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Abstract

Aims: Angiotensin II (AngII), a vasoconstrictive peptide of the renin–angiotensin system (RAS), promotes
hepatic fibrogenesis and induces microRNA-21(mir-21) expression. Angiotensin-(1–7) [Ang-(1–7)] is a
peptide of the RAS, which attenuates liver fibrosis. Recently, it was reported that the NOD-like receptor
family, pyrin domain containing 3 (NLRP3) inflammasome participated in liver fibrosis. However, it remains
unclear how mir-21 mediates AngII-induced NLRP3 inflammasome activation. We investigate the role of
AngII-induced mir-21 in the regulation of NLRP3 inflammasome/IL-1b axis in liver fibrosis.
Results: In vivo, circulating mir-21 was upregulated in patients with liver fibrosis and was positively correlated with
liver fibrosis and oxidation. Treatment with Ang-(1–7) inhibited mir-21, NLRP3 inflammasome, and liver fibrosis after
bile duct ligation (BDL) or AngII infusion. Inhibition of mir-21 suppressed the Smad7/Smad2/3/NOX4, Spry1/ERK/
NF-jB pathway, NLRP3 inflammasome, and liver fibrosis induced by AngII infusion. In vitro, AngII upregulated
mir-21 expression via targeting Smad7 and Spry1 in primary hepatic stellate cells (HSCs). In contrast, Ang-(1–7)
suppressed mir-21 expression and oxidation induced by AngII. Overexpression of mir-21 promoted oxidation, and
collagen production enhanced the effect of AngII on NLRP3 inflammasome activation via the Spry1/ERK/NF-jB,
Smad7/Smad2/3/NOX4 pathways. However, downregulation of mir-21 exerted the opposite effects.
Innovation and Conclusions: Mir-21 mediates AngII-activated NLRP3 inflammasome and resultant HSC
activation via targeting Spry1 and Smad7. Ang-(1–7) protected against BDL or AngII infusion-induced hepatic
fibrosis and inhibited mir-21 expression. Antioxid. Redox Signal. 27, 1–20.

Keywords: microRNA 21, angiotensin II, angiotensin-(1-7), NLRP3 inflammasome, reactive oxygen species,
liver fibrosis

Introduction

L iver fibrosis, with excessive extracellular matrix de-
position, is a common stage of chronic liver diseases.

Hepatic stellate cells (HSCs) play a key role in liver fi-
brogenesis in response to profibrogenic mediators (10).

MicroRNA-21 (mir-21) has been shown to promote fi-
brogenesis in cardiac muscle (38), kidneys (46), and lungs

Innovation

AngII-induced mir-21 activates NLRP3 inflammasome
in hepatic stellate cells (HSCs) via targeting Spry1 and
Smad7, resulting in HSC activation. Ang-(1–7) protected
against bile duct ligation or AngII-induced liver fibrosis
and inhibited the expression of mir-21.
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(20). Moreover, recent studies indicated that mir-21 induces
liver fibrosis by activating HSCs (12, 48). Smad7, an inhib-
itory Smad that downregulates the TGF-b/Smad pathway, is
a target of mir-21 (20). In addition, the ERK-negative regu-
lator Spry1, also a target of mir-21, mediates the effects of
mir-21 through augmenting ERK kinase activity in cardiac
fibroblasts (38) and HSCs (49). Hence, mir-21 stimulates
the Smad, ERK pathway by promoting Smad7 and Spry1
degradation. However, the potential link between these two
target genes during mir-21-induced HSC activation remains
unclear and needs further investigation.

Recently, the NOD-like receptor family, pyrin domain
containing 3 (NLRP3) inflammasome complex (including
NOD-like receptor NLRP3, the adaptor molecule apoptosis-
associated speck-like protein containing a caspase-recruitment
domain (ASC), and the effector molecule procaspase-1) has
been revealed as the novel mediator of liver fibrosis (36). It
is believed that NLRP3 activation causes assembly of the
NLRP3 inflammasome, leading to activation of caspase-1,
which cleaves pro-IL-1b and pro-IL-18 to their maturational
forms (34). The NLRP3 inflammasome has been reported to
amplify chronic liver inflammation and activate HSCs (39,
41). The NLRP3 inflammasome is a promising target for
treatment of hepatic fibrosis.

NLRP3 inflammasome activation includes a two-step pro-
cess: the first signaling step termed as the signal 1: NF-jB
activation, mostly activated by toll-like receptor 4 (TLR4)-
ligand lipopolysaccharide (LPS), promotes NLRP3 and pro-IL-
1b gene transcription; while the signal 2 triggers functional
NLRP3 inflammasome activation by inflammasome ligands,
including both pathogen-associated molecular patterns and
endogenous damage associated molecular patterns (DAMPs).
Among DAMP molecules, the NADPH oxidase (NOX)-derived
reactive oxygen species (ROS) is a key factor that initiates the
second signaling step (36).

Several studies indicated a close link between mir-21 and
NLRP3 inflammasome. Ling et al. reported that mir-21 in-
duces the ERK/NF-jB pathway via degrading the target gene
Spry1 (19). In addition, mir-21 increased ROS generation
by decreasing the activity of superoxide dismutase (47).
Furthermore, Smad2/3 mediated NOX4-derived ROS produc-
tion (35). Hence, mir-21 has the potential to increase NOX4-
derived ROS production by targeting Smad7 for degradation.
As a result, we infer that mir-21 activates the ERK/NF-jB,
Smad/NOX4/ROS pathway via reducing Spry1 and Smad7,
leading to activation of NLRP3 inflammasome/IL-1b axis.

Angiotensin II (AngII), a component of the renin–
angiotensin system (RAS), has been implicated in the path-
ogenesis of fibrosis in the kidneys (42), lungs (43), and liver
(28). As a vasoconstrictive peptide, AngII triggers hyper-
tension by activation and infiltration of certain subsets of
immune cells (11, 16, 40). In addition, being a pro-oxidative
peptide, AngII triggers formation of NOX4-derived ROS (4,
25) and mitochondrial reactive oxygen species (mito-ROS)
(6, 8, 15), the mito-ROS lead to white blood cell activation
and inflammation (17). Interestingly, there exists interaction
and cross-activation between AngII-induced mito-ROS and
NADPH oxidase-dependent ROS (6, 8, 15).

It is well known that the mito-ROS contribute to the acti-
vation of the NLRP3 inflammasome (50) providing the link
between AngII-induced mito-ROS formation and inflammation.
Our previous study (4) further confirmed that Ang II enhanced

NOX4-derived ROS production in HSCs, leading to NLRP3
inflammasome activation and resultant collagen synthesis.

Recent study reported that AngII promotes mir-21 expres-
sion (21), suggesting that mir-21 is likely to mediate AngII-
induced liver fibrosis. Nevertheless, the mechanism by which
mir-21 mediates AngII-induced NLRP3 inflammasome acti-
vation and collagen synthesis in HSCs remains unclear.

Angiotensin-(1–7) [Ang-(1–7)], another peptide in RAS,
regulates Ang II negatively (9). Ang-(1–7) is believed to
protect against fibrosis in the liver (22) and lungs (25) by
inhibiting the profibrotic effect of AngII. Reports regarding
the relationship between Ang-(1–7) and mir-21 are rare and
only one study has reported that Ang-(1–7) reduced mir-21
expression in the muscle (1). How mir-21 mediates the an-
tifibrotic effects of Ang-(1–7) against hepatic fibrosis de-
serves further investigation.

