THE JOURNAL OF BIOLOGICAL CHEMISTRY VOL. 287, NO. 18, pp. 14851-14862, April 27,2012
© 2012 by The American Society for Biochemistry and Molecular Biology, Inc.  Published in the US.A.

Protective Role of Estrogen-induced miRNA-29 Expression in
Carbon Tetrachloride-induced Mouse Liver Injury™

Received for publication, October 18,2011, and in revised form, March 1,2012 Published, JBC Papers in Press, March 5, 2012, DOI 10.1074/joc.M111.314922

Yaqin Zhang*', Linping Wu*', Yang Wang*', Mingcao Zhang®', Limin Li*, Dihan Zhu*, Xihan Li*, Hongwei Gu*,

Chen-Yu Zhang*’, and Ke Zen**

From the *Jiangsu Engineering Research Center for MicroRNA Biology and Biotechnology (JERC-MBB), State Key Laboratory
of Pharmaceutical Biotechnology, Nanjing University School of Life Sciences, Nanjing, Jiangsu 210093 and the Institute of
Kidney Disease of the Chinese People’s Liberation Army, Jingling Hospital, Nanjing University School of Medicine,

Nanjing, Jiangsu 210093, China

Background: Mechanism underlying the protection of estradiol against CCl,-induced hepatic fibrosis remains unclear.
Results: miR-29 expression was differentially regulated in male/female mice during CCl, treatment. Both estradiol and miR-
29a/b-expressing adenovirus increased hepatic miR-29a/b levels and attenuated CCl,-induced hepatic fibrosis.

Conclusion: Estradiol inhibits CCl,-induced hepatic injury via inducing miR-29a/b.

Significance: Learning the role/regulation of miR-29 in hepatic fibrosis and providing novel therapeutic target.

Previous studies have indicated that female animals are more
resistant to carbon tetrachloride (CCl,)-induced liver fibrosis
than male animals, and that estradiol (E,) treatment can inhibit
CCl,-induced animal hepatic fibrosis. The underlying mecha-
nism governing these phenomena, however, has not been fully
elucidated. Here we reported the role of estrogen-induced
miRNA-29 (miR-29) expression in CCl,-induced mouse liver
injury. Hepatic miR-29 levels were differentially regulated in
female and male mice during CCl, treatment. Specifically, the
levels of miR-29a and miR-29b expression were significantly
decreased in the livers of male, but not female, mice following 4
weeks of CCl, treatment. The down-regulation of miR-29a and
miR-29b in male mouse livers correlated with the early develop-
ment of liver fibrosis, as indicated by increased expressions of
fibrotic markers in male mice relative to female mice. In addi-
tion, E, was maintained at a higher level in female mice than in
male mice. In contrast to TGF-B1 that decreased miR-29a/b
expression in murine hepatoma IAR20 cells and normal hepa-
tocytes, E, enhanced the expression of miR-29a/b through sup-
pression of the nuclear factor-kB (NF-kB) signal pathway,
which negatively regulates miR-29 expression. Furthermore,
both E, treatment and intravenous injection of the recombinant
adenovirus expressing miR-29a/b markedly increased the miR-
29a/b level and attenuated the expression of fibrotic markers in
mouse livers during CCl, treatment, supporting the protective
role of E,-induced miR-29 in CCl,-induced hepatic injury. In
conclusion, our results collectively demonstrate that estrogen
can inhibit CCl,-induced hepatic injury through the induction
of hepatic miR-29.
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Fibrosis is characterized by the excessive deposition of com-
ponents of the extracellular matrix, predominantly collagens.
Liver fibrosis is a common outcome of chronic hepatic injuries
or diseases and can ultimately lead to liver cirrhosis and hepatic
failure. CCl,-induced fibrosis shares several characteristics
with human fibrosis of various etiologies; accordingly, CCL,-
induced fibrosis has been employed as a model of fibrosis (1-3).
The aim of the present work was to study the differential
fibrotic responses of female and male mice to CCl, and the
mechanism underlying the role of estradiol in suppressing the
induction of hepatic fibrosis.

Previous investigations have observed sex differences in ani-
mals’ fibrotic responses to non-alcohol fibrosis induction
reagents, such as CCl, (4), and female animals were generally
described to be more resistant to CCl,-induced fibrosis than
male animals. By studying these differences, several groups
have identified the protective effect of estradiol in inhibiting
hepatic fibrosis in CCl,-induced animal models (5-7). Yasuda
et al. (5) reported that estradiol reduced the mRNA levels of
type I and III procollagens and the tissue inhibitor of metallo-
proteinase-1. The researchers also observed that, in the castrat-
ed-female model, estradiol replacement was fibrosuppressive,
and the protective effect of estradiol can be abolished by spe-
cific antibodies directed against estradiol or by the process of
ovariectomy in female animals, which significantly reduced
estradiol levels. Liu et al. (6) reported that treatment with 173-
estradiol reduced liver fibrosis and maintained liver function, as
indicated by the levels of aspartate aminotransferase (AST)*
and alanine aminotransferase (ALT). The study by Shimizu et
al. (8) in rat hepatic stellate cells suggested that the protective
effect of estradiol against liver fibrosis might be related to its
inhibition of hepatic stellate cell (HSC) activation. Although
estradiol has been found to serve as a potent endogenous anti-
oxidant, which suppresses hepatic fibrosis by inhibiting the

