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ABSTRACT

Background: Previous research suggested that insulin-like growth factor binding protein related protein
1 (IGFBPrP1), as a novel mediator, contributes to hepatic fibrogenesis. Matrix metalloproteinases (MMP)
and tissue inhibitors of metalloproteinases (TIMP) play an essential role in hepatic fibrogenesis by regu-
lating homeostasis and remodeling of the extracellular matrix (ECM). However, the interaction between
IGFBPrP1 and MMP/TIMP is not clear. The present study was to knockdown IGFBPrP1 to investigate the
correlation between IGFBPrP1 and MMP/TIMP in hepatic fibrosis.
Methods: Hepatic fibrosis was induced by thioacetamide (TAA) in mice. Knockdown of IGFBPrP1 expres-
sion by ultrasound-targeted microbubble destruction-mediated CMB-shRNA-IGFBPrP1 delivery, or inhi-
bition of the Hedgehog (Hh) pathway by cyclopamine treatment, was performed in TAA-induced liver
fibrosis mice. Hepatic fibrosis was determined by hematoxylin and eosin and Sirius red staining. Hep-
atic expression of IGFBPrP1, a-smooth muscle actin («-SMA), transforming growth factor 1 (TGFS1),
collagen I, MMPs/TIMPs, Sonic Hedgehog (Shh), and glioblastoma family transcription factors (Gli1) were
investigated by immunohistochemical staining and Western blotting analysis.
Results: We found that hepatic expression of IGFBPrP1, TGFA1, «-SMA, and collagen [ were increased lon-
gitudinally in mice with TAA-induced hepatic fibrosis, concomitant with MMP2/TIMP2 and MMP9/TIMP1
imbalance and Hh pathway activation. Knockdown of IGFBPrP1 expression, or inhibition of the Hh path-
way, reduced the hepatic expression of IGFBPrP1, TGFB1, «-SMA, and collagen I and re-established
MMP2/TIMP2 and MMP9/TIMP1 balance.
Conclusions: Our findings suggest that IGFBPrP1 knockdown attenuates liver fibrosis by re-establishing
MMP2/TIMP2 and MMP9/TIMP1 balance, concomitant with the inhibition of hepatic stellate cell acti-
vation, down-regulation of TGFS1 expression, and degradation of the ECM. Furthermore, the Hh path-
way mediates IGFBPrP1 knockdown-induced attenuation of hepatic fibrosis through the regulation of
MMPs/TIMPs balance.

© 2018 First Affiliated Hospital, Zhejiang University School of Medicine in China. Published by Elsevier

B.V. All rights reserved.

Introduction

acute or chronic liver injury. The activation of hepatic stel-
late cells (HSC) and their excessive secretion and deposition of

Hepatic fibrosis (HF) is overly exuberant wound healing in
which excessive connective tissue builds up in the liver following
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extracellular matrix (ECM) [1], particularly collagen deposition,
result in liver fibrosis and ultimately in cirrhosis or hepato-
cellular carcinoma. Therefore, understanding the pathogenesis of
liver fibrosis is important for the preventive and antifibrotic
therapies.

Insulin-like growth factor binding protein related protein 1
(IGFBPrP1), also known as IGFBP7, has been implicated in a
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number of biological processes, including cell proliferation, differ-
entiation, adhesion, senescence, and apoptosis [2-6]. It has previ-
ously been shown that IGFBPrP1 is a novel mediator involved in
hepatic fibrogenesis. IGFBPrP1 can activate HSCs, which produce
o-smooth muscle actin (¢-SMA), and play an important role in
the secretion and deposition of ECM [7-10]. In addition, IGFBPrP1
can further induce the expression of transforming growth factor 8
1 (TGFB1), the most prominent effector of liver fibrosis. IGFBPrP1
and TGFB1 may be mutually regulated, resulting in activation of
HSC and ECM deposition [11]. IGFBPrP1 is a potential therapeutic
target for hepatic fibrosis.

