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Background: The mechanisms triggering nonalcoholic steatohepatitis (NASH) remain poorly defined.
Results: Kupffer cells are the first responding cells to hepatocyte injuries, leading to TNF� production, chemokine induction,
and monocyte recruitment. The silencing of TNF� in myeloid cells reduces NASH progression.
Conclusion: Increase of TNF�-producing Kupffer cells is crucial for triggering NASH via monocyte recruitment.
Significance:Myeloid cells-targeted silencing of TNF� might be a tenable therapeutic approach.

Nonalcoholic steatohepatitis (NASH), characterized by lipid
deposits within hepatocytes (steatosis), is associated with
hepatic injury and inflammation and leads to the development
of fibrosis, cirrhosis, and hepatocarcinoma. However, the path-
ogenic mechanism of NASH is not well understood. To deter-
mine the role of distinct innate myeloid subsets in the develop-
ment of NASH, we examined the contribution of liver resident
macrophages (i.e. Kupffer cells) and blood-derived monocytes
in triggering liver inflammation andhepatic damage. Employing
a murine model of NASH, we discovered a previously unappre-
ciated role for TNF� and Kupffer cells in the initiation and pro-
gression ofNASH. Sequential depletion ofKupffer cells reduced
the incidence of liver injury, steatosis, and proinflammatory
monocyte infiltration. Furthermore, our data showadifferential
contribution of Kupffer cells and blood monocytes during the
development of NASH; Kupffer cells increased their production
of TNF�, followed by infiltration ofCD11bintLy6Chimonocytes,
2 and 10 days, respectively, after starting the methionine/cho-
line-deficient (MCD) diet. Importantly, targeted knockdown of
TNF� expression in myeloid cells decreased the incidence of
NASH development by decreasing steatosis, liver damage,
monocyte infiltration, and the production of inflammatory
chemokines. Our findings suggest that the increase of TNF�-
producing Kupffer cells in the liver is crucial for the early phase
of NASH development by promoting blood monocyte infiltra-
tion through the production of IP-10 and MCP-1.

Nonalcoholic steatohepatitis (NASH)2 is a metabolic liver
disease leading to progressive fibrosis, cirrhosis, and liver can-

cer (1). No medical treatment has been established yet to treat
NASH patients. The histological features of NASH are charac-
terized by the accumulation of lipid within hepatocytes (stea-
tosis) accompanied by hepatic injury and inflammation. The
cellular/molecular biomarkers differentiating benign steatosis
and NASH remain poorly defined. A better understanding of
NASH pathogenesis is essential for the development of novel
effective therapies to limit hepatic injury and inflammation.
A “two-hit model” has been postulated as a potential mech-

anism responsible for NASH pathogenesis, in which the first
“hit” is provided by metabolic syndrome (steatosis), and the
second hit, which can include oxidative stress, inflammation, or
gut-derived endotoxins, propels the progression from steatosis
to steatohepatitis. However, recent studies have indicated that
inflammationmay also precede or develop in parallel to hepatic
steatosis (2). Thus, extrahepatic inflammation may affect liver
function via secreted soluble factors leading to the activation of
innate immunity and facilitating progression of hepatic steato-
sis and inflammation. Innate immune cells (such as blood-de-
rived monocytes and liver resident macrophages, termed
Kupffer cells), are likely to play a pivotal role in responding to
inflammation and metabolic stresses by orchestrating local
immune responses through the secretion of cytokines and
chemokines.
Recently, MCP-1 levels appear to be increased in NASH

patients and in diet-induced NASH models (3–5). MCP-1 is a
major chemokine responsible for the recruitment of leukocytes
into the liver during hepatic inflammation through the activa-
tion of CCR2 receptor displayed on inflammatory cells such as
Ly6Chi monocytes. The absence or the inhibition of CCR2
reduced the development of obesity, adipose tissue, and hepatic
inflammation as well as monocyte/macrophage accumulation
in diet-inducedNASH (5–7). A recent study reported that infil-
tration of Ly6C� bonemarrow-derivedmacrophages promotes
NASH after 22 weeks of diet, at which point the disease is well
established (5). Moreover, the distinct role of infiltrated mono-
cytes and residentmacrophages in NASH development has not
been defined.
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To determine the distinct role of inflammatory monocytes
and resident livermacrophages inNASH and to identify crucial
inflammatory mediators involved in the initiation and progres-
sion of the disease, we employed the methionine/choline-defi-
cient (MCD) diet as a murine model of NASH. This diet affects
the transport and storage of triglycerides leading to the accu-
mulation of intrahepatic lipids (8). Although most studies with
diet-induced murine NASH models were done when the dis-
ease was already well established (after 4 to 22 weeks of diet) (5,
9–11), our study focused on an early developmental stage of
NASH, after only 2 and 10 days of feeding. By examining the
disease at a very early stage, we were able to determine the
cellular and soluble mediators involved in triggering NASH.
After 10 days on the MCD diet, we are able to observe charac-
teristics of NASH pathogenesis such as steatosis, liver inflam-
mation, and monocyte infiltration. Our data suggest that
CD11b�Ly6C� myeloid cells, which include both Kupffer cells
and monocytes, contribute to the progression of NASH devel-
opment, although with different kinetics. Moreover, Kupffer
cells are critical for the production of TNF� and recruitment of
monocytes that in turn leads to further liver damage anddisease
progression. The silencing of TNF� in targeted myeloid cells
prevents the infiltration of monocytes by blocking the produc-
tion of IP-10 and MCP-1, lessening the progression of NASH.
Thus, our results suggest that the silencing of TNF� expression
in myeloid cells could be a novel therapeutic approach to treat
NASH patients.

