
ORIGINAL RESEARCH COMMUNICATION

Myeloperoxidase–Hepatocyte–Stellate Cell Cross Talk
Promotes Hepatocyte Injury and Fibrosis
in Experimental Nonalcoholic Steatohepatitis

Benjamin Pulli,1,2 Muhammad Ali,1 Yoshiko Iwamoto,1 Matthias W.G. Zeller,1

Stefan Schob,1 Jenny J. Linnoila,1 and John W. Chen1,2

Abstract

Aims: Myeloperoxidase (MPO), a highly oxidative enzyme secreted by leukocytes has been implicated in
human and experimental nonalcoholic steatohepatitis (NASH), but the underlying mechanisms remain un-
known. In this study, we investigated how MPO contributes to progression from steatosis to NASH. Results: In
C57Bl/6J mice fed a diet deficient in methionine and choline to induce NASH, neutrophils and to a lesser extent
inflammatory monocytes are markedly increased compared with sham mice and secrete abundant amounts of
MPO. Through generation of HOCl, MPO directly causes hepatocyte death in vivo. In vitro experiments
demonstrate mitochondrial permeability transition pore induction via activation of SAPK/JNK and PARP. MPO
also contributes to activation of hepatic stellate cells (HSCs), the most important source of collagen in the liver.
In vitro MPO-activated HSCs have an activation signature (MAPK and PI3K-AKT phosphorylation) and
upregulate COL1A1, a-SMA, and CXCL1. MPO-derived oxidative stress also activates transforming growth
factor b (TGF-b) in vitro, and TGF-b signaling inhibition with SB-431542 decreased steatosis and fibrosis
in vivo. Conversely, congenital absence of MPO results in reduced hepatocyte injury, decreased levels of TGF-
b, fewer activated HSCs, and less severe fibrosis in vivo. Innovation and Conclusion: Cumulatively, these
findings demonstrate important cross talk between inflammatory myeloid cells, hepatocytes, and HSCs via
MPO and establish MPO as part of a proapoptotic and profibrotic pathway of progression in NASH, as well as a
potential therapeutic target to ameliorate this disease. Antioxid. Redox Signal. 23, 1255–1269.

Introduction

Nonalcoholic fatty liver disease (NAFLD) is the
most common liver disease in Western society (6). While

steatosis is a relatively benign condition with only 1.5% of
patients progressing to fibrosis/cirrhosis (1), 30–50% patients
with nonalcoholic steatohepatitis (NASH) progress (13, 14).
However, the role of leukocyte subsets and their derivatives
remains unclear because they can have both pro- and anti-
fibrotic properties (12). Several key scenarios that promote
progression to fibrosis have been discovered: (i) hepatocyte
injury distinguishes progressive from nonprogressive
NAFLD (31), (ii) hepatocyte apoptosis leads to fibrosis (49),
(iii) TGF-b is a crucial profibrotic cytokine (19), (iv) hepatic
stellate cells (HSCs) are the main collagen-producing cells in

Innovation

Nonalcoholic fatty liver disease (NAFLD) is the most
common liver disease in western society, but it remains
unknown what factors trigger progression to nonalcoholic
steatohepatitis (NASH). Myeloperoxidase (MPO) is an
important oxidative enzyme, and increased MPO con-
centrations were previously found in human NASH
compared with steatosis. In our murine NASH model,
MPO contributes to hepatocyte injury, activates hepatic
stellate cells, and promotes fibrosis. Therefore, MPO
could also be both an attractive biomarker and a thera-
peutic target to prevent the development of hepatocyte
injury and fibrosis in NAFLD.
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the liver (16), and (v) oxidative stress markers correlate with
NAFLD severity (45).

Myeloperoxidase (MPO) is the most abundant and highly
oxidizing inflammatory enzyme contained in neutrophil and
monocyte granules (24). Unlike other oxidizing enzymes (e.g.,
NADPH oxidase), in the liver, it is only expressed in myeloid
cells (3). In an environment with high levels of hepatocyte-
derived H2O2 and other reactive oxygen species (ROS),
secreted MPO could potentiate oxidative stress and tissue
damage by forming hypochlorous acid (HOCl) from hydrogen
peroxide (H2O2) and also reactive nitrogen species from nitrite
or nitric oxide (24). Recently, it was reported that human livers
with NASH contain higher amounts of MPO compared with
steatotic specimens (41), and that chimeric LDLR-/ - mice
with an MPO-deficient hematopoietic system have decreased
inflammation and fibrosis in a high-fat diet-induced disease
model of NASH (40). However, how MPO acts to influence
progression and fibrosis in NASH remains unknown.

In this study, we show that MPO participates in several key
scenarios that promote progression to fibrosis. MPO poten-
tiates oxidative stress and causes hepatocyte injury in vitro
and in vivo. Surprisingly, MPO-derived oxidative stress ac-
tivates transforming growth factor b (TGF-b) and HSCs, the
main source of collagen production in the liver (16), and
MPO-activated HSCs in turn secrete CXCL1. In line with
this, congenitally MPO-deficient NASH mice have greatly
reduced HSC activation, fibrosis, and hepatocyte injury.
Thus, MPO provides an important link between inflammatory
myeloid cells, hepatocytes, and HSCs to promote hepatocyte
death and fibrosis in NASH.

Results

MPO expression and activity are increased in NASH,
and MPO is mostly expressed and secreted
by neutrophils

We fed C57BL/6J wild-type (WT) mice a methionine and
choline-deficient (MCD) diet to induce NASH (54). First, we
evaluated the proportion and cell numbers of myeloid cells in
the liver of these mice with flow cytometry. Neutrophils were
markedly increased in the liver of NASH mice (Fig. 1a).
Inflammatory Ly-6Chigh monocytes and Kupffer cells were
also increased, although to a lesser extent. The marked in-
crease in neutrophils was confirmed on histology (Supple-
mentary Fig. S1a; Supplementary Data are available online at
www.liebertpub.com/ars), and neutrophils are the most elevated
myeloid cell type both in relative and absolute numbers (Fig. 1a,
b). Immunohistochemistry for MPO revealed that MPO-positive
cells were significantly increased in NASH (Fig. 1c).

On immunofluorescence, most MPO-expressing cells co-
localized with Ly-6G-positive cells (Supplementary Fig.
S1b). MPO protein (as determined by ELISA) and MPO
activity were also markedly elevated (Fig. 1d). Flow cyto-
metry confirmed the increase in MPO-expressing cells
(Supplementary Fig. S1c). There has been debate about the
cellular source of MPO in NASH (3, 41). Our results indicate
that in NASH, approximately 87% of MPO was secreted by
neutrophils and 13% was secreted by Ly-6Chigh monocytes
(Supplementary Fig. S1c). Additionally, the percentage of
MPO-positive neutrophils was increased in NASH (Fig. 1e).

These experiments identify neutrophils and inflammatory
monocytes as the most important sources of MPO in NASH.