The ECM is sustained by precisely regulated turnover, which
is controlled by matrix metalloproteinases (MMP) and tissue in-
hibitors of metalloproteinases (TIMP) [12]. MMPs are the major en-
zymes implicated in ECM degradation [13], and TIMPs are secreted
molecules that bind reversibly to MMPs in a 1:1 stoichiometric ra-
tio. The balance between MMPs and TIMPs regulates ECM turnover
and remodeling during both normal development and pathogene-
sis [14,15]. Accumulating evidence indicates that MMP/TIMP bal-
ance may play an essential role in hepatic fibrogenesis [12]. In
the fibrotic liver, MMP/TIMP imbalance, along with HSC activation,
occurred followed by progressive accumulation of ECM [1,16,17].
It is not clear whether IGFBPrP1 induced ECM deposition is via
MMP/TIMP system.

An increasing number of studies indicate that the Hedgehog
(Hh) pathway plays an important role in the pathogenesis and
progression of liver fibrosis [18,19]. Hh ligand family members
(Sonic Hh [Shh], Indian Hh, and Desert Hh) activate Hh signal-
ing by engaging the transmembrane receptor, Patched (Ptc), on
the surface of Hh-responsive cells. These include resident hepatic
immune cells, stellate cells, and progenitors. Binding of Hh lig-
ands to Ptc prevents Ptc from inhibiting Smoothened (Smo). Acti-
vated Smo controls cellular accumulation and nuclear localization
of glioblastoma (Gli) family transcription factors (Gli1, Gli2, and
Gli3) that regulate the expression of Hh-regulated genes modulat-
ing the proliferation, differentiation, and survival of Hh-responsive
cells [18]. Our previous studies have found that IGFBPrP1 leads to
HSC activation, ECM synthesis, and promotes the development of
liver fibrosis via Hh pathway activation [7]. However, the mech-
anisms by which IGFBPrP1, MMP/TIMP balance, and the Hh sig-
naling pathway regulate and interact with each other are not
clear.

The wuse of ultrasound-targeted microbubble destruction
(UTMD) as a stimulus for gene transfer offers significant ad-
vantages over other gene transfer modalities for application in
gene-based therapies. Microbubbles, which were designed for
molecular imaging and are used as ultrasound contrast agents
for visualizing perfusion, have recently been used as a vehicle
for delivering genes, proteins, or drugs because of their visibility
in the target tissue [20,21]. Cationic microbubbles (CMB) with
a positively charged surface can carry an adequate amount of
plasmid to achieve a therapeutic effect. They have been shown to
enhance gene delivery by UTMD [22-25]. In our study, we used
UTMD with CMB to enhance gene transfection efficacy in mice
livers.

Thioacetamide (TAA) is a hepatotoxic chemical that effectively
induces hepatic fibrosis in experimental rodent models [26,27]. The
pathophysiological processes of a rodent model with hepatic fi-
brosis induced by TAA closely resembles those observed in hu-
man with alcoholic or viral infection-induced liver fibrosis [28,29].
Therefore, in this study, we created a TAA-induced hepatic fi-
brosis mouse model to test the hypothesis that UTMD-mediated
CMB-short hairpin RNAs (shRNA)-IGFBPrP1 delivery attenuates
TAA-induced hepatic fibrosis by regulating the MMP2/TIMP2 and
MMP9/TIMP1 balance via the hedgehog pathway.

Methods
Animals and TAA administration

Male wild-type C57BL/6 mice, 5-6 weeks old and weighing 18-
22 g, were obtained from the Institute of Laboratory Animals at
the Military Academy of Medical Sciences (Beijing, China). They
were maintained in a temperature-controlled environment (20-
22°C) with a 12h light-dark cycle, free access to drinking water,
and ad libitum standard chow at the Department of Pharmacology
of Shanxi Medical University. Mice were subjected to experimen-
tal procedures approved by the Animal Care and Use Committee of
Shanxi Medical University and in accordance with the Guidelines
on the Care and Use of Animals provided by the American Physio-
logical Society.

C57BL/6 wild-type mice (n=168) were randomly divided
into the normal group (n=24): normal breeding; control group
(n=24): intraperitoneal injection of phosphate buffered solution
(PBS) 0.1 mL/10g, three times a week; TAA group (n=24): in-
traperitoneal injection of 100 mg/kg body weight of TAA (Sigma,
St. Louis, MO, USA) dissolved in PBS three times a week;
TAA + shRNA-NC group (n=24): one week following the first
administration of TAA, the CMB-shRNA-NC solution was in-
fused into the tail vein, simultaneously, and an ultrasound
beam was delivered to UTMD; TAA+ shRNA-IGFBPrP1 group
(n=24): one week following the first administration of TAA,
the CMB-shRNA-IGFBPrP1 solution was infused into the tail
vein, simultaneously, and an ultrasound beam was delivered to
UTMD; TAA+vehicle group (n=24): one week following the
first administration of TAA, intraperitoneal injection of vehicle
(10% DMSO + 30% PEG 300 + 5% Tween 80 +ddH,0) 0.15mL/10g/d
for 2 weeks; TAA + cyclopamine group (n=24): one week follow-
ing the first administration of TAA, mice were intraperitoneally in-
jected daily with 15 mg/kg cyclopamine (Selleck Chemicals, Hous-
ton, USA), a specific Hedgehog inhibitor, dissolved in vehicle for
two weeks.