EXPERIMENTAL PROCEDURES

Mice and Diets—All experiments were performed either on
6- or 10-week-old female C57BL/6mice (Taconic Farms).Mice
were fed a MCD diet (TD.90262, Harlan Laboratories) and a
control diet (TD.94149) for 2, 6, 8, or 10 days. All mice were
kept in a pathogen-free facility at theUniversity of Virginia, and
were handled according to mouse protocols approved by the
University or Virginia Animal Care and Use Committee.
SerumAlanine Aminotransferase (ALT) Activity—Blood was

collected by cardiac puncture on anesthetized mice and trans-
ferred into BDmicrotainer Serum Separator Tubes (BD Biosci-
ences). ALT activity were detected using an ALT (SGPT) kit
(Pointe Scientific, Inc.).
Histological Assays (H&E, Oil Red O, and Quantification)—

PBS-perfused liver tissues were fixed overnight in 10% forma-
lin, and then embedded in paraffin. Sections of 3–4 �m were
stained with conventional hematoxylin and eosin (H&E) stains.
Oil Red O staining of liver sections was performed on 4-h for-
malin-fixed, and overnight sucrose-protected tissues at 4 °C,
and then onOCT-embedded frozen tissues. Cryostat-cut 5-�m
thick tissue sectionswere stainedwithOil RedO solution (Elec-
tron Microscopy Sciences). Tissue images were captured on
Olympus BX51 high magnification microscopy at the
Advanced Microscopy Facility at the University of Virginia.
Scaling of each image was done with micrometer slide. Images
were analyzed with Zeiss axiovision software to quantify the
area in �m2 of Oil Red O-stained vesicles.
Immunofluorescent Assays—Frozen tissues section were

fixed, rehydrated in PBS, and blocked with PBS containing 5%
normal goat serum for 30 min at room temperature, and then

stained with anti-mouse CD31 APC (clone 390, ebioscience)
and anti-mouse F4/80 Alexa Fluor 488 (clone CI:A3–1, Bioleg-
end) for 60 min in PBS containing 1% goat serum. Tissues were
washed 3 times with PBS and 1 time with PBS � DAPI
(1/15,000) and mounted in ProLong gold antifade reagent
(Invitrogen). Microscopy was performed with Zeiss Axio
Imager Z2 with apotome for optical sectioning (courtesy of Dr.
K. S. Ravichandran). The fluorescence of AF488/anti-F4/80-
stainedmacrophages, and DAPI-stained cell nuclei on each tis-
sue section was measured by NIH ImageJ 64.
Kupffer Cell Depletion—Tissue macrophages were depleted

by one or two injections of intravenous clodronate-containing
or control liposomes (0.55 mg of clodronate/10 g; eEncapsula
Nano Sciences) given 2 days before, and/or 5 days after starting
diets. To prevent an off-target effect of clodronate such as
depletion ofmonocytes, we used a low concentration of clodro-
nate and accessed the frequency of blood and bone marrow
monocytes by cytometry.
Liver Cell Preparation—Livers were slowly flushed with PBS

via the portal vein, and then perfused with PBS, 0.05% collagen-
ase. The liver was minced and ground on the screen. Cell sus-
pension was further digested with PBS, 0.05% collagenase at
37 °C for 20min. For mononuclear hepatic leukocytes prepara-
tion, cells were prepared as previously described (12). Forwhole
liver cell preparation, cell suspension was further digested with
DNase (50 ng/ml). Total liver cells were collected after centrif-
ugation. Red blood cells were removed with ACK lysing buffer.
Cells were washed and processed for FACS staining.
RNA Isolation, cDNA Synthesis, and Real-time qPCR

Analysis—PBS-perfused liver tissues were snap frozen in nitro-
gen, and store at �80 °C. Frozen tissues were transferred into
RNAlater-ice frozen tissue transition solution (Applied Biosys-
tems) to protect RNA from degradation during thawing. RNA
from samples was extracted by the TRIzol (Invitrogen) method
following the manufacturer’s instructions. RNA integrity and
concentration were accessed by a nanodrop spectrophotome-
ter. 250 ng of RNA was treated with DNase I (Invitrogen), and
reverse transcribed using the High Capacity RNA to cDNA
Master Mix (Applied Biosystems). The real-time quantitative
PCR (qPCR) was performed using a Step One Plus Real-time
PCR instrument ABI (Applied Biosystems). The levels of Ccr2,
Tnfa, Ptgs2, Timp-1, andHprt were determined using the Taq-
Man gene expression assay (Applied Biosystems) and TaqMan
gene expression master mix (Applied Biosystems). The relative
expression of each gene was calculated using the comparative
Ct method normalized to Hprt expression. Data are presented
as fold-induction of expression comparedwith the control con-
dition. TaqMan probes used were Ccr2 (Mm01216173_m1),
Tnfa (Mm00443258_m1), Ptgs2 (Mm01307329_m1), Timp-1
(Mm00441818_m1), and Hprt (Mm00446968_m1).
Measurements of Cytokines and Chemokines by Luminex—

