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Abstract. – OBJECTIVE: In a previous study,

we reported that transplantation of bone mesenchymal stem cells (BMSCs) significantly attenuated liver damage in a mouse autoimmune hepatitis (AIH) model. Moreover, expression of the
LIM domain protein, LMO7, correlated positively with the invasive capacity of hepatoma cells.
However, whether LMO7 plays a role in inflammation and fibrosis of AIH remains unknown.
This investigation aimed to explore the effect of
BMSC transplantation on LMO7 and the role of
LMO7 in hepatic fibrosis.
MATERIALS AND METHODS: S100-induced
murine AIH and LPS-induced hepatocyte injury models were successfully established. Three
doses of BMSCs were injected into AIH mice
via the tail vein. LPS-treated AML12 cells were
co-cultured with BMSCs in vitro. Small interfering (si) LMO7 RNA and T5224 (a specific inhibitor
of AP-1) were used to demonstrate the relationship between LMO7-AP1-transforming growth
factor (TGF)-β.
RESULTS: Pathological examination and serum alanine and aspartate aminotransferase levels indicated that liver damage was notably ameliorated in the BMSC-treated mice. LMO7 level
was upregulated, while AP-1 and TGF-β levels
were downregulated upon intervention with BMSCs. AP-1 expression was upregulated in the
siLMO7 group, whereas TGF-β level was downregulated in the T5224 group when compared to
those in the control group.
CONCLUSIONS: BMSC transplantation significantly limits liver fibrosis and upregulates
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the expression of LMO7. LMO7 inhibits the
TGF-β pathway by inhibiting AP-1. This implies
that BMSCs are a potential means of treating liver fibrosis. This approach has important implications for the treatment of AIH and other fibrotic diseases.
Key Words:
Bone mesenchymal stem cells, Hepatic fibrosis, Liver
damage, Autoimmune hepatitis, LMO7.

Introduction
Autoimmune hepatitis (AIH) is a chronic and
progressive liver disease that leads to cirrhosis or
hepatocellular carcinoma with an etiology that remains unclear. AIH is a global disease that may
affect all ethnicities and ages but is predominant
in females1. AIH responds favorably to immunosuppressive treatments such as corticosteroids and
azathioprine. However, when patients with AIH
develop liver fibrosis, the anti-fibrotic response
of these treatments is quite limited. Furthermore,
0.1-8.1% of AIH patients per year develop liver
cirrhosis2,3. Therefore, there is an urgent need to
develop better treatment methods to prevent liver
fibrosis from developing into cirrhosis.
Bone mesenchymal stem cell (BMSC)-based
therapy is a promising and increasingly common
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strategy used to treat various diseases, especially
liver diseases. It works through tissue repair and
immune regulation4-6. We documented that BMSC
transplantation significantly reduced inflammation
and fibrosis in S100-induced AIH mice7. However,
the potential mechanisms of tissue repair and immune regulation remained unclear.
Transforming growth factor (TGF)-β is a
key cytokine that regulates extracellular matrix
(ECM) deposition in many fibrotic diseases and
is highly expressed in AIH8,9. TGF-β functions
by binding to specific cell membrane receptors
and then activating Smad2/3 signaling proteins.
Smad2/3 proteins are imported into the nucleus, where they bind to specific DNA sequences
of genes that they regulate10. Autoinduction of
TGF-β is mediated by the transcription factor,
AP-111. The protein, LIM (Lin11, Isl-1, and Mec3) domain only 7 (LMO7) has been identified as
a novel negative feedback regulator of TGF-β
signaling and ECM deposition. LMO7 is a 150kDa scaffolding protein that contains several protein-protein interaction domains such as calponin
homology, PDZ (PSD95, Dlg1, and ZO-1), F-Box,
and LIM domains12,13. LMO7 localizes to different
organelles in cells such as the plasma membrane,
cytoskeleton, and nucleus12. LMO7 also mediates
assembly of adherens junctions12, cell migration14,
and gene transcription15. Although LMO7 appears
to play a role in hepatoma cells and vascular fibrosis, its role in liver fibrosis, and its regulation by
AP1 and TGF-β, remain unknown, especially in
liver fibrosis of AIH.