Therefore, we hypothesized that AngII-induced mir-21
activates the ERK/NF-jB, Smad/NOX4/ROS pathway in
HSCs via targeting Spry1 and Smad7, leading to NLRP3
inflammasome/IL-1b axis activation and thus contributing to
liver fibrosis. Furthermore, we inferred that Ang-(1–7) in-
hibits AngII-induced mir-21 expression in liver fibrosis.

The present study aimed to investigate the role of AngII-
induced mir-21 in the regulation of NLRP3 inflammasome/IL-
1b axis in vitro and in vivo. We demonstrate that AngII-induced
mir-21 activated NLRP3 inflammasome/IL-1b axis in HSCs
via targeting Spry1 and Smad7, resulting in HSC activation.
Ang-(1–7) protected against bile duct ligation (BDL)- or
AngII-induced liver fibrosis and inhibited mir-21 expression.

Results

Circulating mir-21 level positively correlates
with human liver fibrosis and oxidation

We analyzed the correlation between mir-21 levels and
human liver fibrosis. In situ hybridization (ISH) and quanti-
tative reverse-transcription polymerase chain reaction (q-RT-
PCR) results showed that the ISHAK score/METAVIR score,
mir-21 levels in blood and liver, liver FibroScan value, area
density of Masson’s trichrome staining, ALT/AST content,
and H2O2 content from patients with liver fibrosis were sig-
nificantly higher than those from the control group. The mir-
21 ISH, a-smooth actin (a-SMA), and von Willebrand factor
(VWF) immunohistochemical (IHC) staining of serial sec-
tion illustrated that the mir-21 was generated by HSCs. As-
sociation study showed a positive correlation of circulating
mir-21 levels with liver mir-21 levels (r = 0.477, p = 0.018),
liver FibroScan value (r = 0.816, p = 0.000), area density of
Masson’s trichrome staining (r = 0.785, p = 0.000), ALT (r =
0.606, p = 0.002), AST (r = 0.575, p = 0.003), and liver H2O2

content (r = 0.816, p = 0.00) (Fig. 1).

Upregulation of Smad2/3, NOX4, ERK, NF-kB,
and NLRP3 inflammasome protein levels
in human fibrotic liver tissue

Smad7 and Spry1 protein levels in fibrotic liver tissue were
lower than those in the control group. However, Smad2/3,
NOX4, ERK, NF-jB, and NLRP3 inflammasome protein
levels were higher in fibrotic liver tissue than in the control
group (Supplementary Fig. S1; Supplementary Data are
available online at www.liebertpub.com/ars).
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FIG. 1. Mir-21 correlates with human liver fibrosis and oxidation. (A) Representative pictures of H&E and Masson’s
trichrome staining and mir-21 ISH and a-SMA and VWF IHC staining of serial section. Original magnification: · 200. (B)
Morphological changes in fibrotic liver quantified using the ISHAK score and METAVIR score. (C–E) The levels of mir-21
in human liver tissues and blood were determined by q-RT-PCR. Correlation between blood mir-21 expression (2-DDct) and
liver tissue mir-21 expression (2-DDct). (F, G) Instantaneous elasticity of normal and cirrhotic livers detected by FibroScan.
Correlation between blood mir-21 expression (2-DDct) and liver FibroScan value (Kpa). (H, I) Quantitative measurement of
area density of Masson’s trichrome staining. Correlation between blood mir-21 expression (2-DDct) and area density of
collagen. ( J–L) The contents of ALT and AST in serum of cirrhotic patients and normal persons. Correlation between blood
mir-21 expression (2-DDct) and ALT/AST content (U/L). (M, N) The hydrogen peroxide content of liver tissue. Correlation
between blood mir-21 expression (2-DDct) and hydrogen peroxide content. n = 12 per group. The data are presented as
mean – SEM. *p < 0.05 versus the control or the normal. IHC, immunohistochemical; ISH, in situ hybridization; q-RT-PCR,
quantitative reverse-transcription polymerase chain reaction; a-SMA, a-smooth actin; VWF, von Willebrand factor. To see
this illustration in color, the reader is referred to the web version of this article at www.liebertpub.com/ars
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Ang-(1–7) infusion suppressed mir-21,
Smad7/Smad2/3/NOX4, Spry1/ERK/NF-kB
pathway, NLRP3 inflammasome, and liver fibrosis
induced by BDL or AngII infusion in rat liver

Ang-(1–7) treatment attenuated BDL or AngII infusion-
induced liver fibrosis (Figs. 2A, C, D and 3A, C, D). The
BDL- or AngII-treated rats were characterized by increased
mir-21 expression. However, Ang-(1–7) reduced the ex-
pression of mir-21 (Figs. 2A, B and 3A, B). Moreover, BDL
treatment and AngII infusion resulted in decreased Smad7
and Spry1 protein levels but increased Smad2/3/NOX4,
ERK-NF-jB, NLRP3 inflammasome, a-SMA, and a-
collagen I (COL1A) protein levels and H2O2 content in the
liver, which was reversed by Ang-(1–7) infusion (Figs. 2A,
E–H and 3A, E–G).

Inhibition of mir-21 suppressed activation
of Smad7/Smad2/3/NOX4, Spry1/ERK/NF-kB
pathway, NLRP3 inflammasome,
and liver fibrosis induced by AngII infusion

Lenti-mir-21-down reduced liver fibrosis and the mir-21
expression induced by AngII (Fig. 4A–D). In addition, AngII
infusion resulted in decreased Smad7 and Spry1 protein
levels but increased Smad2/3/NOX4, ERK-NF-jB, NLRP3
inflammasome, a-SMA, and COL1A protein levels and H2O2

content in the liver, which could be reversed by lenti-mir-21-
down treatment (Fig. 4A, E–G).

AngII upregulated mir-21 level targeting
Smad7 and Spry1 in HSCs

AngII treatment increased mir-21 level (Fig. 5A, B).
AngII-induced mir-21 expression was reduced by Smad3
siRNA but not by Smad2 siRNA (Fig. 5C, D), suggesting that
Smad3 but not Smad2 mediates AngII-induced expression of
mir-21 in HSCs. In addition, VAS2870, NAC, catalase, and
mito-TEMPO inhibited the expression of mir-21 induced by
AngII (Fig. 5E). Meanwhile, U0126 and BAY suppressed the
expression of mir-21 induced by AngII (Fig. 5F). Computa-
tional predictions revealed two conserved targets of mir-21 in
the 3¢UTR of Smad7 mRNA and one in the 3¢UTR of Spry1
mRNA (Fig. 5G, I). We constructed luciferase reporters
containing these wild or mutated 3¢UTR of Smad7 and Spry1
binding sites for mir-21. Our results showed that over-
expression of mir-21 significantly inhibited luciferase activ-
ity of the wild-type Smad7 and Spry1 3¢UTR reporters but
not the mutant-type Smad7 and Spry1 3¢UTR reporters
(Fig. 5H, J). The data indicated that Smad7 and Spry1 are
targets of mir-21.