Mononuclear liver cells were surface stained and sorted for
monocytes (CD45�CD11b�NK1.1�F4/80lowCD11bint without
neutrophils) and resident macrophages (CD45�NK1.1�F4/
80hiCD11blow) with i-Cyt Reflection cell sorters (UVA Flow
Cytometry Core Facility). Sorted cells were in overnight cul-
tures with Iscove’smodifiedDulbecco’smedium supplemented
with 10% FBS and L-glutamine. Supernatants collected for
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multi-plex Millipore assays were performed by UVA Flow
Cytometry Core Facility using Luminex 100IS System. Milli-
pore Luminex assays on whole liver tissues were done on liver
lysates after homogenization and sonication in ice-cold lysis
buffer (PBS, 0.2% Triton X-100, protease inhibitor mixture).
Flow Cytometry and TNF� Intracellular Staining—Liver

cells were incubated with a 2.4G2/hamIgGmixture to block Fc
receptors, and then with specific antibodies for cell surface
staining: CD45 (30F11), NK1.1 (clone PK136), and F4/80 (clone
BM8) from eBioscience; CD11b (M1/70), Ly6G (1A8), and
Ly6C (AL-21) from BD Biosciences. For TNF� intracellular
staining, mononuclear cells were incubated in the presence of
GolgiStop (Monensin) at 37 °C, and then washed. After cell
surface staining (see above), cells were re-suspended into Cyto-
fix/Cytoperm buffer (BD Biosciences), and stained for intracel-
lular TNF� (MP6-XT22, eBioscience) and isotype control (rat
IgG1K). Samples were run on a FACSCanto II and analyzed
using FlowJo software. FACS compensations were done with
BDBiosciences compensation bead-based single colors accord-
ing to the manufacture’s instructions. Fluorescence minus one
were used for setting the gates. The gating strategy is shown in
supplemental Fig. S1A.
Silencing of TNF� by Specific siRNA Delivered by Lipid

Nanoparticles—0.5 mg/kg of siRNA specific to TNF� or lucif-
erase encapsulated in lipid nanoparticles was intravenously
injected to mice on day �3, day 0, day �4, and day �7 of diets.
Liver tissues were harvested at day 10. The sequence for sense
and antisense strands of TNF� siRNAs were previously pub-
lished (13).
Statistics—The unpaired Student’s t test (2 tailed) was used

for all analysis. p � 0.05 was considered statistically significant.
*, **, and *** indicate p � 0.05, p � 0.005, and p � 0.0005,
respectively.

RESULTS

InflammatoryMonocytes Represent theMajor Source of Infil-
trated Cells after 10 Days of NASH-inducing Diet—Previous
studies have shown an infiltration of inflammatory leukocytes
into the liver in murine NASH models after several weeks of
diet. To understand the initiation of NASH development such
as the early switch of benign steatosis to steatohepatitis, we
performed our studies in early stages of NASH disease between
2 and 10 days of feeding. To this end, we characterized the
inflammatory leukocytes infiltrated into steatotic livers by per-
forming immune cell phenotyping on whole hepatic cell popu-
lations isolated frommice fedwithMCDand control diet for 10
days (Fig. 1). Gating strategy to distinguish infiltrating blood
monocytes and tissue macrophages are shown in supplemental
Fig. S1A. Our data show that frequencies (supplemental Fig.
S1B) and cell numbers of CD11bintF4/80low monocytes within
the CD45�NK1.1� liver cell population were increased,
whereas Kupffer cells (identified as CD11blowF4/80hi cells) and
neutrophils (CD11bhiF4/80�) showed no significant cell num-
ber difference compared with those from control livers (Fig.
1A). On the other hand, the frequencies and cell numbers of
liver T (CD3�), NKT (CD3�NK1.1�), and NK (CD3�NK1.1�)
cells did not change between mice fed with control and MCD
diets (supplemental Fig. S1C) during this early phase of NASH
disease.
This infiltration of monocytes into livers was confirmed by

the increase ofCcr2 transcript expression in livers isolated from
mice fed with aMCD diet compared with control diet (Fig. 1B).
Ccr2 transcript encodes theCC-chemokine receptor 2, which is
required for infiltration of blood monocytes into inflamed tis-
sues. This increase in CCR2 expression and monocyte infiltra-
tion is also associated with an elevated expression of Tnfa

