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Mannan-Binding Lectin via Interaction With Cell Surface
Calreticulin Promotes Senescence of Activated Hepatic Stellate
Cells to Limit Liver Fibrosis Progression
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SUMMARY

Mannan-binding lectin is a crucial component in the liver
microenvironment. Here, we discovered that mannan-
binding lectin–hepatic stellate cell interaction via cell sur-
face calreticulin promotes senescence of activated hepatic
stellate cells, contributing to the control of hepatic fibrosis
progression.

BACKGROUND & AIMS: Liver fibrosis represents a hallmark of
most chronic liver diseases (CLD) triggered by recurrent liver
injury and subsequent myofibroblast transdifferentiations of
resident hepatic stellate cells (HSCs). Mannan-binding lectin
(MBL) is potentially involved in hepatic fibrosis in CLD through
unclear mechanisms. Therefore, we investigated the crosstalk
between MBL and HSCs, and the consequent effects on fibrosis
progression.

METHODS: Samples from patients with liver cirrhosis were
collected. MBL deficiency (MBL-/-) and wild-type (WT) C57BL/
6J mice were used to construct a CCl4-induced liver fibrosis
model. Administration of MBL-expressing, liver-specific, adeno-
associated virus was performed to restore hepatic MBL
expression in MBL-/- mice. The human HSC line LX-2 was used
for in vitro experiments.

RESULTS: MBL levels in patients with liver cirrhosis were
correlated with disease severity. In the CCl4-induced liver
fibrosis model, MBL-/- mice showed severer liver fibrosis
accompanied by reduced senescent activated HSCs in liver
tissue compared with WT mice, which could be inhibited
by administering MBL-expressing, liver-specific, adeno-
associated virus. Moreover, depleting senescent cells with
senolytic treatment could abrogate these differences owing
to MBL absence. Furthermore, MBL could interact directly
with calreticulin associated with low-density lipoprotein
receptor-related protein 1 on the cell surface of HSCs,
which further promotes senescence in HSCs by up-
regulating the mammalian target of rapamycin/p53/p21
signaling pathway.

CONCLUSIONS: MBL as a newfound senescence-promoting
modulator and its crosstalk with HSCs in the liver microenvi-
ronment is essential for the control of hepatic fibrosis pro-
gression, suggesting its potential therapeutic use in treating
CLD associated with liver fibrosis. (Cell Mol Gastroenterol
Hepatol 2022;14:75–99; https://doi.org/10.1016/
j.jcmgh.2022.03.011)
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Hhealing response to chronic injuries and subse-
quent accumulation of excessive extracellular matrix (ECM)
that progressively deteriorates liver structure and function.1

Without proper and prompt treatment, liver fibrosis, as a
common pathologic process of most chronic liver diseases
(CLDs), can progress into cirrhosis, carcinoma, and liver
failure, becoming one of the major public health problems
worldwide.2 Of note, the onset and progression of hepatic
fibrosis and its regression process are orchestrated by the
integrated network consisting of numerous molecules and
cells with profibrotic or antifibrotic function in the local
environment, among which hepatic stellate cells (HSCs) are
a key piece of the puzzle.3

Upon liver fibrosis induction, liver injuries and inflam-
mation trigger the activation of HSCs, leading to the trans-
differentiation of quiescent, vitamin A–storing HSCs into
ECM-secreting, fibrogenic myofibroblasts that now are
well established as a central driver of fibrosis.4 Recent
discoveries have shown that activated HSCs with a senes-
cent phenotype might help control and/or reverse liver
fibrosis by reducing ECM levels, thus reestablishing the
quiescent environment.5,6 Therefore, how activated HSCs
restore the quiescent state through cellular senescence
needs to be elucidated, contributing to the development of
effective therapies for the treatment of hepatic fibrosis.7

Although the fate of activated HSCs is regulated by an
interdependent network of molecular and cellular compo-
nents in the liver microenvironment,8,9 the underlying
mechanisms of HSC senescence induction are still unclear.

Mannan (or mannose)-binding lectin (MBL), which be-
longs to the family of collectins, is a soluble pattern recog-
nition molecule produced primarily by hepatocytes.10–12

MBL can mediate phagocytosis and trigger the comple-
ment cascade through the lectin pathway by binding to
carbohydrate motifs.13 In human beings, the MBL genetic
system comprises 1 functional gene (MBL2) that encoded
MBL2, whereas rodents have 2 MBL isomers (Mbl1 and
Mbl2) that encode MBL-A and MBL-C, respectively.12 In
addition, the single human MBL gene is closely related to
rodent Mbl2 rather than rodent Mbl1.14 Moreover, we
previously showed the prevalence of MBL-C expression but
not MBL-A in the liver of wild-type (WT) mice.15 Therefore,
we focused on the MBL-C (mice) and MBL2 (human) and
used MBL to indicate both of them in the present study. In
addition, MBL could exert different biologic functions apart
from complement activation, playing crucial roles in tissue
homeostasis and various diseases.10,16,17 Emerging evidence
has indicated that MBL is involved in the development of
fibrosis in CLD patients, including patients with liver
cirrhosis,18 hepatitis C virus patients with more severe
fibrosis,19 individuals with schistosomiasis-induced liver
fibrosis,20 and patients with HBV-related liver cirrhosis.21

Our previous study showed that MBL, as an essential
component of the liver microenvironment, suppresses
tumor development via interaction with local stromal
cells.15 However, the exact function of MBL in liver fibrosis,
especially its crosstalk with other cells in the local envi-
ronment and the consequent effects on fibrosis progression,
has not yet been thoroughly investigated.

In this study, we found a notable association between
MBL level and severity of liver fibrosis in human beings.
Then, we used a mouse model of CCl4-induced liver fibrosis
in MBL-deficient mice and human HSC cell line LX-2, seeking
to elucidate the potential role of MBL in liver fibrosis and its
underlying mechanisms. Our findings uncovered a previ-
ously unrecognized mechanism in which MBL–HSC inter-
action promoted HSC senescence and subsequent fibrosis
alleviation, providing insight into a therapeutic strategy for
CLD associated with liver fibrosis.

Results
MBL Levels Are Increased During Liver Fibrosis
and Associated Inversely With Cirrhosis Severity

Because MBL is reportedly involved in hepatic fibrosis,18

we decided to address the association of MBL and liver
fibrosis progression. Examination of the plasma MBL con-
centration in patients with liver cirrhosis and healthy con-
trols using enzyme linked immunosorbent assay (ELISA)
analysis showed that MBL levels were markedly higher in
cirrhosis patients (Figure 1A). Then, we assessed the asso-
ciation between plasma MBL levels and clinical character-
istics in these patients. The correlation analysis showed that
cirrhosis patients with higher plasma alanine aminotrans-
ferase (ALT) and aspartate aminotransferase (AST) activity
tend to display lower MBL levels in plasma, indicating their
inverse correlations (Figure 1B–E). Plasma MBL levels in
these patients also were correlated inversely with
Child–Pugh grade (Figure 1F), whereas levels were associ-
ated positively with the plasma concentrations of albumin
(Figure 1B). In addition, we observed significantly lower
MBL expression and fewer MBL-positive cells in the liver
tissue of patients with Child–Pugh B liver cirrhosis than
those with Child–Pugh A liver cirrhosis by immunohisto-
chemical staining (Figure 1G). Consistently, in an estab-
lished murine model of CCl4-induced liver fibrosis, the level
of MBL protein (Figure 1H and I) and its messenger RNA
(mRNA) expression (Figure 1J) were increased in the liver
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upon fibrogenesis. We observed that MBL distributes
throughout the liver and is seen predominantly around the
central vein and sinusoid (Figure 1H). Similar results also
were observed in the bile duct ligation model of liver
fibrosis (Figure 1K–M). Therefore, these data suggest that
MBL is involved in the progression of hepatic fibrosis.
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MBL Contributes to Control of Liver Fibrosis
Progression

