease protection assay demonstrated a rapid
decrease in expression of the collagenase inhibitors TIMPs.
There was a reduction in the number of activated HSC.
Apoptosis of the activated HSCs might vitally contribute to
resolution of fibrosis [21]. Following treatment with CCl, in
TIMPI1-transgenic mice, an active form of MMP2 level was
decreased. The TIMP1 promotes the hepatic fibrosis by
inhibiting both matrix degradation and apoptosis of HSCs
[20]. An elevation of TIMP1 expression exacerbates the
liver fibrosis through transgene, but inhibition of TIMP1
expression alleviates the fibrosis via siRNA silencing [20,
42]. Moreover, the fibrogenic role of TIMP1 expression is
inducer-dependent. When rat liver fibrosis was induced with
dexamethasone and CCl, respectively, the correlation was
different between TIMP1 expression and liver fibrosis in the
two models. Serum TIMP1 level could positively correlate
with the severity of liver fibrosis in immune (dexametha-
sone)-induced rats, but not in CCls-induced experimental

model [44]. The mechanisms through which TIMP1
enhances the liver fibrosis may include that TIMP1 can
(i) stimulate the proliferation of HSCs; (ii) decrease the
apoptosis of HSCs; (iii) inhibit MMPs; (iv) indirectly acti-
vate fibrosis-related gene expression or inhibit antifibrotic
gene expression. Of note, TIMP1 knockout mice could
develop more liver fibrosis than wild-type mice after CCly
exposure [45]. TIMP-1 might have dual roles in liver
fibrosis. The precise mechanism needs to be determined.
The regulatory mechanism of TIMP1 expression remains
unknown. Hepatic apoptosis induces the expression of
TIMP1 that is further associated with the fibrosis-related
gene expression. The whole process is controlled by diverse
aspects, including hepatic proliferation, matrix remodelling,
and maintenance of hepatic phenotype. TIMP1 is highly
inducible at the transcriptional level in response to many
cytokines and hormones. c-Jun as a basic transcriptional
molecule regulates TIMP1 expression. The relationship
between c-Jun and hepatocyte apoptosis plays a critical role
in the progression of liver dysfunction [46]. Hepatocyte
apoptosis activates c-Jun expression that stimulates tran-
scription of TIMP1 in Kupffer and stellate cells. TIMP1
antagonizes the c-Jun-mediated death signals. c-Jun has
multiple functions. In the embryonic stage, c-Jun regulates
organogenesis and cell differentiation via cell cycle pro-
gression and apoptosis. Postnatal hepatocyte proliferation
and liver regeneration were impaired in mice lacking c-Jun
in the liver [47]. c-Jun/AP-1 regulates liver regeneration
through a molecular pathway that involves p53, p21, and
the stress kinase p38a [36]. c-Jun can antagonize the
proapoptotic activity of p53 and affect the initiation and
promotion of liver tumor development [48]. The mecha-
nism through which c-Jun regulates TIMP1 is still under
investigation. c-Jun is an important component of AP-1
transcription factor complexes. AP-1, Ets-1, PEA3, and
UTE-1 transcription factors are able to control TIMP1
promoter through their functional interactions [36, 37].
Fibrosis is a featured process in liver pathology. The
progressive fibrosis enters the final stage or cirrhosis. The
function is seriously harmed in cirrhotic livers. Currently,
no satisfactory treatment is available in clinical practice. In
recent years, the role of hepatic apoptosis has been rec-
ognized, especially in inducing models. The apoptosis-
induced fibrosis can be roughly classified into two stages.
The initial stage includes the release of cytokines and
chemokines, which triggers an apoptotic response. There-
after, the secondary stage reflects interactions of injured
cells, Kupffer cells, HSCs, and extracellular matrix. The
secondary response covers multiple aspects such as apop-
tosis-induced TIMP1 expression, proliferation, and regen-
eration. TIMP1 is positively correlated to immune-induced
liver fibrosis in experimental rats [44]. The clinical sig-
nificance of TIMP1 is its bridging role to connect apoptosis
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with liver fibrosis. A blockage of TIMP1 expression can
interrupt an association of apoptosis with fibrosis, which
may have a specific significance in cholestatic liver disor-
ders. In summary, hepatic apoptosis stimulates TIMP1
expression. Levels of the inducible TIMP1 are apoptosis-
dependent, which modulates the profile of fibrosis-related
genes. TIMP1 is a major regulator of extracellular matrix.
An overexpressed TIMP1 exacerbates liver fibrosis.
Hepatic apoptosis may mediate fibrosis through TIMP1
signaling pathway. The current study also demonstrated
that c-Jun regulated the expression of TIMPIL. c-Jun/
TIMP1 pathway has potential value in the treatment of
fibrotic liver disease.
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