Kupffer cells, dendritic cells, and Ly-6Clow monocytes do not
have significant amounts of MPO in their cytoplasm. To
cause oxidative stress outside of myeloid cells in the liver,
MPO needs to be secreted into the extracellular space. To
confirm this, we isolated liver extracellular protein fractions
(34). Extracellular MPO activity was significantly increased
in wild-type (WT) NASH versus MPO knockout (MPO-/ - )
NASH and sham mice (Fig. 1f).

MPO-/ - mice have less severe steatohepatitis
and fibrosis compared with wild-type controls

To clarify if MPO is merely a bystander or whether it plays
a pathogenic role in NASH, we compared NASH severity
markers in WT and MPO knockout (MPO-/ - ) mice fed an
MCD diet to induce NASH. Masson’s trichrome staining
revealed typical, chicken-wire distributed incipient fibrosis in
WT mice, while less fibrosis and less liver hydroxyproline
were detected in MPO-/ - mice (Fig. 2a, b). MPO-/ - mice
also had decreased steatosis (quantified on histology as well
as per Oil Red O, Fig. 2c) and less hepatocyte injury, with
fewer ballooning cells compared with WT controls, and a
lower NAFLD activity score (NAS) (Fig. 2d), consistent with
significantly less severe histological steatohepatitis. To confirm
this difference, we also analyzed inflammatory and fibrotic gene
expression by real time-polymerase chain reaction RT-PCR.

Corroborating our histology findings, we detected lower
levels of the fibrosis markers, COL1A1 and tissue inhibitor of
metalloproteinase 1 (TIMP-1), as well as lower levels of the
inflammatory markers, TNF and IL-1b, in MPO-/ - mice,
while no difference was detected in IL-10 levels (Fig. 2e). To
investigate effects of MPO on visceral adipose tissue and
function of the intestinal barrier, we measured adiponectin
levels in serum and visceral fat, as well as endotoxin levels in
serum and liver. However, we did not find significant dif-
ferences between WT and MPO-/ - NASH mice (Fig. 2f). To
exclude effects of methionine and choline deficiency on
neutrophil function, we isolated neutrophils from mice fed
the MCD diet for 1 week and control mice and stimulated
them in vitro. There, we did not find a difference in MPO
secretion or oxidative burst formation (as evaluated by su-
peroxide anion production) (Supplementary Fig. S1d).

MPO induces hepatocyte death in vitro and in vivo

On histology, MPO-/ - NASH mice had less severe he-
patocyte injury compared with WT NASH mice (Fig. 2a, c).
To confirm this finding, we injected the membrane-imper-
meable DNA dye, Sytox Red, intravenously into WT and
MPO-/ - mice with NASH. On fluorescence microscopy
(Fig. 3a) and flow cytometry (Fig. 3b), we detected more
Sytox Red-positive (late apoptotic/necrotic) liver cells in
wild-type than in MPO-/ - mice. In addition, we detected
colocalization of Sytox Red-positive cells with MPO on
immunofluorescence (Fig. 3c). To further establish a poten-
tial direct effect of MPO on hepatocyte injury, we incubated
hepatocytes with different concentrations of MPO and GOX
(as an H2O2 donor). In line with our hypothesis, increasing
concentrations of MPO-potentiated oxidative stress caused
by GOX-derived H2O2 resulted in rapid hepatocyte death, as
evidenced by propidium iodide (PI) uptake (Fig. 3d).

Because MPO can activate matrix metalloproteinases
(MMPs) (43) and both MMPs and TGF-b have been shown to
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induce hepatocyte apoptosis (19, 22), we preincubated iso-
lated hepatocytes with ABAH (an irreversible MPO inhibi-
tor), taurine (an HOCl scavenger), marimastat (a pan-MMP
inhibitor), SB-431542 (a TGF-b signaling inhibitor), or a
protease inhibitor cocktail before addition of MPO and GOX.
Both ABAH and taurine diminished MPO-induced hepato-
cyte death, while no effect from marimastat, SB-431542, or
protease inhibitor was seen (Fig. 4a).

To further investigate the intracellular pathways involved,
we performed an intracellular signaling array, where we de-
tected increased phosphorylation of AMPK, JNK, and rpS6,
as well as increased cleavage of PARP (Fig. 4b). These
findings were confirmed on Western blotting, where we
found increased phosphorylation of AMPK and JNK with
MPO compared with vehicle or GOX-treated hepatocytes
(Fig. 4c). Caspase-3 cleavage was not affected and this was
confirmed with a caspase 3/7 activity assay (Fig. 4c). Simi-

larly, no differences in phosphorylation of p38 (Fig. 4c) and
no differences of phosphorylated or unphosphorylated Stat1
(Supplementary Fig. S2a) were detected on Western blots,
validating the results of the signaling array. Since both JNK
and PARP have been implicated in mitochondrial perme-
ability transition (MPT) (2, 50), we tested if cyclosporine A,
an inhibitor of MPT, affects MPO-induced cell death. Indeed,
we observed a marked reduction in cell death with cyclo-
sporine A compared with vehicle (Fig. 4d).

Healthy hepatocytes have high antioxidative capacity (21),
which should in theory protect them against MPO-mediated
ROS. In NAFLD, this capacity is compromised (39), which
may render hepatocytes more susceptible to damage. We
therefore isolated hepatocytes from both control and NASH
mice to investigate differences in susceptibility to MPO. In-
deed, we found that hepatocytes from NASH mice under-
went cell death at lower MPO concentrations compared with

FIG. 1. Myeloperoxidase (MPO)-expressing cells, MPO protein, and MPO activity are increased in nonalcoholic
steatohepatitis (NASH). (a) Flow cytometric analysis of liver myeloid cells in NASH: neutrophils (red gate) and in-
flammatory Ly-6Chigh monocytes (blue gate) (n = 5 per group). (b) Relative fold increase of different myeloid cell popu-
lations in NASH over sham (n = 5 per group). (c) Immunohistochemistry for MPO in NASH compared with sham mice
(arrows indicate MPO positive cells, bar = 50 lm, n = 3 per group). (d) Liver MPO protein and MPO activity (n = 5–6 per
group). (e) Pie chart of MPO-expressing cells as quantified by flow cytometry. Overall pie chart size reflects the absolute
numbers of MPO-positive cells per liver, while numbers in pie chart reflect the percentages of cell types (n = 4–5 per group).
(f) Extracellular fluid MPO activity in wild-type (WT) and MPO knockout (MPO-/ - ) NASH mice compared with sham
mice (n = 3–4 per group). All data are mean – SEM. Lin = CD90/CD49.2/B220/NK1.1/Ly-6G. *p < 0.05, **p < 0.01,
***p < 0.001. KC, Kupffer cells; DC, dendritic cells; N, neutrophils; M, monocytes. To see this illustration in color, the
reader is referred to the web version of this article at www.liebertpub.com/ars
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hepatocytes from control mice (Fig. 4e), further establishing
a role for MPO in hepatocyte death in NASH.