Because MBL might have a potential role in the patho-
genesis of hepatic fibrosis, we further address the exact role
of MBL in the ongoing development of liver fibrosis. First,
we used MBL-/- mice and WT littermates to investigate the
characteristics of liver fibrosis in the CCl4-induced murine
model. We observed that ALT and AST levels and lactate
dehydrogenase (LDH) activity in serum from MBL-/- mice
markedly increased compared with those from WT mice
after CCl4 treatment (Figure 2A). The histologic staining of
liver sections showed that CCl4-treated MBL-/- mice dis-
played a larger fibrosis area in liver tissue than WT coun-
terparts (Figure 2B). Furthermore, Sirius Red staining
(Figure 2C) and Masson’s trichrome staining (Figure 2D),
respectively, showed significantly more collagen deposition
and fibrous connective tissue hyperplasia in liver tissue of
MBL-/- mice compared with that of WT controls. Because
liver fibrosis also is characterized by activated HSCs in
which a-smooth muscle actin (a-SMA) is a vital indicator,22

we subsequently assessed a-SMA levels in the liver. As ex-
pected, the expression of a-SMA in liver sections
(Figure 2E), as well as intrahepatic a-SMA protein
(Figure 2F) and its mRNA expression (Figure 2G), strongly
increased in MBL-/- mice compared with those in WT mice
upon CCl4-induced fibrogenesis. The quantitative reverse-
transcription polymerase chain reaction (PCR) results
showed that the mRNA levels of fibrosis-associated genes
remarkably increased in isolated HSCs of MBL-/- mice
compared with those of WT controls during liver fibrosis
(Figure 2H). These results indicate that MBL absence led to
a deterioration of liver fibrosis.

Furthermore, we subsequently performed a tail-vein
administration of liver-specific MBL-expressing, adeno-
associated virus (pAAV-MBL) to restore MBL expression in
the liver of MBL-deficient mice as we reported previously,15

followed by CCl4 injection and further assessment of liver
fibrosis. Immunohistochemistry and Western blot analysis
in the liver tissue showed that MBL-/- mice lack MBL
expression, while MBL expression was restored after pAAV-
MBL injection (Figure 3A and B). Consistently, much more
fibrous connective tissue hyperplasia and collagen deposi-
tion in liver tissue were observed in MBL-/- mice than in WT
counterparts, as determined by histologic staining
(Figure 3C). Similar to the earlier-described results in mice
without pAAV administration, MBL-/- mice with pAAV-
Figure 1. (See previous page). MBL levels increase during l
severity. (A) The concentration of the serum MBL in healthy
determined by ELISA. (B) The relationship between plasma M
cirrhotic patients. (C) The concentration of MBL in liver cirrho
centration of MBL in liver cirrhosis patients with high AST and lo
cirrhosis patients. (F) Quantification of serum MBL concentration
B. (G) Representative images and statistical analysis of MBL
Child–Pugh A (n ¼ 3) and Child-Pugh B (n ¼ 3). Mice (n ¼ 5
Representative photomicrographs of MBL staining in mouse liv
assessed by Western blot and quantitative reverse-transcription
subjected to BDL model for 3 weeks. (K) The protein levels of MB
and (M) mRNA levels of MBL were assessed by Western blot a
are presented as means ± SEM. *P < .05, **P < .01, Student t
control pretreatment showed markedly increased intra-
hepatic a-SMA expression (Figure 3C). However, pAAV-MBL
delivery nearly eliminated the progression of liver fibrosis
owing to the absence of MBL, indicated by comparable liver
fibrosis features in WT mice and MBL-/- mice (Figure 3C and
D). Collectively, these data showed that restoration of he-
patic MBL expression relieves the liver fibrosis progression
owing to MBL deficiency, implying that MBL contributed to
the amelioration of liver fibrosis progression.
MBL Limits Liver Fibrosis Progression via
Promoting HSC Senescence

During hepatic fibrosis, some activated HSCs might pro-
gressively undergo senescence, becoming less fibrogenic,
thus holding a vital position in controlling fibrosis.23

Together with the earlier-described results that determined
the MBL involvement in the control of hepatic fibrosis,
emerging data raised a potential association between MBL
and activated HSC senescence in liver fibrosis. Interestingly,
as shown in the senescence-associated-b-galactosidase
(SA–b-Gal) staining that indicated the senescent cells,24 the
number of SA–b-Galþ cells decreased dramatically in liver
sections of MBL-/- mice compared with that of WT mice
(Figure 4A). In addition, MBL deficiency strikingly increased
the proliferative Ki67þ cells in liver tissue, as determined by
immunohistochemistry staining (Figure 4B). Moreover, we
investigated that p21, as one of the cellular senescence
markers, was expressed by a-SMAþ activated HSCs in fibrotic
liver sections, and the p21þa-SMAþ cell frequency notably
decreased as a result of MBL deficiency (Figure 4C). In
accordance with the histologic staining, the mRNA
expression of senescence-related genes, including
senescence-associated secretory phenotype genes, decreased
significantly in isolated HSCs of MBL-/- mice compared with
those of WT controls (Figure 4D). Moreover, hepatic MBL
restoration through liver-specific pAAV-MBL delivery in
MBL-/- mice eliminated the reduction of the senescent
activatedHSC cell frequency (Figure 5A) and the protein (p53
and p21) expression of senescence-related genes as well as
their mRNA levels owing to the absence of MBL (Figure 5B
and C). These results indicated that MBL expression led to an
amelioration of liver fibrosis progression along with the
increased frequency of senescent activated HSCs.

Senescent cells can be selectively eliminated by dasatinib
and quercetin (DþQ) administration, which belongs to a
iver fibrosis and are associated negatively with cirrhosis
volunteers (n ¼ 20) and liver cirrhotic patients (n ¼ 31) was
BL concentration and AST, ALT, and albumin levels in liver
sis patients with high ALT and low ALT levels. (D) The con-
w AST levels. (E) The correlation of MBL and AST, and ALT in
in liver cirrhosis patients with Child–Pugh A and Child–Pugh

expression in liver sections from liver cirrhosis patients with
per group) were injected with oil or CCl4 for 6 weeks. (H)
ers. The (I) protein levels and (J) mRNA levels of MBL were
(qRT)-PCR analysis, respectively. Mice (n ¼ 5 per group) were
L in liver tissues of WT and MBL-/- mice. The (L) protein levels
nd qRT-PCR analysis, respectively. Scale bars: 100 mm. Data
test. HC, healthy control; LC, liver cirrhosis.



Figure 2. MBL deficiency aggravates liver fibrosis. MBL-/- and WT mice (n ¼ 8 per group) were injected with CCl4 for 6
weeks. (A) The serum concentration of ALT, AST, and LDH. (B) Representative photomicrographs of H&E staining in livers of
WT and MBL-/- mice with the establishment of liver fibrosis. Representative photomicrographs of (C) Sirius Red and (D)
Masson’s trichrome staining in fibrotic livers of WT and MBL-/- mice. The (E) immunohistochemical staining, (F) protein
expression, and (G) mRNA levels of a-SMA in liver tissues. (H) The quantitative reverse-transcription PCR analysis of mRNA
levels of fibrosis-related genes in primary HSCs fromWT and MBL-/- mice. Scale bars: 100 mm. Data are presented as means ±
SEM. *P < .05, **P < .01, Student t test. Timp1, tissue inhibitors of metalloproteinase 1.
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new class of drugs known as “senolytics.”25 Recently,
although there are no efficient drugs to selectively target
senescent HSCs, DþQ, as the most prominent senolytic,
shows toxicity toward senescent HSCs and thus can be used
to deplete senescent HSCs in the liver.26 To testify whether
the senescent HSCs are involved in MBL-mediated



Figure 3. (See previous page). AAV-mediated restoration of hepatic MBL expression abrogates the deterioration of liver
fibrosis as a result of MBL deficiency. The MBL-/- and WT mice (n ¼ 5 per group) received a pAAV-control or pAAV-MBL
vector injection 3 weeks before liver fibrosis establishment. (A) Representative photomicrographs of MBL histologic staining in
the liver tissues of WT and MBL-/- mice injected with pAAV-control or pAAV-MBL vectors. (B) The protein levels of MBL in liver
tissues were assessed by Western blot analysis. (C) Representative photomicrographs of Sirius Red, Masson’s trichrome, and
a-SMA histologic staining in the liver tissues. (D) The mRNA levels of fibrosis-related genes in livers were assessed by
quantitative reverse-transcription PCR analysis. Scale bars: 100 mm. Data are presented as means ± SEM. **P < .01, 1-way
analysis of variance followed by Tukey post hoc tests for multiple group comparisons. Timp1, tissue inhibitors of metal-
loproteinase 1.