“The abbreviations used are: AST, aspartate aminotransferase; ALT, alanine
aminotransferase; HSC, hepatic stellate cell; miRNA, microRNAs; a-SMA,
a-smooth muscle actin; Ad, adenovirus.
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generation of reactive oxygen species or by indirectly modulat-
ing the synthesis and release of cytokines and other growth
factors, the mechanism underlying the inhibition of estradiol in
liver fibrosis has not been thoroughly characterized.

MicroRNAs (miRNAs) are ~22-nucleotide noncoding
RNAs that post-transcriptionally regulate gene expression by
undergoing imperfect base pairing with sequences in the 3’
untranslated regions (UTRs) of cellular target mRNAs (9-11).
Previous studies have indicated that miRNAs play roles in
almost every aspect of cellular processes, including cell prolif-
eration, differentiation, and apoptosis. It has been widely
reported that aberrant miRNA expression can lead to the devel-
opment of multiple diseases. A number of reports have demon-
strated that an important role is played by miRNAs during the
activation of HSCs. The analysis of miRNA expression in acti-
vated rat HSCs identified a panel of up-regulated or down-reg-
ulated miRNAs (12). The overexpression of miR-16 and miR-
15b was also demonstrated to inhibit the proliferation of HSCs
and to induce apoptosis through the down-regulation of the
mitochondrial-associated anti-apoptotic protein Bcl-2, thereby
leading to the activation of caspases 3, 8, and 9 (13). These
findings indicate that miRNAs play a significant role in the pro-
gression of liver fibrogenesis through the activation of HSCs.
The miR-29 family, which includes the key collagen regulators
miR-29a and miR-29b, has also been implicated in tissue fibro-
sis (14-16). The down-regulation of miR-29a and miR-29b in
the border zone of murine and human hearts during myocar-
dial infarctions has been reported by van Rooij et al. (17). Also,
miR-29 serves as a major regulator of genes associated with
pulmonary fibrosis (15). Most recently, after analyzing the reg-
ulation of miRNAs in a mouse model of CCl,-induced hepatic
fibrogenesis via array analysis, Roderburg et al. (16) reported
that all three members of the miR-29 family were significantly
down-regulated in the livers of CCl,-treated mice, as well as in
mice that underwent bile duct ligation; in addition, on a cellular
level, overexpression of miR-29b in murine HSCs resulted in
the down-regulation of collagen expression.

In the present study, we characterized the association
between the protective role of estradiol in inhibiting CCl,-in-
duced mouse hepatic fibrosis and the differential expression
levels of miR-29 observed in female and male mouse livers. We
determined that the levels of miR-29 (miR-29a and miR-29b)
were significantly decreased in the livers of male, but not
female, mice following a 4-week CCl, treatment and that the
down-regulation of miR-29a and miR-29b in male mouse livers
correlated with the accelerated development of liver fibrosis, as
indicated by the preferentially increased expressions of colla-
gens, a-smooth muscle actin (a-SMA), and TGF-B1 in male
mice relative to female mice. Our results also showed that E,,
which enhanced the expression of miR-29a/b in cultured
murine hepatoma IAR20 cells, was maintained at a higher level
in female mice than in male mice. Furthermore, we observed
that both E, treatment and the elevation of miR-29a and miR-
29b levels by treating mice with the recombinant adenovirus
expressing miR-29a and miR-29b (Ad-miR-29a/b) markedly
attenuated the expression levels of collagen I and a-SMA in the
mouse liver, supporting the protective role of E,-induced miR-
29a/b expression in CCl,-induced mouse hepatic fibrosis.
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EXPERIMENTAL PROCEDURES

Animal Model—Animal maintenance and experimental pro-
cedures were carried out in accordance with the United States
National Institute of Health Guidelines for Use of Experimental
Animals and approved by the Medicine Animal Care Commit-
tee of Nanjing University (Nanjing, China). Eight-week-old
male and female Balb/c mice (from the Nanjing University Ani-
mal Center, Nanjing, China) were used in this study. Fifty male
mice were divided into five groups of 10 mice each. For the CCl,
group, 100 ml/liter of CCl, in olive oil was injected intraperito-
neally at a dose of 50 ul twice a week (1). The estrogen group
was treated intraperitoneally with estradiol (1 mg/kg) twice
weekly (Shanghai Pharmaceutical Co., Shanghai, China) (5,
18) in addition to CCl,. The Ad-control and Ad-miR-29a/b
groups were administered 3 X 10® infective units of adeno-
virus by intravenous injection into the tail vein two times per
week (19) along with the CCl, treatment described above.
The control group received injections of olive oil vehicle
twice weekly. Twelve female mice were divided into the con-
trol and the CCl, groups, with each group receiving six mice.
Both groups were treated identically to the corresponding
group of male mice. Four or 8 weeks after treatment with
CCl,, mice were sacrificed. The livers were either collected
and fixed in 4% paraformaldehyde for histological examina-
tion or frozen immediately in liquid nitrogen and stored at
—80 °C for RNA isolation. Levels of ALT and AST were
measured by ALT and AST kits (Jiancheng Institute of Bio-
tech, Nanjing, China). The estradiol levels were measured
using an enzyme-linked immunosorbent assay kit (Adlit-
teram Diagnostic Lab, Wellesley, MA).

