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MicroRNA-223 ameliorates alcoholic liver injury
by inhibiting the IL-6–p47phox–oxidative stress
pathway in neutrophils
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ABSTRACT
Objectives Chronic-plus-binge ethanol feeding
activates neutrophils and exacerbates liver injury in mice.
This study investigates how recent excessive drinking
affects peripheral neutrophils and liver injury in
alcoholics, and how miR-223, one of the most abundant
microRNAs (miRNAs) in neutrophils, modulates
neutrophil function and liver injury in ethanol-fed mice.
Designs Three hundred alcoholics with (n=140) or
without (n=160) recent excessive drinking and 45
healthy controls were enrolled. Mice were fed an ethanol
diet for 10 days followed by a single binge of ethanol.
Results Compared with healthy controls or alcoholics
without recent drinking, alcoholics with recent excessive
drinking had higher levels of circulating neutrophils,
which correlated with serum levels of alanine
transaminase (ALT) and aspartate transaminase (AST).
miRNA array analysis revealed that alcoholics had
elevated serum miR-223 levels compared with healthy
controls. In chronic-plus-binge ethanol feeding mouse
model, the levels of miR-223 were increased in both
serum and neutrophils. Genetic deletion of the miR-223
gene exacerbated ethanol-induced hepatic injury,
neutrophil infiltration, reactive oxygen species (ROS) and
upregulated hepatic expression of interleukin (IL)-6 and
phagocytic oxidase (phox) p47phox. Mechanistic studies
revealed that miR-223 directly inhibited IL-6 expression
and subsequently inhibited p47phox expression in
neutrophils. Deletion of the p47phox gene ameliorated
ethanol-induced liver injury and ROS production by
neutrophils. Finally, miR-223 expression was
downregulated, while IL-6 and p47phox expression were
upregulated in peripheral blood neutrophils from
alcoholics compared with healthy controls.
Conclusions miR-223 is an important regulator to
block neutrophil infiltration in alcoholic liver disease and
could be a novel therapeutic target for the treatment of
this malady.

INTRODUCTION
Alcoholic liver disease (ALD), a leading cause of
chronic liver disease, comprises a spectrum of dis-
orders ranging from simple fatty liver to steatohe-
patitis, cirrhosis and liver cancer.1–3 While fatty
liver develops in almost all subjects with heavy
alcohol use, steatohepatitis with hepatic neutrophil
infiltration occurs in only 20–40% of these sub-
jects. Once developed, steatohepatitis can progress

to cirrhosis and liver cancer.1 3 4 It is generally
accepted that hepatic neutrophil infiltration is an
important factor in promoting the progression of

Significance of this study

What is already known on this subject?
▸ Chronic-plus-binge ethanol feeding

synergistically induces hepatic neutrophil
infiltration, elevation of peripheral blood
neutrophils and liver injury in mice.

▸ Neutrophils contribute to liver injury in mice
fed with chronic-plus-binge ethanol.

What are the new findings?
▸ Alcoholics with recent excessive drinking have

significantly higher levels of circulating neutrophils,
serum alanine transaminase (ALT) and aspartate
transaminase (AST) compared with those without
recent drinking and healthy controls.

▸ Circulating neutrophils correlate positively with
serum ALT and AST levels only in alcoholics
with recent drinking but not in those without
recent drinking or healthy controls.

▸ miR-223, the most abundant microRNA in
neutrophils, is downregulated in neutrophils of
alcoholics with recent excessive drinking when
compared with healthy controls.

▸ Genetic deletion of miR-223 gene exacerbates
hepatic neutrophil infiltration, neutrophil reactive
oxygen species (ROS) production and liver injury
in chronic-plus-binge ethanol-fed mice.

▸ miR-223 inhibits the interleukin-6–p47phox–ROS
pathway in neutrophils, thereby protecting
against alcohol-induced liver injury.

How might it impact on clinical practice in
the foreseeable future?
▸ Physicians should pay attention to recent

drinking history when reviewing complete
blood count results from alcoholics. Significant
elevation of peripheral neutrophils may indicate
recent drinking in these subjects.

▸ miR-223 plays a critical role in limiting
neutrophil infiltration in alcoholic liver disease
and could be a novel therapeutic target for the
treatment of this malady.
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ALD.5 6 However, the mechanism triggering neutrophil infiltra-
tion and the roles of neutrophils in the pathogenesis of ALD are
still elusive. In the past, the mechanistic study on the roles of
neutrophils in ALD was limited due to negligible hepatic neutro-
phil infiltration in the widely used chronic ad libitum ethanol-
feeding models. The recently developed chronic-plus-binge
ethanol feeding model mimics acute-on-chronic alcohol-induced
liver injury with significant hepatic neutrophil infiltration.7–9

Weekly ethanol binge also causes a shift in hepatic infiltration
from macrophages to neutrophils in chronically intragastric
ethanol-fed mice.10 By using these feeding models, several
recent studies suggest that acute ethanol binge promotes hepatic
neutrophil infiltration leading to exacerbation of liver injury in
chronically ethanol-fed mice.7 11 The contribution of neutrophil
infiltration in alcohol-induced liver injury in animal models is
an important observation with significant clinical implications.
Neutrophils are the major circulating leucocytes in human,
accounting for 60–70% or ∼3–6×109 cells/L of total white
blood cells (WBCs). On the contrary, only 10–15% (∼1–2×109

cells/L) of the circulating WBCs in mice are neutrophils. It is
plausible that neutrophils may play a more important role in the
pathogenesis of ALD in humans than that in rodents, given the
higher proportion of circulating neutrophils. In the present
study, we analysed the haematogram of 300 alcoholics and
found the elevation of circulating neutrophils in correlation
with serum transaminases, notably in 140 alcoholics with recent
excessive drinking. Our observation suggests that neutrophils
may contribute to early liver injury in these subjects.