Figure 4. MBL deficiency leads to decreased frequency of senescent HSCs. The MBL-/- and WT mice (n ¼ 8 per group)
were injected with CCl4 for 6 weeks. Representative photomicrographs of (A) SA–b-gal staining and (B) Ki67 staining in fibrotic
livers of WT and MBL-/- mice. Scale bars: 100 mm. (C) Representative immunofluorescence staining of a-SMA (green) and p21
(red) in liver tissues of WT and MBL-/- mice. Scale bars: 50 mm. (D) The mRNA levels of senescence-related genes in primary
HSCs of CCl4-treated WT and MBL-/- mice. Data are presented as means ± SEM. *P < .05, **P < .01, Student t test. CCL,
chemokine (C-C motif) ligand; CXCL, chemokine (C-X-C motif) ligand; DAPI, 40,6-diamidino-2-phenylindole; HPF, high-power
field; IL, interleukin; MMP, matrix metalloproteinase.
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Figure 5. Restoration of hepatic MBL expression eliminates MBL absence–mediated reduction of senescent HSC
frequency. The MBL-/- and WT mice (n ¼ 5 per group) received a pAAV-control or pAAV-MBL vector injection 3 weeks before
liver fibrosis establishment. (A) Representative immunofluorescence staining of a-SMA (green) and p21 (red), p16 (red), p-H2.X
(red), or Ki67 (red) in liver tissues. (B) The p53 and p21 protein levels in liver tissues were assessed by Western blot analysis. (C)
The mRNA levels of senescence-related genes in liver tissues were assessed by quantitative reverse-transcription PCR
analysis. Scale bars: 100 mm. Data are presented as means ± SEM. **P < .01, 1-way analysis of variance followed by Tukey
post hoc tests for multiple group comparisons. CCL, chemokine (C-C motif) ligand; CXCL, chemokine (C-X-C motif) ligand;
DAPI, 40,6-diamidino-2-phenylindole; HPF, high-power field; IL, interleukin; MMP, matrix metalloproteinase.
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amelioration of liver fibrosis progression, we applied
senolytic drugs (DþQ) by oral administration along with
CCl4 administration to eliminate senescent HSCs in WT mice.
To evaluate the eliminating effect of senolytic drugs on se-
nescent cells in liver, we performed co-staining of a-SMA
and other cellular senescent indicators or Ki67 in liver
sections. The results show that DþQ treatment significantly
reduced the frequency of senescent activated HSCs, whereas
it increased the number of Ki67þa-SMAþ cells (Figure 6A).
In addition, co-staining of a-SMA and pro-apoptosis mole-
cule Bax or anti-apoptosis protein Bcl2 showed that DþQ
treatment increased the frequency of a-SMAþBaxþ cells
while reducing the presence of a-SMAþBcl2þ cells, whereas
they became comparable between WT and MBL-/- mice
(Figure 6B). In addition, the protein expression (p53 and
p21) and mRNA levels of representative senescence-related
genes including senescence-associated secretory phenotype
genes in liver tissues were reduced after senolytic admin-
istration (Figure 6C and D). Furthermore, WT mice showed
notably more liver injury, fibrous connective tissue hyper-
plasia, and collagen deposition in liver sections after DþQ
treatment, which was comparable with DþQ-treated MBL-/-

mice (Figure 7). Taken together, these results suggest that
HSC senescence might be responsible for MBL-mediated
alleviating of hepatic fibrosis.
MBL Prompts Senescence of HSCs Through
Mammalian Target of Rapamycin/p53/p21
Signaling Pathway

Our pilot immunofluorescence assay showed that MBL is
colocalized with a-SMA in fibrotic liver sections in mice
(Figure 8A) or human beings (Figure 8B), where p53
expression was notably higher in MBLþa-SMAþ activated
HSCs than in MBL-a-SMAþ cells (Figure 8B). Together with
our previous study showing that MBL could interact with
HSCs in which MBL was hardly detected,15 these results
prompt us to explore whether MBL could affect the senes-
cence of HSCs. Here, we treated human HSC line LX-2 with
or without the senescence inducer H2O2,

27 which could
trigger the cellular senescence of HSCs, along with MBL
protein or not. As anticipated, H2O2 did induce the senes-
cence of LX-2 cells, indicated by more SA–b-Gal expression
(Figure 9A), more robust cellular growth arrest (Figure 9B),
and increased protein expression and mRNA level of
senescence-related molecules (Figure 9C and D). However,
MBL treatment could significantly promote H2O2-induced
cellular senescence (Figure 9), and synergistically reduce
the mRNA level of fibrosis-associated genes with H2O2-
treatment (Figure 9E). Although MBL treatment alone does
not affect the senescence (Figure 9) or viability of LX-2 cells
(Figure 9F), these results indicated that MBL promoted HSC
senescence.

A previous study showed that p53 is a vital molecule
involved in HSC senescence,28 in which mammalian target of
rapamycin (mTOR)/p53/p21 is considered one of the
classic senescent pathways.29 Our pilot Western blot anal-
ysis showed that phosphatidylinositol-3-kinase (PI3K)/
AKT/mTOR signaling was up-regulated in the liver tissues
of WT mice compared with MBL-/- mice during pAAV-
control administration, which was abrogated by pAAV-
MBL treatment (Figure 10A). Furthermore, we observed
that intraperitoneal injection of rapamycin did inhibit
mTOR/p53/p21 activation in vivo during fibrosis estab-
lishment (Figure 10B and C). This rapamycin administration
eliminated MBL deficiency–mediated differences in hepatic
fibrosis degree and HSC senescence (Figure 10C–E).
Together with the earlier results about p53 and p21, we
proposed that the mTOR/p53/p21 pathway might be
involved in MBL-mediated HSC senescence. Similar to these
results, MBL treatment substantially promoted senescence
of LX-2 cells, indicated by increased frequency of SA–b-
GALþ cells, stronger cellular growth arrest, increased pro-
tein expression (p53 and p21), and mRNA levels of
senescence-related molecules, as well as the reduced mRNA
levels of fibrosis-associated genes (Figure 11). However, this
MBL-induced senescence-promoting effect was abolished by
pretreatment with the p53-specific inhibitor pifithrin-a
(PFT-a) (Figure 11), or the mTOR-suppressor rapamycin
(Figure 12), ahead of the exposure to MBL and H2O2, as
shown by the comparable frequency of SA–b-GALþ cells,
cellular growth arrest, protein expression, and mRNA levels
of senescence-related molecules in MBL-treated or un-
treated cells. Together, these results implied that MBL
promoted senescence of HSCs via the mTOR/p53/p21
pathway.
MBL Promotes HSC Senescence Through
Interaction With Cell Surface Calreticulin