At week 2, 4, and 6 after the first administration of TAA, the
animals were sacrificed for further analysis. Liver tissue and blood
samples were harvested at these time points. Tissues were flushed
with normal saline, snap frozen in liquid nitrogen, and stored at
—80°C until used for further assessment.

Cell culture and shRNA-IGFBPrP1 expressing plasmid transfection

The NIH/3T3 cell line (Cell Resource Center of Shanghai Institute
of Life Sciences, Chinese Academy of Sciences, Shanghai, China)
was cultured in RPMI 1640 medium (Gibco, New York, USA) sup-
plemented with 10% fetal bovine serum, 100 U/mL penicillin, and
100g/mL streptomycin. Plasmids coding for three shRNAs target-
ing mouse IGFBPrP1 mRNA and a scrambled shRNA as the neg-
ative control (shRNA-NC) were designed using software and syn-
thesized by the Sangon Biotech Company (Shanghai, China). They
were used to transfect NIH/3T3 cell lines using Lipofectamine 2000
(Invitrogen, Carlsbad, CA, USA). After transfection of the shRNA
plasmid into the NIH/3T3 cells for 72 h, the most effective shRNA-
IGFBPrP1 was selected. Both shRNA-IGFBPrP1 and shRNA-NC con-
tained a green fluorescent protein (GFP) marker, which was used
to determine transfection efficacy.

Plasmid shRNA-IGFBPrP1 and microbubble solutions

CMBs (USphere™ Trans+) (Trust Bio-sonics Company, Taiwan,
China) were used for gene transfection. To activate CMBs, the vial
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was warmed to room temperature (20-30°C) and oscillated for
40s in an UltraMix™ (Monitex Company, Taiwan, China). ShRNA-
IGFBPrP1 or shRNA-NC plasmids (40 ug) were added to CMBs
(100 L), and mixed well using a vortex. Solutions were then incu-
bated at 4°C for at least 15 min. The plasmid microbubble solution
(100 pL) was diluted with sterilized saline to a total volume of
2.5mL. Dilution was performed just prior to injection to prevent
degradation.

UTMD-mediated gene delivery

Six days following the first administration of TAA, mice were
anesthetized by intraperitoneal injection of chloral hydrate (400
mg/kg body weight), and the plasmid microbubble solution was in-
jected into the tail vein slowly. A Prospect High Resolution Imaging
System and 40 MHz transducer (S-Sharp Company, Taipei, Taiwan,
China) were used to visualize the liver. Immediately following in-
jection, an ultrasound beam was delivered with an M3S transducer
that was situated precisely over the liver to destroy bubbles across
this region using the Vivid 7 system (GE Healthcare, Chicago, USA)
operating in the second harmonic mode (transmit: 1.7 MHz; re-
ceive: 3.4 MHz). Microbubble destruction was carried out for 5 min
with a pulse cycle of 10s on and 5s off. The transmission depth
was set at 2 cm, and a mechanical index of 0.9 was employed. Each
ultrasound burst eliminated a large number of the microbubbles in
the liver, and a pulsing interval of 5s was used to allow replenish-
ment of the microbubbles before the next burst. This method has
previously been employed for UTMD gene delivery to the liver us-
ing CMB [30].