Overexpression of mir-21 promoted
oxidation, mitochondrial dysfunction,
and resultant HSC activation

Overexpression of mir-21 increased H2O2 content,
whereas downregulation of mir-21 decreased H2O2 content
(Fig. 6A, B). SB431542, Smad3 inhibitor, inhibited the in-
crease in H2O2 content induced by overexpression of mir-21,
suggesting that Smad3 is required for ROS generation in-
duced by mir-21 overexpression (Fig. 6C). Meanwhile,
overexpression of mir-21 increased intracellular superoxide

content, whereas downregulation of mir-21 decreased intra-
cellular superoxide content (Fig. 6D, E). We further assessed
the effect of mir-21 on mitochondrial function. The mito-
ROS was mildly increased by overexpression of mir-21 but
decreased by inhibition of mir-21 expression. However, ATP
levels changed in the opposite direction (Fig. 6F–I). a-SMA
and COL1A protein levels were increased by lenti-mir-21-up
(Fig. 6J–N). VAS2870, NAC, and mito-TEMPO inhibited the
increase in COL1A and a-SMA protein levels induced by
lenti-mir-21-up (Fig. 6L–N). Hence, overexpression of mir-
21 promotes oxidation, mitochondrial dysfunction, and re-
sultant HSC activation.

Ang-(1–7) suppressed mir-21 expression
and oxidation induced by AngII

Ang-(1–7) markedly decreased the expression of mir-21
and reduced mir-21 overexpression induced by AngII (Sup-
plementary Fig. S2A–C). However, A779 reversed the effect
of Ang-(1–7) (Supplementary Fig. S2C). Interestingly, AngII
alone increased H2O2 content (Supplementary Fig. S2D).
However, Ang-(1–7) and VAS2870 attenuated the increase in
H2O2 content induced by AngII (Supplementary Fig. S2D).
Meanwhile, A779 reversed the effect of Ang-(1–7) (Sup-
plementary Fig. S2D).

Overexpression of mir-21 activated NLRP3
inflammasome via the Spry1-ERK-NF-kB
pathway in HSCs

The protein levels of p-ERK, NLRP3 inflammasome
complex (NLRP3, procaspase 1, and ASC), Pro-IL-1b, and
IL-1b (P17) were increased by lenti-mir-21-up (Fig. 7A, B).
However, overexpression of the Spry1 plasmid reversed the
effect of lenti-mir-21-up (Fig. 7A, B). Both U0126 and BAY
inhibited NF-jB translocation and the protein levels of Pro-
IL-1b, P17, NLRP3 inflammasome complex, and caspase
1(P10) induced by lenti-mir-21-up (Fig. 7C–F). These data
demonstrate that mir-21 activated the NLRP3 inflamma-
some/IL-1b axis via the Spry1-ERK-NF-jB pathway.

Overexpression of mir-21 promoted NLRP3
inflammasome complex assembly in the mitochondria

Immunofluorescence colocalization analysis was used to
examine the localization of ASC, NLRP3, or caspase-1 in the
mitochondria. The data demonstrated that mir-21 over-
expression promoted NLRP3 inflammasome to assemble in
mitochondria. Furthermore, mir-21 overexpression promoted
NOX4 to colocalize with NLRP3, indicating that NOX4 re-
acted with NLRP3 in the mitochondria (Fig. 8A–D).

Overexpression of mir-21 promoted NLRP3
inflammasome activation and resultant collagen
production via the Smad7/Smad2/3/NOX4
pathway in HSCs

P-smad2/3, NOX4, NLRP3 inflammasome complex, P17,
COL1A, and a-SMA protein levels were increased by lenti-
mir-21-up (Fig. 9A). However, overexpression of Smad7
plasmid reversed the effect of lenti-mir-21-up (Fig. 9A).
Moreover, SB431542 reduced the increase in NOX4, NLRP3