According to our previous study, MBL could bind to the
T-cell surface with calreticulin (CRT) and subsequently
activate the downstream pathway.30 CRT, which is
expressed in various cell types, including HSCs,31 can signal
in association with low-density lipoprotein receptor-related
protein 1 (LRP1), thus leading to the activation of the PI3K/
AKT/mTOR pathway.32,33 Our pilot experiment showed that
MBL is bound to cell-surface CRT in the human HSC line LX-
2 (Figure 13A). In addition, when we incubated primary
mouse HSCs with the supernatant harvested from stimu-
lated primary mouse hepatocytes, the fluorescence staining
showed the colocalization of MBL and CRT on the cell sur-
face of HSCs, accompanied by the up-regulated activation of
the mTOR/p53/p21 signaling pathway (Figure 13B–E). To
define whether MBL binding to CRT subsequently can
regulate the downstream mTOR activation and further affect
the senescence of HSCs, we used CRT blocking antibody to
inhibit the potential binding of CRT and MBL.30 The results
showed that the anti-CRT pretreatment completely blocked
the MBL-mediated promotion of senescence, as indicated by
comparable SA–b-GAL positivity (Figure 14A), cellular
growth arrest (Figure 14B), and mRNA levels of senescence-
related genes (Figure 14C) in cells treated with MBL or not.
Interestingly, we observed that MBL increased the cell-
surface CRT–LRP1 interaction while not affecting their
surface expression (Figure 14D). As illustrated in
Figure 14E, LX-2 cells exposed to MBL and H2O2 showed an
increased intracellular level of catalytic subunit p110 of
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PI3K and its interaction with LRP1, and the association of
LRP1 and Rab8. Moreover, MBL drastically increased p110
level and Akt phosphorylation, as well as activation of
the mTOR/p53/p21 pathway as determined by immuno-
blotting, which was notably inhibited by anti-CRT pre-
treatment (Figure 14F). Anti-CRT treatment also abolished



Figure 7. Senolytic treatment inhibits MBL-mediated amelioration of liver fibrosis. The MBL-/- and WT mice (n ¼ 6 per
group) were garaged with DþQ every 3 weeks for 3 times during the fibrosis establishment. Representative photomicrographs
of H&E staining, Sirius Red, and Masson’s trichrome staining in liver sections. Scale bars: 100 mm. Data are presented as
means ± SEM. **P < .01, 1-way analysis of variance followed by Tukey post hoc tests for multiple group comparisons.
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the MBL-mediated reduced mRNA levels of fibrosis-
associated genes in LX-2 cells upon MBL treatment
(Figure 14G). These results suggest that MBL binds to the
membrane CRT of HSCs, promoting HSC senescence.
Discussion
In this study, we have made novel findings toward a

better understanding of MBL function in the liver micro-
environment. We first discovered that MBL levels increase
Figure 6. (See previous page). Senolytic treatment eliminates
mice (n ¼ 6 per group) were garaged with DþQ every 3 weeks fo
immunofluorescence staining of a-SMA (green) and p16 (red),
immunofluorescence staining of a-SMA (red) and Bax (green) or
in liver tissues were assessed by Western blot analysis. (D) The m
assessed by quantitative reverse-transcription PCR analysis. Sc
.05, **P < .01, 1-way analysis of variance followed by Tukey po
(C-C motif) ligand; CXCL, chemokine (C-X-C motif) ligand; DA
interleukin; MMP, matrix metalloproteinase.
markedly in the liver upon hepatic fibrogenesis, whereas
they decrease when fibrosis progresses. Genetic deficiency
of MBL exacerbates liver fibrotic pathologies mediated by
the reduction of HSC senescence, which is abolished by
hepatic MBL restoration. One of the underlying mechanisms
is that MBL directly interacts with cell-surface CRT, which
further signals in association with LRP1, leading to PI3K/
Akt activation and downstream mTOR/p53/p21 pathway,
thus promoting cellular senescence of HSCs and relieving
liver fibrosis progression. Hence, MBL expression and its
senescent cells in mice fibrotic livers. The MBL-/- and WT
r 3 times during the fibrosis establishment. (A) Representative
p-H2.X (red), or Ki67 (red) in liver tissues. (B) Representative
Bcl2 (green) in liver tissues. (C) The p53 and p21 protein levels
RNA levels of senescence-related genes in liver tissues were
ale bars: 100 mm. Data are presented as means ± SEM. *P <
st hoc tests for multiple group comparisons. CCL, chemokine
PI, 40,6-diamidino-2-phenylindole; HPF, high-power field; IL,



Figure 8. MBL co-localizes with senescent HSCs in vivo. (A) Representative photomicrographs of colocalization of MBL
(red) and a-SMA (green) in liver tissues of WT mice by immunofluorescence analysis. Scale bars: 50 mm. (B) Representative
photomicrographs of colocalization of a-SMA (red), MBL (green), and p53 (purple) expression in liver tissues of cirrhotic
patients by immunofluorescence analysis. Scale bars: 25 mm. Data are presented as means ± SEM. **P < .01, Student t test.
DAPI, 40,6-diamidino-2-phenylindole; HPF, high-power field.

86 Luo et al Cellular and Molecular Gastroenterology and Hepatology Vol. 14, No. 1
association with HSCs control hepatic fibrosis by promoting
HSC senescence, implying that MBL might serve as a bona
fide regulator of liver fibrosis progression and potential
targets for antihepatic fibrosis therapies.

MBL, as a primarily liver-derived soluble opsonin,
holding a critical position in innate immunity mainly
through initiating lectin pathway activation, also can serve
multiple modulatory functions apart from complement
activation in tissue homeostasis and various
diseases.10,16,17,34 In addition, MBL has been described as an
acute-phase protein that increases and plays vital roles in
the acute-phase response.35,36 Local inflammation or in-
juries in the liver during hepatic fibrosis could induce the
acute-phase protein expression to maintain homeostasis
and tissue repair.37,38 Therefore, it is not surprising that
our current study found that plasma MBL levels were
higher in cirrhosis patients than in healthy controls.
However, we observed that plasma MBL levels and MBL
expression in liver tissues were correlated inversely with
cirrhosis severity. These results were partially supported
by a previous study indicating lower MBL levels in patients
with more advanced stages of cirrhosis.18 An early study
also showed that coding mutation homozygosity O/O
associated with lower MBL expression was related to
advanced liver fibrosis in hepatitis C virus patients.19 This
evidence suggests that the polymorphism of the MBL gene
in patients with different stages of cirrhosis results in the
differences of maximal MBL expression among these pa-
tients. Furthermore, because our current work suggests
that hepatic MBL contributes to the amelioration of fibrosis
progression, patients with lower MBL expression thus have
less MBL-mediated control of fibrosis deterioration and
might suffer from severer liver cirrhosis. Because our
findings suggest that MBL has a potential role in liver



Figure 9. MBL prompts senescence of HSCs in vitro. LX-2 cells were treated with MBL (10 mg/mL) and/or H2O2 (300 mmol/L)
for 48 hours. (A) Representative images of the SA–b-gal staining of LX-2 cells treated with or without MBL and/or H2O2. (B) The
distribution of cell cycle on the treated LX-2 cells with flow cytometry analysis. (C) The p53 and p21 protein levels were
assessed by Western blot analysis. (D) The mRNA levels of senescence-related genes were assessed by quantitative reverse-
transcription (qRT)-PCR analysis. (E) The mRNA levels of fibrosis-associated genes were assessed by qRT-PCR analysis. (F)
The apoptosis on the treated LX-2 cells with flow cytometry analysis. Scale bars: 100 mm. Data are presented as means ±
SEM. *P < .05, ** P < .01, 1-way analysis of variance followed by Tukey post hoc tests for multiple group comparisons. The
data shown represent 3 independent experiments. CON, control; CXCL, chemokine (C-X-C motif) ligand; HPF, high-power
field; IL, interleukin; MMP, matrix metalloproteinase; TIMP1, tissue inhibitors of metalloproteinase 1.
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fibrosis, we decided to address its exact positions. While
using MBL-deficient mice, we discovered that genetic
depletion of MBL did lead to a notable deterioration of
hepatic fibrosis. Given that the liver, particularly hepato-
cytes, is a key source of MBL,11,12,39–41 our recent studies
have established liver-specific AAV vectors carrying the
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MBL gene that could restore hepatic MBL expression.13,15

Accordingly, in the current study, restoration of hepatic
MBL expression with pAAV-MBL nearly completely abro-
gated the liver fibrosis aggravation owing to MBL absence,
providing evidence that MBL contributes to the ameliora-
tion of hepatic fibrosis.

