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SUMMARY

This work highlights the pathogenic role of neutrophil
extracellular traps in the development of acute liver failure.
The data support neutrophil extracellular traps and their
modulators microRNA-223 and neutrophil elastase as po-
tential therapeutic targets of acute liver failure.

BACKGROUND & AIMS: Marked enhancement of neutrophil
infiltration in the liver is a hallmark of acute liver failure (ALF),
a severe life-threatening disease with varying etiologies. How-
ever, the mechanisms and pathophysiological role corre-
sponding to hepatic neutrophil infiltration during ALF
development remain poorly characterized.
METHODS: Experimental ALF was induced in 10-week-old
male microRNA-223 (miR-223) knockout (KO) mice, neutrophil
elastase (NE) KO mice, and wild-type controls by intraperito-
neal injection of galactosamine hydrochloride and lipopoly-
saccharide. Age-matched mice were injected with
phosphate-buffered saline and served as vehicle controls.

RESULTS: Mouse liver with ALF showed evident formation of
neutrophil extracellular traps (NETs), which were enhanced
markedly in miR-223 KO mice. The blockade of NETs by
pharmacologic inhibitor GSK484 significantly attenuated
neutrophil infiltration and massive necrosis in mouse liver with
ALF. ALF-related hepatocellular damage and mortality in miR-
223 KO mice were aggravated significantly and accompanied
by potentiated neutrophil infiltration in the liver when
compared with wild-type controls. Transcriptomic analyses
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showed that miR-223 deficiency in bone marrow predomi-
nantly caused the enrichment of pathways involved in
neutrophil degranulation. Likewise, ALF-induced hepatic NE
enrichment was potentiated in miR-223 KO mice. Genetic
ablation of NE blunted the formation of NETs in parallel with
significant attenuation of ALF in mice. Pharmaceutically, pre-
treatment with the NE inhibitor sivelestat protected mice
against ALF.

CONCLUSIONS: The present study showed the miR-223/NE
axis as a key modulator of NETs, thereby exacerbating oxida-
tive stress and neutrophilic inflammation to potentiate hepa-
tocellular damage and liver necrosis in ALF development, and
offering potential targets against ALF. (Cell Mol Gastroenterol
Hepatol 2022;14:587–607; https://doi.org/10.1016/
j.jcmgh.2022.05.012)

Keywords: Hepatocellular Injury; NET Inhibitors; Neutrophil
Degranulation.

cute liver failure (ALF) represents a life-threatening
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Aoutcome resulting from a variety of causes, among
which viral infection (hepatitis A, B, and E) and drug-
induced liver injury are predominant.1 Clinically, ALF is
closely associated with coagulopathy, encephalopathy, and
multiple organ failure, with death occurring in up to half of
all cases. Although survival of patients with ALF has
improved substantially in recent years with advances in
critical care management and availability of emergency liver
transplantation, the evidence to guide supportive care is
rather limited, largely owing to the severity and heteroge-
neity of the condition.1 Most importantly, the key mecha-
nisms underlying the initiation and progression of ALF have
not been fully elucidated, ensuring that prevention and
therapy remain a challenge.

Enhanced neutrophil infiltration coupled with activation
of neutrophilic inflammation in the liver has been estab-
lished as a hallmark of early stage acute liver injury and ALF
in both human beings and rodent models.2,3 After extrava-
sation into the liver parenchyma, neutrophils crosstalk with
hepatocytes to potentiate the production and release of
cytotoxic reactive oxygen species to induce cellular damage
in local and adjacent hepatocytes and subsequent massive
liver necrosis.4 Apart from neutrophils, the liver is enriched
selectively with key components of the innate immune
system, especially hepatic macrophages (including circu-
lating macrophages and resident Kupffer cells) and natural
killer cells. Infiltrated neutrophils interact with other innate
immune cells through various mediators such as proin-
flammatory cytokines, chemokines, and a vast array of
neutrophil granule proteins (including neutrophil elastase
[NE]) to aggravate sterile inflammation and liver injury.5

Antibody-mediated neutrophil depletion has been shown
to protect against hepatocellular damage and acute liver
inflammation resulting from acetaminophen overdose in
mice,6 highlighting the detrimental role of neutrophils in the
initiation of acute liver injury and ALF. Hence, it is of
paramount importance to identify the mechanisms and the
key modulators contributing to ALF-induced robust
infiltration of neutrophils in the liver, and potential target(s)
for novel therapeutic approaches to ALF.

In response to strong activation signals, neutrophils
release decondensed chromatin filaments and granular
proteins into the extracellular space, forming sticky web-
like structures called neutrophil extracellular traps
(NETs).4 NETs represent the consequence of a unique form
of cell death of neutrophils that is characterized morpho-
logically by the loss of intracellular membranes before the
integrity of the plasma membrane is compromised. Func-
tionally, NETs have been well documented as one way by
which neutrophils catch and kill microorganisms.7 In addi-
tion to their role as a bactericidal and antifungal arma-
mentarium, there is an increasing body of evidence that they
are a pivotal player in modulating the innate immune
response under various conditions related to sterile
inflammation, including autoimmunity-mediated diabetes,
cancer metastasis, and inappropriate thrombosis.8,9 In the
liver, excessive formation of NETs exacerbates tissue dam-
age and the transition from nonalcoholic steatohepatitis to
hepatocellular carcinoma in rodent models.10 Likewise,
abundant NETs represent a typical feature of hepatic met-
astatic lesions, helping to attract cancer cells to form distant
metastases in the liver.11 Specifically, NETs are detectable in
liver tissues from ALF patients. Increased plasma levels of
NET marker were associated with poor outcome in patients
with ALF.12 Nonetheless, the potential role of NETs in the
onset and/or progression of ALF and the regulatory mech-
anisms underlying the formation of NETs in ALF remain
elusive.

Of the microRNAs that are endogenous, noncoding, and
single-stranded of approximately 20–30 nucleotides in
length, microRNA-223 (miR-223) is typical, with a pre-
dominantly enriched abundance in neutrophils.13,14 miR-
223 has been shown as a key player in the maintenance
of innate immune homeostasis and regulation of myeloid
differentiation and granulocyte function.15 Under various
disease conditions, miR-223 exerts modulatory effects on
the apoptosis of macrophages in patients with tuberculosis
infection16 and the activation of macrophages in obesity-
associated adipose tissue inflammation.17 In the liver, miR-
223 deficiency protects against hepatocyte apoptosis and
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liver injury by targeting the insulin-like growth factor 1
receptor.18 Specifically, miR-223 functions as a master
regulator of neutrophilic inflammation, thereby modulating
acetaminophen-induced acute liver injury,19 alcoholic hep-
atitis,20 and nonalcoholic steatohepatitis.21 Nonetheless, its
role in the regulation of the inflammatory response in
neutrophils during ALF remains largely unknown.

In the present study, our results showed that
neutrophil-derived miR-223 and NE played a distinct
pathophysiological role in the development of experimental
ALF. Mechanistically, miR-223 regulated NE, thereby
modulating the formation of NETs to promote neutrophilic
inflammation and hepatocellular injury and exacerbate ALF
in mice.