Western blotting analysis

Total protein (50 ug) was separated by SDS-PAGE and trans-
ferred to PVDF membranes (Bio-Rad Laboratories, Hercules, CA,
USA). The membranes were probed with primary antibodies for
IGFBPrP1 (1:1000, ab74169, Abcam, Cambridge, United Kingdom),
«-SMA (1:500, ab5694, Abcam), collagen I (1:300, ab34710, Ab-
cam), TGFB1 (1:500, ab92486, Abcam), MMP2 (1:1000, ab92536,
Abcam), MMP9 (1:1000, ab38898, Abcam), TIMP1 (1:500, Abcam),
TIMP2 (1:1000, Abcam), Shh (1:500, Abcam), Gli1 (1:500, Sangon
Biotech, Shanghai, China), and B-actin (1:1000, Abcam), followed
by the incubation with secondary antibodies (1:5000). Blots were
visualized using an enhanced chemiluminescence system after in-
cubation with appropriate horseradish peroxidase-conjugated sec-
ondary antibodies [7]. Proteins were detected by enhanced chemi-
luminescence (ECL; Bio-Rad Laboratories). Specific signals were
scanned using scanning densitometry and relative protein levels
were determined with Quantity One Image software (Bio-Rad). For
quantification, blots from at least three independent experiments
were used.

Histological analysis and immunohistochemical staining

All paraffin-embedded liver tissues were cut into 4 um thick
sections and stained with hematoxylin and eosin (H&E) or Sirius
Red stain for histological examination or collagen deposition, re-
spectively.

Immunohistochemical staining was performed to examine the
expression of protein in liver tissues. Briefly, endogenous peroxi-
dase activities were blocked with 0.3% H,0,. Tissue sections were
revived in a microwave oven with 10mM sodium citrate buffer
(pH 6.0) for 25min and incubated at 37 °C for 1 h with pri-
mary antibodies: MMP2 (1:500), MMP9 (1:500), TIMP1 (1:200),
TIMP2 (1:50), Gli (1:60), Shh (1:400). Sections were washed and
incubated with biotinylated secondary antibody (ZSGB-BIO, Beijing,

China). For negative controls, the primary antibodies were substi-
tuted with PBS. Visualization was carried out with a streptavidin
biotin immunoperoxidase staining system (LSAB kit, Dako, USA) us-
ing 3, 3-diaminobenzidine (Sigma, St. Louis, MO, USA) as a chro-
mogenic substrate.

For observation of GFP fluorescence, frozen liver sections were
incubated with DAPI (Boster, Wuhan, China) for 5min at room
temperature and detected using a fluorescence microscope (BX43,
Olympus, Tokyo, Japan) with an excitation wavelength of 488 nm.

Stained sections were viewed with an Olympus BX43 micro-
scope and the results were analyzed with Image-Pro Plus 7.0 soft-
ware. The results of immunoperoxidase staining, expressed as the
integrated optical density (IOD) of the positive brown particles,
were determined semi-quantitatively by examining 5 fields ran-
domly at 400 x magnification in each slice. The results from Sirius
Red staining were expressed as the percentage of the area occu-
pied by the signal.

Statistical analysis

All data were expressed as the median (range) unless otherwise
indicated, and all calculations were made using SPSS 16.0 statis-
tical software. Statistical significance was evaluated using Mann-
Whitney U test. In addition, the Spearman correlation coefficients
(r values) were calculated. Results were considered statistically sig-
nificant at P <0.05.

Results

Expression of IGFBPrP1, TGFB1, and a-SMA in livers of mice with
TAA-induced hepatic fibrosis

Compared with the normal and PBS-treated groups, H&E stain-
ing of the livers from TAA treated mice showed increases in cen-
trilobular necrosis, steatosis, hydropic degeneration, and bile duct
proliferation, as well as infiltration of immune cells and inflamma-
tory cells into the hepatic parenchyma (Fig. 1A). Sirius Red staining
showed that collagen fibrils were mostly distributed in the portal
and central vein areas week 2 after the first administration of TAA,
and then gradually expanded and extended over time (Fig. 1B).

Following treatment with TAA, IGFBPrP1 levels in liver were
gradually increased compared to levels in the normal and PBS-
treated groups (Fig. 1G). The dynamic hepatic expression of «-
SMA, TGFB1, and collagen I in the liver was determined using
Western blotting analysis. The results revealed that the HSC mark-
ers «-SMA and TGFf1, which are the strongest cytokines involved
in liver fibrosis, and collagen I, which is the main component of the
ECM, were longitudinally increased in the TAA-treated mice com-
pared to the normal and PBS-treated group at week 2, 4, and 6
(Fig. 1G, H).