Materials and Methods
Establishment of the Murine AIH Model
Thirty-two male wild-type C57BL/6 mice (4 to
6 weeks of age) were purchased from the Shanghai Laboratory Animal Center (Shanghai, China).
The Ethics Committee approval was approved by
the Wenzhou Medical University Animal Policy
and Welfare Committee Ethics (Approval Document No. wydw2020-0400). For hepatic S100
preparation, after administering sodium pentobarbital anesthesia, eight mice were sacrificed.
Their livers were collected after cardiac perfusion
with phosphate-buffered saline (PBS), minced
and homogenized, then centrifuged at 150 g for 10
min. After subsequent centrifugation at 100,000 g
for 2 h, the supernatants were referred to as S100.
These were concentrated to 0.5 mL using an Amicon Ultra-15 filter (EMD Millipore, Billerica,

MA, USA) and subsequently passed through a 90
cm CL-6B Sepharose column (Solarbio, Revetal,
Norway) with AKTA pure (GE Healthcare, Pittsburgh, PA, USA). Of the three resulting protein
peaks, peaks 1 and 3 were safer components compared to peak 2. In this experiment, peak 3, at a
protein concentration of 0.5 to 2 g/L, was emulsified in an equal volume of complete or incomplete Freund’s adjuvant (Solarbio) on days 0 and 7,
respectively. Mice were injected intraperitoneally
twice on days 0 and 7 (Figure 1A).
Treatment with BMSCs In Vivo
Mouse BMSCs (P6) were purchased from Cyagen
Biosciences (Guangzhou, China). Cells were grown
in C57BL/6 Mouse MSC Basal Medium (Cyagen
Biosciences, Guangzhou, China) containing 10%
fetal bovine serum (FBS) and 1% penicillin-streptomycin and incubated at 37°C with 5% CO2.
Twenty-four mice were divided randomly into
three groups: control (n = 8), AIH model (n = 8),
and AIH model + BMSC-treated (n = 8) groups.
Mice in the control group were injected with only
phosphate-buffered saline on days 0 and 7. Both
the AIH model and BMSC treatment groups were
injected with S100 on days 0 and 7. After the second injection of S100, the BMSC-treated group
was injected with BMSCs via the tail vein (> 1 ×
105 cells/mouse) three times: on days 21, 28, and
35. All mice were sacrificed on day 42.
Cell Culture and Co-Culture Systems
AML12 cells were maintained in Dulbecco’s
Modified Eagles/F12 medium (DMEM; Gibco,
Gaithersburg, MD, USA) supplemented with 10%
fetal bovine serum, 40 ng/mL dexamethasone
at 37°C in 5% CO2. To establish the co-culture
system, 3 × 104 AML12 cells were added to a 24well plate (Figure 1B). When the cells adhered to
the bottom of the well, lipopolysaccharide (LPS)
was added with the amount of 250 ng/mL, and
the cells were incubated for 24 h at 37°C. BMSCs
(3 × 104 cells) were added to a transwell chamber
and allowed to adhere to the chamber for 4 to 6
h of incubation. The transwell chamber was then
placed on a 24-well plate and co-cultured for 24 h
before subsequent experiments.
Small Interfering (si)RNA Knockdown
of LMO7
Non-specific control siRNA (UUCUCCGAACGUHUCACGUTT) and siRNA for LMO7
(CCAACTGACAGGAGTAAAT) were purchased
from RiboBio (Guangzhou, China). AML12 cells
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Figure 1. Establishment of the mouse autoimmune hepatitis (AIH) model. A, Treatment schedule to establish the AIH
model. B, Flow chart of the co-culture system. C, Hematoxylin and eosin (H&E) staining of liver tissues showing structural
differences between the control, AIH, and bone mesenchymal stem cell (BMSC) treated groups. The black arrows highlight
lymphocytic infiltration. The black triangles highlight hepatocyte necrosis (magnification: ×200). D, Serum levels of alanine
aminotransferase (ALT) and aspartate aminotransferase (AST) in the control and AIH groups. IgG levels in mouse serum in
control and AIH groups were determined by an enzyme-linked immunosorbent assay. Ctrl, control. Data are presented as
means ± SE from six or eight mice. ***p < 0.001, ****p < 0.0001.