Cell Culture and Stimulation—Human embryonic kidney
293 cells (HEK293) (adenovirus El-transformed) and murine
hepatoma cell line IAR20 were obtained from the Shanghai Cell
Bank (Shanghai, China). Both cell lines were cultured in DMEM
supplemented with 10% fetal bovine serum and penicillin (100
units/ml)/streptomycin (100 mg/ml) at 37 °C in a humidified
atmosphere of 100% air and 5% CO,. Mouse hepatocytes were
isolated by collagenase perfusion of the mouse liver and primar-
ily cultured in complete medium. IAR20 cells and isolated
mouse hepatocytes were plated on six-well dishes and when the
cells reached ~90% confluence, they were cultured in serum-
free medium containing vehicle controls, 10 ng/ml of recombi-
nant human TGF-B1 (R&D Systems, Minneapolis, MN), or 100
nMm E, for 48 h (20).

Recombinant Adenovirus Construction and Cell Infection—
The recombinant adenovirus expressing miR-29a/b was gener-
ated by PCR (supplemental Fig. S1). All miRNA precursor
sequences were amplified using the following primers: miR-29a
forward, 5'-GACGGTACCTGGTGGAGAACAACTTCG-3';
miR-29a reverse, 5'-CAGAAGCTTCATCAAACCTTCAAT-
CCC-3'; miR-29b forward, 5'-ACCAGATCTGCGTCACGG-
CTCAATGTC-3'; miR-29b reverse, 5'-AGGCTCGAGCAGG-
CTTGATGGAGTCTGCT-3'. The fragments were cloned into
the shuttle vector AdTrack-cytomegalovirus (pAdTrack-
CMV) (Stratagene, La Jolla, CA) (21). The resulting recombi-
nant shuttle vectors in which the expression of miRNAs could
be driven by CMV promoter were designated pCMV-miR-29a,
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pCMV-miR-29b, and pCMV-control. All insertion sequences
were confirmed by nucleotide sequencing. According to the
procedure of He et al. (22), the recombinant shuttle vectors
were linearized with Pmel and co-transformed by electropora-
tion in combination with the adenoviral backbone plasmid
pAdEasy-1 (Stratagene) into Escherichia coli BJ5183. The
recombinant adenoviral plasmids were generated by homolo-
gous recombination. Positive clones were selected and con-
firmed by preparing DNA minipreps of amplified clones and
digesting their DNA with Pacl. The resulting adenoviral plas-
mids (pAd-miR-29a, pAd-miR-29a, and pAd-control) were lin-
earized with Pacl, purified by ethanol precipitation, and trans-
fected into HEK293 packaging cells that had been plated into a
25-cm? flask the previous day. The cells were transfected with 4
pg of linearized plasmid DNA using 20 ul of Lipofectamine
2000 reagent (Invitrogen) and monitored for the expression of
green fluorescent protein (GFP) (23). After transfection for 12
days, the cells were collected and centrifuged 10 min at 4 °C at
500 X g to pellet the cell debris. Next, three or four cycles of
freezing in a dry ice/methanol bath and thawing at 37 °C were
performed to release the viruses from the cells. To generate
high-titer viral stock, the adenoviruses Ad-miR-29a, Ad-miR-
29b, and Ad-control were harvested, amplified, and purified
using the Adeno-X Virus Purification Kit (Clontech) (22), and
the levels of miR-29a/b were determined by real-time quantita-
tive PCR. The adenovirus titer was measured by plaque forma-
tion assay following infection of HEK293 cells. The multiplicity
of infection was defined as the ratio of the total number of
plaque-forming units to the total number of infected cells
(19). The titers of the purified viruses were as follows: 3.0 X
10® pfu/ml for Ad-control and 3.2 X 10® pfu/ml for Ad-miR-
29a/b. As shown in supplemental Fig. S1, purified viruses can
successfully infect cells and strongly increase miR-29a/b
expression. All of the virus preparations were stored at
—80 °C until use.