FIGURE 1. Blood monocytes represent the major source of infiltrated cells after 10 days of NASH-inducing diet. A, the FACS plots and cell numbers of
neutrophils (CD11bhiF4/80�), monocytes (CD11bintF4/80low), and Kupffer cells (CD11b�F4/80hi) are shown in CD45�NK1.1�-gated whole liver cells isolated
from mice fed CT and MCD diets. Representative FACS plots and histograms show an increase in frequency and cell numbers of monocytes. Data are
representative of at least four independent experiments with a total of n � 8 mice per condition. B, hepatic Ccr2 and Tnfa transcript expression was determined
by qPCR from whole liver samples of mice fed CT and MCD diets. The RNA level is expressed as fold-induction compared with control diet. Data represent
mean � S.D. C, cell number of monocytes within CD45�NK1.1�-gated mononuclear liver cell fraction isolated from mice fed CT and MCD diets after 0, 2, 6, 8,
and 10 days, with a total of n � 3 mice per condition. *, p � 0.05 and ***, p � 0.0005 as determined by two-tailed t test.
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(which encodes TNF�, Fig. 1B). This monocyte infiltration
appears as early as 6 days of MCD diet, continues to increase
and accumulate during days 8 and 10 ofMCD diet feeding (Fig.
1C), and is still observed after 25 days of MCD compared with
control diet (data not shown). Other proinflammatory media-
tors are associated with monocyte infiltration such as Ptgs2
(encodes for COX-2) and Timp-1 (tissue inhibitor of metallo-
proteinase-1) (supplemental Fig. S2A); several murine and
human studies indicate that Timp-1 has a diagnostic value in
detecting early stage of fibrosis (14). In addition,monocyte che-
moattractant cytokines such as IP-10 and MCP-1 were
increased in whole liver cell lysates from MCD diet-fed mice
(supplemental Fig. S2B). Taken together, these results indicate
that after 10 days ofMCDdiet, steatotic livers are inflamedwith
an increase of TNF� expression (among other proinflamma-
tory genes), and enriched in chemokines involved in the
recruitment of CD45�NK1.1�CD11bintF4/80low monocytes.
Resident Kupffer Cells Trigger the Development of NASH by

Promoting Hepatic Lipid Deposition and Inflammation—Resi-
dent Kupffer cells play an important role in liver homeostasis,
and inmounting local inflammatory responses. To determine a
role for liver resident macrophages in the early stages of NASH
progression, we depleted resident macrophages by using clo-
dronate-containing liposomes at 2 days before and 5 days after
feeding. Depletion of macrophages was confirmed by a
decreased numbers of F4/80-positive cells in liver (Fig. 2A, f and
l compared with c and i; and Figs. 2D and 3A). Histological
analysis of livers fromMCD diet-fed mice treated with control
liposomes showed both an increase in ballooned hepatocytes
and intracellular lipid droplets compared with control animals

(Fig. 2A, g and h compared with a and b), as well as increased
serumALT levels (Fig. 2B) indicating liver injury. Strikingly, the
depletion of macrophages/Kupffer cells showed reduced levels
of serum ALT activity (Fig. 2B). Clodronate treatment in MCD
diet-fed mice also significantly reduced the incidence of bal-
looned hepatocytes (Fig. 2A, j compared with g) and steatosis
(Fig. 2A, k compared with h, and C). These data suggest that
macrophages might play an important role in inducing lipid
deposits in hepatocytes. It also implicates that cross-talk
between hepatic lipid accumulation and liver-resident macro-
phages is likely to be crucial for the progression of simple stea-
tosis to NASH.
ADifferential Role for Kupffer Cells andMonocytes during the

Early Development of NASH—We next examined whether
Kupffer cells initiate inflammatory responses during the MCD
diet and contribute to the blood monocyte infiltration. To this
end, Kupffer cells were depleted by two injections of clodronate
liposomes and their numbers from control- and MCD diet-fed
mice were decreased by 38 and 99% compared with respective
control mice (Fig. 3A, right panel). The flow cytometry analysis
on hepatic mononuclear cells showed an infiltration of
CD11bintF4/80low monocytes in livers of mice MCD-diet-fed
treated with control liposomes (Fig. 3A, left panel), as observed
in whole liver cells (Fig. 1A). Upon Kupffer cell depletion, we
did not detect any increase in the infiltration of blood mono-
cytes. Indeed, the number of monocytes from both MCD and
control diet-fed mice treated with clodronate liposomes are
similar, and quantitatively equivalent to the number of mono-
cytes from control mice (control diet and control liposomes).
Moreover, the depletion of Kupffer cells resulted in abrogation

FIGURE 2. The initiation of NASH disease depends on resident liver macrophages. A, C57BL/6 mice fed CT or MCD diets were treated either with two
injections of control liposomes (CT Lipo.) or clodronate-containing liposomes (clod. Lipo.). H&E-stained (a, d, g, and j) and Oil-Red O-stained (b, e, h, and k) tissue
sections were examined under a bright field microscope at �200 magnification. Liver sections were also stained with anti-F4/80 (green), anti-CD31 (red), and
DAPI (blue), and examined under a apotome fluorescent microscope at �200 magnification (c, f, i, and l). Arrows and arrowheads indicate ballooning hepato-
cytes and lipid inclusion, respectively. B, serum ALT was measured to assess liver injury. C, Oil-Red O staining revealed lipid accumulation in hepatocytes. Area
of Oil-Red O-stained vesicles (�m2) was quantified using Zeiss axiovision software. Counting was done on 2–3 different views on each mouse/treatment group.
D, macrophage depletion was assessed by the loss of AF488 anti-F4/80 fluorescence. The ratio of green pixel (AF488 anti-F4/80) was normalized to DAPI pixel
(cell nucleus) on each tissue section and was measured by NIH ImageJ 64. *, p � 0.05 and ***, p � 0.0005 as determined by two-tailed t test.
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of MCD diet-induced hepatic TNF� expression (Fig. 3B). It
suggests that lack of Kupffer cells during 10 days of feeding
abrogates the infiltration of monocytes as well as the induction
of steatosis, inflammation, and liver damage.
To address the respective contribution of resident macro-