Results
MiR-223 Deficiency Potentiates NET Formation
in Mouse Liver With D-(þ)-Galactosamine/
Lipopolysaccharide-Induced ALF

In response to various stimuli (such as viruses, bacteria,
cytokine-mediated sterile inflammation), neutrophils that
have infiltrated tissue form NETs that are large, extracel-
lular, web-like structures composed of cytosolic and granule
proteins assembled on a scaffold of decondensed chro-
matin.7 In the regard that marked enhancement in hepatic
infiltration of neutrophils is a hallmark of acute liver
injury,2,3 we first tested whether infiltrated neutrophils had
undergone NET formation (also known as NETosis) in
mouse liver with D-(þ)-galactosamine (D-GalN)/lipopoly-
saccharide (LPS)–induced ALF. NETs were detected in
paraffin-embedded sections by identifying the colocalization
of myeloperoxidase (MPO), citrullinated histone 3 (H3Cit),
and 40,6-diamidino-2-phenylindole dihydrochloride (DAPI).
We detected evident formation of NETs in mouse liver with
D-GalN/LPS–induced ALF, whereas neutrophil morphology
remained intact in the phosphate-buffered saline (PBS)
control group (Figure 1A). Western blot analysis showed
that the contents of H3Cit, a specific marker of NET for-
mation,22 were increased substantially in the liver of mice
with D-GalN/LPS-induced ALF (Figure 1B and C). Given that
miR-223 is one of the most abundant microRNAs in neu-
trophils,13,14 our results showed that the hepatic abundance
of miR-223 was dramatically enriched approximately 40-
fold in WT mice with D-GalN/LPS–induced ALF when
compared with that in the control group (Figure 1D).
Intriguingly, ALF-induced NETosis in the liver was
augmented significantly in mice lacking miR-223 (Figure 1E
and F). Consistently, the data from primary mouse neutro-
phils stimulated with LPS under ex vivo conditions showed
markedly enhanced NETosis in cells lacking miR-223
(Figure 1G and H). Previous study showed the presence of
NETs in liver tissues from mouse model of LPS-induced
sepsis.23 We next detected NETs in mouse liver 4 hours
after LPS treatment alone, which showed mild hepatocel-
lular injury. Notably, NETs in mouse liver with a single LPS
treatment were dramatically less in comparison with that in
mice with D-GalN/LPS combination strategy-induced ALF
(Figure 2), supporting that ALF-induced NET formation was
a response to combined stimulation by GalN and LPS, not
LPS alone. Collectively, these data indicate that the presence
of miR-223 significantly suppressed NETosis in liver tissues
under condition of D-GalN/LPS-induced ALF in mice.

MiR-223 Deficiency Sensitize Mice to D-GalN/
LPS–Induced ALF

We next investigated whether miR-223 contributes to
ALF pathogenesis in mice by phenotypical comparison of
miR-223 knockout (miR-223 KO) and wild-type (WT) con-
trols (Figure 3A). MiR-223 KO mice showed significantly
aggravated hepatocellular injury compared with WT con-
trols, evidenced by the markedly increased massive necrotic
area in H&E-stained liver sections (Figure 3B and C) and
increased serum levels of alanine aminotransferase (ALT)
(Figure 3D) and aspartate aminotransferase (AST)
(Figure 3E), the 2 most commonly used biomarkers for liver
injury and hepatocyte damage. The ALF-induced marked
increase in transcriptional abundance of proinflammatory
tumor necrosis factor a (TNF-a) and pro-oxidative genes
(Aco, CYP2E1, CYP4A10, and Nox2) was boosted substan-
tially in liver tissues from miR-223 KO mice relative to that
in WT controls (Figure 3F and G). Likewise, survival of miR-
223 KO mice was significantly lower than that of WT mice in
response to treatment with a lethal dose of D-GalN/LPS
(Figure 3H). Taken together, miR-223 deficiency signifi-
cantly enhanced susceptibility to D-GalN/LPS-induced ALF.

GSK484-Mediated Blockade of NETosis Protects
Against ALF With Blunted Response in miR-223
KO Mice

To determine whether ALF-associated NETs in the liver
function as a key player in modulating disease development,
we used a selective and potent inhibitor, GSK484, to block
protein arginine deiminase 4 (PAD4), which is critically
required for the formation of NET.24 GSK484 was adminis-
tered to mice 24 hours before D-GalN/LPS injection via
intraperitoneal injection at a dose of 20 mg kg-1 body weight
(Figure 4A). GSK484 treatment substantially inhibited NET
formation in both primary mouse neutrophils with ex vivo
stimulation with LPS (Figure 5A and B) and liver tissues
from mice with D-GalN/LPS treatment (Figure 5C and D).
Therapeutically, D-GalN/LPS–induced massive liver necrosis
was reduced significantly in mice with GSK484 pretreat-
ment when compared with those in the vehicle control
group, as shown on H&E staining of liver sections
(Figure 4B) and semiquantification of the necrotic area
(Figure 4C). The improvement in histologic lesions conse-
quent to GSK484 pretreatment was accompanied by notably
lowered serum levels of ALT (Figure 4D) and AST
(Figure 4E). Meanwhile, ALF-evoked increase in messenger
RNA levels of TNF-a in the liver were down-regulated
significantly in mice with GSK484 pretreatment relative to
vehicle controls (Figure 4F). ALF-induced hepatic infiltra-
tion of neutrophils also markedly was blunted in the
GSK484 treatment group, as evidenced by the detection and
measurement of neutrophil marker MPO by either immu-
nohistochemistry (Figure 4G and H) or immunoblotting



Figure 1. ALF-induced NETosis in the liver is promoted by miR-223 deficiency. (A) The formation of NETs was charac-
terized and identified by immunofluorescence of H3Cit (red), MPO, and DAPI (blue) in liver sections from 10-week-old, male
C57 BL/6J mice treated with either an intraperitoneal injection of D-GalN (0.75 mg g-1 body weight) and LPS (2.5 mg g-1 body
weight) or an equal volume of PBS as vehicle. Scale bar: 5 mm. (B) Immunoblotting analysis of H3Cit in liver lysate from ALF
mice or PBS-treated controls and (C) densitometric analysis of H3Cit protein abundance relative to glyceraldehyde-3-
phosphate dehydrogenase (GAPDH) as loading control. (D) The abundance of miR-223 in the liver of C57 BL/6J mice after
treatment with either D-GalN/LPS or PBS was determined by quantitative real-time PCR. (E) NETs were detected by immu-
nofluorescence of H3Cit, MPO, and DAPI in liver section from 10-week-old, male miR-223 KO mice and WT control mice
treated with intraperitoneal injection of D-GalN (0.75 mg g-1 body weight) and LPS (2.5 mg g-1 body weight) or an equal volume
of PBS as vehicle (Scale bar: 5 mm) and (F) semiquantified by the measurement of H3Cit-positive area per field. (G) Immu-
nofluorescence of H3Cit (red), MPO, and DAPI (blue) in primary neutrophils isolated from miR-223 KO mice and WT controls
with ex vivo stimulation by LPS (200 mg mL-1) to identify the formation of NETs (Scale bar: 10 mm) and (H) semiquantification
under 40� microscopic fields. Ex vivo data were analyzed according to 3 independent experiments. Data in animal studies are
expressed as means ± SEM. n ¼ 5–6. *P < .05, **P < .01.
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Figure 2. LPS treatment induces slight hepatocellular injury and mild NET formation in liver in miR-223 KO mice and WT
controls. (A) Ten-week-old male miR-223 KO mice with C57 BL/6J genetic background and WT control mice were injected
intraperitoneally with LPS (2.5 mg g-1 body weight) dissolved in PBS as vehicle to induce ALF. (B) Representative images of
H&E-stained liver sections. Scale bar: 10 mm. (C) Hepatocellular damage as determined by measured serum activity of ALT
(left) and AST (right). (D) Hepatic influx of neutrophils was determined by immunoblotting analysis of MPO in liver lysate.
(E) Immunohistochemistry of MPO in liver tissues (scale bar: 10 mm) and (F) semiquantification of MPO-positive cells.
(G) Immunoblotting analysis of H3Cit in liver lysate from miR-223 KO mice and WT controls with treatment of either LPS
or PBS (upper), and densitometric analysis of H3Cit protein abundance relative to glyceraldehyde-3-phosphate dehydroge-
nase (GAPDH) as loading control (lower). Liver samples from WT mice with D-GalN/LPS–induced ALF serve as
positive controls. (H) NETs were detected by immunofluorescence of H3Cit, MPO, and DAPI in liver sections from miR-223
KO mice and WT controls with treatment of either LPS or PBS. Scale bar: 5 mm. Data are expressed as means ± SEM.
n ¼ 5–6. *P < .05, **P < .01.
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Figure 3. miR-223 defi-
ciency promotes liver
injury and mortality rates
in mice with D-GalN/
LPS–induced ALF. (A)
Ten-week-old male miR-
223 KO mice with C57
BL/6J genetic background
and WT control mice were
injected intraperitoneally
with D-GalN (0.75 mg g-1