MPO activates HSCs

Activated HSCs are a significant source of collagen and are
crucial for the progression of NASH (16). In cultured primary
HSCs incubated with different concentrations of MPO, we
found that MPO-activated HSCs upregulated a-smooth
muscle actin [a-SMA, a well-established marker for HSC
activation (16)] and COL1A1 (which encodes the main
component of type I collagen) mRNA in a dose-dependent
manner (Fig. 5a). Because both TGF-b and MMPs are known
to activate HSCs (19, 33) and MPO can activate MMPs (43),
we investigated the role of these molecules in MPO-mediated
HSC activation. The dose-dependent increase in a-SMA and
COL1A1 expression in HSCs after stimulation with MPO
was abrogated by ABAH and taurine (Fig. 5a), indicating an
HOCl-mediated effect. Inhibiting MMPs with marimastat
also diminished the response of HSCs to MPO, and TGF-b
signaling inhibition with SB431542 partially inhibited the
response to MPO (Fig. 5a).

To test the activity of SB-431542, we cultured HSCs for 5
days in the presence of this inhibitor [when cultured in vitro
for several days, HSCs spontaneously activate via TGF-b
signaling (4)] and found markedly decreased COL1A1 ex-
pression, consistent with successful TGF-b signaling inhi-
bition (Supplementary Fig. S2b). Importantly, only ABAH
directly inhibited MPO activity, and only ABAH and taurine
decreased HOCl production by MPO, excluding direct effects
of marimastat or SB431542 on the MPO enzyme (Supple-
mentary Fig. S2c). On intracellular signaling array, a sig-
nificant increase in phosphorylation of Akt, the 70-kDa
ribosomal protein S6 kinase (P70S6K), extracellular signal-
regulated kinases (ERK), and JNK, as well as decreased
cleavage of PARP and decreased phosphorylation of
PRAS40 were found in MPO-activated HSCs (Fig. 5b). This
is consistent with activation of the profibrotic and prolifera-
tive PIP3/Akt/P70S6K and MAPK (ERK/JNK) pathways in
HSCs (17, 26, 29, 37, 38). Applying these findings to NASH,
we observed fewer activated HSCs, as shown by reduced a-
SMA staining and mRNA. (Fig. 5c), but more vitamin A-
containing quiescent HSCs (28) in MPO-/ - compared with
WT mice on flow cytometry (Fig. 5d).

FIG. 2. MPO deficiency attenuates the severity of fibrosis and hepatocyte injury. (a) Masson’s trichrome (top row)
and hematoxylin and eosin (H&E, bottom row) staining of liver sections of wild-type (WT) and MPO knockout (MPO-/ - )
NASH mice. In the top row, collagen is stained in blue; in the bottom row, hepatocyte ballooning is marked with arrows
(bars = 50 lm). (b) Quantification of fibrosis on histology (n = 4 per group) and with hydroxyproline assay (n = 6 per group).
(c) Quantification of steatosis on histology and on Oil Red O assay (n = 4–6 per group). (d) Quantification of hepatocyte
ballooning and NAFLD activity score (NAS, n = 4 per group) (e) real time (RT)-polymerase chain reaction mRNA
quantification of COL1A1, TIMP-1, TNF, IL-1b, and IL-10 relative to sham mice (n = 6 per group). (f) Adiponectin in serum
and visceral fat, as well as endotoxin in serum and liver as determined by ELISA as well as biochemical assay, respectively.
All data are mean – SEM. *p < 0.05, **p < 0.01. To see this illustration in color, the reader is referred to the web version of
this article at www.liebertpub.com/ars
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To evaluate the importance of MPO compared with other
molecules secreted by activated neutrophils, we cocultured
neutrophils and HSCs. N-formylmethionyl-leucyl-phenylalanine
(fMLP)-activated neutrophils increased COL1A1 and a-SMA
expression in HSCs and ABAH partially inhibited this effect
(Supplementary Fig. S2e). MPO activity and inhibition by
ABAH were confirmed in the supernatant from the coculture
experiment (Supplementary Fig. S2e).

Activated HSCs can release a variety of chemokines and
growth factors to recruit and activate leukocytes, among them
CXCL1 (16), a mouse IL-8 homologue. In primary HSCs, we
detected a dose-dependent increase of CXCL1 protein se-

cretion with MPO, but not glucose oxidase (GOX, an H2O2

donor) stimulation (Fig. 5e). LPS also triggered CXCL1 se-
cretion, although to approximately three-fold lower levels.
RT-PCR confirmed an increase in CXCL1, but not CXCL2, in
HSCs stimulated with MPO (Fig. 5e). Another cell capable of
expressing CXCL1 is the hepatocyte (42). Stimulating pri-
mary mouse hepatocytes with GOX or MPO, however, did
not result in an increase in CXCL1, while LPS showed
modest efficiency to trigger hepatocyte CXCL1 secretion
(Supplementary Fig. S2d). Applying these findings to NASH,
we observed less CXCL1 protein and CXCL1 mRNA in
MPO-/ - compared with WT mice (Fig. 5f).

FIG. 3. MPO directly contributes to hepatocyte death in vivo and in vitro. Liver immunofluorescence (a) and flow
cytometry (b) of Sytox Red-labeled hepatocytes in wild-type (WT) and MPO knockout (MPO-/ - ) NASH and sham mice
(n = 4 per group, arrowheads indicate Sytox Red positive cells, bar in low magnification represents 1 mm, bar in high
magnification represents 50 lm, blue counterstain is DAPI). (c) Liver immunofluorescence in NASH mice for MPO (anti-
MPO, green) and injured hepatocytes (Sytox Red, red, counterstain is DAPI, bar = 50 lm). (d) Cell death (propidium iodide,
PI) in primary hepatocytes (bright-field panel) cultured in the presence of MPO and glucose oxidase (GOX) (n = 4 per group,
bar = 100 lm). *p < 0.05, **p < 0.01, ***p < 0.001. To see this illustration in color, the reader is referred to the web version
of this article at www.liebertpub.com/ars
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MPO activates TGF-b, and TGF-b inhibition
ameliorates NASH

TGF-b has been identified as a crucial promoter of fi-
brogenesis (19). We tested whether MPO-induced oxidative

stress could also activate TGF-b. In vitro, GOX-derived
H2O2 alone did not activate latent TGF-b, but MPO-derived
oxidative stress activated TGF-b in a dose-dependent way
(Fig. 6a). In liver homogenates, we found significantly higher
TGF-b levels in WT compared with MPO-/ - NASH mice