4 NING ET AL.



FIG. 2. Ang(1–7) infusion suppressed mir-21, Smad7/Smad2/3/NOX4, Spry1/ERK/NF-jB pathway, NLRP3 inflamma-
some, and liver fibrosis after BDL in the rat liver. (A) Representative pictures of liver sections stained with H&E and Masson’s
trichrome. IHC staining was performed to determine the localization and expression of a-SMA, NOX4, Smad7, and Spry1 proteins.
ISH staining was performed to determine the localization and expression of mir-21. Original magnification: · 200. (B) Expression of
mir-21 in the liver was determined by q-RT-PCR. (C) Morphological changes in fibrotic liver quantified using the ISHAK and
METAVIR scores. (D, E) The hydroxyproline and hydrogen peroxide content in the liver in different groups. (F–H) Smad7, p-Smad2/
3, Smad4,Smad2/3,NOX4,Spry1,p-ERK, NF-jB, NLRP3,caspase1,ASC, IL-1b,a-SMA,andCOL1A protein levels in liver tissues
were analyzed by Western blotting. n = 9 per group. The data are presented as mean – SEM. *p < 0.05 versus the Sham group;
&p < 0.05 versus the BDL group. ASC, apoptosis-associated speck-like protein containing a caspase-recruitment domain; BDL, bile
duct ligation; NLRP3, NOD-like receptor family, pyrin domain containing 3; NOX, NADPH oxidase. To see this illustration in color,
the reader is referred to the web version of this article at www.liebertpub.com/ars
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FIG. 3. Ang(1–7) infusion suppressed mir-21, Smad7/Smad2/3/NOX4, Spry1/ERK/NF-jB pathway, NLRP3 inflamma-
some, and liver fibrosis induced by AngII infusion in rat liver. (A) Representative pictures and quantitative measurement of liver
sections stained with H&E and Masson’s trichrome. IHC staining was performed to determine the localization and expression of a-
SMA, NOX4, Smad7, and Spry1 proteins. ISH staining was performed to determine the localization and expression of mir-21.
Original magnification: · 200. (B) The expression of mir-21 in livers was determined by RT-qPCR. (C) Morphological changes in
fibrotic liver quantified using the ISHAK and METAVIR scores. (D, E) The hydroxyproline and hydrogen peroxide content of
livers in different groups. (F, G) The protein levels of Smad7, p-Smad2/3, Smad4, Smad2/3, NOX4, Spry1, p-ERK, NF-jB,
NLRP3 inflammasome, a-SMA, and COL1A in liver tissues were analyzed by Western blot. n = 9 per group. The data are presented
as the mean – SEM. *p < 0.05 versus the Sham group; &p < 0.05 versus the AngII treatment group. AngII, angiotensin II. To see this
illustration in color, the reader is referred to the web version of this article at www.liebertpub.com/ars
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FIG. 4. Inhibition of mir-21 suppressed Smad7/Smad2/3/NOX4, Spry1/ERK/NF-jB pathway, NLRP3 inflamma-
some, and liver fibrosis induced by AngII infusion. (A) Representative pictures and quantitative measurement of
liver sections stained with H&E and Masson’s trichrome. IHC staining was performed to determine the localization and
expression of a-SMA, NOX4, Smad7, and Spry1 proteins. ISH staining was performed to determine the localization and
expression of mir-21. Original magnification: · 200. (B) Mir-21 expression in the liver was determined by RT-qPCR. (C)
Morphological changes in the fibrotic liver quantified using the ISHAK and METAVIR scores. (D, E) The hydroxyproline
and hydrogen peroxide content in the different groups. (F, G) Smad7, p-Smad2/3, Smad4, Smad2/3, NOX4, Spry1, p-ERK,
NF-jB, NLRP3, caspase1, ASC, IL-1b, a-SMA, and COL1A protein levels in liver tissues were analyzed by Western
blotting. The data are presented as mean – SEM. *p < 0.05 versus the Sham group; &p < 0.05 versus the AngII treatment
group. To see this illustration in color, the reader is referred to the web version of this article at www.liebertpub.com/ars
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FIG. 5. AngII upregulated the expression of mir-21 targeting Smad7 and Spry1 in HSCs. (A, B) HSCs were treated
with AngII at different concentrations for 24 h or treated with AngII at different times at a concentration of 10-7 M. Mir-21
levels were detected by q-RT-PCR. Small nucleolar RNA U6 was used as an internal reference. Mean – SEM. *p < 0.05
versus control; #p < 0.05 versus the AngII 12 h; &p < 0.05 versus AngII 10-5 M or AngII 10-9 M. (C, D) HSCs were
transfected with Smad2 or Smad3 siRNA before stimulation with AngII (10-7 M) as indicated for 24 h. The mir-21 levels
were detected by RT-qPCR. Mean – SEM. *p < 0.05 versus control; #p < 0.05 versus NC; &p < 0.05 versus si-Smad2 or
NC+AngII. (E, F) Cells were pretreated with VAS2870 (50 lM), NAC (10-3 M), mito-TEMPO (100 U/ml), catalase
(10 mM), BAY (10-5 M), and U0126 (10-5 M) for 1 h before stimulation with AngII (10-7 M), as indicated, for 24 h. Mir-21
levels were detected by RT-qPCR. Mean – SEM. *p < 0.05 versus control; #p < 0.05 versus AngII. (G, I) Conserved miR-21-
binding sites in the 3¢UTRs of Smad7 and Spry1 mRNA. Predicted consequential pairing of the target regions and miR-21
(framed) were based on TargetScan (www.targetscan.org/) (H, J) Luciferase reporters containing wild-type or mutant
3¢UTRs of mouse Smad7 or Spry1 gene were cotransfected with lenti-miR21-NC or lenti-miR21-up into HEK-293 cells.
Two days after transfection, dual luciferase activity was measured. Mean – SEM. *p < 0.05 versus lenti-NC. All of the
assays were performed in triplicate. HSCs, hepatic stellate cells.
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FIG. 6. Overexpression of mir-21 promoted oxidation, mitochondrial dysfunction, and resultant HSC activation. HSCs were
transfected with lenti-mir-21-up or lenti-mir-21-down. (A, B) The H2O2 concentration in HSCs was measured. The data are presented
as the mean– SEM. *p < 0.05 versus lenti-mir-21-NC. (C) HSCs were treated with SB431542 (50lM) and transfected with lenti-mir-
21-NC or lenti-mir-21-up and H2O2 concentration in HSCs was measured. The data are presented as the mean– SEM. *p < 0.05
versus lenti-mir-21-NC; #p < 0.05 versus lenti-mir-21-up or SB431542+lenti-mir-21-NC. (D, E) The intracellular superoxide in HSCs
was measured. The data are presented as the mean– SEM. *p < 0.05 versus lenti-mir-21-NC. (F, G) ATP levels were measured in
HSCs. The data are presented as the mean– SEM. *p < 0.05 versus lenti-mir-21-NC. (H, I) HSCs transfected with lenti-NC were
treated with PEG-SOD, mitochondria-derived reactive oxygen species were measured by flow cytometry. (J, K) Representative
confocal immunofluorescence images of COL1A or a-SMA. (L–N) HSCs were treated with VAS2870 (50lM), NAC (10-3 M),
mito-TEMPO (100 U/ml), and transfected with lenti-mir-21-NC or lenti-mir-21-up. Western blotting was used to detect COL1A and
a-SMA protein levels. The data are presented as mean– SEM. *p < 0.05 versus lenti-mir-21-NC; {p < 0.05 versus control; #p < 0.05
versus lenti-mir-21-up. All of the assays were performed in triplicate. PEG-SOD, polyethylene glycol-adsorbed–superoxide dis-
mutase. To see this illustration in color, the reader is referred to the web version of this article at www.liebertpub.com/ars.
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inflammasome complex, P17, COL1A, and a-SMA protein
levels induced by lenti-mir-21-up (Fig. 9B). On the contrary,
lenti-mir-21-up resulted in increased protein level of NOX4,
other than NOX2. VAS2870, NAC, and mito-TEMPO at-
tenuated the increase in NLRP3 inflammasome complex and
P17 protein levels induced by lenti-mir-21-up (Fig. 9C–E).

Collectively, these data suggest that mir-21 activated the
NLRP3 inflammasome/IL-1b axis by the Smad7/Smad2/3/
NOX4 pathway in HSCs. Furthermore, NLRP3 siRNA sig-
nificantly reduced the mir-21 overexpression-induced COL1A
and a-SMA production, suggesting that NLRP3 mediates
HSC activation and collagen synthesis (Fig. 9F).

FIG. 7. Overexpression of mir-21 activated NLRP3 inflammasome via the Spry1-ERK-NF-jB pathway in
HSCs. HSCs were transfected with Spry1 overexpression plasmid and lenti-mir-21-NC or lenti-mir-21-up. (A, B) p-ERK,
Pro-IL-1b, P17, NLRP3, ASC, procaspase1, and P10 protein levels were analyzed by Western blotting. The data are
presented as the mean – SEM. *p < 0.05 versus lenti-NC+NC-Spry1; {p < 0.05 versus lenti-mir-21-up+NC-Spry1. (C, D)
HSCs were treated with U0126 (10-5M) and transfected with lenti-mir-21-NC or lenti-mir-21-up. p-ERK, NF-jB, Pro-IL-
1b, P17, NLRP3, ASC, procaspase1, and P10 protein levels were analyzed by Western blot. (E, F) HSCs were treated
with BAY (10-5 M) and transfected with lenti-mir-21-NC or lenti-mir-21-up. NF-jB, Pro-IL-1b, P17, NLRP3, ASC,
procaspase1, and P10 protein levels were analyzed by Western blot. The data are presented as mean – SEM. *p < 0.05
versus lenti-mir-21-NC; {p < 0.05 versus control; {p < 0.05 versus lenti-mir-21-up. All of the assays were performed in
triplicate.
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FIG. 8. Overexpression of mir-21 promoted the assembly of NLRP3 inflammasome components in mitochondria
in HSCs. Cells were transfected with lenti-mir-21-NC or lenti-mir-21-up and then were used to perform immunofluo-
rescence staining. Nuclei were stained with DAPI; mitochondria were stained with mito-tracker (blue). (A) Re-
presentative confocal immunofluorescence images of NLRP3 (red) colocalized with ASC (green) and mitochondria
(blue). (B) Representative confocal immunofluorescence images of caspase-1 (green) colocalized with ASC (red) and
mitochondria (blue). (C) Representative confocal immunofluorescence images of NLRP3 (red) colocalized with caspase-
1 (green) and mitochondria (blue). (D) Representative confocal immunofluorescence images of NLRP3 (red) colocalized
with NOX4 (green) and mitochondria (blue). Original magnification: · 1200. All of the staining was performed in triplicate.
To see this illustration in color, the reader is referred to the web version of this article at www.liebertpub.com/ars
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FIG. 9. Overexpression of mir-21 promoted NLRP3 inflammasome activation and resultant collagen production via
the Smad7/Smad2/3/NOX4 pathway in HSCs. (A) HSCs were transfected with Smad7 overexpression plasmid and lenti-
mir-21-NC or lenti-mir-21-up. p-Smad2/3, NOX4, NLRP3, ASC, procaspase1, P10, P17, a-SMA, and COL1A protein
levels were analyzed by Western blot. The data are presented as mean – SEM. *p < 0.05 versus lenti-NC+NC-Smad7;
{p < 0.05 versus lenti-mir-21-up+NC-Smad7. (B) HSCs were treated with SB431542 (50 lM) and transfected with lenti-mir-
21-NC and lenti-mir-21-up. p-Smad3, NOX4, NLRP3, ASC, procaspase1, P10, P17, a-SMA, and COL1A protein levels
were analyzed by Western blot. (C–E) HSCs were treated with VAS2870 (50 lM), NAC (10-3 M), and mito-TEMPO
(100 U/ml) and transfected with lenti-mir-21-NC or lenti-mir-21-up. NOX4, NOX2, NLRP3, ASC, procaspase1, P10, and
P17 protein levels were analyzed by Western blot. The data are presented as the mean – SEM. *p < 0.05 versus lenti-mir-21-
NC; {p < 0.05 versus control; {p < 0.05 versus lenti-mir-21-up. (F) HSCs were cotransfected with NLRP3 siRNA, lenti-mir-
21-NC, or lenti-mir-21-up. NLRP3, a-SMA, and COL1A protein levels were analyzed by Western blot. The data are
presented as mean – SEM. *p < 0.05 versus si Scr; {p < 0.05 versus control; {p < 0.05 versus si Scr+lenti-mir-21-up. All of
the assays were performed in triplicate.