Histopathological Examination and Immunohistochemistry—
For morphometric studies, liver tissues were preserved in 4%
paraformaldehyde, embedded in paraffin, and cut into 5-pum
thick sections. Next, some sections were stained with Sirius red
according to the manufacturer’s instructions (24, 25). The liver
fibrosis was assessed histologically by quantification of the Sir-
ius red-positive area on 10 low-power (original magnification
X100) fields per slide, with use of the NIH Image] software
(rsbweb.nih.gov) (26). The other tissue sections were treated
with xylene and rehydrated with a decreasing gradient of etha-
nol washes. The levels of a-SMA (Sigma), type I collagen
(Collal), and TGF-pB1 (Santa Cruz Biotechnology) were deter-
mined by immunohistochemical methods. Briefly, after block-
ing with goat serum at 37 °C, the treatment sections were incu-
bated at 4 °C overnight with antibodies against three marker
proteins for fibrosis. After washing three times with PBS, the
sections were incubated with biotinylated anti-rabbit second-
ary antibody at 37 °C for 30 min. The slides were stained using
3,3'-diaminobenzidine-H,O,, counterstained with hematoxy-
lin, and examined under a light microscope (original magnifi-
cation X200).

Oligonucleotides and Transfection—The pBD-NF-«kB plas-
mid expressing the transcriptional activation domain of the
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mouse NF-«kB gene was purchased from Stratagene. The
siRNA oligonucleotides against mouse IkBa or NF-«B p65
were obtained from GenePharma Biotechnology. IAR20
cells were plated at a density of 1 X 10° cells 24 h prior to
transfection. Cells were transfected with IkBa siRNA,
NE-kB p65 siRNA, or negative control siRNA using Lipo-
fectamine 2000 as suggested by the manufacturer (Invitro-
gen). For overexpression of NF-«kB, 24 ug of pBD-NF-«B or
pCMV-control (control) per 10° cells was used in the
absence or presence of E,. Total RNA and protein were har-
vested at 48 h post-transfection and analyzed for IkBa,
NEF-kB p65, and miR-29a/b expression.

Quantitative Real-time PCR—Total RNA (2 ug) was isolated
from liver tissues using the TRIzol Reagent (Invitrogen) and
reverse-transcribed into cDNA in a reaction volume of 20 ul
using the avian myeloblastosis virus reverse transcriptase
(Takara) according to the manufacturer’s instructions. The
c¢DNA samples (2 pul) were employed for real-time PCR in a
total volume of 20 ul using the SYBR Green reagent (Invitro-
gen) on an Applied Biosystems 7300 Sequence Detection sys-
tem. The sequences of the forward and reverse primers for the
quantification of TGF-B1, a-SMA, and collagen 1 (Collal)
mRNA and murine B-actin mRNA are as indicated: TGF-B1
forward, ATCCCGCCCACTTTCTAC; TGEF-B1 reverse,
AGTTCAATCCGCTGCTCG; a-SMA forward, TCGGAT-
ACTTCACGTCAGGA; a-SMA reverse, GTCCCAGACAT-
CGGGAGTAA; Collal forward, GCTCCTCTTAGGGGC-
CACT; Collal reverse, CCACGTCTCACCATTGGGG;
B-actin forward, GAGACCTTCAACACCCCAGC; B-actin
reverse, ATGTCACGCACGATTTCCC. The reactions were
incubated in a 96-well optical plate at 95 °C for 5 min, fol-
lowed by 40 cycles of 95 °C for 15 s, 58 °C for 30 s, and 72 °C
for 30 s. Melting-curve analysis was performed at 90 (TGE-
B1), 85 (a-SMA and Collal), or 88 °C (B-actin). The average
of the triplicate data obtained for each sample was employed
to calculate the relative change in gene expression after nor-
malization to B-actin mRNA (42, 43). The primer sequences
of miRNAs and U6 snRNA are as follows: mmu-miR-29a,
UAGCACCAUCUGAAAUCGGUUA; mmu-miR-29b, UAG-
CACCAUUUGAAAUCAGUGUU; U6 snRNA, TGCTAATC-
TTCTCTGTATCGT. Quantification of U6 snRNA was
performed in the same experiments as the internal
control.

Western Blotting—Cell nuclear pellets and cytosolic extracts
were prepared for immunoblotting analysis (27). Briefly, cell
lysates were prepared by solubilizing cells in cold RIPA buffer
(10 mm Tris-HCI, 1 mm EDTA, 1% SDS, 1 mm DTT, 0.1 mm
PMSE, protease inhibitors, 1% Nonidet P-40, pH 8.0). After
centrifugation at 10,000 X g for 5 min, the supernatant was
collected as cytosolic extract. The nuclear pellets were resus-
pended in 30 ul of hypertonic extraction buffer, and centri-
fuged at 16,000 X gfor 10 min. The supernatant was collected as
the nuclear extract. The protein contents in cytosolic and
nuclear lysates were analyzed by a Micro BCA Protein Assay kit
(Pierce). Proteins (40 ug) were separated on 10% acrylamide
gels and electrotransferred to polyvinylidene difluoride mem-
branes. The membranes were blocked with 5% nonfat dry milk
in TBST (TBS plus 0.1% Tween 20) for 1 h. Blots were then
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FIGURE 1. Differential fibrotic response and expression of miR-29a/b in female and male mice treated with CCl,. A and B, tissue staining indicating liver
fibrosis at the early stages of CCl, treatment in male mice, but not in female mice (original magnification X 100). C-E, the mRNA levels observed for a-SMA (C),
collagen| (D), and TGF-B1 (E) in mice treated with CCl, or the oil control. Fand G, alterations of miR-29a (F) and miR-29b (G) expression in mice treated with CCl,
or the oil control. The data are presented as mean = S.E. for three independent experiments, and for each individual experiment, five to six mice were used. ¥,