Located in the liver microenvironment, activated HSCs
represent the dominant profibrogenic cell population,



Figure 11. MBL prompts HSC senescence via the p53/p21 pathway. LX-2 cells were treated with PFT-a (10 mmol/L) 2 hours
before the incubation of MBL and H2O2. (A) Representative photomicrographs of the SA–b-gal staining of LX-2 cells treated
with PFT before the incubation of MBL. (B) The distribution of cell cycle on the treated LX-2 cells with flow cytometry analysis.
(C) The p53 and p21 protein levels were assessed by Western blot analysis. (D) The mRNA levels of senescence-related genes
were assessed by quantitative reverse-transcription (qRT)-PCR analysis. (E) The mRNA levels of fibrosis-associated genes
were assessed by qRT-PCR analysis. Scale bars: 100 mm. Data are presented as means ± SEM. **P < .01, 1-way analysis of
variance followed by Tukey post hoc tests for multiple group comparisons. The data shown represent 3 independent ex-
periments. CXCL, chemokine (C-X-C motif) ligand; HPF, high-power field; IL, interleukin; MMP, matrix metalloproteinase;
TIMP1, tissue inhibitors of metalloproteinase 1.
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contributing to most ECM-producing myofibroblasts
responsible for liver fibrogenesis.42–44 Although still
controversial, emerging evidence suggests that the senes-
cence of activated HSCs improves hepatic fibrosis by elimi-
nating the major source of ECM.20,23,24,45 Furthermore,
Figure 10. (See previous page). Rapamycin treatment abrog
MBL-/- mice (n ¼ 5 per group) were treated with pAAV-control o
(A) The protein levels of p110, mTOR, p-mTOR, AKT, and p-AKT
MBL-/- and WT mice (n ¼ 5 per group) were injected intraper
fibrosis establishment. (B) The protein levels of mTOR, p-mTOR
analysis. (C) The mRNA levels of p53, p21, a-SMA, and collage
(D) Representative immunofluorescence staining of a-SMA (gre
micrographs of H&E, Sirius Red, and Masson’s trichrome stainin
as means ± SEM. **P < .01, 1-way analysis of variance follow
DAPI, 40,6-diamidino-2-phenylindole; HPF, high-power field.
cellular senescence, as a sustained state of cell-cycle arrest,
could promote tissue remodeling after injury and play
crucial roles in CLD.46 Therefore, we propose that activated
HSC senescence might be associated with MBL-mediated
amelioration of hepatic fibrosis progression. Indeed, we
ates MBL-mediated amelioration of liver fibrosis. WT and
r pAAV-MBL vectors before the establishment of liver fibrosis.
in liver tissues were assessed by Western blot analysis. The

itoneally with rapamycin (1mg/kg body weight/d) during the
, p53, and p21 in mouse liver were assessed by Western blot
n 1 were assessed by quantitative reverse-transcription PCR.
en) and p21 (red) in liver sections. (E) Representative photo-
g in the liver tissues. Scale bars: 100 mm. Data are presented
ed by Tukey post hoc tests for multiple group comparisons.



Figure 12. The mTOR/p53/p21 pathway is involved in the MBL-mediated promotion of HSC senescence. LX-2 cells were
treated with rapamycin (100 nmol/L) 2 hours before the incubation of MBL and H2O2. (A) Representative photomicrographs of
the SA–b-gal staining of LX-2 cells treated with rapamycin before the incubation of MBL. (B) The distribution of cell cycle on the
treated LX-2 cells with flow cytometry analysis. (C) The p53, p21, mTOR, and p-mTOR protein levels were assessed by
Western blot analysis. (D) The mRNA levels of senescence-related genes were assessed by quantitative reverse-transcription
(qRT)-PCR analysis. (E) The mRNA levels of fibrosis-associated genes were assessed by qRT-PCR analysis. Scale bars: 100
mm. Data are presented as means ± SEM. **P < .01, 1-way analysis of variance followed by Tukey post hoc tests for multiple
group comparisons. The data shown represent 3 independent experiments. CCL, chemokine (C-C motif) ligand; CXCL,
chemokine (C-X-C motif) ligand; HPF, high-power field; IL, interleukin; MMP, matrix metalloproteinase.
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showed that the frequency of senescent activated HSCs
markedly decreased in MBL-deficient mice compared with
those in WT controls. In addition, the subsequent restora-
tion of hepatic MBL expression with pAAV-MBL could
eliminate the reduction of senescent HSCs in MBL-deficient
mice. Although there have not been any drugs to eliminate
only senescent HSCs selectively, senolytic drugs such as
DþQ, a prominent senotherapeutic strategy,47 can effi-
ciently deplete senescent HSCs in the liver.26 In the current
study, we found that senolytic drugs (DþQ) dramatically
reduced senescent activated HSCs in the liver. Most impor-
tantly, these senolytic drugs could eliminate the differences
of liver fibrosis features between WT and MBL-/- mice.
Apparently, our current work suggests that HSC senescence
is involved in MBL-mediated alleviation of hepatic fibrosis
progression, although senescence of other cells could not be
excluded. Of note, senolytics DþQ could exacerbate hepatic
fibrosis in WT mice with MBL expression. This result is
different from a previous report indicating that the senolytic
fisetin reduced cholangiocyte senescence and improved
fibrosis in the Mdr2-/- mouse.48 One possible reason for the
different findings and outcomes between these 2 studies is
that the murine fibrosis models’ mechanisms differ signifi-
cantly. The Mdr2-/- mouse model spontaneously develops
primary sclerosing cholangitis and progressive secondary
biliary fibrosis owing to accumulation of toxic bile acids in
hepatocytes and initiation of a profibrogenic cholangiocyte
response.49 Emerging evidence has indicated that CCl4
metabolized in the liver induces hepatocyte apoptosis,
leading to parenchymal liver damage and HSC activation,



Figure 13. MBL binds to CRT on the cell surface of HSCs. (A) LX-2 cells were incubated with MBL protein and the
membrane fractions were extracted for subsequent immunoprecipitation. The association of MBL with CRT was determined
by immunoblotting of immunoprecipitates with anti-CRT. (B) HSCs were extracted from the mouse liver and cultured for 14
days, followed by incubation with primary hepatocyte supernatants. The protein levels of a-SMA of HSCs on day 5 and day 14.
(C) Representative immunofluorescence staining of a-SMA (green) in HSCs on day 14. (D) Representative immunofluorescence
staining of a-SMA (green) and MBL (red) in HSCs stimulated with primary hepatocytes supernatants. (E) The protein levels of
mTOR, p-mTOR, p53, and p21 in HSCs stimulated with primary hepatocyte supernatants. Scale bars: 25 mm. The data shown
represent 3 independent experiments. ATPase, adenosine triphosphatase; DAPI, 40,6-diamidino-2-phenylindole.
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favoring the fibrogenic process.50 Notably, CCl4-induced
hepatic fibrosis starts from the hepatic centrilobular zone 3
and progresses toward the portal tracts of zone 1, opposite
the biliary fibrosis in Mdr2-/- mice.51 Another reason might
be that the distinct senolytics are likely to target different
cells and work differently at various time points in these 2
models. Although all senolytic drugs appear to clear senes-
cent cells, each drug’s exact roles and mechanisms, espe-
cially in different contexts in vivo, still are unclear.52,53 Even
though it has been reported that DþQ showed selective
cytotoxicity toward senescent HSCs,26 the study mentioned
earlier indicated that fisetin selectively eliminated senescent
cholangiocytes, whereas DþQ targeted both proliferating
and senescent cholangiocytes.48 Furthermore, we per-
formed senolytic administration ahead of CCl4 injection to
ensure the depletion of senescent HSCs in the present study,
whereas the report mentioned earlier only focused on the
senescent cholangiocytes.48 Therefore, although the exact
mechanisms need to be explored further and other senes-
cent cells involved could not be excluded, it is not surprising
that the difference in findings of the roles of these distinct
senolytics in our present study and the report mentioned
above.48
The fate of activated HSCs is orchestrated by an inter-
dependent network of molecular and cellular components in
the liver microenvironment.8,9,54 However, the underlying
mechanisms of HSC senescence induction still are unclear.
In this study, we observed MBLþa-SMAþ activated HSCs in
the liver fibrotic sections, in which the senescent maker p53
was expressed. This finding was partially supported by our
previous study showing the colocalization of MBL and a-
SMAþ activated HSCs in the peritumor region in HCC.15

Together with our earlier finding that MBL was hardly
detected in HSCs but could interact directly with HSCs,15

these data prompt us to investigate the underlying mecha-
nisms of the interaction between MBL protein and HSCs and
the downstream signaling pathway. Intriguingly, while using
H2O2 to induce HSC senescence, MBL treatment markedly
promoted the senescence of HSCs. Meanwhile, mTOR/p53/
p21, as a classic senescent pathway,21,55 was up-regulated
by MBL. Nevertheless, this regulatory role was eliminated
by selective inhibitors of mTOR or p53, indicating their
involvement in MBL-mediated HSC senescence.