12



FIG. 10. Mir-21 mediated the effect of AngII on NLRP3 inflammasome activation via the Spry1/ERK/NF-jB and
Smad7/Smad2/3/NOX4 pathways in HSCs. HSCs were transfected with lenti-mir-21-up or lenti-mir-21-down and treated
with Ang II for 1 h (p-Smad2, p-Smad3, nucleoprotein NF-jB, Smad2/3, and Smad4) or for 24 h. (A, B) Spry1, p-ERK, and
NF-jB protein levels were analyzed by Western blot. (C, D) TLR4 and MyD88 protein levels were analyzed by Western
blot. (E, F) Smad7, p-Smad2, p-Smad3, nucleoprotein Smad2/3, Smad4, NOX4, and NOX2 protein levels were analyzed by
Western blot. (G, H) NLRP3 inflammasome, a-SMA, and COL1A protein levels were analyzed by Western blot. The data
are presented as mean – SEM. *p < 0.05 versus lenti-NC; {p < 0.05 versus lenti-mir-21-up or lenti-mir-21-down. (I) HSCs
were treated with rh-IL-1b (10 ng/ml) and AngII (10-7 M). NLRP3 inflammasome, a-SMA, and COL1A protein levels were
analyzed by Western blot. The data are presented as the mean – SEM. *p < 0.05 versus control; {p < 0.05 versus AngII. All
of the assays were performed in triplicate. TLR4, toll-like receptor 4.
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Mir-21 mediated the effect of AngII on NLRP3
inflammasome activation via the Spry1/ERK/NF-kB
and Smad7/Smad2/3/NOX4 pathways in HSCs

First, we investigated the effects of mir-21 on the
AngII-induced Spry1/ERK/NF-jB pathway. AngII treatment
enhanced p-ERK protein expression and NF-jB nucleopro-
tein levels but decreased Spry1 protein levels. Over-
expression of mir-21 showed synergistic effects on AngII
treatment. In contrast, inhibition of mir-21 expression re-
versed the effects of AngII (Fig. 10A, B).

As mentioned before, LPS primes signal 1 of the NLRP3
inflammasome; we investigated the effects of mir-21 on
AngII-induced TLR4/MyD88/NF-jB pathway. The results
showed that AngII increased TLR4 and MyD88 pro-
tein levels and promoted NF-jB nuclear translocation.
Overexpression or downregulation of mir-21 had no effect
on AngII-induced increase in TLR4 and MyD88 protein
levels but promoted or suppressed NF-jB translocation
(Fig. 10C, D and Supplementary Fig. S3A). These data in-
dicate that mir-21 mediates AngII-induced activation of
Spry1/ERK/NF-jB pathway rather than TLR4/MyD88/NF-
jB pathway.

Next, we also found that AngII increased p-Smad2/3,
NOX4, and NOX2 protein levels and promoted the Smad4
and Smad2/3 nuclear translocation but decreased Smad7
protein levels. Overexpression of mir-21 showed synergistic
effects with the action of AngII on the molecules above, other
than NOX2. In contrast, except NOX2, inhibition of mir-21
expression reversed the effects of AngII on the molecules
mentioned above (Fig. 10E, F and Supplementary Fig. S3B).
These data indicate that mir-21 mediates the AngII-induced
activation of Smad7/Smad2/3/NOX4 pathway.

Furthermore, we found that AngII treatment increased
NLRP3 inflammasome, COL1A, and a-SMA protein levels.
Overexpression of mir-21 showed synergistic effects with
AngII treatment. In contrast, inhibition of mir-21 expression
reversed the effects of AngII (Fig. 10G, H and Supplementary
Fig. S4). These data indicate that mir-21 mediates AngII-
induced NLRP3 inflammasome.

Recombinant human IL-1b treatment showed synergistic
effects with the AngII-induced increase in NLRP3 in-
flammasome, COL1A, and a-SMA protein levels, suggesting
that IL-1b increased collagen synthesis via NLRP3 in-
flammasome activation (Fig. 10I).

Taken together, these data demonstrate that mir-21 medi-
ates the effect of AngII on NLRP3 inflammasome activa-
tion via the Spry1/ERK/NF-jB and Smad7/Smad2/3/NOX4
pathways in HSCs (Fig. 11).

Discussion

In this article, we demonstrated for the first time that mir-
21 mediates AngII-induced activation of NLRP3 inflamma-
some and thereby collagen synthesis in HSCs via targeting
Spry1 and Smad7. Ang-(1–7) protected against BDL- and
AngII-induced liver fibrosis and inhibited expression of mir-
21. The principal findings obtained include the following: (1)
mir-21 is positively correlated with liver fibrosis and oxida-
tion; (2) both ERK/NF-jB and Smad3/NOX/ROS pathways
mediate AngII-induced overexpression of mir-21; (3) mir-21
activates the ERK/NF-jB and Smad2/3/NOX4/ROS path-
ways in HSCs via targeting Spry1, Smad7 for degradation,

respectively; (4) AngII activated NLRP3 inflammasome/
IL-1b axis and thus promoted HSC activation via the
mir-21/Spry1/ERK/NF-jB and mir-21/Smad7/Smad2/3/
NOX4 pathway, respectively; and (5) Ang-(1–7) protected
against BDL- or AngII-induced liver fibrosis and inhibited
mir-21 expression.