FIG. 4. MPO-derived oxidative stress causes hepatocyte injury via induction of mitochondrial permeability transi-
tion. (a) Cell death (propidium iodide, PI) in primary hepatocytes preincubated with ABAH, taurine, marimastat, SB-431542,
or a protease inhibitor cocktail and incubated with MPO (n = 3 per group, bar = 50 lm). (b) Heat map with hierarchical
clustering of signaling pathways in primary hepatocytes stimulated with MPO. Molecules in bold are statistically significantly
changed from baseline (n = 4 per group). (c) Western blots of phosphorylated AMPK, SAPK/JNK, and p38, as well as caspase
3/7 activity in MPO- or vehicle-stimulated hepatocytes (n = 4 per group). Camptothecin (CPT) was used as a positive control
for the caspase assay. (d) Cell death in hepatocytes preincubated with the mitochondrial permeability transitioning pore
inhibitor cyclosporine A (n = 4 per group). (e) Cell death (propidium iodide, PI) in primary hepatocytes isolated from NASH or
control mice and incubated with MPO (n = 4 per group, bar = 50 lm). All data are mean – SEM. For MPO, + = 0.1 U/ml,
+ + = 1.0 U/ml. *p < 0.05, **p < 0.01, or ***p < 0.001, #p < 0.05 compared with vehicle. To see this illustration in color, the
reader is referred to the web version of this article at www.liebertpub.com/ars
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(Fig. 6b). These findings indicate that MPO contributes to
TGF-b activation. To investigate the effect of TGF-b sig-
naling inhibition with SB-431542, which inhibited MPO-
mediated HSC activation in vitro (Fig. 5a), we treated NASH
mice with SB-431542 for 4 weeks. On histology, SB-431542-
treated mice demonstrated reduced steatosis and fibrosis
similar to MPO-KO mice (Fig. 6c, d), and the NAS was
significantly reduced (Fig. 6c, d).

Myeloid cell recruitment and cytokine secretion remain
unaffected by MPO deficiency

To investigate the role of MPO in myeloid cell recruitment
and secretion of TNF and TGF-b, we performed flow cytom-
etry (Fig. 7a). We did not find a difference in neutrophils,
monocytes, or Kupffer cells between the WT and MPO-/ -

mice, whereas all of these cell subsets were increased

FIG. 5. MPO-derived oxidative stress activates hepatic stellate cells. (a) a-smooth muscle actin (a-SMA) and COL1A1
expression of primary HSCs (bright-field and vitamin A fluorescence overlay, left panel) stimulated with MPO (n = 3–5 per group).
Primary hepatic stellate cells (HSCs) were also preincubated with ABAH, taurine, marimastat, or SB-431542 and stimulated
with MPO (n = 3 per group). (b) Heat map with hierarchical clustering of signaling pathways in primary HSCs stimulated with
MPO. Molecules in bold are statistically significantly changed from baseline (n = 4 per group). (c) Immunohistochemistry for a-
SMA (bar = 50 lm) and (d) flow cytometric analysis of vitamin A fluorescent quiescent HSCs (n = 4–5 per group). (e) CXCL1
protein secretion in primary HSCs (n = 3–4 per group). CXCL1 and CXCL2 mRNA in HSCs stimulated with MPO in vitro. (f)
CXCL1 protein and mRNA levels in wild-type (WT) and MPO knockout (MPO-/ - ) NASH mice, as well as sham mice (n = 6 per
group). All data are mean – SEM. + = 0.05 U/ml, + + = 0.5 U/ml, *p < 0.05, **p < 0.01, ***p < 0.001, #p < 0.05 compared to
vehicle. To see this illustration in color, the reader is referred to the web version of this article at www.liebertpub.com/ars
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compared with those from sham mice. Next, we evaluated TNF
secretion by Ly-6Chigh monocytes and TGF-b secretion by
Kupffer cells, both of which contribute to liver fibrosis (51), but
did not find a significant difference (Fig. 7b, d). Similarly, we
did not detect a difference in total liver TNF levels (Fig. 7c).

Discussion

Our study establishes three previously undescribed func-
tions of MPO: (i) MPO potentiates oxidative stress to cause
hepatocyte death, a hallmark of progression in NAFLD; (ii)
MPO activates HSCs, the main source of collagen in the liver,
to upregulate collagen and secrete CXCL1; and (iii) MPO
activates TGF-b, a crucial profibrotic cytokine, and TGF-b
inhibition resulted in decreased steatosis and fibrosis in mice
with NASH (Fig. 8). Furthermore, because MPO-/ - mice in-
duced with NASH showed improved fibrosis and attenuated
hepatocyte injury, our results further suggest that MPO could
be a promising therapeutic target in NAFLD and liver fibrosis.

Besides leukocytes, hepatocytes (8) and HSCs (5) are ca-
pable of generating oxidative stress that can be catalyzed into
more toxic hypochlorous acid, chloramines, or reactive nitro-
gen species by MPO. While the precursors (e.g., O2

-, H2O2)
are short-lived in vivo, these MPO-derived ROS have longer
half-lives and can penetrate the extracellular fluid to exert their
toxic effects at a distance (24). Indeed, our data indicate that
MPO triggers hepatocyte death in vitro and in vivo and

transforms the less damaging H2O2 into more damaging
products like HOCl. Our finding of colocalization of MPO
with injured liver cells further corroborates this.

While MPO-derived ROS have been implicated in hepa-
tocyte injury (20), their importance to NASH and molecular
mechanism had not been investigated. We found that MPO-
derived HOCl triggers hepatocyte death independent of
MMPs, proteases, and TGF-b. MPO-induced hepatocyte
death was increased in hepatocytes isolated from NASH mice
compared with control mice, suggesting increased suscepti-
bility to MPO, in line with reports that antioxidative capacity
is reduced in NASH (39). Furthermore, we detected increased
phosphorylation of JNK, PARP, rpS6, and AMPK in hepa-
tocytes stimulated with MPO, while no increase in caspase
activity was observed. Phosphorylation of JNK results in
mitochondrial oxidative/nitrosative stress (48) and has been
shown to promote hepatocyte death (47). PARP can be ac-
tivated by oxidative stress (10) and PARP activation leads to
depletion of ATP and NAD+ (48). The combination of these
events therefore likely induces MPT and necrosis. This is
consistent with our finding that cyclosporine A, an inhibitor
of the MPT, reduced MPO-induced hepatocyte death.
Without MPO, the liver is capable of ameliorating the effects
of ROS caused by the MCD diet.