body weight) and LPS (2.5
mg g-1 body weight) dis-
solved in PBS as vehicle to
induce ALF. (B and C).
Representative images of
H&E-stained liver sections
and quantification data of
necrotic area based on
H&E staining images of the
liver. Scale bar: 10 mm.
Hepatocellular damage as
determined by measured
serum activity of (D) ALT
and (E) AST. mRNA
expression level of (F) TNF-
a and (G) pro-oxidative
genes in liver tissue deter-
mined by quantitative PCR.
Data are expressed as
means ± SEM. n ¼ 5–6. *P
< .05, **P < .01. (H) Sur-
vival rate in miR-223 KO
mice and WT controls after
intraperitoneal injection of
D-GalN (0.75 mg g-1 body
weight) and LPS (0.01 mg
g-1 body weight). n ¼ 9 per
group.
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analysis (Figure 4I). In addition, the high mortality associ-
ated with a lethal dose of D-GalN/LPS in the vehicle control
group evidently was reversed in mice with GSK484 pre-
treatment (Figure 4J). These data imply that pharmacologic
inhibition of PAD4 blunts ALF-induced NETosis in the liver,
thereby exerting protective effects against ALF and its
associated mortality.

To delineate the link between the pathophysiological
role of miR-223 and NETosis during ALF development, the
response to GSK484 treatment in miR-223 KO mice was
compared with that in WT controls. GSK484-mediated in-
hibition of NETosis exerted beneficial effects in both miR-
223 KO mice and WT controls, evidenced by comparable
end point levels in liver histology and serum activity of ALT
and AST (Figure 6). Nonetheless the magnitude of beneficial
effects of GSK484 pretreatment was higher in miR-223 KO
mice relative to WT controls, majorly owing to the increased
severity of hepatocellular injury in miR-223 KO mice in
basal condition of vehicle treatment (Figure 6). These data
suggest that miR-223 deficiency potentiated hepatocellular
damage and liver inflammation in mice with ALF, at least in
part through modulating NETosis in the liver.
MiR-223 Deficiency Promotes Neutrophil
Infiltration in Association With NE Enrichment in
Mouse Liver With ALF

MiR-223 has been shown to be a key player in the
regulation of biological and immunologic homeostasis of
neutrophils.25 We next explored the regulatory effect of
miR-223 on neutrophil infiltration in the liver and the
expression of neutrophil elastase, one of the prominent
neutrophil serine proteases with selective enrichment in
azurophil granules in neutrophils. To this end, hepatic
infiltration of neutrophils was detected and semiquantified
by immunostaining of MPO, a specific marker of



Figure 4. GSK484-mediated blockade of NET formation attenuates ALF in mice. (A) Work flow of pretreatment with the
PAD4 inhibitor GSK484 (20 mg kg-1 body weight) in 10-week-old male C57 BL/6J mice with D-GalN/LPS–induced ALF (D-GalN
0.75 mg g-1 body weight, LPS 2.5 mg g-1 body weight). PBS-treated mice served as controls. n ¼ 5–6. (B) Representative
images of H&E-stained liver tissue (original magnification, 400�) and the (C) quantification of necrotic area in H&E staining.
Scale bar: 10 mm. Serum activity of (D) ALT and (E) AST. (F) mRNA expression level of TNF-a in the liver tissue determined by
quantitative PCR. (G, H). Hepatic infiltration of neutrophils was determined by (G) immunohistochemistry of MPO in liver
sections as shown in representative images (original magnification, 400�) and (H) semiquantification of the numbers of MPOþ

cells under 400� microscopic fields. Scale bar: 10 mm. (I) Immunoblotting analysis of MPO in liver lysate and density ratio of
MPO relative to glyceraldehyde-3-phosphate dehydrogenase (GAPDH) as loading control. (J) Survival in 10-week-old male
C57 BL/6J mice after intraperitoneal injection of D-GalN (0.75 mg g-1 body weight) and LPS (0.01 mg g-1 body weight) in the
presence or absence of GSK484 pretreatment. n ¼ 10 per group. *P < .05, **P < .01.
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neutrophils.26 In WT mice, D-GalN/LPS treatment invoked
markedly increased infiltration of MPO-positive cells into
the liver. Notably, miR-223 KO mice showed a 2-fold in-
crease in hepatic infiltration of MPO-positive cells compared
with WT controls (Figure 7A). Furthermore, protein levels
(Figure 7B) and enzymatic activity of MPO (Figure 7C) were
increased significantly in miR-223 KO liver when compared
with WT controls in response to ALF induction, confirming
that ALF-associated hepatic infiltration of neutrophils was
enhanced significantly in miR-223 KO mice relative to WT
mice. To gain insight into the potential mechanisms under-
lying the sensitized response to ALF in miR-223 KO mice
and the downstream target(s) of miR-223, we compared the
transcriptome in bone marrow cells by RNA sequencing
(RNA-seq) and identified 153 up-regulated genes and 426
down-regulated genes in miR-223 KO mice vs. WT controls
(Figure 7D). Gene Ontology pathway enrichment analysis
showed that genes with differentiated expression between
miR-223 KO and WT mice were involved in innate immune
responses, such as cytokine production and myeloid dif-
ferentiation (Figure 7E and F). Furthermore, the gene set
enrichment analysis (GSEA) using the Reactome pathway
database highlights the activation of neutrophil degranula-
tion as the top ranked pathway linked to differentially
regulated genes in miR-223 KO bone marrow (Figure 7G).
Given that NE functions as one of the prominent granule
proteins stored in the azurophil granules of neutrophils, of
which the release depends heavily on neutrophil



Figure 5. Pretreatment with GSK484 markedly diminished NET formation ex vivo and in vivo. (A) Immunofluorescence of
H3Cit (red), MPO (green), and DAPI (blue) in primary neutrophils isolated from C57 BL/6J mice with ex vivo stimulation by LPS
(200 mg mL-1), GSK484 (10 mmol/L), and PBS to detect the formation of NETs. Scale bar: 5 mm. (B) The quantification of cells
that have undergone NET formation. (C) Representative images of immunofluorescence of H3Cit (red), MPO (green), and DAPI
(blue) in liver sections from 10-week-old male C57 BL/6J mice with pretreatment of GSK484 (20 mg kg-1) and D-GalN/
LPS–induced ALF according to the procedures as indicated in Figure 4. Scale bar: 5 mm. (D) The formation of NETs in panel C
was quantified as the percentage of the H3Cit-positive area per field. **P < .01.