A recent study has shown that the mir-21 level is upre-
gulated in fibrotic liver biopsies of HCV patients (24) and
mir-21 overexpression mediates the activation of HSCs (12,
48). Consistent with these reports, our in vitro data showed
that overexpression of mir-21 promoted oxidation, mito-
chondrial dysfunction, and HSC activation. However,
downregulation of mir-21 exerted the opposite effects.
In vivo data showed a markedly increased mir-21 level in
blood and liver tissues of patients with liver cirrhosis or rats
with BDL- or AngII-induced hepatic fibrosis. Meanwhile,
lenti-mir-21-down attenuated liver fibrosis and the oxidation
induced by AngII. It is noteworthy that there is a positive
correlation of human circulating mir-21 levels with liver

FIG. 11. A schematic view of major signal transduction
pathways involved in the effects of mir-21 induced by
Ang II on the NLRP3 inflammasome/IL-1b axis via ac-
tivating the Spry1/ERK/NF-jB and Smad7/Smad2/3/
Smad4/NOX4 pathways. To see this illustration in color,
the reader is referred to the web version of this article at
www.liebertpub.com/ars
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FibroScan value, suggesting that circulating mir-21 could
potentially serve as a biomarker in patients with liver fibrosis.
Hence, mir-21 is a promising biomarker and a therapeutic
target for liver fibrosis.

Some studies have reported that AngII regulated cardiac
fibrosis via mir-21 induction. The work by Siddesha et al.
(32) found that AngII promotes cardiac fibroblast migration
and thereby cardiac fibrosis by suppressing RECK expres-
sion, a critical molecular for cardiac fibroblast migration, via
ERK-dependent AP-1- and STAT3-mediated mir-21 induc-
tion. Moreover, AngII suppressed the proapoptotic PTEN
and Spry1, but induced the MMP2. Also, the work by Adam
et al. (2), Maegdefessel et al. (23), and Lorenzen et al. (21)
provided similar insights. However, a recent report showed
that AngII upregulated the expression of mir-224 but not mir-
21 in adult rat cardiac fibroblasts (27). Considering these
findings in cardiac fibrosis, we investigated whether AngII
could promote liver fibrosis by regulating mir-21 and the
detail mechanism. We found that AngII treatment induced an
increase in mir-21 in HSCs and liver tissue. Meanwhile,
AngII treatment elevated mir-21 expression in HSCs in a
time dependency but not dose dependency. AngII 10-7 M had
the best effect to promote mir-21 expression. The increase
in mir-21 induced by AngII in HSCs could be reduced by si-
Smad3 (not by si-Smad2) and antioxidants VAS2870, NAC,
catalase, and mito-TEMPO. Moreover, blockade of ERK and
NF-jB prevented AngII-induced mir-21 expression. This
result is consistent with Ling’s report that activation of ERK/
NF-jB promoted mir-21 expression (19). Hence, Smad3/
NOX/ROS and ERK/NF-jB pathways mediate AngII-
induced mir-21 expression in HSCs.

Furthermore, it remains to be determined how mir-21 si-
multaneously regulates multiple signaling pathways in he-
patic fibrogenesis. In the present study, we focused on two
target genes of mir-21, namely Spry1 and Smad7.

Previous studies have shown that mir-21 contributes to
fibrosis along with degradation of Spry1 to stimulate ERK
signaling in cardiac fibroblasts (38) and HSCs (49). In the
present study, mir-21 overexpression promoted Spry1 deg-
radation, enhanced p-ERK levels, and induced NF-jB nu-
clear translocation in HSCs. In addition, in vivo data also
demonstrated a markedly increased p-ERK and nucleopro-
tein NF-jB but decreased Spry1 protein expression in hepatic
tissues of patients with liver cirrhosis and rats with hepatic
fibrosis induced by BDL or AngII. Hence, by targeting Spry1
for degradation, AngII-induced mir-21 mediated the ERK/
NF-jB pathway in HSCs.

We then focused on the Smad2/3/NOX4/ROS pathway.
Being a ‘‘constitutively active’’ enzyme, NOX4 contributes
to generation of H2O2. NOX4-derived ROS are a critical
factor in HSC activation and hepatic fibrogenesis (30). TGF-
b induces the Smad2/3 complex with Smad4 and translocates
to the nucleus, leading to NOX4 gene transcription and
NOX4-derived ROS generation (35). Our recent report (4)
further showed that Smad3 gene depletion inhibits NOX4
protein levels and that NOX4 gene depletion reduces Smad3
protein levels, suggesting the feedback loop between NOX4
and Smad3. Hence, we deduced the mechanism of mir-21
inducing HSC activation: via targeting Smad7 for degrada-
tion, mir-21 promotes the Smad2/3/NOX4/ROS pathway.

Our findings confirm the suggestion. We found that AngII-
induced mir-21 overexpression degraded Smad7 and subse-

quently promoted Smad2/3 phosphorylation and the recruit-
ment of Smad2/3 with Smad4 in the nucleus, thus leading to
increase of NOX4 protein level and H2O2 generation, which
could be blocked by Smad3 inhibitor SB43152.

Noteworthy, NOX2 is also an important isoform of NOX
family. NOX2 was implicated in the pathology of AngII (5,
13, 18, 26) and liver fibrogenesis (14, 29). In consistence
with these, here we found that AngII increased both NOX2
and NOX4 protein levels in HSCs, and NOX inhibitor
VAS2870, which shows the highest affinity for NOX2 (3),
inhibited AngII-induced mir-21 overexpression and resultant
inhibition of H2O2 generation. Hence, NOX2 actually in-
volves in the process above. However, mir-21 overexpression
resulted in increased protein expression level of NOX4, other
than NOX2. Overexpression of mir-21 enhanced NOX4
protein expression induced by AngII. Inhibition of mir-21
expression reduced NOX4 protein expression level induced
by AngII. In contrast, mir-21 could not regulate NOX2 pro-
tein level induced by AngII, indicating that not NOX2 but
NOX4 mediates oxidative stress initiated by mir-21 over-
expression. The reason may be associated with the feedback
loop between NOX4 and Smad3 (4). Whether NOX2 can be
regulated by Smad2/3 remains unclear, which deserves fur-
ther investigation.

Moreover, mir-21 overexpression induced mitochondrial
dysfunction and promoted mito-ROS generation in HSCs. In
contrast, downregulation of mir-21 exerted the opposite ef-
fects. Interestingly, mir-21 promoted NOX4 translocation
into the mitochondria, indicating cross talk between the mi-
tochondria and NOX4 in HSCs. In agreement with the re-
sults in vitro, in vivo data indicated a markedly high level of
mir-21, along with increased Smad2/3, NOX4 protein lev-
els, and H2O2 production in the fibrotic liver tissues of hu-
mans or rats treated with BDL or AngII infusion. Meanwhile,
lenti-mir-21-down attenuated the effects induced by AngII
infusion. Therefore, by targeting Smad7 for degradation,
AngII-induced mir-21 promoted generation of ROS (in-
cluding NOX-derived ROS and mito-ROS) in the HSCs via
the Smad2/3-NOX pathway.