Given our previous reports showing that MBL binds to
CRT on the T-cell surface,30 as well as the presence of CRT
on the cell surface of LX-2 cells56 and activated HSCs,31 we
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subsequently blocked the CRT–MBL interaction with anti-
CRT. As expected, anti-CRT pretreatment completely
blocked the MBL-mediated pro-growth senescence,
MBL–up-regulated PI3K/Akt pathway, and downstream
mTOR/p53/p21 signaling in LX-2 cells. Furthermore, co-
culture of primary mouse HSCs with hepatocyte superna-
tant also resulted in CRT–MBL colocalization and mTOR/
p53/p21 signaling pathway activation in HSCs, suggesting
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hepatocyte-secreted MBL could interact with CRT and up-
regulate the mTOR/p53/p21 signaling pathway. Intrigu-
ingly, MBL treatment strengthened the interaction of LRP1
and CRT on the cell surface, which might be explained by
previous studies showing the cell surface CRT–MBL inter-
action31 and the MBL binding to cell surface LRP1 (CD91).57

Of note, we discovered that MBL interaction with CRT
increased the intracellular level of catalytic subunit p110 of
PI3K bound to LRP1 associated with Rab8. These results
were supported by a previous report indicating that the
Toll-like receptors, which are pattern recognition receptors
such as MBL, could crosstalk and activate LRP1, which re-
cruits a Rab8a/PI3K complex, and that further activates
Akt/mTOR signaling.33 In addition, the present results could
be explained by the previous observation that cell surface
CRT signals in association with LRP1 by forming a
CRT–LRP1–receptor complex. Furthermore, it is reported
that tissue-type-plasminogen activator, as a ligand of LRP1,
mediated the resolution of CCl4-induced acute liver injury
through triggering LRP1-associated signaling in HSCs, which
might lead to the regression of activated HSCs in vivo.58

Thus, our present findings provide new insights into the
mechanisms underlying MBL-mediated HSC senescence
upon stress.

In summary, our data provide compelling evidence that
MBL is essential for controlling liver fibrosis progression,
broadening the knowledge of MBL biologic function. In
addition, this effect is partially mediated through MBL
binding to the cell surface CRT of HSCs, facilitating
CRT–LRP1 interaction and further activating the down-
stream mTOR/p53/p21 signaling pathway that promotes
cellular senescence. These findings elucidate a previously
unrecognized senescence-promoting role of MBL in the liver
microenvironment that contributes to the control of hepatic
fibrosis progression and provides a whole new perspective
for antifibrotic therapy based on MBL expression.

Materials and Methods
Reagents and Antibodies

Rapamycin, a selective mTOR inhibitor, was purchased
from MCE company (Monmouth Junction, NJ). PFT-a, a
selective inhibitor of p53, was obtained from Selleck
Chemicals (Houston, TX). The MBL protein was extracted
and purified as we described previously.30 H2O2 and CCl4
were purchased from Sigma Technology (Waltham, MA). A
prestained protein ladder (26616, 26625) was bought from
Figure 14. (See previous page). MBL–CRT interaction up-reg
senescent-related signaling pathways in HSC. LX-2 cells we
bation of MBL and H2O2. (A) Representative photomicrographs
cell cycle on the treated LX-2 cells with flow cytometry analys
assessed by quantitative reverse-transcription (qRT)-PCR analy
immunoblotting of immunoprecipitates in membrane fractions o
determined by immunoblotting of immunoprecipitates in cytopla
AKT, p-AKT, and p110 protein levels were assessed by Weste
genes were assessed by qRT-PCR analysis. Scale bars: 100 m
t test or 1-way analysis of variance followed by Tukey post
represent 3 independent experiments. ATPase, adenosine triph
mokine (C-X-C motif) ligand; HPF, high-power field; IL, interleu
Thermofisher Scientific Company. Rabbit anti–a-SMA anti-
body (ab5694), mouse anti–a-SMA antibody (ab7817),
human MBL antibody (ab23457), CRT antibody (ab2907,
ab22683), horseradish peroxidase (HRP)-conjugated goat
anti-rabbit IgG (ab6721), HRP-conjugated goat anti-mouse
IgG (ab6789), fluorescein isothiocyanate–conjugated goat
anti-rabbit IgG (ab6717), fluorescein
isothiocyanate–conjugated goat anti-mouse IgG (ab6785),
Cy3-conjugated goat anti-mouse IgG (ab97035), Cy3-
conjugated goat anti-rabbit IgG (ab6939) were all from
Abcam (Cambridge, UK). Rabbit anti-Ki67 antibody (clone
D3B5), AKT antibody (4691S), phospho-AKT antibody
(4060S), mTOR antibody (983S), phospho-mTOR antibody
(5536S), Na/K-adenosine triphosphatase (3010S), LRP1
(64099S), and phospho–histone H2A.X antibody (9718S)
were all obtained from Cell Signaling Technology (Danvers,
MA). Mouse anti-mouse MBL-C antibody (clone 14D12,
NBP1-60128) was purchased from R&D Systems (Minne-
apolis, MN). PI3K antibody (21739-1-AP), Rab8 antibody
(55296-1-AP), p53 antibody (60283-2-Ig), p21 antibody
(10355-1-AP), p16 antibody (10883-1-AP), Bax antibody
(50599-2-Ig), and Bcl2 antibody (12789-1-AP) were sup-
plied by Proteintech (Chicago, IL). Lipopolysaccharide was
from MCE Company.

Animals
All animal experiments in this study were performed in

accordance with the guidance of the Welfare and Ethical
Committee for Experimental Animal Care of Southern
Medical University. WT C57BL/6J mice were purchased
from the Animal Center of Southern Medical University
(Guangzhou, China). MBL-/- mice on a C57BL/6J background
were purchased from the Jackson Laboratory (Bar Harbor,
ME). The animals were housed under a 12-hour light/dark
cycle in a specific pathogen-free animal condition with a
controlled temperature (20�C–25�C) and humidity (50% ±
5%). Female 6- to 8-week-old mice were used for all
experiments.

Model of Liver Fibrosis
Mouse models of liver fibrosis were established ac-

cording to the previously reported method with minor
modification.59 Mice were injected intraperitoneally with
25% CCl4 (Macklin, Shanghai, China) at a dose of 1 mL/g 3
times a week for 6 weeks, and were killed 2 days after the
last injection of CCl4 for further analysis. To eliminate the
ulates the association of CRT and LRP1 and downstream
re treated with CRT antibody or IgG 1 hour before the incu-
of the SA–b-gal staining of LX-2 cells. (B) The distribution of
is. (C) The mRNA levels of senescence-related genes were
sis. (D) The association of CRT and LRP1 was determined by
f LX-2 cells. (E) The association of LRP1, Rab8, and p110 was
sm fractions of LX-2 cells. (F) The p53, p21, mTOR, p-mTOR,
rn blot analysis. (G) The mRNA levels of fibrosis-associated
m. Data are presented as means ± SEM. **P < .01, Student
hoc tests for multiple group comparisons. The data shown
osphatase; CCL, chemokine (C-C motif) ligand; CXCL, che-
kin; MMP, matrix metalloproteinase.
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senescent cells in mice liver, DþQ (MCE Company) were
diluted in 100 mL 10% polyethylene glycol 400. Mice
received the first dose of DþQ (5 mg/kg [D] and 50 mg/kg
[Q] body weight) by oral gavage before 3 weeks of CCl4
injection. DþQ treatment was delivered every 3 weeks for 3
times in total.26
Bile Duct Ligation
To establish liver fibrosis, mice underwent bile duct