Figure 6. GSK484-
mediated blockade of
NET formation protected
against ALF in miR-223
KO mice and WT con-
trols. (A) Work flow of pre-
treatment with PAD4
inhibitor GSK484 in 10-
week-old male miR-223 KO
mice and WT control mice
with D-GalN/LPS–induced
ALF. PBS-treated mice
served as controls. n ¼ 5–6.
(B) Representative images
of H&E-stained liver tissue
(original magnification,
400�) and the (C) quantifi-
cation of necrotic area in
H&E staining. Scale bar: 10
mm. Serum activity of (D)
ALT and (E) AST. (F) mRNA
expression level of TNF-a in
liver tissue determined by
quantitative PCR. n ¼ 5 per
group. *P < .05, **P < .01.
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degranulation,8 we compared NE contents in the liver of
miR-223 KO and WT control mice under ALF conditions.
The data of immunostaining and immunoblotting analysis
consistently showed that D-GalN/LPS–induced NE enrich-
ment in the liver was boosted significantly in miR-223 KO
mice relative to WT controls (Figure 7H–J). In addition,
hepatic NE content was correlated positively with MPO ac-
tivities in liver tissues from miR-223 KO mice and WT
control mice with or without D-GalN/LPS–induced ALF
(Figure 8A). Furthermore, NE release into culture medium
in response to ex vivo stimulation with LPS was significantly
higher in primary neutrophils isolated from miR-223 KO
mice compared with WT controls (Figure 8B). Taken
together, these data suggest that enhanced hepatic infiltra-
tion of neutrophils and increased neutrophilic NE release
contribute to increased NE content in the liver in miR-223
KO mice after ALF induction.

NE Plays a Key Role in ALF-Induced NETosis
Because NE content was enriched significantly in miR-

223–deficient primary mouse neutrophils and mouse liver
with ALF, we next tested whether NE represented the
component within ALF-induced NETs. Morphologic exami-
nation showed the colocalization of NE signals with H3Cit
and DAPI in NET structure in mouse liver with D-GalN/
LPS–induced ALF (Figure 9A). This finding was consolidated
by immunofluorescence detection of NE in primary mouse
neutrophils stimulated with LPS (Figure 9B). In contrast,
primary neutrophils isolated from NE KO mice (Figure 10)
showed notably impaired capacity for NETosis in response
to ex vivo stimulation by LPS, compared with WT controls
(Figure 9C and D). Consistently, NE KO mice with D-GalN/
LPS–induced ALF displayed significantly suppressed NETo-
sis in liver tissues relative to that in WT control mice
(Figure 9E and F), suggesting NE as a key driving factor that
is required for NETosis.

Loss of NE Protected Mice Against D-GalN/
LPS–Induced ALF

Markedly enhanced NE-positive cells in mouse liver
that lacked miR-223 prompted us to investigate whether
NE acts as a key player in the regulation of hepatic
infiltration of neutrophils and ALF development
(Figure 11A). Intriguingly, D-GalN/LPS
stimulation–induced enhancement of neutrophil infiltra-
tion in the liver notably was blunted in NE KO mice,
evidenced by reduced MPO contents as determined by
immunostaining (Figure 11B and C) and immunoblotting
analysis (Figure 11D) together with marked decreased
MPO activity in the liver (Figure 11E), indicating that NE
is required during neutrophil entry into the liver in the
presence of ALF. Pathophysiologically, the D-GalN/LPS
treatment–induced necrotic area in the liver of NE KO
mice was reduced by approximately 20% relative to that
in WT controls, as shown by H&E staining of liver sec-
tions (Figure 11F and G). Compared with WT controls, NE
KO mice showed marked suppression of ALF-increased
serum levels of ALT and AST by 70% and 50%,
respectively (Figure 11H and I). Furthermore, NE defi-
ciency caused marked suppression in the transcriptional
abundance of TNF-a (Figure 11J), but up-regulation of
anti-oxidative genes in the liver (Figure 11K) in response
to D-GalN/LPS stimulation. Collectively, these data show
that NE mediates ALF-related neutrophil infiltration in the
liver, thereby potentiating liver necrosis and hepatocellu-
lar injury in mice.

Pharmacologic Inhibition of NE With Sivelestat
Alleviated ALF in Mice

Given that D-GalN/LPS–induced hepatocellular damage
and histologic lesions in the liver were attenuated markedly
in mice with NE deficiency but potentiated in miR-223 KO
mice with NE enrichment in the liver, we next tested the
effect of pharmacologic blockade of NE on ALF in mice given
sivelestat (also known as ONO-5046), a selective, reversible,
and competitive inhibitor of NE.27 Sivelestat pretreatment
was administered 24 hours before that of D-GalN/LPS
(Figure 12A). H&E staining showed that D-GalN/LPS treat-
ment induced massive liver necrosis in the vehicle control
group, whereas liver histologic lesions in mice with sivele-
stat pretreatment were reduced significantly (Figure 12B
and C). Likewise, the amplitude of D-GalN/LPS–induced in-
crease of serum levels of ALT (Figure 12D) and AST
(Figure 12E) was substantially lower in the sivelestat pre-
treatment group. The level of ALF-evoked up-regulation of
TNF-a also was attenuated in mice with sivelestat pre-
treatment in response to D-GalN/LPS (Figure 12F). Notably,
the preventive benefit of sivelestat-mediated pharmacologic
inhibition of NE in experimental ALF was accompanied by a
marked reduction in neutrophil infiltration of the liver,
evidenced by the hepatic abundance of neutrophil marker
MPO on immunohistochemistry (Figure 12G) and Western
blot analysis (Figure 12H). Because miR-223 KO mice
showed significantly increased susceptibility to D-GalN/
LPS–induced ALF (Figure 3) and ALF-associated enrichment
of NE content in the liver (Figure 7H–J), sivelestat pre-
treatment was used to inhibit NE in miR-223 KO mice and
WT controls (Figure 13A). Sivelestat treatment protected
against ALF in both miR-223 KO mice and WT controls
(Figure 13B–F). Hence, NE blockade protected against ALF
in mice, at least partially, through suppression of hepatic
infiltration of neutrophils.