phages and infiltrated bloodmonocytes inNASHdevelopment,
we sequentially depleted the resident macrophages either 2
days before, or 5 days after feeding (Fig. 4). Of note, the deple-
tion of Kupffer cells is fully achieved after 2 days of one single
injection of clodronate liposomes, and the recovery of Kupffer
cells is completed after 6 to 7 days post-injection.3 The deple-
tion of Kupffer cells 2 days before starting 10-day diets slightly
decreased the level of serumALT (Fig. 4A) suggesting a possible
delay in NASH development, but lipid deposits (Fig. 4B) or
monocyte infiltration (Fig. 4C) into liver were not affected in
MCD diet-fed mice. After 10 days of diet, the number of
Kupffer cells had returned to the level seen in control mice,
suggesting that a pool of Kupffer cells were regenerated dur-
ing the course of the diet and were still capable of initiating
monocyte recruitment and NASH disease. In contrast, the
depletion of resident macrophages at 5 days post-diet (and
before infiltration of blood monocytes at day 6–7 of MCD
diet) showed a decrease in serum ALT level (Fig. 4D), lipid
accumulation (Fig. 4E), andmonocyte infiltration (Fig. 4F) in
livers from MCD diet-fed mice. Moreover, the number of
Kupffer cells is still reduced by 65 and 99% compared with
respective control mice. Of note, the number and frequency of
CD45�NK�Ly6G�CD11b�Ly6ChiF4/80low monocytes from
blood andbonemarrowwere unchanged at day�2 or day�5 of
clodronate liposome injections (supplemental Fig. S3, A and B,
respectively). These results suggest that Kupffer cells are the
primary cells involved in the initiation ofNASHdisease, leading
subsequently to blood monocyte recruitment into steatotic liv-
ers, whereas blood monocytes amplify the ongoing hepatic
inflammatory responses.

Kupffer Cells and Blood Monocytes Are Responsible for
Mounting Hepatic Inflammatory Responses and Amplifying
the Pathogenesis of NASH—To further determine the produc-
tion of inflammatory mediators by infiltrated monocytes and
resident macrophages, we electronically sorted monocytes
(CD45�NK�CD11bintF4/80low) andKupffer cells (CD45�NK�

CD11blowF4/80hi) fromMCDand control diet-fedmice; amulti-
plex luminex assay for chemokines/cytokines was performed on
the collected supernatant from ex vivo culture of purified mono-
cytes and Kupffer cells (supplemental Fig. S2C). Both monocytes
and macrophages purified from MCD diet-fed mice were posi-
tive for the production of proinflammatory cytokines, TNF�,
and several monocytes (IP-10, MCP-1, MIP-2, and MIP-1b)
andneutrophil (MIP-1a, RANTES, andKC) chemoattractants.
TNF-�, a key proinflammatory cytokine required for the

induction of hepatic inflammation, is secreted by purified
Kupffer cells and infiltratedmonocytes; we attempted to deter-
mine the major cellular source of TNF� production in these
myeloid cells before and after monocyte infiltration, after 2 and
10 days of MCD diet. We observed a higher frequency of
Kupffer cells (CD11blow) positively stained for TNF� than
monocytes (CD11bint) after 2 days ofMCD diet compared with
control diet (Fig. 5,A, right panel, andB). This increase inTNF�
production by resident macrophages was observed prior to the
infiltration of blood monocytes (Fig. 5A, left panel, and C), and
hepatic inflammation (Fig. 5E). Moreover, ex vivo culture of
sorted Kupffer cells fromMCD diet-fed mice indicate that res-
ident macrophages secreted 2-fold more of IL-1� that those
from control diet-fed mice (Fig. 5D) suggesting they are acti-
vated. In contrast, oncemonocyte infiltration is detectable (Fig.
6A, left panel), we observed an increased frequency of both
Kupffer cells and monocytes stained with TNF� (Fig. 6A, right
panel). Notably, only monocytes showed a higher mean flu-
orescent intensity (MFI) of TNF� staining (Fig. 6B), suggest-
ing that monocytes may produce the highest amount of
TNF� during the ongoing progression of NASH develop-
ment, with Kupffer cells providing a lesser contribution.
These results suggest that both Kupffer cells andmonocytes con-