Hepatic neutrophil infiltration, a hallmark of alcoholic steato-
hepatitis, functions against bacterial infection and also exacer-
bates hepatocyte injury, liver inflammation and fibrosis via the
generation of reactive oxygen species (ROS), release of proteases
and production of proinflammatory mediators.5 12 ROS produc-
tion in neutrophils is controlled by the multimeric transmem-
brane enzyme complex nicotinamide adenine dinucleotide
phosphate (NADPH) oxidase (NOX), which generates super-
oxide (O2

•−) and hydrogen peroxide (H2O2) from molecular
oxygen using NADPH as an electron donor.13 14 The mamma-
lian NOX family contains seven isoforms: NOX1–5, DUOX1
and DUOX2. In the liver, the main ROS-producing NOXs are
NOX1, NOX2 and NOX4.13 14 In addition, several
NOX-associated molecules are required for NOX activation by
stabilising the NOX proteins and docking cytosolic factors,
including phagocytic oxidase (phox) units: p47phox (also called
neutrophil cytosolic factor-1: NCF-1), p67phox (NCF-2),
p40phox (NCF-4), p22phox and gp91phox.13 14 Emerging evi-
dence suggests that ROS production is probably an important
mechanism by which neutrophils induce tissue damage includ-
ing liver injury and fibrosis.14–17 However, how NOXs and their
related proteins are regulated in neutrophils remains obscure.

MicroRNAs (miRNAs, small non-coding RNA molecules with
19–25 nucleotides) play an important role in a variety of cellular
functions by inducing RNA silencing and involving in post-
transcriptional regulation of gene expression. In recent years,
numerous studies have demonstrated that miRNAs are involved
in the pathogenesis of various types of liver diseases,18–21

including ALD.22–28 For example, a subset of miRNAs have been
identified to regulate the lipopolysaccharide (LPS)-mediated
inflammatory signalling cascades in hepatocytes and Kupffer cells
in rodents chronically fed with ethanol.22–26 miR-182 was found
to be expressed at high levels and correlates with disease severity
in patients with alcoholic hepatitis.29 All of these previous studies
largely focused on the miRNAs in the liver and hepatocytes.22–29

In the current study, we performed miRNA microarray analysis

of serum miRNAs from alcoholics and found that serum levels of
miR-223, one of the most abundant miRNAs in neutrophils,30–32

were significantly elevated in alcoholics compared with healthy
controls. The role of miR-223 was examined in miR-223−/− mice
by using a model of chronic-plus-binge ethanol feeding. Our data
suggest that miR-223 plays an important role in regulating
neutrophil function and liver injury via the inhibition of the inter-
leukin (IL)-6–p47phox pathway in ethanol-fed mice and alcoholics.

MATERIALS AND METHODS
Human subject cohort
Forty-five healthy controls were recruited at Roudebush
Veterans Administration Medical Center (Indianapolis, Indiana,
USA). Three hundred excessive chronic drinkers were recruited
from Fairbanks Drug and Alcohol Treatment Center
(Indianapolis, Indiana, USA). Based on the information from the
Time Line Follow-Back questionnaire, we dichotomised exces-
sive drinkers into alcoholics with recent excessive drinking
(excessive drinking within 10 days before enrollment) and alco-
holics without recent alcohol drinking (no drinking within
10 days before enrolment) (table 1). The detailed information
about the study cohort is described in online supplementary
materials. The study was approved by the Indiana University
Purdue University Institutional Review Board, the Research and
Development Committee of the Roudebush VA, and Fairbanks
Drug and Alcohol Treatment Center. All participants provided
written informed consent.

Mice
Ten-week to 12-week-old female mice were used. C57BL/6J,
miR-223−/− mice, p47phox−/− (also called NCF-1−/−) mice and
elastase−/− mice were purchased from Jackson Laboratory (Bar
Harbor, Maine, USA). The study was approved by the NIAAA
ACUC Committee.

Mouse model of chronic-plus-binge ethanol feeding
Mouse model of short-term chronic (10 days)-plus-binge ethanol
feeding was described previously.33 In some experiments, mice
were subjected to long-term chronic (8 weeks)-plus-multiple
binges of ethanol, as described previously.8

Real-time PCR analyses and the primer sequences are
described in online supplementary materials and table S1.

Other methods and statistical analyses are described in online
supplementary materials.