Activated HSCs are the main collagen-producing cells in
the liver (16). Although hepatocytes, endothelial cells, and
Kupffer cells have been shown to interact with HSCs, we

FIG. 6. MPO activates TGF-b, and
TGF-b signaling inhibition ameliorates
steatosis and fibrosis in NASH. (a) Acti-
vation of TGF-b in vitro. TGF-b was incu-
bated with glucose oxidase (GOX) and MPO
(n = 3 per group). + = 0.01 U/ml. + + = 0.1 U.
+ + + = 1 U/ml. (b) TGF-b in wild-type (WT)
and MPO knockout (MPO-/ - ) mice with
NASH and sham mice (n = 6 per group). (c)
Hematoxylin and eosin (H&E, bars = 100
lm) and Masson’s trichrome (collagen in
blue, bars = 500 lm) stains of liver sections
from NASH mice treated with the TGF-b
signaling inhibitor SB-431542 or vehicle for
4 weeks. (d) Quantification of steatosis, fi-
brosis, and NAFLD activity. All data are
mean – SEM. + = 0.05 U/ml, + + = 0.5 U/ml,
*p < 0.05, **p < 0.01, ***p < 0.001. To see
this illustration in color, the reader is referred
to the web version of this article at www
.liebertpub.com/ars
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report here a new link between neutrophil and monocyte-
derived MPO and HSCs. HSCs have been shown to express
NADPH oxidase (5) and thus generate O2

-, which in turn is
converted to H2O2, and MPO can then catalyze the formation
of HOCl. We showed that MPO induces upregulation of a-
SMA, a well-established marker of HSC activation (16), as
well as collagen in vitro. In neutrophil-HSC coculture, acti-
vated neutrophils were capable of activating HSCs, as dem-
onstrated by upregulation of a-SMA and collagen, and this
effect could be inhibited by MPO inhibition. In vivo, reduced
a-SMA protein and mRNA expression, decreased expression
of collagen, and increased numbers of vitamin A-containing
quiescent HSCs were observed in MPO-/ - mice compared
with WT with NASH.

HSC activation is a complex process involving multiple
signaling cascades. Our experiments demonstrate that MPO-
derived HOCl activation of HSCs is MMP dependent and
partially TGF-b dependent. This is consistent with prior
studies suggesting that MMP activity is crucial for HSC ac-
tivation by different stimuli (18, 33). Furthermore, several
key profibrotic signaling nodes ( JNK/ERK as well PI3K-
Akt-S70S6K) are phosphorylated upon stimulation of HSCs
with MPO. Relevant to NASH, in previous studies, activation
of JNK, ERK, or JNK led to HSC activation (29, 37, 38), and
JNK inhibition reduced liver fibrosis in mice after BDL or
CCl4 treatment (26).

JNK activation can be induced by oxidative stress, and
interestingly activated JNK itself can induce mitochondrial
ROS production (52). Thus, MPO may activate HSCs di-
rectly via its product HOCl or indirectly by inducing mito-
chondrial ROS/RNS production via JNK. While we detected
a robust increase of CXCL1 in MPO-activated HSCs, we did
not find a difference in myeloid cell recruitment. This was

FIG. 7. Myeloid cell subsets and cytokine expression are similar in MPO knockout and wild-type mice with NASH.
(a) Liver myeloid cell populations in wild-type (WT) and MPO knockout (MPO-/ - ) with NASH and sham mice. Re-
presentative analysis of neutrophils (red gate) and Ly-6Chigh monocytes (blue gate) is shown, and relative numbers of
neutrophils, monocytes, and Kupffer cells are presented (n = 4–5 per group). (b) TNF secretion of Ly-6Chigh monocytes
(n = 4–5 per group). (c) Total liver TNF levels as determined by ELISA (n = 5 per group). (d) TGF-b secretion of Kupffer
cells (n = 4–5 per group). All data are mean – SEM. *p < 0.05, ***p < 0.001. To see this illustration in color, the reader is
referred to the web version of this article at www.liebertpub.com/ars

FIG. 8. Pathophysiology of NASH relevant to MPO.
MPO catalyzes the formation of hypochlorous acid (HOCl)
from hydrogen peroxide (H2O2). This induces hepatocyte
(HC) injury. HS apoptosis leads to TGF-b secretion and
HSC activation. HOCl also activates TGF-b and matrix
metalloproteinases (MMPs), resulting in hepatic stellate cell
(HSC) activation. Activated HSCs deposit collagen and thus
contribute to fibrosis. Activated HSCs secrete chemokines to
attract inflammatory myeloid cells CXCL1. HC necrosis
releases damage-associated molecular pattern molecules
(DAMPs), among other factors, which also recruit inflam-
matory myeloid cells to the site of injury. Solid lines rep-
resent findings from the present article, and dashed lines are
included to link these findings to established knowledge.
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surprising at first, but may be explained by redundancy in the
chemokine system as well as by very localized effects of
CXCL1 around HSCs in the perisinusoidal space, where
CXCL1 does not reach myeloid cells that circulate in blood
vessels.

It has been reported that hepatocyte apoptosis triggers HSC
activation (55) likely via TGF-b, and deficient TGF-b sig-
naling in hepatocytes resulted in decreased steatosis, fibrosis,
and inflammation (56). While our findings show that MPO
can by itself induce HSC activation, it is likely that in vivo,
both MPO and apoptotic hepatocytes contribute to HSC ac-
tivation, especially when considering that MPO directly
causes hepatocyte injury and activates TGF-b.

TGF-b is one of the most important profibrotic cytokines
(19). Oxidative stress, acidic conditions, and MMPs have
been shown to activate TGF-b. MPO causes oxidative stress,
catalyzes the production of hypochlorous acid, and activates
and increases MMPs, which make it an ideal candidate to
modulate TGF-b activity. Indeed, in our experiments, MPO-
derived products (e.g., HOCl)—but not H2O2—directly ac-
tivated TGF-b in vitro and, more importantly, contributed to
TGF-b activity in vivo. Both TGF-b activation and induction
of hepatocyte death may explain the surprising finding that
MPO-/ - NASH mice had decreased steatosis. Absent TGF-b
signaling in hepatocytes results in decreased steatosis in mice
fed a choline-deficient diet (56). Similarly, TGF-b inhibition
by SB431542 resulted in decreased steatosis and fibrosis in
our experiments. These findings link MPO to steatosis via
induction of hepatocyte death and activation of TGF-b.

Our findings could translate into both diagnostic and
therapeutic advances in NAFLD in humans. Diagnostically,
MPO could be used as a biomarker to distinguish NASH from
steatosis and to evaluate disease activity and risk of pro-
gression. This could be accomplished with a molecular MR
imaging probe specific for MPO enzymatic activity (9). Al-
ternatively, recent advances in optical imaging could allow
for bioluminescence imaging of MPO activity (57). These
approaches would allow for longitudinal and noninvasive
monitoring of MPO activity in vivo and circumvent sampling
error, a well-known shortcoming of liver biopsies (36).

Therapeutically, our results strongly suggest a potential for
MPO as a treatment target in NASH. While there are several
MPO inhibitors for research use, there is currently no clini-
cally available drug that specifically inhibits MPO. However,
an MPO inhibitor named AZD3241 has recently completed a
phase IIa trial, and several preclinical candidates are under
development (15, 53). An additional benefit of targeting
MPO is that side effects are likely to be minimal given that
individuals with hereditary MPO deficiency are mostly
asymptomatic (27).