3 A.-C. Tosello-Trampont, S. G. Landes, V. Nguyen, T. I. Novobrantseva, and
Y. S. Hahn, personal communication.

FIGURE 3. Kupffer cells induce lipid accumulation and monocyte infiltration into the liver. A, C57BL/6 mice fed CT and MCD diets for 10 days were injected
twice with control liposomes (CT Lipo.) or clodronate-containing liposomes (clod. Lipo.) at days �2 and �5 of feeding (see schematic). The representative FACS
plots (left panels) and cell numbers of monocytes (CD11bintF4/80low) and Kupffer cells (CD11b�F4/80hi) (right panel) are shown in CD45�NK1.1�-gated liver
mononuclear cells. The neutrophils (CD11bhiF4/80�) are gated out of the analysis. Representative FACS plots and compiling data of cell numbers show an
increase in frequency and cell numbers of monocytes. Data are from 3 independent experiments with a total of n � 6 mice per condition. B, hepatic Tnfa
transcript expression was determined by qPCR from whole liver samples of mice fed CT and MCD diets. The RNA level is expressed as fold-induction compared
with control diet. Data represent mean � S.D. *, p � 0.05 and **, p � 0.005 as determined by two-tailed t test.
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tribute to the initiation and progression of NASHwith sequential
kinetics. To further identify specific monocyte subsets producing
TNF�, we examined the expression of Ly6C, a marker for mono-
cytes, and TNF� on a CD11blow/intF4/80� gated population (Fig.

6C). The cells with the highest frequency andMFI for TNF�were
cellswith thehighest expressionof Ly6C (Fig. 6,D andE), suggest-
ing that these infiltratedbloodmonocytes arehighly inflammatory
(CD11bintF4/80lowTNF�hiLy6Chi) (15).

FIGURE 4. Kupffer cells trigger NASH development by promoting the recruitment of blood monocytes. C57BL/6 mice fed CT and MCD diets were treated
once either with control liposomes (CT Lipo.) or clodronate-containing liposomes (clod. Lipo.) at 2 days before (A–C) or 5 days after (D–F) starting feeding (see
schematic). A and D, liver damage is measured by the level of serum ALT. B and E, hepatic lipid inclusion is determined by Oil-Red O staining on frozen liver
sections. C and F, depletion of infiltrating monocytes (CD11bintF4/80low) and Kupffer cells (CD11b�F4/80hi) are assessed by the flow cytometry. Data are from
2 independent experiments with a total of n � 4 mice per condition. *, p � 0.05 and **, p � 0.005 as determined by two-tailed t test.

FIGURE 5. CD11blowF4/80hi Kupffer cells produce TNF� and IL-1� at the early phase of NASH development. A, representative FACS plots of CD11b-
stained cells versus F4/80 (left), or intracellular TNF� (right) expression within CD45�NK1.1�-gated mononuclear liver cells from mice fed with CT or MCD diets
for 2 days. The neutrophils (CD11bhiF4/80�) are gated out of the analysis. Monocytes are defined as CD11bintF4/80low cells and Kupffer cells as CD11blowF4/
80hi. B, frequency of CD11b� cells versus (C) cell number of monocytes (CD11bintF4/80low) and Kupffer cells (CD11blowF4/80hi) after 2 days of diet. D, measure-
ment of secreted IL-1� from ex vivo culture of sorted Kupffer cells and monocytes. E, hepatic expression of Tnfa, Ccr2, and Timp-1 were determined by qPCR from
whole liver samples from mice fed CT and MCD diets for 2 days. The RNA level is expressed as fold-induction compared with control diet. These results are
compiled data from n � 3– 4 mice per condition, gated on CD45�NK1.1� liver cells from mice fed CT or MCD diets for 2 days. Data represent mean � S.D. *, p �
0.05 and ***, p � 0.0005 as determined by two-tailed t test.
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Specific Silencing of TNF� in Myeloid Cells Reduces NASH
Pathogenesis by Blocking Monocyte Infiltration—To determine
whether TNF� produced bymyeloid cells was a key component
of the initiation of NASH disease, we used siRNAs targeting
TNF� encapsulated into lipid nanoparticles formulated to tar-
get myeloid cells (tissue macrophages and monocytes) (13).
TNF� was efficiently knocked down in whole liver andmyeloid
cells as, respectively, determined by qPCR (Fig. 7D) and FACS
analysis (Fig. 8C). Histological analysis of liver tissues showed a
decrease both in steatosis and in ballooning hepatocytes in
TNF�-siRNA, but not in Luc-siRNA-treated mice fed with a
MCD diet (Fig. 7A, h compared with f). The number of Oil Red
O-stained vesicles in liver sections (Fig. 7, A, l compared with j,
and B) and serum ALT levels were also significantly reduced
(Fig. 7C) following TNF� silencing in myeloid cells. TNF�
silencing targeted to myeloid cells in MCD diet-fed mice
decreased the frequency and cell numbers of infiltrated mono-
cytes similar to levels in control mice (Fig. 8,A and B). Notably,
knockdown of TNF� in myeloid cells resulted in decreased
expression of Timp-1 (Fig. 8D), as well as decreased production
of IP-10 andMCP-1 (Fig. 8E). Taken together, our data strongly
suggest that TNF�-producing myeloid cells such as Kuppfer
cells play a key role in the initiation of NASH disease in a
murine model.