RESULTS
The level of circulating neutrophils correlates with serum
ALT and AST in alcoholics with recent excessive drinking
Recent data from chronic-plus-binge ethanol feeding model
suggest that binge drinking elevates the levels of circulating and
hepatic neutrophils, leading to liver injury in chronically
ethanol-fed mice.7 To test the impact of binge drinking on circu-
lating neutrophils and liver injury in humans, we carefully ana-
lysed the haematogram and hepatic panels of 300 alcoholics. We
found that the level and percentage of circulating neutrophils,
serum levels of alanine transaminase (ALT), aspartate trans-
aminase (AST) and bilirubin were higher in alcoholics than
those in healthy controls (table 1), suggesting some degree of
liver injury in these subjects. We further dichotomised these sub-
jects into alcoholics without recent drinking (representing
chronic alcohol drinking) and alcoholics with recent excessive
drinking (representing chronic-plus-binge drinking) (table 1).
Interestingly, the level and percentage of circulating neutrophils,
serum levels of ALT, AST and bilirubin were much higher in the
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latter group. Moreover, the level of circulating neutrophils posi-
tively correlated with serum ALT and AST levels in alcoholics
with recent drinking, but no such correlation was found in alco-
holics without recent drinking and healthy controls (figure 1).

It is generally believed that females are more susceptible to
ALD than males;2 however, there were no comprehensive
studies that compared the early stages of ALD between male
and female alcoholics. The detailed demographic, clinical
characteristics, haematograms and hepatic panel results were
stratified by genders (223 males and 77 females) and are shown
in online supplementary tables S2–S4. The levels of neutrophils
were positively correlated with serum ALT or AST levels only in
male alcoholics with recent drinking. Such correlation was not
observed when we analysed the data in females likely due to a
smaller sample size (see online supplementary figure S1). It is
interesting that the levels of serum AST and ALT were lower in
female alcoholics, despite the comparable neutrophil counts in
both genders (see online supplementary table S4). Further
studies to recruit more female alcoholics are needed to explore
the gender differences on the susceptibility to early ALD.

Regulation of miR-223 levels in serum and neutrophils from
alcoholics and ethanol-fed mice
By screening serum miRNA microarray profiling, we found that
serum levels of miR-223, the most abundant miRNA in neutro-
phils,30–32 were significantly elevated in alcoholics compared
with those in healthy controls. Elevation of serum miR-223 in
alcoholics was further validated by measuring miR-223 in serum

(figure 2A). Elevation of serum miR-223 was also observed in
two models of ethanol feeding compared with their pair-fed
groups (figure 2B and online supplementary figure S2A).

miR-223 is the most abundant miRNA in neutrophils,30–32

but its expression in hepatocytes, non-parenchymal cells and
leukocytes in the liver is elusive. Here, we found that neutro-
phils had the highest levels of miR-223, which is about 15-fold
to 24-fold higher than those in hepatocytes, hepatic stellate cells
and Kupffer cells (figure 2C). Thus, we focused primarily on
miR-223 in neutrophils in our current study. As illustrated in
figure 2D, E, the expression of miR-223 in peripheral blood
and hepatic neutrophils was upregulated after
chronic-plus-binge ethanol feeding. In vitro incubation of neu-
trophils with ethanol or its metabolite, acetaldehyde, did not
increase miR-223 levels, indicating that the upregulation of
miR-223 was not due to the direct effect of ethanol or its
metabolite (see online supplementary figure S2B–C).
Furthermore, the expression of primary miR-223 (pri-miR-223)
was significantly upregulated in hepatic and peripheral neutro-
phils from ethanol-fed mice than that from pair-fed controls
(figure 2F), suggesting that transcriptional regulation is involved
in the upregulation of miR-223 expression in neutrophils.

miR-223−/− mice are more susceptible to
chronic-plus-binge-induced liver injury
To define the roles of miR-223 in ALD, wild-type (WT) and
miR-223−/−, mice were subjected to chronic-plus-binge feeding.
As illustrated in figure 3A, miR-223−/− mice had higher levels of

Table 1 Demographic, clinical characteristics and laboratory results of the study cohort

Variables
Healthy/non-excessive
drinkers (n=45)

Alcoholics with or
without recent drinking
(n=300)

p
Value*

Alcoholics—stratified by recent drinking
status

p
Value†

Alcoholics without
recent drinking‡
(n=160)

Alcoholics with
recent drinking§
(n=140)