were transfected with non-specific control siRNA or
LMO7-specific knockdown siRNA using Lipofectamine™ 2000 (Thermo Fisher Scientific, Waltham,
MA, USA) according to the manufacturer’s protocol. The following four groups were established:
control, LPS, siLMO7, and siLMO7 + LPS.
Inhibition of AP-1
T-5224 is a novel, non-peptide, small molecule inhibitor of c-Fos/AP-1. When AML12 cells
reached 80-90% confluence, T-5224 was added.
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After 12 h, the cells were incubated with 250 ng/
mL LPS for another 24 h.
Liver Histopathology
After harvesting, liver tissue of mice was fixed
with 4% paraformaldehyde, then embedded in
paraffin and sliced into 5-μm thick sections. Tissue sections were stained with hematoxylin-eosin, Sirius Red, and Masson’s trichrome dyes, and
the inflammation, fibrosis, and structural changes
were observed under a Nikon light microscope.
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Serum Measurements
Blood samples were centrifuged at 1500 rpm
for 10 min to obtain the serum, which was flash
frozen for further analyses. Serum aspartate
aminotransferase (AST) and alanine aminotransferase (ALT) levels were measured using an automated biochemical analyzer (Abbott Laboratories, Lake Forest, IL, USA). The IgG content
was determined using a mouse enzyme-linked
immunoassay kit (LiankeBio, Hangzhou, China)
according to the manufacturer’s protocol.

Statistical Analysis
Statistical analyses were performed using
Prism 8.0 software (GraphPad, La Jolla, CA,
USA). Data are expressed as means ± SE. For
multiple group comparisons, a one-way analysis
of variance with Tukey’s or Dunnett’s post-hoc
test was used. p-values of ˂ 0.05 were considered
statistically significant.

Western Blotting
The total protein extract of liver tissue or cells
was separated with supplementary lytic buffer
and quantified using a bicinchoninic acid (BCA)
protein analysis kit (Beyotime, Haimen, China). The protein sample (20 µg) was denatured
by heating at 100°C for 10 min. Protein lysates
were separated on a 10% sodium dodecyl sulfate-polyacrylamide gel (SDS-PAGE) and transferred to polyvinylidene difluoride (PVDF) membranes. The membranes were first blocked with
5% bovine serum albumin (BSA) in tris-buffered
saline/0.1% Tween 20 (TBST-20) for 2 h, then
incubated with the following specific antibodies: LMO7 (ab200675), AP-1 (ab21981), lamin B
(ab133741), GADPH (ab8245), collagen-1 (COL1) (ab3476), TGF-β (ab27969), and α-smooth
muscle actin (α-SMA) (ab32575) from Abcam
(Cambridge, UK) at 4°C for 12 h. The membranes
were washed and then incubated with a goat anti-rabbit secondary antibody (1:5000, Biosharp,
Anhui, China) at room temperature for 1 h. The
membranes were captured as digital images on a
ChemiDoc immunoblot detection system (BioRad, Hercules, CA, USA). ImageJ software (National Institutes of Health, Bethesda, MD, USA)
was used to quantify the bands.

Establishment of the Murine AIH Model
In Figure 1A, we display the flow chart of the
procedure used to induce AIH in mice. Mice
were injected intraperitoneally with S100 on days
0 and 7. Compared to the control group, hematoxylin and eosin staining showed pathological
changes, including massive infiltration of lymphocytes and hepatocyte necrosis, in the liver tissue of S100-treated mice (Figure 1C). In addition,
serum ALT/AST and IgG levels were elevated in
the model group (Figure 1D). This implies that
the AIH model was successfully established.

Quantitative Real-Time Polymerase Chain
Reaction (qRT-PCR)
Total RNA was isolated from frozen liver tissue or cultured cells using TRIzol reagent, and
the cDNA was reverse-transcribed using the PrimeScriptTM RT-PCR reagent kit (TaKaRa Bio,
Otsu, Shiga, Japan, DRR037A). QRT-PCR was
performed using TB Green Premix Ex TaqTM II
(Takara Bio, RR820A) in an ABI7500 Fast Real-Time PCR system (Applied Biosystems, Foster
City, CA, USA). The primer sequences are listed
in Table I. mRNA expression was normalized to
the expression of GAPDH using the 2-∆∆CT method.