Discussion
Although augmented infiltration of neutrophils has been

widely recognized as a hallmark of ALF in patients and ro-
dent models, the mechanisms responsible for regulation of
neutrophil entry into the liver and their pathophysiological
role during ALF development remain poorly characterized.
We provide evidence that miR-223 and NE are versatile
regulators with distinct roles in modulating neutrophilic
inflammation and hepatocellular injury during the patho-
genesis of ALF. MiR-223 deficiency promotes NE production
in neutrophils, thereby potentiating the formation of NETs
to drive necroinflammation in the liver and ALF progression.
Therapeutically, blockade of NE or NETs with
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pharmacologic inhibitors significantly attenuated hepatic
infiltration of neutrophils and massive necrosis in the liver
of mice with ALF.
MiR-223 plays important roles in the development of
liver disease by modulating the functions of neutrophils,19,20

macrophages,17 and hepatocytes.21 Our data show



Figure 8. NE production is increased in primary mouse neutrophils lacking miR-223. (A) Correlation analysis of MPO
activities in liver lysate shown in Figure 7C and NE contents measured by immunoblotting analysis shown in Figure 7J. (B) NE
content in culture medium of equal amounts of primary neutrophils (1 � 105 cells per well) isolated from miR-223 KO mice and
age-matched, WT control mice after ex vivo stimulation with LPS (200 mg/mL) or PBS as vehicle was determined by enzyme-
linked immunosorbent assay at 3 hours after LPS treatment. *P < .05, **P < .01.
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neutrophils as the key mediators for the beneficial effects of
miR-223 on ALF in mice. On the one hand, ALF-induced
massive migration of neutrophils into the liver was
enhanced significantly in mice that lacked miR-223 relative
to their wild-type controls (Figure 7A–C). On the other hand,
the formation of NETs driving the development of necroin-
flammation in the liver and hepatocellular injury was
boosted significantly in the absence of miR-223. These
findings coincide with the predominant enrichment of miR-
223 in neutrophils.28 In addition, miR-223 acts as a crucial
regulator of macrophage polarization to inhibit its proin-
flammatory activation and protect against the diet-induced
adipose tissue inflammatory response and systemic insulin
resistance in mice,17 although its abundance in macro-
phages is approximately 10-fold lower than in neutrophils.
Nonetheless, macrophages may not be the prime target of
miR-223 to control liver damage in the initial stage of ALF.
Acute stimuli-induced entry of circulating macrophages into
tissues predominantly occurred 7 hours after proin-
flammatory stimulation, as shown in glycogen-induced
peritonitis, a well-stablished in vivo model of chemo-
taxis.29 Meanwhile, hepatic infiltration of macrophages
showed no marked increase 4 hours (the time point for
Figure 7. (See previous page). Deletion of miR-223 augmen
mouse liver with ALF. Ten-week-old male miR-223 KO mice an
GalN/LPS to induce ALF (D-GalN 0.75 mg g-1 body weight, LPS
was determined by immunohistochemistry of MPO (left, represe
microscopic field (right). Scale bar: 10 mm. The levels of MPO (B
(D) Volcano plot of RNA-seq data using bone marrow cells from
Ontology enrichment analyses of the target genes with marked
relative to WT controls. (G) Top 5 ranked Reactome pathways en
The abundance of NE in the liver from miR-223 KO and WT mice
immunohistochemistry (representative images with original magn
NEþ cells per 40�microscopic field, and (J) immunoblotting ana
studies. *P < .05, **P < .01. HSP90 heat shock protein 90.
tissue harvesting in the present study) after injection of D-
GalN/LPS in both miR-223 KO mice and WT controls, as
measured by immunohistochemistry of macrophage marker
F4/80 in the liver (Figure 14). In hepatocytes, miR-223
abundance is enhanced in mice fed a high-fat diet.21

Continuous infusion of miR-223 mimics modulates hepato-
cyte apoptosis.18,30 In light of recent data showing miR-223
as a key mediator of intercellular communications through
the transfer of extracellular vesicle cargo,31 it is plausible
that miR-223 released from neutrophils might exert direct
protective effects on hepatocyte death, thereby contributing
to the attenuation of massive liver necrosis in ALF. Our data
expand the current understanding of the regulation of
neutrophil migration into the liver under conditions of acute
severe stimuli to the liver.

Another important finding in the present study was the
presence of NETs in liver tissue with ALF, which distinctly is
regulated by miR-223 and NE to potently drive ALF devel-
opment. Although the formation of NETs has been docu-
mented in the liver with nonalcoholic steatohepatitis10 and
distant metastases,11 the regulatory mechanisms underlying
the formation of NETs in ALF remain largely unclear. Our
data showed that miR-223 and NE play opposing roles in
ts hepatic recruitment of neutrophils and NE contents in
d WT controls were subjected to intraperitoneal injection of D-
2.5 mg g-1 body weight). (A) Neutrophil infiltration in the liver

ntative images) and semiquantification of MPOþ cells/per 40�
) protein contents and (C) enzymatic activities in liver lysates.
miR-223 KO and WT control mice. n ¼ 4 per group. Gene

(E) up-regulation and (F) down-regulation in miR-223 KO mice
riched in miR-223 KO bone marrow cells vs WT controls. (H–J)
treated with either D-GalN/LPS or PBS were measured by (H)
ification, 400�; scale bar: 10 mm) with (I) semiquantification of
lysis. Data are expressed as means ± SEM. n ¼ 5 in functional



Figure 9. ALF results in the formation of NETs in the liver under regulation of NE. (A) Immunofluorescence of H3Cit (red),
NE (green), and DAPI (blue) in liver sections showing NE as a component of NETs in mouse liver with ALF (scale bar: 5 mm). (B)
The formation of NETs was detected by immunofluorescence of H3Cit (red), NE (green), and DAPI (blue) in mouse primary
neutrophils with ex vivo stimulation by LPS (200 mg mL-1) for 3 hours (scale bar: 1 mm). Immunofluorescence of H3Cit (red),
MPO (green), and DAPI (blue) in primary neutrophils isolated from NE KO mice and WT control mice with ex vivo stimulation by
LPS (C, scale bar: 5 mm) to identify the formation of NETs and (D) semiquantification under 40� microscopic fields. Repre-
sentative images of immunofluorescence of H3Cit, MPO, and DAPI in liver sections from 10-week-old male NE KO mice and
WT control mice treatment with (E, scale bar: 5 mm) D-GalN/LPS or PBS as vehicle and (F) semiquantification of the number of
NETs under 40� microscopic fields, indicating the impaired capacity for NET formation in NE KO mice under ALF conditions.
Ex vivo data were analyzed according to 3 independent experiments. Data in animal studies are expressed as means ± SEM.
n ¼ 5. **P < .01.
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modulating NET formation, evidenced by notably enhanced
NET formation in neutrophils lacking miR-223 but marked
inhibition in those without NE. Thus, miR-223 and NE
function as pivotal regulators in the formation of NET in the
liver with ALF. NET formation is reported to be triggered by
activated platelets via Toll-like receptor 4 (TLR4).32,33 In
mouse liver, TLR4 stimulates the production of proin-
flammatory cytokines by activating the MyD88 pathway,
thereby acting as one of the key mediators of cell death
induced by extracellular histones, the key component of
NETs.34 It is likely that TLR4 signaling is actively involved in
the regulation of NET formation by miR-223, especially in



Figure 10. Schematic di-
agram for the genetic
modification to generate
NE KO mice. (A) Sche-
matic diagram of the ge-
netic modification strategy
to generate NE KOmice. (B)
Representative gel images
of PCR product in geno-
typing analysis to detect
genetic modification of NE
using primers (forward:
gaacacagcccaccatggcag;
reverse: gcatggacattga-
gggctaagagg). (C) Immu-
noblotting analysis of NE
in primary bone marrow
cells isolated from 10-
week-old male NE KO
mice and age-matched
WT controls.
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experimental ALF induced by hepatotoxic D-GalN in com-
bination with LPS (well-established ligand for TLR4). The
present study used a D-GalN/LPS–induced ALF mouse
model, and consistent with the etiological features of ALF in
human beings, showed the frequent co-existence of hepa-
totoxic stimuli with infection.1 Functionally, our data
showed that GSK484-mediated blockade of NET resulted in
markedly decreased neutrophil infiltration in the liver,
suggesting that ALF-evoked NETs might exert a chemo-
attractant effect to potentiate hepatic infiltration of neu-
trophils via a positive feedback loop. This is in accordance
with findings in other disease conditions closely associated
with sterile neutrophilic inflammation.35