Materials and Methods

Induction of NASH and animal protocol

The protocol for animal experiments was approved by the
institutional animal care committee (IACUC). Eight- to
twelve-week-old female MPO-/ - (n = 34; Jackson Labora-
tories) and C57Bl/6J WT mice (n = 54; Jackson Laboratories)
were fed a diet deficient in methionine and choline (MCD
diet; Teklad Harlan) for 4 weeks to induce NASH (54) or a
control diet (diet composition, Supplementary Table S1) for
the same period of time (sham). For treatment experiments,

mice were treated with 10 mg/kg SB-431542 (Cayman
Chemicals) intraperitoneally daily from day 0 for 4 weeks.

MPO ELISA and antibody capture activity assay

MPO activity and protein were measured as described pre-
viously (34). Briefly, we homogenized liver tissue in cetyl-
trimethylammonium bromide buffer, and after sonication,
supernatants were used for MPO assays. To specifically capture
MPO, aliquots were incubated on MPO ELISA plates (Hycult).
MPO activity of antibody-captured MPO was assessed with 10-
acetyl-3,7-dihydroxyphenoxazine (ADHP; AAT Bioquest) and
a Safire 2 microplate reader (Tecan) at EX535/EM590 (34).
After data acquisition, sandwich MPO ELISA was performed
according to the manufacturer’s protocol.

Extracellular protein extraction. For MPO to cause effects
outside of myeloid cells, it must be secreted into the extra-
cellular space. We therefore used a recently validated method
to extract liver extracellular fluid (34). Briefly, livers were
incubated for 2 h in extraction buffer (0.32 M sucrose, 1 mM
CaCl2, 10 U/ml heparin), followed by acetone protein pre-
cipitation. This was performed to concentrate the very diluted
extracellular fraction. MPO activity was assessed on extra-
cellular fractions using the same antibody capture assay as
described above. To determine specificity of our activity
assay, we also utilized MPO-/ - mice.

Biochemical and immunological assays

Hydroxyproline content was measured with a colorimetric
assay after hydrolyzing collagen with HCl as per the manu-
facturer’s instructions (BioVision).

CXCL1 in conditioned culture medium and samples from
WT and MPO-/ - NASH mice were measured with a bead-
based flow cytometry immunoassay (CXCL1 FlowCytomix;
eBioscience) as per the manufacturer’s instructions.

Active TGF-b was detected with ELISA (R&D Systems)
as per the manufacturer’s instructions. Latent TGF-b was
gathered from HT-1080 cells (ATCC CCL-121, human fi-
brosarcoma). Briefly, HT-1080 cells were washed and incu-
bated with serum-free MEM with protease inhibitors (Roche)
for 36 h, and conditioned medium was harvested. Increasing
concentrations of purified human MPO (Lee Biosolutions)
and GOX were added as a source of H2O2 and incubated for
2 h. One part of each sample was then activated with 1 M HCl
and neutralized with 1.2 M NaOH to measure the total
amount of TGF-b, the other one was left inactivated to
measure active TGF-b. For in vivo assessment of TGF-b, half
of each sample was treated with HCl (total amount of TGF-b)
and the other half was left untreated (active TGF-b). Active
and inactive TGF-b were then measured with ELISA and
reported as ng per mg BCA protein.

Caspase 3/7 activity was measured with the fluorogenic
substrate (Z-Asp-Glu-Val-Asp)2-R110 as per the manufac-
turer’s instructions (Promega). Briefly, hepatocytes were
isolated and incubated with GOX and MPO as described
above. Camptothecin at a concentration of 5 lM was used as a
positive control. Then, cells were incubated with caspase 3/7
reagent for 12 h at RT protected from light, and fluorescence
was measured with a Safire 2 microplate reader (Tecan) at an
excitation wavelength of 499 nm and an emission wavelength
of 521 nm.
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To evaluate the effect of ABAH, taurine, marimastat,
SB431542, and cyclosporine A on HOCl production, we
utilized luminol (46) (Sigma). Briefly, 10 ll of the sample
was combined with 40 ll of 250 lM luminol in PBS and 50 ll
of 100 lM H2O2 in PBS. Bioluminescence was then imme-
diately measured with a Safire 2 microplate reader (Tecan).

Liver homogenates from NASH and control mice were
also assayed for TNF content by ELISA (R&D Systems)
according to the manufacturer’s instructions. Results were
normalized to BCA protein content of liver protein extracts.

Serum samples and homogenates from visceral fat tissue
from NASH and control mice were assayed for adiponectin
content by ELISA (R&D Systems) according to the manu-
facturer’s instructions. Serum samples and liver homogenates
were assayed for endotoxin levels using the LAL chromo-
genic endotoxin kit (Thermo Scientific) according to the
manufacturer’s instructions.

Liver leukocyte isolation. Mice were anesthetized using
1–3% isoflurane (Forane, Baxter), transcardially perfused
with 20 ml ice-cold phosphate-buffered saline (PBS), and
liver leukocytes were isolated using centrifugation at 50 g to
remove parenchymal cells, followed by centrifugation over a
discontinuous (35%) Percoll (GE Healthcare) gradient (7).
The enriched liver leukocyte fraction was then washed in
staining buffer (Dulbecco’s phosphate-buffered saline [DPBS],
1% fetal bovine serum [FBS], 0.5% bovine serum albumin
[BSA]), and used for subsequent flow cytometric analysis.

Neutrophil activation. First, we determined conditions of
secretion for MPO and elastase from neutrophils. Neutrophils
were isolated from bone marrow as follows: tibias and fibulas
were harvested, epiphyses cut, and bone marrow cells flushed
out with HBSS containing 1% FBS and 0.5% BSA. Cells
were filtered through a 40-lm cell strainer (BD Bioscience),
and RBCs were lysed with RBC lysis buffer (BioLegend).
Neutrophils were then enriched over a 62% Percoll gradient
by centrifugation at 1000 g for 30 min at RT. The pellet
containing the enriched neutrophils was resuspended in
complete DMEM, counted, and used for activation experi-
ments at a concentration of 2 · 106 cells per ml.

Cells were stimulated with 500 or 2000 ng/ml ionomycin.
MPO activity was measured as described above. Neutrophil
respiratory burst formation was assessed by superoxide pro-
duction measurements using dihydroethidium (DHE, Cay-
man chemicals) (58). Briefly, DHE at 10 lM was added to the
cells for 20 min, followed by detection of fluorescence (ex:
480 nm, em: 567 nm) on a Safire 2 microplate reader (Tecan)
at EX480/EM567.

Neutrophil-HSC coculture

Neutrophils and HSCs were isolated as described above.
On day 2, neutrophils were stimulated with fMLP and
0.5 · 106 cells added to each well with HSCs. At 2 and 6 h, the
medium was removed and fresh activated neutrophils were
added. Supernatant was harvested for MPO activity assay and
mRNA isolated from cells as described above.