Age (years) 31±7 37.5±0.6 0.0001 36±11 39±11 0.001
Gender—male (n, %) 30 (67) 223 (74.3) 0.28 118 (74) 105 (75) 0.53
Race (white, %) 39 (87) 249 (83) 0.95 131 (82) 118 (84) 0.39
Height (cm) 175.6±10.2 175.9±0.5 0.83 175.3±8.9 176.6±9.1 0.44
Weight (kg) 87.1±16.3 86.8±1.0 0.94 86.5±19.1 87.2±16.1 0.94
BMI (kg/m2) 28.1±3.8 28.1±0.3 0.96 28.1±5.8 28.0±5.1 0.98
Total drinks in the last 30 days 4.0±5.4 196.8±10.5 0.0001 94.2±94.9 314.0±188.2 0.001
Number of days drinking out of 30 days 2.5±3.5 16.8±0.5 0.0001 10.3±5.6 24.3±2.8 0.001
Total bilirubin (mg/dL) 0.5±0.2 0.7±0.02 0.002 0.6±0.3 0.8±0.5 0.001
AST (U/L) 18.4±7.0 31.9±1.6 0.001 28.4±21.4 36.0±33.6 0.001
ALT (U/L) 33.4±5.4 46.6±1.4 0.001 44.8±21.9 48.7±28.4 0.01
Albumin (g/dL) 4.2±0.3 3.8±0.02 0.0001 3.9±0.4 3.6±0.4 0.001
Total protein (g/dL) 7.8±0.5 7.1±0.2 0.17 7.0±0.8 7.1±5.4 0.39
Haemoglobin (g/dL) 14.4±1.5 13.9±0.09 0.08 14.0±1.6 13.8±1.6 0.13
Platelet counts (×103/mL) 237±64.6 231.1±4.3 0.58 237±76.1 223.1±70.6 0.18
White blood cell counts (WBC, ×103/mL) 6.6±1.5 7.0±0.12 0.25 6.7±1.7 7.3±2.3 0.04
Percentage of neutrophils to WBC 60.7±7.9 72.7±0.78 0.0001 67.0±13.7 80.0±9.8 0.0001
Percentage of monocytes to WBC 6.7±2.0 9.2±0.18 0.0001 8.8±3.1 9.7±3.0 0.0001
Percentage of lymphocytes to WBC 29.6±7.1 15.2±0.73 0.0001 20.6±12.9 9.3±9.2 0.0001
Neutrophil counts (×103/mL) 3.9±0.9 5.1±0.11 0.0001 4.5±1.4 5.7±1.6 0.0001
Monocyte counts (×103/mL) 0.4±0.1 0.6±0.01 0.0001 0.6±0.2 0.7±0.3 0.0001
Lymphocyte counts (×103/mL) 1.9±0.6 1.2±0.05 0.0001 1.7±0.7 0.6±0.6 0.0001

Data are presented as mean±SD.
*p Value in this column was obtained from t-test analysing two groups of healthy controls and total alcoholics.
†p Value in this column was obtained from analysis of variance test analysing three groups of healthy controls, alcoholics with or without recent excessive drinking.
‡Excessive drinkers with last drink ≥10 days before the enrolment.
§Excessive drinkers with last drinks within 10 days before the enrolment.
BMI, body mass index; WBC, white blood cell.
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serum ALTand ASTafter pair or ethanol feeding, compared with
WT counterparts. In contrast, either chronic (10-day) or binge
ethanol feeding alone did not elevate serum ALTand AST in both
WTand miR-223−/− mice (see online supplementary figure S3A).

Interestingly, although serum ALT and AST levels were higher
in chronic-plus-binge ethanol-fed miR-223−/− mice, hepatic tri-
glyceride levels were lower in these mice compared with
ethanol-fed WT mice (figure 3A). The lesser degree of hepatic
steatosis in ethanol-fed miR-223−/− mice may be due to higher
levels of IL-6 (see results below), a cytokine known to amelior-
ate steatosis, than those in WT mice.34

The above data in figure 3 suggest miR-223 deficiency exacer-
bates alcohol-induced liver injury. We next tested whether over-
expression of miR-223 ameliorates alcohol-induced liver injury
via the injection of pre-miR-223 lentivirus through tail vein. As
illustrated in online supplementary figure S3B, the ethanol-fed
mice with pre-miR-223 lentivirus injection had lower serum
ALT levels than those with control lentivirus injection. Injection
of pre-miR-223 lentivirus resulted in an increase in expression
of miR-223 in bone marrow neutrophils and in the liver. There
was a trend in an increase in miR-223 expression in blood neu-
trophils from pre-miR-223 lentivirus injected mice but did not
reach statistical difference (one possibility for this small increase
was due to high basal levels of miR-223 in neutrophils).

As illustrated in figure 3B, both the ratio and the level of cir-
culating neutrophils were increased after chronic-plus-binge
feeding with higher levels in miR-223−/− mice than those in WT
mice. This finding was also confirmed by flow cytometric ana-
lyses of CD11b+Gr-1+neutrophils (figure 3B). Furthermore, the
data from online supplementary figure S4 suggest that higher
levels of neutrophils in ethanol-fed miR-223−/− mice are likely
due to the increase in neutrophil release from the bone marrow,
rather than increased proliferation or decreased neutrophil
apoptosis. Finally, the ratio and level of lymphocytes and mono-
cytes decreased after chronic-plus-binge ethanol feeding with
greater reduction in miR-223−/− mice than those in WT mice
(see online supplementary figure S5A).

miR-223−/− mice are more susceptible to chronic-plus-binge
feeding-mediated induction of hepatic neutrophil infiltration
and reduction of Kupffer/macrophages
Hepatic neutrophils were examined by immunohistochemistry,
real-time quantitative PCR and flow cytometric analyses. As
illustrated in figure 3C and online supplementary figure S5B,
the number of myelopeoxidase (MPO)+ neutrophils in the
liver was elevated in both WT and miR-223−/− mice after
chronic-plus-binge feeding, with higher number in miR-223−/−

mice. Hepatic expressions of Ly6G (a marker for neutrophils)
were also significantly increased after ethanol feeding, and
such upregulation was twofold higher in miR-223−/− mice than
that in WT mice (figure 3D). Finally, flow cytometric analyses
revealed that the percentage of hepatic Gr1+CD11b+ neutro-
phils was higher in miR-223−/− mice compared with that in
WT mice (figure 3E).