Interestingly, ERK promoted mir-21 expression, and mir-
21 caused feedback activation of ERK by targeting Spry1,
whereas the Smad3/NOX/ROS pathway mediated AngII-
induced mir-21 expression and mir-21 caused feedback ac-
tivation of Smad3/NOX/ROS by targeting Smad7. We
demonstrated that mir-21 maintains itself at constant high
levels and drives forces for hepatic fibrosis using two feed-
back loops: mir-21/Spry1/ERK loop and mir-21/Smad7/
Smad3/NOX/ROS loop. Targeting these aberrantly activated
feedback loops may provide new therapeutic strategies against
hepatic fibrosis.

The NLRP3 inflammasome is a novel mediator for liver
fibrosis (36). We found that injection of lenti-mir-21-down
attenuated AngII-induced activation of the NLRP3 in-
flammasome/IL-1b axis in the rat liver. Nevertheless, how
mir-21 regulates NLRP3 inflammasome activation has not
been reported until now. This study is the first that connects
two target genes of mir-21 with two signals of the NLRP3
inflammasome.

Cell priming with an NF-jB activator, such as TLR4-
ligand LPS, is the signal 1 of NLRP3 inflammasome activation.
The TLR/MyD88/NF-jB pathway mediates NLRP3 and pro-
IL-1b gene transcription, whereas signal 2, triggered by a broad
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variety of DAMP molecules such as ROS, induces the as-
sembly of NLRP3 inflammasome complex, resulting in acti-
vation of caspase-1 and subsequent pro-IL-1b maturation (36).

In this study, AngII-induced mir-21 promoted ERK
phosphorylation and nuclear translocation of NF-jB via in-
hibition of the target gene Spry1 but did not affect TLR4 and
Myd88. U0126 or BAY, inhibitor of ERK or NF-jB, in-
hibited activation of NLRP3 inflammasome complex induced
by mir-21 overexpression. Hence, our study is the first to
demonstrate that the signal 1 of NLRP3 inflammasome was
activated by AngII via the mir-21/Spry1/ERK/NF-jB path-
way. The mir-21/Spry1/ERK/NF-jB pathway is a new
manner of regulation of NLRP3 inflammasome.

As for signal 2, we demonstrate, for the first time, that ROS
generation regulated by the mir-21/Smad7/Smad3/NOX4
pathway mediates AngII-induced activation of NLRP3 in-
flammasome. We found that overexpression of mir-21 in-
creased protein levels and the assembly of the NLRP3
inflammasome complex, as well as a marked increase in
Smad2/3 phosphorylation, H2O2 content, and colocalization
of NLRP3 and NOX4 in the mitochondria. Smad3 inhibi-
tor SB43152, VAS2870, and NAC reduced the increase in
NLRP3 inflammasome complex protein levels induced by
mir-21 overexpression. Overexpression of mir-21 had syn-
ergistic effects with AngII-induced increase in NLRP3 in-
flammasome. In contrast, inhibition of mir-21 expression
reversed the effects of AngII. These data indicate that the
mir-21/Smad7/Smad2/3/NOX4 pathway mediates AngII-
induced NLRP3 inflammasome activation.

Moreover, mito-TEMPO also inhibited NLRP3 inflam-
masome complex protein levels induced by mir-21 over-
expression. Hence, besides NOX4-derived ROS, mito-ROS
mediated mir-21-induced NLRP3 inflammasome activation.

Then, we come to the final result of NLRP3 inflammasome
activation. In our study, overexpression of mir-21 induced a
marked increase in P17 (an active part of IL-1b), COL1A,
and a-SMA. NLRP3 depletion inhibited expression of P17,
COL1A, and a-SMA induced by mir-21. Moreover, recom-
binant rat IL-1b exerted a synergistic effect with mir-21 on
COL1A and a-SMA production. Injection with lenti-mir-21-
down attenuated liver fibrosis and AngII-induced activation
of NLRP3 inflammasome/IL-1b axis in the rat liver. Because
mir-21 triggers two signals of NLRP3 inflammasome/IL-1b
axis, downregulating mir-21 is an effective strategy for in-
hibition of hepatic fibrosis.

Taken together, we demonstrate that AngII activates
NLRP3 inflammasome/IL-1b axis and thus promotes HSC
activation via the mir-21/Spry1/ERK/NF-jB, mir-21/Smad7/
Smad2/3/NOX4 pathway.

Finally, we come to the effects of Ang-(1–7) on mir-21.
Ang(1–7) has been shown to attenuate liver fibrosis in BDL
rats (31). Recently, we reported that Ang-(1–7) inhibits HSC
activation by inhibiting NLRP3 inflammasome activation
in HSCs (4). Acuna et al. showed that Ang-(1–7) reduced
expression of mir-21 in skeletal muscle fibroblasts (1).
However, the precise mechanisms underlying Ang(1–7) at-
tenuating liver fibrosis by inhibiting mir-21 remain unclear.
In the present study, Ang-(1–7) inhibited either mir-21 ex-
pression or AngII-induced mir-21 expression in vitro. In vivo,
exogenous Ang-(1–7) infusion significantly decreased mir-21
expression, NLRP3 inflammasome activation, and attenuated
liver fibrosis induced by BDL or AngII infusion. Hence, we

first reported that Ang-(1–7) decreases mir-21 expression
in vitro and in vivo, suggesting the potential mechanism of
Ang-(1–7) treatment against liver fibrosis. A more detailed
mechanism deserves further investigation.

So far, there are some clinical data to support the use of the
RAS inhibitor, such as angiotensin II type 1 receptor blocker
or angiotensin converting enzyme inhibitor in human liver
fibrosis (7, 33, 37, 44, 45). These studies have administered
the drug alone, or in combination with others. These clinical
studies potently support the clinical impact of the here re-
ported mechanism for the clinical situation.

In conclusion, we identified AngII-induced mir-21 as a
crucial factor that initiates HSC activation by upregulating
NLRP3 inflammasome/IL-1b axis via the Spry1/ERK/NF-
jB and Smad7/Smad2/3/NOX4 pathways. Ang-(1–7) pro-
tected against BDL- and AngII-induced liver fibrosis and
inhibited expression of mir-21. Consequently, the present
study revealed a specific mechanism underlying AngII-induced
mir-21 activating HSCs, suggesting that downregulation of
mir-21 is a promising strategy for treatment of hepatic fibrosis.

Materials and Methods

Reagents

Ang-(1–7), AngII, A779(Mas blocker), SB431542 (Smad3
blocker), VAS2870 (NADPH-oxidase blocker), N-acetyl-
l-cysteine (NAC, a superoxide inhibitor), mito-TEMPO,
polyethylene glycol-adsorbed–superoxide dismutase (PEG-
SOD), and catalase were provided by Sigma-Aldrich (Sigma-
Aldrich, St. Louis, MO). rh-IL-1b was obtained through
ProSpec Protein Specialists (Rehovot, Israel). ALZET os-
motic pumps (models 2004 and 2ML4) were provided by the
DURECT Corporation (Cupertino, CA). All of the siRNA
was synthesized by GenePharma (Shanghai, China). All of
the primers were provided by Invitrogen (Shanghai, China).
Lenti NC, mir-21 virus, Smad7, and Spry1 plasmids were
obtained through GeneChem (Shanghai, China).