p < 0.05; **, p < 0.01.

probed with primary antibodies against IkBa, NF-kB p65, his-
tone H1, or GAPDH, followed by HRP-conjugated secondary
antibodies. All antibodies were from Santa Cruz (Santa Cruz,
CA).

Statistical Analysis—Quantitative RT-PCR was performed in
triplicate, and the entire experiment was repeated several times.
Data are presented as mean * S.E. of three or more independ-
ent experiments. p values below 0.05 (*) and 0.01 (**) obtained
using the Student’s ¢ test or analysis of variance analysis were
considered significant.

RESULTS

Differential Expression of miR-29 and Response to CCl,-in-
duced Liver Injury in Female and Male Mice—To compare the
development of CCl,-induced liver fibrosis in female and male
mice, we intraperitoneally injected 50 ul of CCl, (100 ml/liter in
olive oil) into male and female BALB/c mice twice a week. As
depicted in Fig. 1, A and B, after 4 weeks of CCl, treatment,
most male mice exhibited significant liver fibrotic damage, as
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indicated by the up-regulated expression of collagen fibers (Fig.
1A, arrow). In contrast, female mice indicated no such hepatic
damage. Next, we determined the levels of a-SMA (Fig. 1C),
collagen I (Fig. 1D), and TGF-B1 (Fig. 1E) in mice treated with
CCl, or an oil control. In agreement with the results of tissue
staining, which demonstrated that liver fibrosis occurred in
male mice but not female mice, we observed that, although
TGF-B1 was up-regulated in the livers of both male and female
mice, a-SMA and collagen I levels were only significantly
increased in the livers of male mice, but not female mice. Inter-
estingly, by assessing microRNA expression levels in mouse
liver tissues through a TagMan probe-based quantitative RT-
PCR assay, we determined that miR-29a and miR-29b, which
have been reported to target collagen I (14, 16), were signifi-
cantly down-regulated in the livers of male mice, but not female
mice, after 4 weeks of CCl, treatment (Fig. 1, F and G). Taken
together, these results indicated the differential expression of
miR-29 in response to CCl,-induced liver injury in female and
male mice.

pCEEY S
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TABLE 1

Differential liver injury at early stage (4 weeks) in female and male
mice treated with or without CCl,

Serum estradiol

Group n ALT AST level
Iu/liter pg/ml
Male
Oil 5 31.3 £ 6.90 32.3 £2.07 40.5 = 7.65
Ccl, 5 208.76 * 20.6” 207.9 * 23.3% 40.1 = 3.40
Female
Oil 6 18.6 + 3.00 40.2 = 8.36 132.2 = 12.3%
cCl, 6 944*214° 102.9 +27.0°  149.5 *23.7%

“ Data are presented as mean = S.E., p < 0.01.
? Data are presented as mean * S.E., p < 0.05.

Up-regulation of miR-29 in Murine Hepatoma Cells by Estra-
diol Treatment—Functional analysis of mouse liver after 4
weeks of treatment with CCl, confirmed the differential
response to CCl, treatment by female and male mice. As pre-
sented in Table 1, we determined that, compared with mice
treated with oil alone, male mice treated with CCl, exhibited
strongly elevated levels of serum ALT and AST), increasing from
31.3 = 6.90 and 32.3 = 2.07 IU/liter, respectively, to 208.76 =
20.6 and 207.9 *= 23.3 IU/liter, respectively. In contrast,
although the levels of serum ALT and AST observed in female
mice treated with CCl, were also increased relative to mice
treated with oil alone, they were significantly lower than those
observed in male mice. As expected, an assay for determining
estradiol (E,) levels indicated that female mice contain signifi-
cantly higher levels of E, than do male mice, regardless of treat-
ment with CCl, or oil (149.5 = 23.7 pg/ml for females versus
40.1 = 3.40 pg/ml for males in CCl, treatment; 132.2 = 12.3
pg/ml for females versus 40.5 * 7.65 pg/ml for males in oil
treatment). The correlation between higher levels of E, and
miR-29a/b in female mice, especially at the stage after CCl,
treatment, may suggest that E, is involved in regulation of miR-
29a/b expression.