In contrast to the elevation of hepatic neutrophils, the
number of F4/80+ Kupffer cells/macrophages and hepatic
expression of F4/80 were decreased in WT and miR-223−/−

mice after chronic-plus-binge feeding with a greater reduction in
miR-223−/− mice (figure 4A, B). This greater reduction of
macrophages in ethanol-fed miR-223−/− mice was probably due
to increased apoptosis as demonstrated by the higher number of
apoptotic TUNEL+F4/80+ cells in miR-223−/− mice than in
WT mice (see online supplementary figure S6).

Differential regulation of hepatic proinflammatory
mediators in WT and miR-223−/− mice post
chronic-plus-binge feeding
Hepatic expression of several proinflammatory mediators was
examined and shown in figure 4C,D. These results are sum-
marised as follows. First, chronic-plus-binge feeding resulted in
the upregulation of several hepatic proinflammatory mediators
in WT mice, which are consistent with previous findings.7

Second, hepatic expression of several mediators (eg, tumor nec-
rotic factor-α (TNF-α), IL-1β, monocyte chemoattractant
protein-1 (MCP-1) and macrophage inflammatory protein-2

Figure 1 The level of peripheral blood neutrophils correlates positively with serum ALT and AST levels in alcoholics with recent excessive drinking.
Forty-five healthy controls and 300 alcoholics were enrolled, and alcoholics were stratified into two groups: alcoholics with (n=140) and without
(n=160) recent excessive drinking (see table 1). The correlation analyses between the levels of circulating neutrophils and serum ALT and AST levels
were performed. Significant correlations (p values) are labelled in the figure.
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(MIP-2)) was higher in pair-fed miR-223−/− mice than in
pair-fed WT counterparts, but were reduced in miR-223−/− mice
after chronic-plus-binge challenge. Third, hepatic expression of
IL-6 was elevated in both miR-223−/− and WT mice after
ethanol feeding with much higher levels in miR-223−/− mice
than that in WT mice.

MiR-223−/− mice are more susceptible to chronic-plus-binge
feeding-induced ROS production in the liver and neutrophils
Hepatic levels of lipid peroxide including malonaldehyde
(MDA) and 4-hydroxynonenal (4-HNE) were examined by
immunohistochemistry. The data in figure 5A, B show that the
levels of hepatic MDA and 4-HNE expression in WT and
miR-223−/− mice were elevated after chronic-plus-binge feeding,
with a greater increase in miR-223−/− mice.

Next, we used flow cytometer analysis to examine ROS
release by both circulating and liver neutrophils from pair-fed
and ethanol-fed mice. As illustrated in figure 5C, in pair-fed
groups, the phorbol 12-myristate 13-acetate (PMA)-stimulated
ROS levels were significantly higher in hepatic neutrophils from
miR-223−/− mice than those from WT mice. Chronic-plus-binge
feeding further increased PMA-stimulated ROS levels in

neutrophils from WT mice but did not further increase in those
from miR-223−/− mice.

Figure 5D shows ROS levels in circulating neutrophils.
PMA-stimulated ROS levels were significantly higher in pair-fed
miR-223−/− mice than that in pair-fed WT mice. Ethanol
feeding further increased ROS levels in WT and miR-223−/−

mice with higher levels in the miR-223−/− mice than those in
WT mice.

ROS levels were also measured in hepatic macrophages,
which were much lower than those in neutrophils. Ethanol
feeding decreased PMA-stimulated ROS in macrophages from
miR-223−/− mice (see online supplementary figure S7).

miR-223 indirectly downregulates p47phox in neutrophils via
the inhibition of IL-6
To understand the mechanisms underlying greater ROS in
miR-223−/− mice versus WT mice, we examined hepatic expres-
sion of NADPH-associated molecules, which consist of five
phagocytic oxidase (phox) units: p47phox, p67phox, p40phox,
p22phox and gp91phox.14 As illustrated in figure 6A,
chronic-plus-binge feeding increased hepatic p47phox expression
in miR-223−/− mice compared with the pair-fed groups, while