ligation or sham surgery under anesthesia as described
previously.60 In brief, after midline laparotomy, mice com-
mon bile was exposed by a wet cotton swab under sterile
conditions and ligated with 1 surgical knot. The sham mice
underwent a similar surgical procedure except for the
ligation of the bile duct. All mice were killed after 20 days.
Rapamycin In Vivo Treatment
Rapamycin was applied to inhibit mTOR activation in

mice during the establishment of liver fibrosis. Mice
received rapamycin (1mg/kg body weight/day) by intra-
peritoneal injection daily along with CCl4 injection until they
were killed.61
Patient Samples
Paraffin-embedded, formalin-fixed cirrhotic liver sec-

tions were obtained from 6 patients with histologically
diagnosed liver cirrhosis confirmed at Nanfang Hospital,
Southern Medical University (Guangzhou, China). Serum
samples were obtained from age-/sex-matched healthy
volunteers and cirrhotic patients. Patient information is
presented in Table 1. All of the samples were coded anon-
ymously in accordance with local ethical guidelines, as
stipulated by the Declaration of Helsinki, with written
informed consent and a protocol approved by the Institu-
tional Review Board of Nanfang Hospital, Southern Medical
University.
Table 1.Data From Cirrhotic Patients and Healthy Volunteers

Index

Age, y, means ± SD

Male/female

HBsAg, þ/-

ALT, U/L, means ± SD

AST, U/L, means ± SD

Albumin, g/L

TBIL, mmol/L

CRP, mg/mL

PT, %

Therapy treatment, resection/TACE/MCT

Child–Pugh, A/B

CRP, C-reactive protein; HBsAg, hepatitis B surface antigen
coagulation therapy; PT, prothrombin activity; TACE, transcath
Cell Culture
LX-2 cells, an immortalized human HSC line, were gifts

from Dr Bai XC of Southern Medical University (Guangzhou,
China). Cells were cultured in Dulbecco’s modified Eagle
medium supplemented with 10% fetal bovine serum, 1%
penicillin/streptomycin at 37�C, 5% CO2. To observe the
effect of MBL on HSC senescence upon liver fibrosis, LX-2
cells were treated with or without 300 mmol/L H2O2 and/
or 10 mg/mL MBL protein purified as we described previ-
ously.30 For p53 inhibition, LX-2 cells were pretreated with
10 mmol/L PFT-a ahead of the treatment with H2O2 and/or
MBL.62 For mTOR inhibition, LX-2 cells were exposed to 100
nmol/L rapamycin before the treatment of MBL and/or
H2O2.

63

Immunochemistry
Paraffin-embedded, formalin-fixed, 5-mm–thick tissue

sections were processed for immunohistochemical staining
with the following primary antibodies: mouse anti-mouse
MBL antibody, mouse anti-human MBL antibody, rabbit
anti-Ki67 antibody, and rabbit anti–a-SMA antibody. The
subsequent procedure followed a method described in
previous studies.15 The expression was visualized by dia-
minobenzidine staining (Beyotime Biotechnology, Shanghai,
China). Sections were lightly counterstained with
hematoxylin.

For H&E, Masson, and Sirius Red staining, paraffin-
embedded, formalin-fixed, 5-mm–thick tissue sections were
processed for indicated staining. Five arbitrarily selected
fields of 3 random liver sections from 3 to 5 mice per group
at 100� magnification were analyzed and quantified.
Immunofluorescence
Paraffin-embedded, formalin-fixed, 5-mm–thick tissue

sections were processed for immunofluorescent staining
with the following primary antibodies: mouse anti-mouse
MBL antibody, mouse anti-human MBL antibody, rabbit
LC HC

53.55 ± 9.03 52.35 ± 9.77

23/8 17/3

26/5 NA

33.22 ± 13.84 19.1 ± 8.12

39.97 ± 15.97 24.6 ± 9.42

31.76 ± 7.41 40.41 ± 8.99

16.62 ± 8.30 11.46 ± 3.96

7.75 ± 6.24 2.35 ± 3.02

80.89 ± 16.17 76.28 ± 16.99

15/13/3 NA

14/17 NA

; HC, healthy control; LC, liver cirrhosis; MCT, microwave
eter arterial chemoembolization; TBIL, total bilirubin.
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anti–a-SMA antibody, rabbit anti-p21 antibody, rabbit anti-
Bax antibody, rabbit anti-Bcl2 antibody, rabbit anti–p-H2.X
antibody, rabbit anti-p16 antibody, and rabbit anti-CRT
antibody. The subsequent procedure followed a method
described in our previous study.13 Sections were mounted
with the Mowiol-based antifading medium (Beyotime
Biotechnology) and analyzed with a laser scanning micro-
scope system (Nikon Eclipse Ni, Tokyo, Japan). The triple
immunofluorescent staining of p53, MBL, and a-SMA on
liver sections was conducted by Servicebio Company
(Wuhan, China).
Quantitative Real-Time PCR
Total RNA was extracted from livers or cells using TRIzol

reagent (TransGene Biotech, Beijing, China). Complementary
DNA was synthesized from 1 mg mRNA using TranScript All-
in-One First-Strand Complementary DNA Synthesis Super-
Mix (TransGene Biotech) in a total volume of 20 mL. Then,
the complementary DNA was amplified under the following
reaction conditions: denaturation at 94�C, annealing at 55�C,
and extension at 72�C for 40 cycles. Real-time PCR was
performed with an Eppendorf Realplex PCR system using
TransStart Tip Green quantitative reverse-transcription PCR
Table 2.Primers for Mice and Human Beings

Forward primer (5’-3’)

Mouse
MBL2 TGACAGTGGTTTATGCAGAG
p21 CCTGGTGATGTCCGACCTG
p53 CCGGGGAGTTGTCTTTCGTG
MMP2 ACCTGAACACTTTCTATGGCT
MMP9 GCAGAGGCATACTTGTACCG
MMP13 TGTTTGCAGAGCACTACTTGA
IL1b GAAATGCCACCTTTTGACAG
IL6 TACCACTTCACAAGTCGGAG
IL8 CAAGGCTGGTCCATGCTCC
CXCL1 ACTGCACCCAAACCGAAGTC
CXCL10 CCAAGTGCTGCCGTCATTTTC
CCL2 TAAAAACCTGGATCGGAACC
CCL5 TTTGCCTACCTCTCCCTCG
a-SMA CCCAGACATCAGGGAGTAAT
Collagen I GATTCCCTGGACCTAAAGGT
Fibronectin1 ATGTGGACCCCTCCTGATAG
Timp1 CGAGACCACCTTATACCAGC
b-actin GGCTGTATTCCCCTCCATCG

Human
p21 TGTCCGTCAGAACCCATGC
p53 GAGGTTGGCTCTGACTGTAC
MMP2 AAGTATGGCTTCTGCCCTGA
MMP9 CGAACTTTGACAGCGACAAG
MMP13 ACTGAGAGGCTCCGAGAAAT
IL1b ATGCACCTGTACGATCACTG
IL6 AAAGAGGCACTGGCAGAAAA
IL8 AAATTTGGGGTGGAAAGGTT
CXCL1 AACCGAAGTCATAGCCACAC
CCL2 CAGCCAGATGCAATCAATGC
a-SMA CTATGAGGGCTATGCCTTGC
Collagen I CCGGCTCCTGCTCCTCTTAG
Fibronectin 1 AGGAAGCCGAGGTTTTAACT
TIMP1 CAAGATGTATAAAGGGTTCCA
b-actin CACCATTGGCAATGAGCGGT