Previous studies have reported that certain miRNAs, such as
miR-181a and miR-26a, are E,-sensitive (28). Accordingly, we
tested whether E, can modulate the expression of miR-29. In
this experiment, we stimulated murine hepatoma IAR20 cells
with E, or TGF-B1. TGF-B1 was employed as a negative con-
trol, as it has been reported to reduce miR-29 levels (16). As
shown in Fig. 24, E, treatment significantly increased the levels
of both miR-29a and miR-29b (fold-changes control = 20 and
10, respectively; p < 0.01) compared with those exhibited by the
control cells. In agreement with previous reports, we observed
that TGF-B1 treatment strongly reduced miR-29a and miR-29b
expression in mouse liver cells (Fig. 2B). We further tested the
role of E, and TGF-B1 in modulating miR-29 expression in
primarily cultured normal murine hepatocytes (Fig. 2, Cand D).
As shown, E, significantly enhanced the expression of both
miR-29a and miR-29b (Fig. 2C), whereas TGF-B1 decreased the
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levels of miR-29a and miR-29b (Fig. 2D) in normal murine
hepatocytes.

E, Enhances Expression of Hepatic miR-29a/b through Block-
ing NF-kB Pathway—E, regulation of inflammatory responses
has broad physiological consequences. It has been well estab-
lished that E, is involved in modulation of transcriptional fac-
tors such as NF-«kBand STAT-1 (29, 30). Interestingly, previous
studies also showed that NF-«kB served as a negative regulator
for expression of miR-29a and miR-29b (31). To determine
whether NF-«B is involved in the E,-mediated up-regulation of
miR-29a and miR-29b, we assayed the levels of NF-«B p65 in
nuclei of IAR20 cells with or without E, treatment. As shown in
Fig. 34, E, treatment significantly reduced the level of nuclear
NEF-«kB p65, whereas serving as a nuclear marker protein, his-
tone H1 was not affected by E, treatment. In contrast, stimula-
tion by TGF-B1 strongly increased the level of nuclear NF-«B
p65 in IAR20 cells (Fig. 3B).

Next we assessed the role of the NF-«B pathway in E,-medi-
ated up-regulation of miR-29a/b. As shown in Fig. 4, we deter-
mined the levels of miR-29a and miR-29b in IAR20 cells when
NEF-kB activity was enhanced or blocked. When cells were
transfected with siRNA specific for IkBe, an inhibitory protein
sequesters the NF-«B as an inactive complex in the cytoplasm
(32, 33), both mRNA (Fig. 44) and protein (Fig. 4B) levels of
IkBa were decreased, whereas the nuclear NF-«B p65 level was
increased (Fig. 4C). Increased NF-«B activity significantly sup-
pressed the expression of miR-29a (Fig. 4D) and miR-29b (Fig.
4E). In contrast, when we directly blocked the NF-«B activity by
transfecting IAR20 cells with NF-kB p65-specific siRNA, we
found that the levels of both total cellular NF-«B p65 (Fig. 4F)
and nuclear NF-«kB p65 (Fig. 4G) were decreased. The levels of
miR-29a (Fig. 4H) and miR-29b (Fig. 41), however, were signif-
icantly increased in NF-«B p65 siRNA-transfected cells with
lower NF-«B activity. In contrast, when IAR20 cells were over-
expressed with NF-«B, the nuclear NF-kB p65 level was main-
tained at relatively high levels even at the presence of E, (Fig. 5,
A and B), and the levels of miR-29a and miR-29b were not
elevated by E2 treatment (Fig. 5, C and D). Taken together, our
results suggest that E,-mediated up-regulation of miR-29a and
miR-29b may be through blockade of NF-«B activity.

Elevation of miR-29 Levels via Intravenous Injection of
Ad-miR-29a/b Attenuates Fibrosis Induced by CCl, in Male
Mouse Livers—The opposing effects of estradiol and TGF-B1
on the expression levels of miR-29, suggesting suppressor and
promoter functions, respectively, regarding CCl,-induced liver
fibrosis, indicate a critical role for miR-29 in the modulation of
animal liver fibrosis. Therefore, we tested whether elevating or
maintaining the levels of miR-29 in mouse livers can prevent or
attenuate CCl,-induced liver fibrosis. In this experiment, we
constructed vectors expressing miR-29a and miR-29b using an
adenovirus system (Ad-miR-29a/b) and intravenously injected
Ad-miR-29a/b into male mice 2 weeks after CCl, treatment
(34). Ad-miR-29a/b was administered twice a week for the next
6—8 weeks of CCl, treatment (19). As indicated in Fig. 64, the
levels of miR-29a and miR-29b in the livers of male mice treated
with CCl, plus Ad-miR-29a/b were significantly higher than
those of mice treated with CCl, only or CCl, plus a control
adenovirus vector. Histochemical examination demonstrated a
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FIGURE 3. E, treatment prevents and TGF-B1 induces NF-«kB protein nuclear accumulation in IAR20 cells. Western blot analysis of NF-«B p65 and histone
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analyzed using Band scan software. The data are presented as mean * S.E. from three independent experiments. *, p < 0.05.