Figure 2 miR-223 levels in serum
and neutrophils from alcoholics and
ethanol-fed mice. (A) Blood samples
were collected from healthy controls
and excessive drinkers. miR-223 levels
in serum were measured by real-time
quantitative PCR. (B) C57BL/6J mice
were pair-fed or fed an
ethanol-containing diet for 10 days plus
one binge (E10d+1B). Mice were
euthanized 9 hours postgavage, and
serum was collected for miR-223
measurement. (C) Various types of cells
were isolated from naïve C57BL6/J
livers and subjected to RT-qPCR for
miR-223. (D–F) Mice were subjected to
control and ethanol feeding as
described in (B). miR-223 and
pri-miR-223 levels in mouse peripheral
and liver neutrophils were measured.
Values represent means±SEM (n=6–
14). *p<0.05; **p<0.01; ***p<0.001.
HSC, hepatic stellate cells.
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such feeding did not alter hepatic p47phox expression in WT
mice. Interestingly, the basal levels of hepatic p47phox expression
were higher in pair-fed miR-223−/− mice than those in pair-fed
WT mice. In contrast, hepatic expression of other phox genes
(p67, p40, p22 and gp91) was either not altered or elevated
post ethanol feeding. Moreover, hepatic expression of Nox1,
Nox3 and Nox4 was upregulated after chronic-plus-binge
feeding with much higher levels in miR-223−/− mice compared
with WT mice (figure 6B).

Because p47phox is predominately expressed in neutrophils and
plays a key role in generating oxidative burst by neutrophils,35 36

we further examined the p47phox in neutrophils in this study. As
illustrated in figure 7A, p47phox mRNA expression in neutrophils
from ethanol-fed miR-223−/− mice was higher compared with
WT mice. To understand the mechanism by which gp47phox is
upregulated in miR-223−/− neutrophils, we examined miR-223
target sequence; however, no target sequences were found in

p47phox gene, suggesting that miR-223 may indirectly regulate
gp47phox. Because IL-6 was reported to be a target gene of
miR-22337 38 and hepatic IL-6 gene expression was highly ele-
vated in ethanol-fed miR-223−/− mice (figure 4C), we hypothe-
sised that miR-223 indirectly inhibits p47phox expression in
neutrophil via the downregulation of IL-6. First, we confirmed
that IL-6 is a miR-223 target gene in online supplementary figure
S8, showing that the 30 untranslated region (UTR) region of IL-6
gene contains a miR-223-binding region, and transfection of
miR-223 inhibited the activity of IL-6–30 UTR gene reporter.
Second, IL-6 expression was higher in neutrophils from
ethanol-fed miR-223−/− mice compared with that in WT mice
(figure 7A). Third, in vitro treatment with IL-6 markedly upregu-
lated p47phox expression in neutrophils (figure 7B).

The function of p47phox in the chronic-plus-binge feeding
model was examined by using p47phox−/− mice. As illustrated in
figure 7C, deletion of the p47phox gene diminished

Figure 3 Deletion of the miR-223 gene exacerbates chronic-plus-binge ethanol-induced liver injury, elevation of circulating and hepatic
neutrophils. Wild-type (WT) mice and miR-223−/− mice were subjected to E10d+1B or pair feeding, and mice were euthanised 9 hours postgavage.
(A) Serum ALT, AST and hepatic triglyceride (TG) levels were measured. (B) The percentage and number of neutrophils were determined by a
haematology analyser (two upper panels). The percentage of Gr1+CD11b+ circulating neutrophils were analysed by flow cytometer (lower panel).
(C) Liver tissues were subjected to immunostaining with an anti-MPO antibody. The number of MPO+ cells was counted. (D) Liver tissues were
subjected to real-time PCR analyses of Ly6G (a marker for neutrophils). (E) Liver leucocytes were isolated and subjected to flow cytometric analyses.
The percentage of neutrophils (Gr1+CD11b+) cells was analysed. Values represent means±SEM (n=4–10). *p<0.05; **p<0.01; ***p<0.001.
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chronic-plus-binge-induced liver injury (elevation of ALT),
whereas deletion of the elastase, a proteolytic enzyme in neutro-
phils, did not affect the liver injury in this model (see online
supplementary figure S9A). Interestingly, only ALT levels were
reduced in p47phox−/− mice, whereas serum AST levels were not
reduced in these mice compared with WT mice (figure 7C). It
appeared that in chronic-plus-binge feeding model, acute
ethanol gavage directly caused hepatocyte mitochondrial injury
and mitochondrial AST elevation, while elevated neutrophils
contributed predominantly to ALT elevation. Thus, deletion of
the p47phox gene did not affect serum AST levels, but inhibited
neutrophils, thereby resulting in lower levels of ALT. In add-
ition, compared with ethanol-fed WT mice, the number of per-
ipheral neutrophils remained unchanged and hepatic
neutrophils were higher in ethanol-fed p47phox−/− mice (see
online supplementary figure S9B). PMA-stimulated ROS pro-
duction was completely diminished in neutrophils from
ethanol-fed p47phox−/− mice (figure 7C). PMA-stimulated ROS
production in macrophages, which was eightfold lower com-
pared with that in neutrophils, was also abolished in ethanol-fed
p47phox−/− mice. To further define the role of p47phox in
immune cells including neutrophils contributes to liver injury,

we generated chimeric mice via the bone marrow transplant-
ation. As illustrated in online supplementary figure S9C, the
WT mice with p47phox-deficient bone marrow had much lower
serum ALT compared with the WT mice with WT mouse bone
marrow post chronic-plus-binge ethanol feeding.