MMPs/TIMPs imbalance in the livers of mice with TAA-induced
hepatic fibrosis

MMPs and TIMPs contribute to both the progression and regres-
sion of liver fibrosis [12]. After the mice were treated with TAA, the
expressions of MMP2 and MMP9 were significantly and gradually
increased. The levels of MMP9 inhibitor TIMP1 and MMP2 inhibitor
TIMP2 were also higher at week 2, 4, and 6 than in the normal and
PBS-treated mice (Fig. 1C and G). The IGFBPrP1 levels showed a
positive correlation with MMP2, TIMP2, MMP9, and TIMP1 expres-
sion in the fibrotic liver (r=0.891, 0.931, 0.954, 0.965, respectively)
(Fig. 1E and F). A change in either MMP or TIMP levels could alter
the MMP/TIMP ratio and cause ECM degradation or accumulation.
Consequently, the ratio of MMP2/TIMP2 was increased at week 4,
while decreased at week 6, but still higher than the normal group;
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Fig. 1. Expression of IGFBPrP1, TGFS1, a-SMA, collagen I, and the MMP/TIMP balance in the livers of mice with TAA-induced hepatic fibrosis. A: Histological analysis by
H&E (original magnification x 200); B: Sirius Red staining (original magnification x 200); C: Immunohistochemical staining of MMP2, TIMP2, MMP9, and TIMP1 (original
magnification x 400); D: The dynamic changes in the MMP/TIMP ratio; E and F: Correlation between the expression of IGFBPrP1 and MMP/TIMP at different time points; G
and H: Western blotting of IGFBPrP1,TGFS1, «-SMA, collagen I, and MMPs/TIMPs protein among different groups; I: Western blotting for MMP/TIMP ratio. S-actin and PBS
acted as internal and negative controls, respectively. Data are presented as the median (range) (n=48 per group) *: P <0.05, *: P<0.01, 4: P<0.05, 44: P <0.01, compared

with the normal group.

and the MMP9/TIMP1 ratio was decreased at week 2, 4, and 6 us-
ing immunohistochemical staining (Fig. 1D). For Western blotting
analysis (Fig. 1I), the ratio of MMP2/TIMP2 was not changed at
week 2, but decreased at week 4 and 6, and the MMP9/TIMP1 ratio
was decreased during all time points.

Knockdown of IGFBPrP1 expression reduces the expressions of
«-SMA, TGFB1, and collagen I in the livers of mice with TAA-induced
hepatic fibrosis

Assessment of the accumulation of microbubbles in the liver
after intravenous injection of CMB indicated that the microbub-
bles were accumulated in 10s and then decreased and disappeared
in 5min (Fig. 2A). The mice were treated with UTMD-mediated
ShRNA-IGFBPrP1 delivered by CMB, while liver sections showed
bright green fluorescence by fluorescence microscopy that peaked

at week 4 and was mostly dissipated at week 6 after TAA admin-
istration. After the mice were treated with the shRNA-IGFBPrP1,
their IGFBPrP1 protein levels gradually decreased over the period
from week 2 to week 6 compared with levels in the shRNA-NC
groups (Fig. 2D). Meanwhile, decreased «-SMA, TGFB1, and colla-
gen | expression was detected, indicating HSC activation was inhib-
ited, ECM degraded, and liver fibrosis ameliorated compared with
the shRNA-NC groups (Fig. 2D and E).

Knockdown of IGFBPrP1 expression reverts MMP2/TIMP2 and
MMP9Y/TIMP1 imbalance in the livers of mice with TAA-induced
hepatic fibrosis

After shRNA-IGFBPrP1 infection, the expression levels of the
MMP2 and MMP9 proteins were increased and TIMP1 and TIMP2
decreased, compared with levels in the shRNA-NC groups at week
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2, 4, and 6 (Fig. 2B and D). Consequently, the MMP2/TIMP2 and
MMPY/TIMP1 ratios were increased (Fig. 2C and F), benefiting the
regression of ECM and the reversal of hepatic fibrosis.

IGFBPrP1 regulates the MMP2/TIMP2 and MMP9/TIMP1 balances via
the Hh pathway in the livers of mice with TAA-induced hepatic
fibrosis

To assess the expression levels of Hh-related protein in TAA-
induced liver fibrosis, we evaluated the expression of the Shh and
Gli1 proteins in mice livers. We found that hepatic expressions
of the Shh and Gli1 proteins were gradually increased in mice
treated with TAA compared to mice from the normal and PBS-
treated groups at week 2, 4, and 6 (Fig. 3A and B). The IGFBPrP1
levels showed a positive correlation with Shh and Glil expression
in livers with hepatic fibrosis induced by TAA (r=0.910 and 0.926,
respectively) (Fig. 3C).