DISCUSSION

In this report, we demonstrate that hepatic resident macro-
phages and infiltrated monocytes, respectively, contribute to
the initiation and progression of NASH. Although there was no
quantitative change in other known infiltrating cell types (such
as neutrophils, NK cells, NKT cells, and T cells), we noted a
significant influx of blood monocytes into the liver during

NASH development. We have shown a differential contribu-
tion of Kupffer cells and blood monocytes during the develop-
ment and progression of NASH. A pre-diet or post-diet deple-
tion of Kupffer cells revealed their role in triggering NASH
disease by allowing the recruitment of blood monocytes.
Kupffer cells participate as the first innate cells responding to
hepatocyte injury due to lipid deposition; as we found that
CD11blowF40/80hi Kupffer cells produced IL-1�, and are pre-
dominantly stained for TNF� during the early phase (i.e. day 2)
of NASH development than CD11bintF40/80hi monocytes.
These data suggest that Kupffer cells are activated and differ-
entiate toward M1 macrophages. In contrast, CD11bintLy6Chi

monocytes appear to be the predominant source of TNF�
production at the later time point (day 10) of MCD diet
leading to NASH progression. These infiltrated CD11bintF4/
80lowTNF�hiLy6Chi monocytes have potent proinflammatory
activity. Importantly, TNF� silencing specifically targeted to
myeloid cells reduced the incidence of NASH development
through the inhibition of IP-10 andMCP-1 chemokine produc-
tion. Of note, this is the first report demonstrating that TNF�-
mediated MCP-1 and IP-10 production by macrophages/
monocytes is crucial for promoting the development and
progression of NASH. Our data suggest that both Kupffer cells
and infiltratedmonocytes have the ability to propagate the lipid
accumulation induced by the diet, primarily through produc-
tion of TNF�. Because Kupffer cells are the first responders to
hepatic injury, they may detect the expression of damage-associ-
ated molecular patterns expressed on hepatocytes injured by ste-
atosis. The subsequent production of TNF� by Kupffer cells thus
propagates the initial insult, leading to inflammation and recruit-
mentof inflammatorymonocytes, further accelerating thedisease.

FIGURE 6. TNF�-producing CD11bintLy6Chi monocytes are involved in later phase of NASH disease. A, representative FACS plots show CD11b versus F4/80
(left), or CD11b versus intracellular TNF� (right) expression in CD45�NK1.1�-gated mononuclear liver cells from mice fed CT and MCD diets for 10 days. B,
histogram of MFI of TNF� from gated monocytes (CD11bintF4/80low) and Kupffer cells (CD11blowF4/80hi). Representative FACS data of two independent
experiments with a total of n � 4 mice per condition. C, representative FACS plots of TNF� in monocytes (CD11bintF4/80lowLy6Chi) and Kupffer cells
(CD11blowF4/80hiLy6Clow) within CD11b�F4/80�CD45�NK1.1� liver cells. D, frequency and E, MFI histograms are compiled data from three independent
experiments with a total of n � 4 – 6 mice per condition. *, p � 0.05 and ***, p � 0.0005, as determined by two-tailed t test.
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The IL-1 family is a group of cytokines that play a key role in
regulating immunoinflammatory response. IL-1� and IL-1�
are mostly secreted by activated macrophages through inflam-
masome activation (16), and they stimulate the expression of
adhesion molecules on endothelial cells to enhance the trans-
migration of leukocytes. Kupffer cells promote hepatic steatosis
via an IL-1�-dependent mechanism (17). Interestingly, IL-1�
enhanced the cytotoxicity effect of TNF� on cultured hepato-
cytes (18). Our data have shown that Kupffer cells produced
IL-1� and TNF� after only 2 days on theMCDdiet (Fig. 5,A, B,
and E), suggesting that activated Kupffer cells might enhance
hepatic lipid accumulation and liver injury through local secre-
tion of IL-1� and TNF�.

The proinflammatory cytokine, TNF�, plays a critical role in
the pathogenesis of numerous human diseases. In the liver, tis-
sue macrophages including Kupffer cells and infiltrated mono-
cytes are the primary source of TNF� (19). Our data suggest a
cross-talk betweenmacrophages and lipidmetabolism through
the local production of TNF�. Diverse studies have shown that
TNF� can regulate lipid metabolism through a variety of
mechanisms depending on the type of cell or tissue (20, 21).
In addition to a direct role of TNF� in inducing hepatic steato-

sis, TNF� is also involved in promoting proinflammatory
responses. Activated myeloid cells produce several T-helper-1
cytokines that can amplify the inflammatory response in the
liver, leading to further liver damage and hepatic steatosis. This
is further supported by our findings that there is an increased
intrahepatic expression ofMCP-1 and IP-10, which are respon-
sible for the recruitment of inflammatory cells to the liver (sup-
plemental Fig. S2). Based on the finding that the silencing of
TNF� inmyeloid cells results in a decrease ofMCP-1 and IP-10
production (Fig. 8E), we propose that TNF� plays a pivotal role
in activating myeloid cells and inducing MCP-1 and IP-10
production. Because lipid nanoparticles could also target
hepatocytes, we would also expect to efficiently silence
TNF� in hepatocytes, if any is produced, by treatment with
TNF�-siRNA nanoparticles. However, the depletion of
Kupffer cells alone by clodronate liposome treatment
resulted in decreased Tnfa expression in livers, suggesting
that Kupffer cells are responsible for the hepatic expression
of TNF� (Fig. 3B).
Recently, proinflammatory cytokines such as IL-6 and TNF�

have been suggested to regulate the progression from hepatic
steatosis to steatohepatitis in obese mice (22). However, other