The above data suggest that miR-223 controls IL-6 and
p47phox gene expression in neutrophils in mice. To examine the
potential effect of miR-223 on IL-6 and p47phox in circulating
neutrophils in human alcoholics, blood neutrophils were iso-
lated from another cohort of 16 alcoholics with recent excessive
drinking and 12 healthy controls. As illustrated in figure 7D, the
expression of miR-223 was lower, while IL-6 and p47phox

expression was higher in circulating neutrophils from alcoholics
compared with those from healthy controls.

DISCUSSION
Recent studies suggest that binge ethanol feeding increases the
levels of circulating and hepatic neutrophils, contributing to
liver injury in chronically ethanol-fed mice.7 In the present
study, by analysing haematological and hepatic profiles in 300
alcoholics, we demonstrated that serum ALT and AST levels
were much higher in alcoholics with recent drinking compared

Figure 4 Macrophages and hepatic
expression of proinflammatory
mediators in ethanol-fed and pair-fed
wild-type (WT) and miR-223−/− mice.
WT mice and miR-223−/− mice were
subjected to E10d+1B or pair feeding,
and mice were euthanised 9 hours
postgavage. (A and B) Liver tissues
were subjected to immunostaining
with an anti-F4/80 antibody.
Representative photographs are shown
in panel A (scale bar: 100 μm). The
number of F4/80 was counted in panel
B. Hepatic F4/80 mRNA was detected
by real-time PCR and is shown in
panel B. (C and D) Liver tissues were
subjected to real-time PCR analyses.
Values represent means±SEM (n=5–
10). *p<0.05; **p<0.01; ***p<0.001.
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with those without recent drinking or healthy controls, which is
in agreement with the results in mice showing the effect of
chronic-plus-binge feeding on the elevation of serum ALT and
AST.7 One of the key features from the mouse model of
chronic-plus-binge feeding is the elevation of peripheral and
hepatic neutrophils.7 39 40 Interestingly, in alcoholics with recent
drinking, circulating peripheral neutrophils were substantially
increased, accounting for approximately 80% of total WBC
counts, which are significantly higher than those without recent
drinking and healthy controls (approximately 60–67% of total
WBC). Though we were unable to obtain liver biopsies to
examine hepatic neutrophil infiltration due to ethical concerns,
we found that the level of circulating neutrophils positively cor-
related very well with serum ALT and AST levels in alcoholics
with recent drinking. These findings suggest that excessive
drinking likely causes the increase in hepatic neutrophil infiltra-
tion, which leads to liver injury in these subjects.

By screening serum miRNAs, we found that the levels of
serum miR-223, which is known to regulate neutrophil func-
tions,30–32 were significantly higher in alcoholics compared with
those in healthy controls. In agreement with these human data,

serum miR-223 levels were also elevated after
chronic-plus-binge ethanol feeding in mice. The role of
miR-223 in ALD was tested in miR-223−/− mice. Interestingly,
the pair-fed miR-223−/− mice had baseline phenotypes, as indi-
cated by slightly but significantly higher serum ALT levels, per-
ipheral neutrophil counts and expression of hepatic
inflammatory mediators, when compared with pair-fed WT
mice. This may be because that miR-223−/− mice had elevated
circulating peripheral blood neutrophils and marked granulocyte
hyperplasia in the bone marrow, which is mediated via the upre-
gulation of the miR-223 targeted gene Mef2c, a transcription
factor promoting myeloid progenitor proliferation.41 It is likely
that the observed baseline phenotypes in these mice are second-
ary to the increase in circulating neutrophil levels. It is import-
ant to note that neither chronic ethanol feeding nor acute
ethanol gavage alone augmented the baseline levels of serum
AST and ALT in miR-223−/− mice. The escalation of liver injury
as well as hepatic neutrophil infiltration only observed when
chronic-plus-binge ethanol feeding was employed. These results
suggest that the therapeutic implications of miR-223 may be
applicable only to the conditions, which lead to the increase in

Figure 5 miR-223−/− mice are more susceptible to chronic-plus-binge ethanol-induced oxidative stress in the liver and circulating neutrophils. WT
mice and miR-223−/− mice were subjected to E10d+1B or pair feeding, and mice were euthanised 9 hours postgavage. (A and B) Liver tissues were
subjected to immunostaining with an anti-malonaldehyde (MDA) or anti-4-hydroxynonenal (HNE) antibody. Representative images are shown in
panel A. Relative staining is quantified and shown in panel B (scale bar: 200 μm). (C and D) Hepatic and peripheral neutrophils were isolated and
stimulated with or without phorbol 12-myristate 13-acetate (PMA). The reactive oxygen species (ROS) levels were measured by flow cytometric
analyses. The ROS levels are calculated and shown. Values represent means±SEM (n=4–8). *p<0.05; **p<0.01; ***p<0.001.
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hepatic neutrophils, such as chronic-plus-binge model, but not
in chronic ethanol feeding or acute binge alone when hepatic
neutrophil infiltration is not apparent.7

Mechanistic studies suggest that miR-223 attenuates neutro-
phil function by inhibiting the IL-6–p47phox–ROS pathway,
thereby protecting against ALD (see summarised figure 7E).