Following treatment with UTMD-mediated shRNA-IGFBPrP1 de-
livery via CMB, hepatic expression of Shh and Glil in mice was
inhibited significantly compared to shRNA-NC groups at week 2, 4,
and 6, and hepatic expression of Glil was inhibited at week 4 and
6 (Fig. 3D-F).

Cyclopamine inhibits the Hedgehog signaling pathway [31]. Af-
ter mice with liver fibrosis were treated with cyclopamine, there
was a reduction in the protein levels of Shh and Gli1 (P <0.05)
(Fig. 4A, B, D), and a concomitant decrease in the expression of «-
SMA, TGFf1, and collagen I protein in comparison to the vehicle-
treated group (P<0.05) (Fig. 4D and E). However, expression
of the IGFBPrP1 protein did not significantly differ between the
cyclopamine-treated and vehicle-treated groups (P > 0.05) (Fig. 4D).
After cyclopamine administration, MMP2 and MMP9 protein ex-
pressions were increased while TIMP1 and TIMP2 expressions were
decreased compared with vehicle groups at week 2, 4, and 6
(P<0.05) (Fig. 4A and D). Consequently, the MMP2/TIMP2 and
MMP9/TIMP1 ratios were increased (Fig. 4C and F).

Discussion

Previous research suggested that IGFBPrP1 contributes to hep-
atic fibrogenesis [7-10]. However, the detailed profibrogenic mech-
anism by which IGFBPrP1 acts is not yet completely understood. In
the present study, we further explored the mechanism by which
MMP/TIMP balance is regulated by IGFBPrP1 in a hepatic fibrosis
model. Our results showed that IGFBPrP1 promoted hepatic fibro-
genesis by regulating the MMP2/TIMP2 and MMP9/TIMP1 balances
via the Hh pathway in the livers of mice with TAA-induced hepatic
fibrosis.

A hepatic-fibrosis model was successfully established in mice
through TAA administration three times a week for 6 weeks which
was consistent with the literature [26]. While investigating IGF-
BPrP1 expression in the livers of fibrotic mice by means of im-
munohistochemical staining and Western blotting, we found that
IGFBPrP1 levels gradually increased with time. Additionally, hep-
atic expression of a-SMA, TGFB1, and collagen I in TAA-treated
mice showed a marked increase during fibrogenesis. These results
were in agreement with our previous findings, which showed that
IGFBPrP1 plays an important role in several mechanisms of liver
fibrogenesis, including activation of HSC, up-regulation of TGFf1,
and secretion and deposition of ECM [9,10].

The imbalance between MMPs and TIMPs causes pathologic
ECM deposition in liver fibrosis [12]. In this study, TAA treatment
induced substantially increased MMP2 and MMP9 expression in
the liver. The expression and function of MMPs are regulated by
different TIMPs. We found that MMP2, MMP9, TIMP1, and TIMP2
were all increased in fibrotic livers. Our data also revealed that the
ratio of MMP2/TIMP2 was increased at week 4, while decreased

at week 6, but still higher than the normal group, and that the
MMPY/TIMP1 ratio was decreased at week 2, 4, and 6. The results
obtained by the two different experimental methods are not com-
pletely consistent which might be related with different specimen
collection area or small sample size. During the early stage, the im-
movable or increased ratio of MMP2/TIMP2 may destroy the base-
ment membrane and ECM, providing the proper microenvironment
for HSC activation. A decreased MMP/TIMP ratio may contribute
to the secretion and deposition of ECM and promote liver fibro-
sis. Our results are in agreement with reports that the MMP/TIMP
balance was broken in hepatic fibrosis induced by hepatotoxicity
drugs [32,33]. In addition, IGFBPrP1 levels were also positively cor-
related with MMPs and TIMPs levels. These results suggest that
an imbalance of MMP2/TIMP2 and MMP9/TIMP1 play a role in
IGFBPrP1-mediated hepatic fibrosis.