Nonparenchymal cell, HSC, and hepatocyte isolation

For isolation of hepatocytes, 6- to 12-week-old female
C57Bl/6J (n = 7) mice were used, while for isolation of

nonparenchymal cells (NPCs)/HSCs, either 8- to 20-week old
female C57BL/6J (n = 13) or BALB/c mice (n = 15; Jackson
Laboratories) were used. Mice were anesthetized as above
and the inferior vena cava was cannulated. The superior vena
cava was clamped and the portal vein was cut. For NPC
extraction, the liver was perfused with 0.05% collagenase
(Sigma) and 1 U/ml dispase (Roche) and liver tissue further
digested with collagenase for 30 min at 37�C. Parenchymal
cells were removed from the cell suspension by centrifuga-
tion at 50 g thrice. For HSC isolation, livers were first per-
fused with 1 mg/ml pronase (Sigma), then 0.5 mg/ml
collagenase (Sigma), and liver tissue further digested in
0.5 mg/ml collagenase and 0.5 mg/ml pronase for 20 min at
37�C (30). HSCs were then enriched over a 9% Optiprep
(Axis Shield) gradient as described previously (11). For
isolation of hepatocytes, livers were perfused with 100 CDU/
ml collagenase (C5138; Sigma), and hepatocytes were puri-
fied by centrifugation at 50 g thrice.

HSC and hepatocyte activation. Enriched HSCs were
resuspended in complete DMEM (10% FBS) and plated on
48-well plates at 1 · 105 cells/ml. Hepatocytes were plated on
24-well plates at 2 · 105 cells/ml. For HSCs, the medium was
changed at 2 h, and at 24 h, the medium was changed to
DMEM with 0.5% FBS. For hepatocytes, the medium was
changed at 1 h, and then the medium was changed to DMEM
with 0% FBS at 4–6 h. HSCs or hepatocytes were then in-
cubated for 4–24 h with LPS (Sigma; 100 ng/ml), purified
MPO (0.005–1 U/ml), or glucose oxidase (GOX; Affymetrix;
0.005–0.05 U/ml), and conditioned medium was harvested
for CXCL1 and neutrophil activation experiments. Cells
were also harvested for measuring GFAP expression with
flow cytometry and for RT-PCR. For some experiments,
HSCs or hepatocytes were also preincubated with 100 nM
marimastat (Tocris), 1 lM SB-431542 (Tocris), 5 mM taurine
(Sigma), 200 lM ABAH (Sigma), 10 lM cyclosporine A
(Sigma), or 1 tab/10 ml protease inhibitor (cOmplete mini;
Roche). To assess hepatocyte viability, propidium iodide (PI;
Sigma) at a concentration of 5 lg/ml was added, and 30 min
later, cells were washed in HBSS and analyzed for PI uptake
under an inverted microscope (Nikon E2000, EX562/40,
EM624/40).

Flow cytometry

All antibodies were purchased from BD Bioscience, unless
otherwise indicated (Supplementary Table S2). For intra-
cellular staining of MPO, cells were fixed and permeabilized
(Cytofix/Cytoperm; BD Bioscience), followed by staining for
MPO. For evaluation of tumor necrosis factor (TNF) and
TGF-b expression, cells were stimulated with PMA (50 ng/
ml; Sigma) and ionomycin (250 ng/ml; Sigma) in the pres-
ence of monensin and brefeldin A at recommended concen-
trations (BD Bioscience), fixed/permeabilized, and stained
with anti-TNF and anti-TGF-b. Vitamin A fluorescence in
HSCs was detected through excitation with a 355 nm UV
laser and detection with a 450/50 filter (32). Viable cells
were determined by adding 1 lg/ml 4’,6-diamidino-2-
phenylindole (DAPI; Invitrogen) to the cell suspension im-
mediately before analysis and excluding the DAPI-positive
cells. Cells were counted with a hematocytometer, and the
cell numbers of different cell populations were calculated as
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total cells multiplied by the percentage within the respective
cell population gate. Data were acquired on an LSRII (BD
Bioscience) and analyzed with FlowJo 887 (Tree Star, Inc.).
Neutrophils were identified as CD11bhigh (B220/CD90/
CD49b/NK1.1/Ly-6G)high F4/80low Ly-6Cint. Monocytes
were identified as CD11bhigh (B220/CD90/CD49b/NK1.1/
Ly-6G)low F4/80low CD115high and divided into Ly-6Chigh

and Ly-6Clow monocyte subsets based on Ly-6C and CD11c
expression. Kupffer cells were identified as (B220/CD90/
CD49b/NK1.1/Ly-6G)low F4/80high CD11bint Ly-6Clow.
Quiescent HSCs were identified as (B220/CD90/CD49b/
NK1.1/Ly-6G/CD11b/Ly6C)low vitamin Ahigh. Activated
HSCs were identified as (B220/CD90/CD49b/NK1.1/Ly-6G/
CD11b/Ly6C)low GFAPhigh.

Quantitative real-time PCR

Liver specimens were flash-frozen in liquid NO2 and
stored at -80�C, then homogenized using a TissueRuptor
mechanical homogenizer (Qiagen) in RNeasy lysis buffer
(RLT; Qiagen) supplemented with 1% 2-mercaptoethanol (2-
ME; Sigma). For experiments involving purified HSCs, ap-
proximately 50,000 cells were resuspended into RLT with
1% 2-ME. mRNA was then isolated with the RNeasy RNA
isolation kit (Qiagen) as per the manufacturer’s instruc-
tions. cDNA was generated using the high-capacity re-
verse transcription kit (Applied Biosystems). Expression of
mRNAs was determined using gene-specific TaqMan probes
(Supplementary Table S3). Reactions were run on an ABI
7500 Fast Real-Time PCR machine (Applied Biosystems) in
triplicate 10 ll reactions using standard machine settings.
Expression data were normalized using 18s rRNA endoge-
nous control and relative expression values were calculated.

Intracellular signaling array

A slide-based array (Cell Signaling Technologies) using
the sandwich ELISA principle, where target-specific capture
antibodies are spotted in duplicates onto nitrocellulose-
coated glass slides, was used as per the manufacturer’s in-
structions. After incubation with a secondary biotinylated
antibody cocktail and Alexa Fluor 647 streptavidin conju-
gate, the slides were captured with a microarray scanner
(GenePix 4000b; Molecular Devices) and spot intensities
quantified using the protein array analyzer plugin for ImageJ.
Analysis of the resulting data was then performed using Excel
(Microsoft) and statistically analyzed with MeV (44). Heat
maps with hierarchical clustering were created using MeV.