Serine proteases (myeloperoxidase, cathepsin G, lacto-
transferrin, leukocyte proteinase 3) have been documented
to be key components coupled with extracellular strands of
decondensed DNA, histones, and antibacterial peptide LL37
to form NETs in response to infectious or sterile stimulation
of neutrophils.4 Nonetheless, the contribution of NE, one of
the key serine proteases prominently abundant in azurophil
granules in neutrophils, to the formation of NET in the
necrotic liver is less well understood. Our data in this study
showed that the capacity for NET formation was blunted
substantially in neutrophils lacking NE in vitro and in vivo,
confirming that NE is required for NETosis. Furthermore, D-
GalN/LPS–invoked neutrophil recruitment in the liver was
inhibited markedly in the presence of genetic ablation or
pharmacologic inhibition of NE. The exact mechanism by
which NE promotes neutrophil infiltration and NET forma-
tion during ALF remains partially unclear. It is worth noting
that NE absence resulted in a substantial decrease, but not
complete blockade, in LPS- or ALF-induced NET formation,
indicating that NE acts as a key player in the complex sce-
nario of NET regulation within the context of ALF progres-
sion. Given that NETosis is modulated predominantly by
oxidant-dependent mechanisms and that ALF is
characterized by robust generation of reactive oxygen spe-
cies derived from damaged hepatocytes and recruited neu-
trophils,4,36 NE may coordinate modulators of oxidative
stress to regulate NET formation, thereby mediating liver
inflammation and damage in ALF.

Therapeutically, our data suggest that miR-223, NE, and
NET are promising targets for ALF treatment. First, the
delivery of miR-223 mimetics may represent a novel ther-
apeutic intervention for ALF. Currently, the first-in-class
miRNA oligonucleotide therapeutic (miravirsen) has
shown efficacy for hepatitis C in clinical trials.37 In mice
with experimental colitis, synthetic murine miR-223 mimics
delivered by nanoparticle lipid emulsion resulted in a
marked increase in miR-223 abundance in the colon and
significant alleviation of colitis.38 Likewise, the injection of
pre–miR-223 lentivirus attenuated chronic-plus-binge
ethanol-induced liver injury.20 Nonetheless hepatic miR-
223 promoted hepatocyte apoptosis.18 Advances in the
development of neutrophil-specific delivery may hold great
promise to yield optimal therapeutic outcomes for miR-
223–based treatment of ALF. Second, small molecules tar-
geting NE for ALF therapy warrant further investigation.
Current attempts to characterize exogenous, synthetic, or
recombinant inhibitors have yielded inhibitors against NE
for at least 5 generations, among which the newest NE in-
hibitors are small molecules with pre-adaptive pharmaco-
phores.39 In addition, several endogenous inhibitors against
NE have been characterized including a1-protease in-
hibitors (irreversible inhibitors) or a1-antitrypsin, elafin,
monocyte-neutrophil elastase inhibitor (serpin B1), and a-2-
macroglobulin.8 Functionally, recombinant elafin/trappin-
2–mediated inhibition of NE and proteinase 3 attenuates
neutrophil-modulated tissue damage and ischemia-induced
vascular injury.40 Third, a vast array of modulators with
potent power to regulate NET formation, NET-resident
components, and NET-evoked inflammation evidently



Figure 11. Lack of NE al-
leviates D-GalN/LPS–
induced hepatic infiltra-
tion of neutrophils and
ALF in mice. (A) Ten-
week-old male NE KO
mice and WT controls were
injected intraperitoneally
with D-GalN (0.75 mg g-1

body weight) and LPS (2.5
mg g-1 body weight) dis-
solved in PBS as vehicle to
induce ALF. (B) Hepatic
infiltration of neutrophils
determined by immuno-
histochemistry of MPO
(representative images,
scale bar: 10 mm) and (C)
semiquantification of
MPOþ cells in each 40�
microscopic field. (D)
Immunoblotting analysis
and (E) enzymatic activities
of MPO in liver lysate from
NE KO mice and WT con-
trols. (F) Representative
images of H&E-stained
liver sections with original
magnification 400�. Scale
bar: 10 mm. (G) Quantifica-
tion of necrotic area in liver
sections according to H&E
staining as shown in panel
F. Serum activity of (H) ALT
and (I) AST. mRNA
expression level of (J) TNF-
a and (K) anti-oxidative
genes in the liver tissue
determined by quantitative
PCR. Data are expressed
as means ± SEM. n ¼ 5–6.
*P < .05, **P < .01.
GAPDH, glyceraldehyde-
3-phosphate
dehydrogenase.
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stand out as promising therapeutic targets in ALF, in light of
the evidence showing significant attenuation of tissue
damage consequent to the prevention of NET formation
through pharmacologic inhibition or global genetic abroga-
tion of PAD4 under various inflammation-related conditions,
such as acute kidney injury, rhabdomyolysis, cancer, or a
combination of hemorrhage and sepsis.41 Of note, our re-
sults showed that post-treatment GSK484 or sivelestat is
insufficient to protect against ALF development (data not
shown), highlighting the need to explore novel more potent
and fast-acting pharmacologic agents that target NE or NETs
for treatment of ALF. Collectively, the key mediators iden-
tified during comprehensive pathophysiological exploration
in this study may pave the way for the development of novel
therapeutic approaches to ALF.

In summary, the present study showed the miR-223/NE
axis as a key modulator of hepatic infiltration of neutrophils
that trigger necroinflammation in the liver largely depen-
dent on the formation of NETs, thereby exacerbating
neutrophilic inflammation and oxidative stress to potentiate
hepatocellular damage and liver necrosis in ALF develop-
ment. These findings provide further evidence that



Figure 12. Sivelestat-mediated NE blockade protects against ALF in mice. (A) Ten-week-old male C57 BL/6J mice were
pretreated with sivelestat (SIV, 150 mg kg-1 body weight) via a single intraperitoneal injection 24 hours before ALF induction
with intraperitoneal injection of D-GalN (0.75 mg g-1 body weight) and LPS (2.5 mg g-1 body weight). (B) Histologic lesions in the
liver were assessed by H&E staining as shown in representative images (original magnification, 400�). Scale bar: 10 mm. (C)
Quantification of necrotic area in H&E-stained liver sections. Serum activity of (D) ALT and (E) AST was measured to evaluate
hepatocellular damage. (F) mRNA expression level of TNF-a in the liver tissue determined by quantitative PCR. (G) Repre-
sentative images of immunohistochemistry of MPO in liver section (upper; scale bar: 10 mm) and semiquantification of MPOþ

cells in each 40� microscopic field (lower). (H) Immunoblotting analysis of MPO in liver lysate (upper) and densitometric
analysis of MPO protein abundance relative to glyceraldehyde-3-phosphate dehydrogenase (GAPDH) as loading control
(lower). Data are expressed as means ± SEM. n ¼ 5–6. *P < .05, **P < .01.
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therapeutic interventions that modulate miR-223/NE and
NETs may represent a promising strategy for the optimal
management of ALF.
Materials and Methods
Animal Studies

MiR-223 KO mice, NE KO mice, and WT controls on a
C57BL/6J background were used in this study. NE KO mice
were kindly provided by Professor Aimin Xu (State Key
Laboratory of Pharmaceutical Biotechnology, The University
of Hong Kong). miR-223 KO mice were provided by Pro-
fessor Rongxin Zhang’s research group (Guangdong
Province Key Laboratory for Biotechnology Drug Candi-
dates, School of Life Sciences and Biopharmaceutics,
Guangdong Pharmaceutical University), in which the genetic
modification was performed as previously reported.42 Ge-
notype was determined by polymerase chain reaction (PCR)
analysis of genomic DNA. All experimental animals routinely
were maintained under 12-hour light-dark cycles with free
access to food and water. All experimental procedures for
animal studies were approved by the Ethics Committee on
the Use of Live Animals for Teaching and Research of
Guangdong Pharmaceutical University (approval: gdpu-
lac2019064) and were performed in accordance with the
Guide for the Care and Use of Laboratory Animals.