Results

BMSCs Diminish Liver Inflammation and
Fibrosis In Vivo and In Vitro
BMSCs were transplanted on days 21, 28, and
35 after S100 injection via tail vein injection. All
animals were sacrificed on day 42 (Figure 2A).
After BMSC transplantation, the levels of inflammatory cytokines and intracellular signaling molecules were examined. There was a significant
increase in interleukin (IL)-6 and IL-11 mRNA
levels in liver tissue of the AIH group, and BMSC
treatment ameliorated these levels (Figure 2B).
Serum ALT/AST levels in BMSC-treated mice
were lower when compared to those in the AIH
group (Figure 2C).
BMSC treatment not only reduced destruction
of the lobular structure with no visible hepatocyte necrosis and lymphocyte infiltration (Figure
1C), but also attenuated the development of liver
fibrosis as shown by Masson’s trichrome and Sirius Red staining (Figure 3A). Moreover, fibrosis
parameters, such as the protein and mRNA levels
of COL-1, α-SMA, and TGF-β, were increased in
the liver tissues of AIH mice compared to control
mice and mice treated with BMSCs (Figure 3B,
C). Furthermore, the protein levels of LMO7 and
AP-1 were decreased and increased, respectively,
in the AIH group, but BMSC transplantation elevated the levels of LMO7 and reduced those of
AP-1 (Figure 3B).
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Table I. The primer sequences of genes in real-time qPCR assays.
TGF-β1 forward
TGF-β1 reverse
COL-1 forward
COL-1 reverse
α -SMA forward
α -SMA reverse
IL-6 forward
IL-6 reverse
IL-11 forward
IL-11 reverse
GAPDH forward
GAPDH reverse

CAACCCAGGTCCTTCCTAAA
GGAGAGCCCTGGATACCAAC
TGCCGTGACCTCAAGATGTG
CACAAGCGTGCTGTAGGTGA
GTGCTATGTCGCTCTGGACTTTGA
ATGAAAGATGGCTGGAAGAGGGTC
GGCAAGCCTTCCAGTTAGTCTTCC
AGAGTAAGCGTCCAGAGGTCAGC
CAGGAGTATGCCGAAAGG
CCCCAGAAAGCCTAGATTG
CTCTCCCTCACGCCATC
ACGCACGATTTCCCTCTC

The expression of all these proteins was also examined in a cell culture system. AML12 cells were
co-cultured with BMSCs (Figure 1B). As shown in
Figure 4A, mRNA levels of IL-6 and IL-11 were
increased in LPS-treated cells, while BMSCs reversed this LPS-induced elevation. Moreover, the
levels of COL-1, α-SMA, and TGF-β were significantly increased after LPS treatment, while BMSC

co-culture reversed the LPS-induced elevation of
these markers (Figure 4B, C). LMO7 and AP-1 were
also examined in the co-culture system. LMO7
expression was reduced, and AP-1 was elevated
after LPS treatment. However, BMSC co-culture
increased LMO7 levels, while it reduced the AP-1
levels (Figure 4B). These findings are consistent
with observations in liver tissue of AIH mice.

Figure 2. Bone mesenchymal stem cells (BMSCs) mediate inflammation and liver function in autoimmune hepatitis (AIH)
model mice. A, Time-points of BMSC injection. B, Interleukin (IL)-6 and IL-11 mRNA levels in liver tissues of each group.
C, Serum levels of alanine aminotransferase (ALT) and aspartate aminotransferase (AST) in each group. Ctrl, control. Data
are presented as means ± SE from six or eight mice. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.
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Figure 3. Bone mesenchymal stem cells (BMSCs) attenuate liver fibrosis in autoimmune hepatitis (AIH) model mice. A,
Micrographs of Masson’s trichrome and Sirius Red staining in each group. Black triangles highlight hepatocyte necrosis (magnification: Masson’s trichrome ×200; Sirius Red ×400). B, Western blot analyses of collagen-1 (COL-1), α-smooth muscle actin
(α-SMA), transforming growth factor (TGF)-β, LMO7, and AP-1 in liver tissues. GAPDH was used as the loading control. The
lower panel shows the densitometric quantification for panel B. C, COL-1, α-SMA, and TGF-β mRNA levels in liver tissues,
normalized to the levels of GAPDH. Ctrl, control. Data are presented as means ± SE from six or eight mice. *p < 0.05, **p <
0.01, ***p < 0.001, ****p < 0.0001.
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Figure 4. Bone mesenchymal stem cells (BMSCs) attenuate lipopolysaccharide (LPS)-induced injury in AML12 cells. A,
Interleukin (IL)-6 and IL-11 mRNA levels in AML12 cells, normalized to the levels of GAPDH. B, Western blot analyses of
collagen-1 (COL-1), α-smooth muscle actin (α-SMA), transforming growth factor (TGF)-β, LMO7, and AP-1 on AML12 cells,
normalized to the levels of GADPH. The right panel shows the densitometric quantification for panel B. C, COL-1, α-SMA,
and TGF-β mRNA levels in AML12 cells, normalized to the levels of GAPDH. Ctrl, control. Data are presented as means ± SE
from three independent experiments. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.