CCL, chemokine (C-C motif) ligand; CXCL, chemokine (C-X-C
SuperMix (TransGene Biotech). The expression was
normalized to the expression of the housekeeping gene b-
actin. The primers used were synthesized in BGI Genomics
(Shenzhen, China). The primer sequences used in the
experiment are shown in Table 2.
Immunoblot and Immunoprecipitation
Livers or cells were lysed in cell lysis buffer for West-

ern blot and immunoprecipitation (Beyotime Biotech-
nology) containing phenylmethanesulfonyl
fluoride (Beyotime Biotechnology) on ice for 30 minutes,
centrifuged at 14,000 � g for 15 minutes at 4�C, and the
supernatants were collected. Equal amounts of protein
from samples were separated by sodium dodecyl
sulfate–polyacrylamide gel electrophoresis and transferred
onto poly(vinylidene fluoride) membranes (Millipore, Bill-
erica, MA). After incubation with the primary rabbit or
mouse antibodies against human MBL, mouse MBL, a-SMA,
p53, p21, mTOR, p-mTOR, AKT, p-AKT, PI3K (p110),
Rab8A, CRT, LRP1, b-actin overnight at 4�C, and HRP-
conjugated goat anti-rabbit or anti-mouse IgG as the sec-
ondary antibody for 1 hour at room temperature. Finally,
the membranes were washed 3 times, and detection of the
Reverse primer (5’-3’)

AC CGTCACGTCCATCTTTGCC
CCATGAGCGCATCGCAATC
AATGTGAGGGAAGAGAGTTCCA

G CTTCCGCATGGTCTCGATG
TGATGTTATGATGGTCCCACTTG

A CAGTCACCTCTAAGCCAAAGAAA
TG TGGATGCTCTCATCAGGACAG
GC CTGCAAGTGCATCATCGTTGTTC

TGCTATCACTTCCTTTCTGTTGC
TGGGGACACCTTTTAGCATCTT
GGCTCGCAGGGATGATTTCAA

AAA GCATTAGCTTCAGATTTACGGGT
CGACTGCAAGATTGGAGCACT

GG TCTATCGGATACTTCAGCGTCA
GC AGCCTCTCCATCTTTGCCAGCA
T GCCCAGTGATTTCAGCAAAGG
G ATGACTGGGGTGTAGGCGTA

CCAGTTGGTAACAATGCCATGT

AAAGTCGAAGTTCCATCGCTC
C TCCGTCCCAGTAGATTACCAC

ATTTGTTGCCCAGGAAAGTG
CACTGAGGAATGATCTAAGCCC

G GAACCCCGCATCTTGGCTT
A ACAAAGGACATGGAGAACACC

TTTCACCAGGCAAGTCTCCT
AAGAAACCACCGGAAGGAAC
CCTCCCTTCTGGTCAGTTG

C TGGAATCCTGAACCCACTTCT
C GCTCAGCAGTAGTAACGAAGGA
CG CGTTCTGTACGCAGGTGATTGGTGG
G AGGACGCTCATAAGTGTCACC
AGC TCCATCCTGCAGTTTTCCAG
TC AGGTCTTTGCGGATGTCCACGT

motif) ligand; IL, interleukin; MMP, matrix metalloproteinase.
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target protein was conducted with enhanced chem-
iluminescence (Thermo Fisher, Carlsbad, CA).

For immunoprecipitation, cell membrane fraction and
nonmembrane fraction were incubated with 1 mg antibody
and protein A/G agarose (Santa Cruz Biotechnology, Santa
Cruz, CA) at 4�C overnight, respectively. The eluted immu-
noprecipitates were resolved via sodium dodecyl
sulfate–polyacrylamide gel electrophoresis, and the associ-
ations between proteins of interest were examined using
specific antibodies.

Isolation and Culture of Primary Mouse HSCs and
Hepatocytes

To extract mice HSCs for mRNA analysis, the fresh liver
was perfused slowly via the inferior vena cava with 30 mL
warm phosphate-buffered saline at a rate of 5 mL/min, and
then digested with 20 mL liver digest medium (RPMI 1640,
Collagenase IV at 0.5 mg/mL, and DNAse Ӏ at 0.1 mg/mL) at
a rate of 5 mL/min. After the gall bladder was removed, the
livers were carefully excised and passed through a 70-mm
cell strainer. Then cells were purified by density gradient
centrifugation using discontinuous 30%/70% (vol/vol)
Percoll (Sigma, St. Louis, MO) gradients. Cells at the upper
interface were collected and used for further analysis by
quantitative real-time PCR.

To extract and culture mice HSCs, primary HSCs and
hepatocytes were extracted from mice livers by collagenase
and purified by Percoll as we previously described.15,64

HSCs and hepatocytes were cultured in Dulbecco’s modi-
fied Eagle medium supplemented with 10% fetal bovine
serum. The activated HSCs were determined by a-SMA
expression. To obtain enough hepatocyte-derived MBL, he-
patocytes were stimulated by lipopolysaccharide (100 ng/
mL) for 8 hours before medium replacement with fresh
culture medium. The supernatants of hepatocytes were
collected the next day. Activated HSCs were incubated with
these supernatants (30% of total medium) for 48 hours and
collected for further experiments.

AAV-Mediated Hepatic MBL Restoration
For hepatic MBL restoration, the AAV vector expressing

mouse MBL under the control of the liver-specific thyroid
hormone-binding globulin promoter was generated by Obio
Technology (Shanghai, P.R. China). AAV-thyroid hormone-
binding globulin (TBG) (pAAV-control) or AAV-TBG-MBL
(pAAV-MBL) (1 � 1010 genome copies/mouse) was deliv-
ered by tail-vein injection 3 weeks before the injection of
CCl4.

Cell Cycle and Apoptosis Assay
The effect of MBL on cell apoptosis was detected using

the cell-cycle staining kit (MultiSciences, Hangzhou, China),
according to the manufacturer’s instructions. LX-2 cells
were seeded into 6-well plates overnight and then cultured
in the media with the indicated concentration of MBL and/
or H2O2 for 48 hours. Subsequently, the cells were collected
and resuspended in 1 mL DNA staining solution and 10 mL
permeabilization solution for 30 minutes in the dark. Data
were acquired on a LSRII/Fortessa flow cytometer (BD
Biosciences, Heidelberg, Germany) and analyzed using
FlowJo software (Tree Star, Ashland, OR).

The effect of MBL on cell apoptosis was detected using
the Annexin-V/7-AAD kit (MultiSciences), according to the
manufacturer’s instructions. LX-2 cells were seeded into 6-
well plates overnight and then cultured in the media with
the indicated concentration of MBL and/or H2O2 for 48
hours. Subsequently, the cells were collected and resus-
pended in 100 mL Binding Buffer containing 5 mL Annexin-V
and 10 mL 7-AAD for 15 minutes in the dark. Data were
acquired on a LSRII/Fortessa flow cytometer (BD Bio-
sciences) and analyzed using FlowJo software.

ELISA Assay
To measure serum levels of MBL, ALT, AST, and LDH,

serums were collected from human patients or mice. The
serum levels of MBL in patients and ALT, AST, and LDH in
mice were measured by ELISA. The assay kits for mouse
ALT, mouse AST, and mouse lactate dehydrogenase were
purchased from Jiancheng Biotech (Nanjing, China) and a kit
for human MBL from R&D Systems.

Senescence-Associated b-Galactosidase
Staining

The effect of MBL on senescence was detected using the
senescent-associated b-galactosidase staining kit (Beyotime
Biotechnology) according to the manufacturer’s in-
structions. Cells seeded on 6-well plates or paraffin-
embedded, formalin-fixed, 5-mm–thick tissue sections were
incubated with a combination of staining solution overnight.
Five random fields from each section were analyzed under a
magnification of 100�, 3 random sections from each mouse
were analyzed, and data from 3 to 5 mice per group were
used to compare different treatment groups.

Statistical Analysis
All values are expressed as means ± SEM. Unpaired

Student t test or 1-way analysis of variance followed by the
Tukey post hoc tests was used for multiple group compar-
isons. P < .05 was considered significant. Statistics were
calculated with GraphPad Prism version 8 (GraphPad Soft-
ware, San Diego, CA).
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