Figure 13. Pharmacologic inhibition of NE protects against ALF in miR-223 KO mice and WT control mice. (A) The
pretreatment with sivelestat (SIV) was conducted in 10-week-old male miR-223 KO mice and WT control mice via a single
intraperitoneal injection of D-GalN (0.75 mg g-1 body weight) and LPS (2.5 mg g-1 body weight) 24 hours before ALF induction.
(B) Histologic lesions were assessed by H&E staining in liver sections as shown in representative images (original magnifi-
cation, 400�) Scale bar: 10 mm. (C) Quantification data of necrotic area in H&E-stained liver sections. Serum levels of (D) ALT
and (E) AST was measured to evaluate hepatocellular damage. (F) TNF-a mRNA levels in liver tissue were determined by
quantitative PCR. Data are expressed as means ± SEM. n ¼ 5–6. *P < .05, **P < .01.

602 Ye et al Cellular and Molecular Gastroenterology and Hepatology Vol. 14, No. 3
Induction of Experimental ALF in Mice
Experimental ALF was induced in 10-week-old male

mice with the indicated genotypes by intraperitoneal in-
jection of galactosamine hydrochloride (D-GalN, 0.75 mg g-1

body weight, G1639; Sigma-Aldrich, Saint Louis, MO) and
LPS (2.5 mg g-1 body weight or 0.01 mg g-1 body weight as
indicated, from Escherichia coli serotype 026: B6, L-8274;
Sigma-Aldrich, Saint Louis, MO) dissolved in PBS, after
overnight fasting.43 Age-matched mice were injected with
Figure 14. Hepatic infiltration of macrophages showed no ma
The infiltration of hepatic macrophages was determined by imm
male C57 BL/6J mice with peritoneal injection of D-GalN/LPS o
original magnification, 200�; scale bar: 50 mm; lower: original m
were quantified as the percentage in 400� microscopic fields.
PBS and served as vehicle controls. Blood and liver samples
were collected 4 hours after D-GalN/LPS administration.
Treatment With Pharmacologic Inhibitors Against
Either NE or NETs in Mice

Ten-week-old male C57BL/6J mice received a peri-
toneal injection of either Sivelestat (pharmacologic in-
hibitor against NE, 150 mg kg-1 body weight, dissolved
rked increase at 4 hours after injection of D-GalN/LPS. (A)
unohistochemistry of F4/80 in liver tissues from 10-week-old
r PBS (as vehicle), as shown in representative images. Upper:
agnification, 400�; scale bar: 20 mm. (B) F4/80-positive areas
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in 5% dimethyl sulfoxide, 40% polyethylene glycol 300,
5% Tween 80, 50% double-distilled H2O, 127373-66-4;
Selleck, Houston, TX)44 or GSK484 (pharmacologic in-
hibitor against NETs, 20 mg kg-1 body weight, dissolved
in PBS, SML1658; Sigma-Aldrich) 24 hours before ALF
induction.
Visualization and Detection of NETs
To detect NETs in liver tissue, deparaffined liver sections

were subjected to antigen retrieval with Tris-EDTA buffer
(pH ¼ 9.0) in a microwave oven for 10 minutes. After the
blocking of nonspecific binding with 5% bovine serum al-
bumin/phosphate-buffered saline with Tween 20 for 60
minutes at room temperature, sections were incubated with
primary antibodies against H3Cit and MPO overnight at 4�C,
followed by incubation with corresponding secondary an-
tibodies conjugated with fluorescence dyes (anti-rabbit
Alexa Fluor 568 and anti-goat Alexa Fluor 488). After
counterstaining with DAPI, immunofluorescence images
were captured.

For ex vivo detection of NETs, mouse primary neutro-
phils were isolated as described previously.5 To induce
NETs, isolated mouse primary neutrophils were stimulated
with LPS for 3 hours, followed by incubation with primary
antibodies against H3Cit and MPO, followed by secondary
antibodies including anti-rabbit Alexa Fluor 568 and anti-
goat Alexa Fluor 488. Immunofluorescent images were
visualized and captured using a color digital camera (DP80;
Olympus, Tokyo, Japan) or confocal microscopy (FV3000;
Olympus). NETs in liver sections were quantified as the
percentage H3Cit-positive signal in each microscopic field
using National Institutes of Health ImageJ software
(Bethesda, MD).11
Biochemical Assays of Blood Samples
Mice were anesthetized and blood samples were

collected via the retro-orbital venous plexus at the indicated
time points. Serum activities of ALT and AST were measured
using commercially available kits (C009-2-1 and C010-2-1
for ALT and AST, respectively; Nanjing Jiancheng Bioengi-
neering Institute, Nanjing, China).
Table 1.Sequences of Primers Used in Reverse-Transcription

Gene Forward (5’ to 3’)

Mouse TNF-a CCCTCACACTCAGATCATCTTC

Mouse Aco TGGTATGGTGTCGTACTTGAAT

Mouse CYP2E1 TGTGACTTTGGCCGACCTGTT

Mouse CYP4A10 CAACTTGCCCATGATCACACA

Mouse Nox2 GAAAACTCCTTGGGTCAGCAC

Mouse GCL-c GTTATGGCTTTGAGTGCTGCA

Mouse GPX-1 CCAGGAGAATGGCAAGAATGA

Mouse Sod-2 TCCCAGACCTGCCTTACGACT

Mouse G6pdh CTGGAACCGCATCATCGTGGA

Mouse b-actin TACCACCATGTACCCAGGCA
RNA Isolation and Real-Time Quantitative PCR
Total RNA in tissues and primary cells was extracted

with TRIzol (15596018; Thermo Fisher Scientific, Waltham,
MA) following the manufacturer’s instructions. Purified total
RNAs were reverse-transcribed into complementary DNA
using the PrimeScript RT reagent kit (RR047A; Takara,
Kyoto, Japan). Reverse-transcription PCR was performed
using TB Green Premix Ex Taq II (RR820A; Takara, Kyoto,
Japan) with a primer set (sequences are listed in Table 1) on
a real-time PCR detection system (LightCycler 480 Instru-
ment II; Roche,Basel, Switzerland). To measure the abun-
dance of miR-223, total RNA was isolated from liver tissues
using TRIzol reagents. The mature miR-223 strand com-
plementary DNA was synthesized using a Mir-X miRNA
First-Strand Synthesis Kit (638313; Takara, Kyoto, Japan),
according to the manufacturer’s instructions. Reverse-
transcription PCR analysis for miR-223 abundance was
performed using TB Green Premix Ex Taq II with U6 as a
housekeeping control. Relative expression of target genes
was analyzed using the 2

ˇ

(–delta delta threshold
cycle) method and normalized against the expression of
housekeeping control b-actin for TNF-a and U6 for miR-223,
respectively.