LMO7 is a Protective Factor in
LPS-Treated AML12 Cells
To demonstrate the function of LMO7, siRNA
targeting LMO7 was used to inhibit its expression
(Figure 5A). The protein and mRNA levels of
COL-1, α-SMA, and TGF-β increased after incu1606

bation of AML12 cells with 250 ng/mL of LPS for
24 h (Figure 5B, C). The addition of LMO7 siRNA after LPS treatment further increased these
levels. Furthermore, LPS elevated AP-1, and the
addition of LMO7 siRNA also increased this level
further (Figure 5B).
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Figure 5. LMO7 inhibits AP-1 activity in lipopolysaccharide (LPS)-treated AML12 cells. A, Western blot analysis of LMO7
in AML12 cells. GAPDH was used as the loading control. The LMO7 protein level is decreased by small interfering (si)RNA.
The right panel shows the densitometric quantification for panel A. B, Western blot analyses of collagen-1 (COL-1), α-smooth
muscle actin (α-SMA), transforming growth factor (TGF)-β, and AP-1 (nuclear) protein levels in AML12 cells. GAPDH and
lamin B were used as loading controls. The lower panels show the densitometric quantification for panel B. C, COL-1, α-SMA,
and TGF-β mRNA levels in AML12 cells, normalized to the levels of GAPDH. Ctrl, control. Data are presented as means ± SE
from three independent experiments. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.
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Figure 6. AP-1 exacerbates lipopolysaccharide (LPS)-induced fibrosis. A, AP-1 is inhibited by T5224. Immunoblot analysis of collagen-1 (COL-1), α-smooth muscle actin (α-SMA), transforming growth factor (TGF)-β, and AP-1 protein levels in
AML12 cells. GAPDH was used as the loading control. The right panel shows the densitometric quantification for panel A.
B, COL-1, α-SMA, and TGF- β mRNA levels in AML12 cells, normalized to the levels of GAPDH. Ctrl, control. Data are
presented as means ± SE from three independent experiments. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.

Effect of Inhibiting AP-1 in AML12 Cells
AP-1 is a transcription factor thought to be
associated with inflammation and carcinomas.
To determine whether AP-1 played a role in
LPS-treated AML12 cells, T5224, an inhibitor
of AP-1, was incubated with AML12 cells with
and without LPS treatment for 24 h. As shown in
Figure 6A and B, the protein and mRNA levels
of COL-1, α-SMA, and TGF-β were significantly
increased in cells treated with LPS alone, whereas
these increases were prevented by T5224.