reduced level of CCl,-induced liver tissue fibrotic damage in
male mice treated with Ad-miR-29a/b compared with mice
treated with the adenoviral control vector (Fig. 6, B and C).
The utility of the Ad-miR-29a/b vector in inhibiting CCl,-
induced liver fibrosis was further characterized by analyzing the
expression of fibrotic indicators, such as TGF-1, a-SMA, and
collagen I. As shown in Fig. 7A, the reduction of the CCl,-
induced mRNA levels of a-SMA and collagen I in mouse livers
was observed in male mice treated with Ad-miR-29a/b, but not
in male mice treated with the Ad-control vector. Immunohis-
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tochemical results (Fig. 7B) confirmed that the CCl,-induced
up-regulation of protein expression by a-SMA and collagen I in
mouse livers was largely inhibited by the administration of
Ad-miR-29a/b.

Protective Effect of E, in CCl ~induced Mouse Liver Injury via
Enhancing miR-29 Expression—Because E, can up-regulate
miR-29 expression in mouse liver cells (Fig. 2), we next investi-
gated whether the protection of E, against CCl,-induced mouse
liver fibrosis is working through the up-regulation of hepatic
miR-29. In this experiment, male mice were treated intraperi-
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toneally with 173-estradiol (1 mg/kg) twice a week (5, 18). As
indicated in Fig. 84 and in agreement with the data obtained
from experiments in cultured cells, E, treatment prevented the
CCl,-induced down-regulation of miR-29 in mouse livers. His-
tochemical examination (Fig. 8, B and C) of mouse liver tissue
sections indicated a reduced level of CCl,-induced liver tissue
fibrotic damage in male mice treated with E, compared with the
control group.

In a similar fashion, we examined the expression and local-
ization of TGF-B1, a-SMA, and collagen I in mouse livers

APRIL 27,2012+VOLUME 287 +-NUMBER 18

treated or untreated with E,. As shown in Fig. 8D, a decrease in
the CCl,-induced mRNA levels of a-SMA and collagen I was
observed in the livers of male mice treated with E,. Immuno-
histochemical results (supplemental Fig. S2) also demonstrated
that CCl,-induced up-regulation of the protein expression of
a-SMA and collagen I in mouse livers was largely blocked by
treatment with E,,.

Functional analysis of mouse livers after 8 weeks of CCl,
treatment further demonstrated the protective role of Ad-miR-
29a/b and E, in inhibiting CCl,-induced mouse fibrotic liver
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damage (Table 2). This study indicates that, after 8 weeks of
CCl, treatment, the liver function of male mice was severely
impaired, as ALT and AST levels increased from 31.74 = 6.91
and 32.08 * 2.52 IU/liter, respectively, to 408.76 = 44.8 and
407.9 = 53.7 IU/liter, respectively. In contrast, the levels of ALT
and AST in mice treated with CCl, and either Ad-miR-29a/b or
E, (135.6 * 26.9 and 188.3 = 40.3 IU/liter, respectively, for
Ad-miR-29a/b and 186.7 = 35.5 and 200.95 = 45.6 IU/liter,
respectively, for E,) were significantly lower than those in mice
treated with CCl, alone.

DISCUSSION

Liver fibrosis is a complex process modulated by a set of
signaling pathways and results in the deposition of extracel-
lular matrix proteins during fibrogenesis (35-37). The data
have suggested that certain types of chronic liver diseases
progress at unequal rates in males and females (38). In
chronic viral hepatitis, the major sequelae, such as fibrosis or
cirrhosis, are more common in men than in women (35, 38).
In general, the development of cirrhosis is more common in
men than in women (27, 39). In contrast, females are more
susceptible to alcohol-induced liver injury than are males
(40). Although the liver is not a classic sex hormone target, it
contains estrogen receptors and responds to estrogen (41—
43). Thus, sex hormones may play a role in the development
of hepatic fibrosis (44, 45). Previous studies reported that E,
treatment inhibited hepatic fibrosis induced in rats by CCl,