Western blotting of phosphorylated signaling proteins

Protein concentration of hepatocyte lysates was measured
with the BCA Protein Assay Kit (Thermo Scientific) ac-
cording to the manufacturer’s instructions. For SDS-PAGE,
samples were diluted 1:1 in 2 · Laemmli sample buffer
(Bio-Rad Laboratories, Inc.) supplemented with 5% v/v 2-
mercaptoethanol (Sigma) and heated to 95�C for 5 min; 15–
30 lg of protein was separated on hand-cast 10- or 15-well
12% polyacrylamide gels. After SDS-PAGE, proteins were
transferred by Western blotting onto PVDF membranes, and
membranes were blocked with 5% BSA in TBST for 1 h at
room temperature. Membranes were then incubated with
the primary rabbit antibody (Phospho-SAPK/JNK, #9251;

Phospho-AMPKa, #2531; Phospho-p38 MAPK, #9215;
Phospho-Stat1, #7649; Stat1, #9172, all from Cell Signaling
Technology) at a dilution of 1:1000 overnight at 4�C. On the
following day, membranes were washed and incubated with
the secondary HRP-linked anti-rabbit IgG antibody (#7074;
Cell Signaling Technology�) at a dilution of 1:1000 for 1 h at
room temperature, followed by incubation with substrate
solution (Thermo Scientific), and imaged on an AlphaImager
2200 (Alpha Innotech) imaging system. Images were quan-
tified using ImageJ software. Membranes were then stripped,
blocked again, and incubated with the loading control (anti-
GAPDH antibody ab9485; or anti-beta Tubulin antibody
ab6046, both from Abcam) at a dilution of 1:1000 for 1 h at
room temperature, followed by secondary antibody, sub-
strate, and image acquisition as above.

Immunohistochemistry and immunofluorescence. Livers
were fixed in 4% paraformaldehyde in PBS, paraffin em-
bedded, and cut on a microtome to 7 lm thickness. The
paraffin-embedded sections were deparaffinized and rehy-
drated. After antigen retrieval, tissue sections were incubated
in 1% hydrogen peroxide solution for 10 min and blocked
with 4% normal rabbit or goat serum in PBS. Sections were
then incubated with purified anti-mouse Ly-6G (1A8; Bio-
Legend), MPO (Ab-1; Thermo Fisher Scientific), or anti-
alpha smooth muscle actin (Abcam) overnight at 4�C.
Biotinylated secondary antibodies (Vector Laboratories,
Inc.), followed by VECTASTAIN ABC reagent (Vector
Laboratories, Inc.), were applied to tissue sections. Red re-
action products were produced by 3-amino-9-ethylcarbazole
(Dako). Trichrome (Masson’s) staining was performed using
a trichrome stain kit (Sigma). Hematoxylin and eosin (H&E)
staining was performed for overall morphology. The images
of all the slides were captured and digitized automatically at a
magnification of 40 · (NanoZoomer 2.0RS; Hamamatsu).

Immunofluorescence staining. For immunofluorescence
staining, paraffin-embedded sections were prepared as above.
Alexa Fluor 594 chicken anti-rabbit IgG antibody and Alexa
Fluor 488 goat anti-rat IgG antibody (both from Invitrogen)
were used as secondary antibodies. The fluorescence images
were captured using a BX63 (Olympus) equipped with Neo
sCMOS (ANDOR Technology)—TXRED: EX562/40,
EM624/40, and DM593 for MPO and FITC: EX472/30,
EM520/35, and DM495 for Ly-6G.

For assessment of hepatocyte injury, mice were injected
intravenously with Sytox Red (Invitrogen; 1:250 in 100 ll
normal saline) and livers were harvested 15 min later. Livers
were then fixed in 4% paraformaldehyde for 12 h, incubated
in 30% sucrose in PBS overnight, frozen in OCT (Fisher
Scientific), and cut into 6-lm sections on a cryotome. At least
three sections per mouse were then evaluated for Sytox Red-
positive cells. In addition, hepatocytes were isolated as above
and Sytox Red fluorescence was excited with a 633 nm laser
and detected with a 660/20 filter with flow cytometry.

Quantification of tissue sections was performed by either
manually counting positive cells (Ly-6G, MPO, and bal-
looning hepatocytes) by two blinded reviewers (A.M. and
B.P.) or by unbiased measurements of the positively stained
area using the color threshold function in ImageJ (NIH) (fi-
brosis, a-SMA). For Sytox Red, positively stained cells
were also quantified by applying a color threshold in ImageJ,
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followed by encircling positive cells using the outer glow
effect in Photoshop CS5 (Adobe). This was done to allow
visualization of positive cells at low magnification for whole
liver lobes and verified in multiple sections for reliability and
accuracy.

Oil Red O assay

To quantify the liver lipid content, we incubated fresh liver
tissue in 10% PFA in PBS for 4 h at RT, then cut the tissue in
1 · 1 mm pieces, and washed it twice with dH2O. We then
added 500 ll of 0.3% Oil Red O in 60% isopropanol, incu-
bated it for 1 h at 70�C, and washed it with dH2O five times.
We extracted Oil Red O from the tissue with 300 ll of 100%
isopropanol for 10 min at 70�C, and absorbance at 520 nm
was measured with a Safire 2 microplate reader (Tecan).

NAFLD activity score. The NAS was evaluated by two
independent blinded reviewers (A.M. and B.P.) as described
before (25). Briefly, two sections per animal were evaluated
for steatosis (grade and location), fibrosis and inflammation
(fibrosis stage and lobular/periportal inflammation), and liver
cell injury (ballooning and megamitochondria) on H&E and
Masson’s trichrome staining.

Statistical analysis

Statistical analysis of the data was performed using
GraphPad Prism software (GraphPad Software, Inc.). Results
are expressed as mean – SEM. Statistical tests included Stu-
dent’s t-test using Welch’s correction for unequal variances
and Mann–Whitney U test for non-normal distributed data.
Three or more groups were compared with one-way ANOVA,
followed by the Bonferroni post-test. For categorical data,
Fisher’s exact test was utilized. Signaling array data were
compared with MeV using significance analysis of micro-
arrays (44). A p-value equal or less than 0.05 was considered
statistically significant.
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Abbrevations Used

a-SMA¼ a-smooth muscle actin
ABAH¼ 4-aminobenzoic acid hydrazide

ERK¼ extracellular signal-regulated kinases
fMLP¼N-formylmethionyl-leucyl-phenylalanine
GOX¼ glucose oxidase
H2O2¼ hydrogen peroxide
HOCl¼ hypochlorous acid
HSC¼ hepatic stellate cell
JNK¼ c-Jun terminal kinase
LPS¼ lipopolysaccharide

MAPK¼mitogen-activated protein kinase
MCD¼methionine and choline deficient
MMP¼matrix metalloproteinase
MPO¼myeloperoxidase

MPO-=-¼MPO knockout
MPT¼mitochondrial permeability transition

NAFLD¼ nonalcoholic fatty liver disease
NASH¼ nonalcoholic steatohepatitis

P70S6K¼ 70-kDa ribosomal protein S6 kinase
PARP¼ poly (ADP-ribose) polymerase
PI3K¼ phosphoinositide 3-kinase
ROS¼ reactive oxidative species

TGF-b¼ transforming growth factor b
TNF¼ tumor necrosis factor
WT¼wild-type
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