Discussion
AIH is a chronic liver disease caused by immune disorders and may lead to liver damage and
cirrhosis. Immunosuppressive treatments remain
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the mainstream therapy. Prednisone, with or without azathioprine, is a standard therapy that is effective for most patients: 38-93% of patients show
improvement16,17. Continued immunosuppressive
treatment can reduce the risk of AIH recurrence
for at least 5 years. However, immunosuppressive
treatments have limitations. According to relevant studies, long-term corticosteroid therapy is
associated with weight gain and vascular disease,
while also increasing the risk of diabetes and
low-trauma fractures18. Moreover, the progression of fibrosis cannot be completely stopped with
this therapy; 30-50% of patients still develop cirrhosis19. Unfortunately, over the last few decades,
there are only a few major advances reported in
the treatment of AIH.
BMSC transplantation is effective in decreasing liver fibrosis in mice and is a promising treat-
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ment in clinical trials for many liver diseases20,21.
In our previous research, BMSCs were effective
in ameliorating liver inflammation and fibrosis in
S100-induced AIH7, but the potential mechanism
was poorly understood. The TAK1 pathway plays
an essential role in hepatic inflammation and fibrosis in the S100-induced AIH model22. AP-1 is
a transcription factor downstream of TAK1 that
contributes to smooth muscle cell proliferation23
and increases TGF-β1 and integrin β3 gene transcription24. Furthermore, LMO7 inhibits AP-1
activity and TGF-β1 autoinduction, and in a vascular injury model, neointimal formation, ECM
deposition, and proliferation were enhanced in
LMO7 knockout compared with wild-type mice25.
In the current study, we confirmed that BMSC
transplantation influenced S100-induced liver
inflammation and fibrosis in a murine model, as
well as LPS-treated AML12 cells in a co-culture
system. The in vivo and in vitro results were consistent, which implies that BMSCs may play a
therapeutic role by secreting beneficial substances. For example, MSC-exosomes have been used
as carriers to deliver microRNAs into cells and
promote hepatic regeneration in a model of autoimmune hepatitis26, and Tan et al27 demonstrated
that, in a drug-induced liver injury model, treatment with MSC-exosomes can be helpful in hepatic repair.
In the current investigation, over-expression of
AP-1 was found in the AIH group, and this was
prevented in the BMSC-treated group. Furthermore, after treatment with a specific inhibitor of
AP-1, inflammation and fibrosis were significantly
reduced, so AP-1 may be used as a helpful biomarker and therapeutic target. AP-1 is an intracellular
transcriptional activator that is mainly composed
of c-Jun and c-Fos proteins encoded by proto-oncogenes. AP-1 is closely related to immune diseases
and carcinomas and is considered to be an important regulator. Over-expression of AP-1 is found in
rheumatoid arthritis and long-term allogeneic hematopoietic stem cell transplantation survivors28.
Since AIH is highly related to immune disorders,
and BMSCs have a strong ability to suppress inflammation and autoimmunity29, one of the limitations of the present study is that immune disorders
and changes after BMSC transplantation were not
documented; therefore, the underlying mechanism
may be worthy of exploration.
Several reports30,31 suggest that the expression of
LMO7 is markedly upregulated in various human
cancers and is able to enhance the invasiveness
of rat ascites hepatoma cells. LMO7 is induced

by TGF-β, which restricts the TGF-β pathway
through negative feedback regulation, thus limiting vascular fibrosis25. We found that LMO7 was
decreased in the AIH group and increased in the
BMSC-treated group. This suggests a protective
role for LMO7 in liver fibrosis. When LMO7 levels were downregulated by siRNA, AP-1 was upregulated in the nucleus, suggesting a connection
between AP-1 and LMO7. Indeed, LMO7 interferes with AP-1-dependent transcriptional self-induction of TGF-β. The LIM domain of LMO7,
known for its scaffolding activity, interacts with
c-Fos and c-Jun and promotes their ubiquitination
and degradation. In addition, Xie et al25 mutated
the C-terminal LIM domain region of LMO7 and
found that full-length LMO7, but not the C-terminal mutant, co-immunoprecipitated with c-Fos or
c-Jun in HEK293A cells. Functionally, full-length
LMO7, but not the C-terminal mutant, inhibited
the expression of Jun, Fos, TGF-β1, integrin, and
ECM mRNAs. This suggests that the C-terminal LIM domain region of LMO7 is required for
interaction with, and degradation of, c-FOS and
c-JUN.

Conclusions
Our results show that BMSCs attenuate inflammation and fibrosis both in vivo and in vitro.
Moreover, about the novelty of this investigation,
this article verified that the LMO7 and AP-1 pathways may mediate the regulation of inflammation and fibrosis by BMSCs; LMO7 inhibits the
TGF-β pathway by inhibiting AP-1. This implies
that BMSCs are a potential means of treating liver
fibrosis. Furthermore, the precise roles and functions of LMO7 are still unclear; however, LMO7
and AP-1 can be a potential therapeutic target.
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