14858 JOURNAL OF BIOLOGICAL CHEMISTRY

or dimethylnitrosamine (5, 6). The specific mechanisms gov-
erning the gender-related differences in susceptibility to
non-alcohol-induced liver fibrosis, however, have not been
fully elucidated. In the present study, we demonstrated that
elevation of the expression of liver miR-29 by E, might serve
as the mechanism underlying the protective role of E, in
inhibiting liver fibrosis. First, we indicated a differential rate
of progression among female and male mice developing
CCl,-induced liver fibrotic damage. Although long-term
(8 =10 weeks) treatment with CCl, resulted in liver fibrosis in
both female and male mice, at 4 weeks post-treatment with
CCl, female mice were relatively resistant to CCl,-induced
liver fibrosis compared with male mice, as indicated by liver-
function assays and histochemical data. Second, female mice
exhibit a higher E, level than male mice, and treatment with
E, in male mice can significantly reduce hepatic fibrosis
induced by CCl,. Finally, stimulation by E, can strongly
induce the expression of miR-29a and miR-29b in IAR20
cells, indicating that the expression of miR-29a and miR-29b
can be modulated by E,. Interestingly, the induction of miR-
29a and miR-29b expression by E, is opposite to the effect of
TGEF-B1, a well known fibrosis inducer, which reduces the
levels of miR-29a and miR-29b. Together, these results dem-
onstrate the association between the expression of miR-29
and the protective effect of E, in inhibiting CCl,-induced
mouse liver fibrosis.
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FIGURE 6. Elevation of miR-29 expression level via intravenous injection of Ad-miR-29a/b attenuates mouse liver fibrosis induced by CCl, in males.
A, elevation of miR-29a and miR-29b expression levels in male mouse livers via intravenous injection of Ad-miR-29a/b during CCl, treatment. B and C, liver
protection mediated by treatment with Ad-miR-29a/b (original magnification X100). The data are presented as mean = S.E. for three independent experi-
ments, and for each individual experiment, five to six mice were employed. *, p < 0.05; **, p < 0.01.

Further analysis suggests that the promotion of miR-29
expression by E, treatment may be through suppressing the
NE-«B signal pathway. In contrast to TGF- 31, which enhances
the level of NF-kB p65 protein in nuclei of IAR20 cells, E, treat-
ment significantly reduces the level of nuclear NF-kB p65 (Fig.
3). The inverse relationship between the NF-«B activity and the
expression of miR-29a/b also confirms the previous report that
the NF-«B pathway negatively regulates miR-29 expression
(31).

The ability of miR-29 family members (mainly miR-29a
and miR-29b) to target collagen (14-16), a major compo-
nent of the extracellular matrix, during hepatic fibrogenesis
has been widely reported. Collagen proteins are synthesized
by many cell types, but primarily by mesenchymal cells,

APRIL 27,2012+VOLUME 287+-NUMBER 18

including fibroblasts. Following tissue injury, fibroblasts dif-
ferentiate into myofibroblasts and, often, persistent activa-
tion of the myofibroblast phenotype, accompanied by a
resistance to apoptosis, ensures the development of fibrosis
(37). At the cellular level, the overexpression of miR-29 has
been demonstrated to decrease the content of collagens
observed in HSCs and to block the process of the develop-
ment of fibrosis. Our results in a mouse model confirmed the
anti-fibrogenic role of miR-29. At the early stages of CCl,
treatment, female mice exhibited a higher level of liver miR-
29a and miR-29b than did male mice, which correlated with
the lower degree of liver fibrosis observed in female mice
than in male mice. Directly elevating miR-29 levels in mouse
livers through the administration of Ad-miR-29a/b signifi-
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cantly attenuated the fibrotic damage observed in mouse
livers during CCl, treatment. In addition, our results suggest
that miR-29 serves as a common downstream target of sev-
eral profibrotic or antifibrotic mediators. As depicted in Fig.
2, treatment with E,, a fibrosis suppressor, strongly induced
the expression of miR-29a and miR-29b in murine liver cells,
whereas TGF-B1, a fibrosis inducer, reduced the levels of
miR-29a and miR-29b. A recent study by Roderburg et al.
(16) showed that various upstream signals, including
TGEF-B1 and LPS, reduce the levels of miR-29 expression
during liver fibrosis, suggesting that the regulatory network
downstream of the inflammatory signals involved in liver
fibrosis is more complex than the linear TGF-B1/miR-29/
collagen cascade. By describing the involvement of miR-29
in the protective role of E, in inhibiting CCl,-induced mouse
liver fibrosis, our current study demonstrated that miR-29 is
an essential modulator in the dynamic process of liver fibro-

14860 JOURNAL OF BIOLOGICAL CHEMISTRY

sis. Supporting our finding that miR-29 is sensitive to E,, a
previous study by Maillot et al. (28) suggested that estrogen
signaling can induce extensive alterations in miRNA expres-
sion, and these altered miRNAs, such as miR-26a and miR-
181a, play key roles in estrogen-dependent functions. At
present, however, the mechanism underlying the regulation
of miRNAs by E,, including miR-29, remains unknown and
requires further study.

In summary, by employing a mouse model of CCl,-induced
liver fibrosis, we demonstrated the protective role of miR-29 in
inhibiting liver fibrosis in CCl,-treated mice. The enhanced
expression of miR-29 in mouse livers by treatment with either
E, or directly administered Ad-miR-29a/b strongly attenuates
the level of liver fibrotic damage, as indicated by the reduction
of serum levels of ALT and AST, hepatic type I collagen content
and areas observed to be positive for a-SMA. The identification
of the induction of miR-29 expression in liver cells by E, sug-
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