Among several NADPH oxidases and their associated genes
related to ROS production, the expression of p47phox in the liver
had the highest fold upregulation in ethanol-fed miR-223−/−

mice compared with that in WT mice. A previous study reported
that the deletion of the p47phox gene abolished chronic
ethanol-feeding-induced liver injury through the reduction of

Figure 6 MiR-223 regulates reactive
oxygen species (ROS)-associated genes
in the liver from ethanol-fed mice. WT
mice and miR-223−/− mice were
subjected to E10d+1B or pair feeding,
and mice were euthanised 9 hours
postgavage. Liver tissues were
subjected to real-time PCR analyses of
ROS-associated genes. Values
represent means±SEM (n=4–11).
*p<0.05; **p<0.01;***p<0.001.

Figure 7 MiR-223 regulates
circulating neutrophils by targeting the
IL-6–p47phox axis in ethanol-fed mice
and alcoholics with recent drinking. (A)
WT mice and miR-223−/− mice were
subjected to E10d+1B or pair feeding,
and mice were euthanised 9 hours
postgavage. Circulating neutrophils
were isolated and subjected to
real-time PCR analyses. (B) Circulating
neutrophils were isolated, and IL-6
(50 ng/mL) was added to the culture
medium for 6 hours, and expression of
p47phox was determined by real-time
PCR analyses. (C) WT and p47phox−/−

mice were subjected to E10d+1B
feeding, and mice were euthanised
9 hours postgavage. Serum ALT and
AST were measured (left panel). Liver
neutrophils were isolated and treated
with or without phorbol 12-myristate
13-acetate (PMA), and reactive oxygen
species (ROS) was measured and
calculated (right panel). (D) Circulating
neutrophils were isolated from healthy
controls and alcoholics with recent
drinking, followed by real-time PCR
analyses. (E) A summarised figure
depicting the miR-223 as a modulator
to control hepatic neutrophil
infiltration and liver injury after
chronic-plus-binge ethanol drinking.
Values represent means±SEM
(n=4–16). *p<0.05; **p<0.01.
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ROS production by Kupffer cells.42 The results from our current
study suggest a novel role of p47phox in neutrophils in promoting
alcohol-induced liver injury. First, chronic-plus-binge model is
associated with significant hepatic neutrophil infiltration but
reduction in Kupffer cells. Second, neutrophils generated fivefold
to eightfold higher levels of ROS than macrophages. Third,
p47phox expression was highly elevated in hepatic neutrophils
from ethanol-fed miR-223−/− mice compared with that in WT
mice. Deletion of the p47phox gene completely abolished ROS
production in neutrophils. Thus, we believe that p47phox in neu-
trophils plays a dominant role in promoting ROS production and
liver injury in the chronic-plus-binge ethanol-feeding model.

In contrast to the increase in hepatic neutrophils in
ethanol-fed miR-223−/− mice, hepatic F4/80+ macrophages
were markedly decreased, when compared with those in
pair-fed WT mice. The decrease in the number of macrophages
was also consistent with the downregulation of several hepatic
macrophage-associated cytokines and chemokines (such as
TNF-α, MCP-1, MIP-1β and MIP-2) in ethanol-fed miR-223−/−

mice versus the pair-fed group. A recent study reported that
transfection of miR-223 mimics attenuated macrophage apop-
tosis by downregulating the expression of forkhead box O3
(FOXO3),43 an important inducer for macrophage apoptosis.44

Therefore, it is possible that the increased sensitivity of hepatic
macrophages in miR-223−/− mice to ethanol-induced apoptosis
was due to elevated expression of FOXO3. Finally, although
miR-223 has been shown to play an important role in regulating
macrophages in several types of diseases,45 46 its activation of
macrophages may play a less important role in
chronic-plus-binge ethanol-induced liver injury because hepatic
macrophages were markedly decreased in this model.

Another interesting finding in the present study was that
miR-223 expression was differentially regulated in neutrophils
from human alcoholics and ethanol-fed mice although serum
miR-223 levels were elevated in both groups. We demonstrated
that in alcoholics, miR-223 in neutrophils was downregulated,
whereas in chronic-plus-binge ethanol-fed mice, miR-223 in neu-
trophils was upregulated. At present, the mechanisms underlying
this opposite regulation in humans and mice remain unknown. In
addition, we postulate that upregulation of neutrophilic miR-223
in mice may play a compensatory role in protecting against
alcohol-induced liver injury; whereas downregulation of neutro-
philic miR-223 in alcoholics may exacerbate alcohol-mediated
activation of neutrophils and liver injury in these subjects. Thus,
modulation of miR-223 may be a novel strategy for the treatment
of ALD through its regulation of neutrophil functions. Indeed,
injection of pre-miR-223 lentivirus reduced chronic-plus-binge
ethanol-induced liver injury. Because neutrophilic miR-223 ame-
liorated liver injury via the inhibition of neutrophils as demon-
strated in this study, hepatic miR-223 promoted hepatocyte
apoptosis;47 therefore, neutrophil-specific delivery of miR-223
may be needed in order to generate better therapeutic outcomes
for the treatment of ALD.
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