UTMD-mediated gene delivery using CMB improves the effi-
cacy of gene delivery in a manner that may be clinically trans-
lated. It has been confirmed as a non-invasive, safe, low-cost, well-
targeted, and repeatable method for gene transfection [25,34,35].
To further evaluate the relationship between IGFBPrP1 and the
MMP/TIMP balance in hepatic fibrosis, we successfully used UTMD-
mediated shRNA-IGFBPrP1 delivery with CMB to knockdown the
IGFBPrP1 gene in livers with TAA-induced hepatic fibrosis. Fur-
thermore, knockdown of IGFBPrP1 expression attenuated TAA-
induced hepatic fibrosis and reduced the expression of «-SMA,
TGFB1, and collagen I. Added to this, overexpression of MMP2
and MMP9 and down-regulation of TIMP1 and TIMP2 were ob-
served in IGFBPrP1 gene knockdown fibrotic livers. Consequently,
the ratios of MMP2/TIMP2 and MMP9/TIMP1 were increased in liv-
ers in which IGFBPrP1 expression was significantly reduced. This
suggests that the knockdown of IGFBPrP1 attenuates liver fibrosis
via re-establishment the MMP2/TIMP2 and MMP9/TIMP1 balances,
in conjunction with inhibition of HSC activation, down-regulated
TGFf1, and degradation of the ECM.

The Hh pathway is generally silent in healthy adult livers
but is activated by factors associated with liver injury, which
causes Hh ligands, and other related proteins, to be expressed sig-
nificantly [36,37]. When Hh pathway activation is excessive and/or
prolonged in injured livers, the result is chronic inflammation and
fibrosis [19,38]. Comparable results were observed in our experi-
ment. The productions of Shh and Gli1 proteins were increased in
the fibrotic livers. In addition, hepatic expression of IGFBPrP1 pro-
tein was positively correlated with Shh and Gli1 expression. Fur-
thermore, the hepatic expressions of Shh and Glil were decreased
significantly in response to the knockdown of IGFBPrP1, thus con-
firming that the Hh pathway was inhibited. These results suggested
that IGFBPrP1 expression leads to hepatic fibrosis via Hh pathway
activation.

Cyclopamine is a natural plant extracted from corn lilies that
downregulates Hh signals through direct inhibition of the SMO
receptor [39,40]. After cyclopamine treatment of mice with low-
ered hepatic expression of Shh and Gli1, inhibition of the Hh path-
way reduced the hepatic expression of «-SMA, TGFA1, and colla-
gen I, but did not affect the expression of IGFBPrP1. Furthermore,
cyclopamine-mediated inhibition of the Hh pathway enhanced the
expressions of MMP2 and MMP9 and inhibited TIMP1 and TIMP2
expression, altering the MMP2/TIMP2 and MMP9/TIMP1 ratios. Col-
lectively, IGFBPrP1 did not directly regulate expression of either
MMP or TIMP. IGFBPrP1, as an upstream regulator of Hh signal-
ing, promoted Hh signaling which could disturb MMP/TIMP bal-
ance. These results confirmed that inhibition of the Hh pathway
attenuated HSC activation and TGFB1 expression, remodeled ECM,
and re-established the MMP/TIMP balance in mice with IGFBPrP1-
mediated liver fibrosis.

The present study has several limitations. Although the re-
sults suggested that the mechanisms may involve inhibition of Hh
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pathway control of MMP and TIMP expression, more experiments
should be carried out to reveal the mechanism that how Hh sig-
naling differentially regulates the expressions of MMPs and TIMPs,
and how IGFBPrP1 regulates the expression of Shh and Glil.

In conclusion, this study demonstrated that UTMD-mediated
CMB-shRNA-IGFBPrP1 delivery attenuates TAA-induced hepatic fi-
brosis in mice by re-establishing the balance of MMP2/TIMP2

and MMP9/TIMP1, accompanied with inhibition of HSC activation,
down-regulation TGFS1, and degradation of the ECM. Furthermore,
the Hh pathway participates in the mechanism by which IGFBPrP1
knockdown attenuates hepatic fibrosis through regulation of the
MMP/TIMP balance. Our results suggest that IGFBPrP1 plays a cru-
cial role in the hepatic fibrogenesis. We therefore encourage the
evaluation of IGFBPrP1 as a potential therapeutic target for treating
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liver fibrotic patients. UTMD therapy with CMB-shRNA-IGFBPrP1 is
a feasible technology for targeted gene delivery in the treatment of
hepatic fibrosis.
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