Histology, Immunohistochemistry, and
Immunofiuorescence

Paraffin-embedded liver tissue was sectioned for H&E
staining to evaluate histologic lesions and to semiquantify the
necrotic area. Immunohistochemistry detection of various
target proteins was performed in paraffin-embedded liver
sections after antigen retrieval with Tris-EDTA buffer (pH ¼
9.0). Nonspecific binding was blocked with 10% bovine
serum albumin/phosphate-buffered saline with Tween 20 for
60 minutes at room temperature. Tissue was incubated with
primary antibodies against mouse myeloperoxidase and
mouse NE overnight at 4�C, and then with a horseradish
peroxidase–conjugated secondary antibody against corre-
sponding host IgG. For immunofiuorescence staining, depar-
affinized tissue sections were incubated with primary
antibodies against mouse H3Cit, mouse NE, followed by the
incubation with secondary antibodies conjugated with
various fluorescence dyes (including anti-rabbit Alexa Fluor
PCR in This Study

Reverse (5’ to 3’)

T GCTACGACGTGGGCTACAG

GAC AATTTCTACCAATCTGGCTGCAC

C CAACACACACGCGCTTTCCTGC

CATCCTGCAGCTGATCCTTTC

T ATTTCGACACACTGGCAGCA

T ATCACTCCCCAGCGACAATC

TCTCACCATTCACTTCGCACTT

AT GGTGGCGTTGAGATTGTTCA

G CCTGATGATCCCAAATTCATCAAAATAG

CTCAGGAGGAGCAATGATCTTGAT



Table 2.Key Resources

Antibodies and reagents Source Identifier

Goat anti-myeloperoxidase R&D Systems (Minneapolis, MN) Cat# AF3667; RRID: AB_2250866 (0.5 mg/mL in WB; 5 mg/mL in
IHC; 10 mg/mL in IF)

Rabbit anti–histone H3 Abcam (Cambridge, UK) Cat# ab5103; RRID: AB_304752 (1 mg/mL in WB; 10 mg/mL in IF)

Rat anti–neutrophil elastase R&D Systems (Minneapolis, MN) Cat# MAB4517 (0.5 mg/mL in WB; 5 mg/mL in IHC; 10 mg/mL
in IF)

Rabbit anti-HSP90 Cell Signaling Technology
(Boston, MA)

Cat# 4877S; RRID: AB_2233307 (1:1000 dilution in WB)

Rabbit anti-GAPDH Cell Signaling Technology
(Boston, MA)

Cat# 2118S; RRID: AB_561053 (1:1000 dilution in WB)

Rabbit anti-F4/80 Cell Signaling Technology
(Boston, MA)

Cat# 70076S; RRID: AB_2799771 (1:300 dilution in IHC)

Donkey anti-goat secondary Ab R&D Systems (Minneapolis, MN) Cat# HAF109; RRID: AB_357236 (1:1000 dilution in WB)

Goat anti-rabbit secondary Ab Cell Signaling Technology
(Boston, MA)

Cat# 7074S; RRID: AB_2099233 (1:2000 dilution in WB)

Goat anti-rat secondary Ab Cell Signaling Technology
(Boston, MA)

Cat# 7077S; RRID: AB_10694715 (1:2000 dilution in WB; 1:500
dilution in IHC)

Rabbit anti-goat secondary Ab Thermo Fisher Scientific
(Waltham, MA)

Cat# 31402; RRID: AB_228395 (1.5 mg/mL in IHC)

Donkey anti-rabbit Alexa Fluor 568 Thermo Fisher Scientific
(Waltham, MA)

Cat# A10042; RRID: AB_2534017 (5 mg/mL in IF)

Chicken anti-rat Alexa Fluor 488 Thermo Fisher Scientific
(Waltham, MA)

Cat# A21470; RRID: AB_2535873 (5 mg/mL in IF)

Chicken anti-goat Alexa Fluor 488 Thermo Fisher Scientific
(Waltham, MA)

Cat# A21467; RRID: AB_2535870 (5 mg/mL in IF)

DAPI Thermo Fisher Scientific
(Waltham, MA)

Cat# D1306; RRID: AB_2629482

Ab, antibody; GAPDH, glyceraldehyde-3-phosphate dehydrogenase; HSP90, heat shock protein 90; IF, immunofluorescence;
IHC, immunohistochemistry; RRID, Research Resource Identifier; WB, Western blot analysis.
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568 and anti-rat Alexa Fluor 488). Sections were counter-
stained with DAPI. Details of antibodies used in this study are
listed in Table 2. All slides were examined under an Olympus
biological microscope BX53 and images were captured using
a color digital camera (DP80; Olympus) or confocal micro-
scopy (FV3000; Olympus).

Immunoblotting Analysis
Proteins extracted from liver tissue with RIPA buffer in the

presence of protease inhibitor cocktail (11873580001; Roche,
Basel, Switzerland) were resolved by sodium dodecyl
sulfate–polyacrylamide gel electrophoresis, then transferred
to polyvinylidene difluoride membranes. The membranes
then were probed with primary antibodies against MPO,
H3Cit, or glyceraldehyde-3-phosphate dehydrogenase, fol-
lowed by incubation with corresponding secondary anti-
bodies conjugated with horseradish peroxidase. Protein bands
were visualized with clarity Western ECL substrate (170-
5061; Bio-Rad, Hercules, CA). Intensity of the bands was
quantified using National Institutes of Health ImageJ software.

MPO Activity Measurement in Mouse Liver
MPO activities in liver tissues were measured using a

commercially available assay kit (600620; Cayman
Chemical, Ann Arbor, MI), following the manufacturer’s in-
structions. The values of MPO activity were normalized with
total protein amount in liver lysate, as measured by the
Pierce BCA protein assay kit (23227; Thermo Scientific).
RNA-seq and Data Analysis
Total RNA from 8-week-old, male miR-223 KO mice and

age-matched male WT controls was purified using TRIzol
reagents (15596018; Thermo Fisher Scientific, Waltham,
MA). Library preparation, cluster generation, and
sequencing were performed by BGI (Wuhan, China). In brief,
samples of RNA-seq libraries were sequenced on the
DNBSEQ platform. Raw reads were filtered to obtain clean
reads, which were mapped further to the mouse reference
genome (GCF_000001635.26_GRCm38.p6). Normalization
and identification of differentially expressed genes was
performed using R package DESeq2. The criteria of log2|fold
change|>1 and a q value less than 0.001 was used to
identify differentially expressed genes. Gene Ontology
enrichment was performed on significantly differentially
expressed genes using the R package clusterProfiler. GSEA
was performed to identify Reactome pathways enriched in
miR-223 KO bone marrow cells vs WT cells. The R package
msigdbr was used to extract the Reactome gene sets of
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mouse species from the Molecular Signatures Database, and
the GSEA plot was drawn using R package gseaplot2. The R
package (version 4.0.2) was used for bioinformatic analysis.
Statistical Analysis
Two-sided tests were used for all statistical analyses.

Quantitative data are presented as means ± SEM. Statistical
analyses were performed using the Statistical Package for
Social Sciences version 16.0 (SPSS, Chicago, IL). The
normality of data was assessed by the Kolmogorov–Smirnov
test. Statistical differences between 2 groups were analyzed
by an unpaired 2-tailed Student t test or the Mann–Whitney
test for comparison of variables with or without normal
distribution, respectively. Differences among multiple
groups were assessed by 1- or 2-way analysis of variance. In
all statistical comparisons, P < .05 was used to indicate a
significant difference.

All authors had access to the study data and reviewed
and approved the final manuscript.
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