Human blood and liver specimens

Control liver tissues were obtained from 12 patients un-
dergoing partial liver resection for hepatic hemangioma.
Normal blood samples were obtained from 12 normal per-
sons. Fibrotic liver biopsy specimens and abnormal blood
samples were obtained from 12 patients with liver fibrosis
(8 patients suffered from HBV infection, 4 patients suffered
from bile duct stones) who underwent a liver hardness scan
(FibroScan value >7.3 kPa) by FibroScan (ECHOSENS
Company, France). Each person had signed the informed
written consent, and the Ethics Committee at the Nanfang
hospital had approved the use of the samples.

Animal model

Male Wistar rats (200–300 g) were obtained from the La-
boratory Animal Center (Southern Medical University, Chi-
na). The Committee on the Ethics of Animal Experiments of
Southern Medical University had approved all experimental
procedures on rats (Permission No. SCXK 2009-015). The
rats were housed under an environment (12-h light/12-h dark;
22–24�C) and received water ad libitum. In the first animal
model, the model of hepatic fibrosis was established by
BDL. Mini-Osmotic pumps containing saline or Ang-(1–7)
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(25 lg$kg-1$h-1) were implanted into the abdominal cavity
of rats. There were three groups (9 rats/group): the sham
group, the BDL+saline group, and the BDL+Ang-(1–7)
group. In the second animal model, liver fibrosis was induced
by continuous infusion of AngII (25 lg$kg-1$h-1) with mini-
Osmotic pumps, and control rats received an infusion of sa-
line. Mir-21 downexpression lentivirus was injected into the
tail vein. Animals were divided into the sham group, the
AngII group, the AngII+lenti-mir-21-NC group, and the
AngII+lenti-mir-21-down group, each group containing nine
rats. In the third model of liver fibrosis group, there were four
groups, each containing nine rats: the control group, the
AngII group, the Ang-(1–7) group, and the AngII+Ang-(1–7)
group. All rats were sacrificed 4 weeks later.

Cell culture

Rat HSCs were isolated and cultured in Dulbecco’s mod-
ified Eagle’s medium (GIBCO BRL, Life Technologies,
Inc.). HEK-293 cells were obtained from the cell bank of the
Chinese Academy of Sciences in Shanghai. Experiments
were performed on cells at passages 3–5.

Histological analysis

For IHC analysis, the sections were incubated with anti-
body against a1-type 1 collagen (COL1A), a-SMA, VWF,
NOX4, NLRP3, caspase-1, IL-1b (1:100; Abcam, Cambridge,
MA), Smad7, Spry1 (1:50; Santa Cruz Biotechnology).

In situ hybridization

In brief, the livers sections were treated with acetylation
solution and proteinase K. Then, the sections were blocked
with hybridization solution and incubated with digoxigenin-
conjugated mir-21 probes (Exiqon, Denmark). Then, the
sections were incubated with the HRP-conjugated anti-
digoxigenin antibody (Roche, Shanghai, China). Finally, the
sections were treated with NBT/BCIP (Roche, Shanghai,
China). Light blue cytoplasmic staining means positive.

RNA isolation and q-RT-PCR

Total RNA was extracted by using TRIzol. Blood total
RNA was isolated from 200 ll of blood using the miRNeasy
Mini Kit (TransGene Biotech, Beijing, China). One thousand
nanograms of tissue or cell RNA was reverse transcribed and
performed q-PCR using the All-in-One mir-21 q-RT-PCR kit
(GeneCopoeia, Guangzhou, China). Blood RNA (2.5 ll) was
reverse transcribed and performed q-PCR using the miR-
Neasy Mini Kit. Real-time PCR was performed using the
ABI 7500 Real-Time PCR System (Applied Biosystems).
Mir-21 primer: UAGCUUAUCAGACUGAUGUUGA, the
universal primer was provided by All-in-One miR-21 q-RT-
PCR kit or miRNeasy Mini Kit. Mir-21 expression was
normalized using the 2-DDCt method from the Ct values of the
respective miRNAs relative to the housekeeping gene U6
snRNA.

Western blotting

The proteins level was detected by Western blotting. The
primary antibodies were a-SMA, NOX4, NOX2, NLRP3,
caspase1, ASC, IL-1b (1:1000; Abcam, Cambridge, MA),

p-Smad2, p-Smad3, Smad2/3 (1:1000; Cell Signaling Tech-
nology, MA), COL1A, Smad7, Spry1 (1:100; Santa Cruz
Biotechnology). b-Actin acted as an internal control.

Transfection studies

Mir-21 NC and overexpression or downexpression of
lentivirus were transfected according to the manufacturer’s
instructions. The siRNA sequences: Smad3 (sense: 5¢-CCG
CAUGAGCUUCGUCAAATT-3¢, antisense: 5¢-UUUGACG
AAGCUCAUGCGGTT-3¢); Smad2 (sense: 5¢-AATAATAT
AAGCGCACTCCTCCCTGTCTC-3¢, antisense: 5¢-AAGA
GGAGTGCGCTTATATTACCTGTCTC-3¢); and NLRP3
(sense: 5¢-GCUUCAGCCACAUGACUUU-3¢, antisense: 5¢-
AAAGUCAUGUGGCUGAAGC-3¢).

Luciferase reporter assay

Cells were cotransfected with 0.5 lg wild-type or mutant-
type 3¢-UTR luciferase reporters containing the firefly lucif-
erase gene and Renilla luciferase gene and lenti-mir-21-NC
or lenti-mir-21-up into HEK-293T cells. Renilla luciferase
reporters were also included as an internal control.

Hepatic hydroxyproline determination

The hydroxyproline detection kit ( Jiancheng Institute of
Biotechnology, Nanjing, China) was used to measure the
hepatic hydroxyproline content.

Hydrogen peroxide assay

The H2O2 product was detected using the Hydrogen Per-
oxide Assay Kit (Beyotime, Shanghai, China). The technical
principle of the used Hydrogen Peroxide Assay Kit is that a
ferrous iron can be oxidized to ferric iron by H2O2 and then
react with xylenol orange in a specific solution to synthe-
sizing purse products. So, the concentration of the H2O2 can
be detected by microplate reader. The cells were cracked in
lysis buffer, and then, hydrogen peroxide detection of liquid
was added, followed by supernatant and standard substance.
Finally, the OD value was detected at 562 nm wavelength
absorption spectroscopy.

Intracellular superoxide and mitochondrial
ROS measurement

The fluorescent probe dihydroethidium (Beyotime,
Shanghai, China) was used. Mito-ROS was detected by
measuring mitochondrial superoxide with the fluorogenic
probe MitoSOX red reagent (M36008; Invitrogen Life
Technologies). PEG-SOD was used to determine the specificity
of MitoSOX red oxidation for measurements of superoxide.

Intracellular ATP level assay

The intracellular ATP levels were measured according to
instructions (Beyotime, Shanghai, China).

Statistical analysis

All experiments were repeated at least three times. Data
are expressed as the mean – SD. Data were analyzed by
ANOVA with LSD for multiple comparisons. For associa-
tion studies, Pearson analysis was used for parametric and
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Spearman was used for nonparametric data. r > 0 was
considered a positive correlation. Differences were con-
sidered significant at a p < 0.05. The data were analyzed
using SPSS 13.0.
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DAMPs¼ damage associated molecular patterns
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q-RT-PCR¼ quantitative reverse-transcription
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ROS¼ reactive oxygen species

TLR4¼ toll-like receptor 4
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