FIGURE 7. Silencing of TNF� in targeted myeloid cells reduces NASH development. C57BL/6 mice fed CT and MCD diets were intravenously injected either
with control luciferase (Luc) or TNF� siRNA liposomes on days �3, 0, 4 and 7. A, H&E staining (�100 and 200 magnification) (a– h), and Oil-Red O-stained tissue
sections (i–l) were examined under bright field microscope. Representative images from three independent experiments with a total of n � 6 mice per
condition. Arrows and arrowheads indicate ballooning hepatocytes and lipid inclusion, respectively. B, area of Oil-Red O-stained vesicles (�m2) was quantified
using zeiss axiovision software. Counting was done on 2–3 different views on each mouse per treatment group. C, serum ALT was measured. D, silencing of
TNF� in targeted myeloid cells abrogated the increased expression of hepatic Tnfa transcript. Tnfa transcript was determined by qPCR from whole liver
samples. *, p � 0.05; **, p � 0.005; and ***, p � 0.0005, as determined by two-tailed t test.
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studies have shown that IL-6 deficiency or blockade reduced
liver inflammation without affecting the development of stea-
tosis suggesting a role for IL-6 only in promoting liver inflam-
mation (11, 23). Furthermore, numerous studies show the con-
tribution of TNF� to NASH development such that NASH
patients and murine NASHmodels exhibit elevated serum lev-
els of TNF� and increased expression of TNF� transcripts in
liver and adipose tissues. Although mice lacking TNF� or
TNF� receptor type 1 still develop obesity and steatohepatitis
(24), studies with TNF� receptor 1- and 2-double deficient
mice suggest that TNF�/TNFR-mediated signaling may play a
critical role in the pathogenesis of liver fibrosis in murine
NASH models (25). Furthermore, hepatic TNF� appears to
regulate the activation of Kupffer cells through both a paracrine
and autocrinemanner (26). Despite numerous studies that have
attempted to address the critical role ofTNF� inNASHdisease,
its role as a putative therapeutic target has not yet been
elucidated.
Several studies have reported an important pathological role

of MCP-1 and IP-10 production in human inflammatory dis-
eases, including liver injury. Notably in HCV infection, the ele-
vated level of IP-10 correlates with necroinflammation (27) and
severity of steatosis (28), whereas elevated levels ofMCP-1 cor-
relates with more advanced fibrosis (29). In NASH disease, the
role of MCP-1 is controversial; MCP-1 deficiency in mice fed a
MCD diet does not affect the development of steatohepatitis,
but decreases fibrosis (30), or has no effect (31). Recently, phar-
macological inhibition of MCP-1 or the lack of CCR2 expres-

sion (MCP-1 receptor) in a murine model of NASH have been
found to decrease liver inflammation and steatosis without
affecting hepatic fibrogenesis (5, 9). The discrepancy of these
results could be due to the use of knock-out mice (with possi-
bilities of compensatory mechanisms) versus drugs (with
potential off-target effects).
It is worthwhile to point out that similar to our findings in the

murine model of NASH development, human NASH is mani-
fested by increased levels of proinflammatory cytokines, TNF�,
IL-6, and MCP-1 (3, 32). Moreover, TNF� mRNA is highly
expressed in NASH patients with severe fibrosis (33). In our
experimental mouse model of NASH, we demonstrate that the
resident macrophages and blood-derived monocytes are the
main cellular source of TNF�. Indeed, the LPS stimulation of
whole blood cells from obese patients with NASH increased
production of IL-1� andTNF�, suggesting that overproduction
of these cytokines by myeloid cells contributes to the progres-
sion of liver damage from simple steatosis to NASH (34). In a
study examining NASH patients, MCP-1 levels gradually
increased with the severity of lipid accumulation and the histo-
logical analysis of liver tissues from NASH patients showed an
increase in MCP-1 expression, reflecting the infiltration of
CCR2 leukocytes. The pathogenic role of TNF� has also been
shown in other liver diseases such as chronic hepatitis C (35). In
particular, HCV patients infected with genotype 3 of the virus
develop severe steatosis (36, 37). Based on the correlation
between the degree of inflammation, macrophage activation,
and predominance of the Th1 inflammatory cells producer of

FIGURE 8. Silencing of TNF� in targeted myeloid cells reduces monocyte infiltration. A, representative FACS plots of CD11b versus F4/80 expression within
CD45�NK1.1�-gated mononuclear liver cells isolated from mice fed CT and MCD diets treated with control luciferase (Luc) or TNF� siRNA liposomes. The
neutrophils (CD11bhiF4/80�) are gated out of our analysis. Representative FACS plots are from a total of n � 6 mice per condition. B, frequency and cell number
of monocytes from three independent experiments with a total of n � 6 per condition. C, knockdown of TNF� in myeloid cells (Kupffer cells and monocytes).
D, fold-induction of hepatic Timp-1 transcript expression determined by qPCR in whole livers. E, level of chemokine/cytokine from whole liver cell lysates with
a total of n � 4 – 6 mice per condition. Data represent mean � S.D. *, p � 0.05; **, p � 0.005; and ***, p � 0.0005, as determined by two-tailed t test.
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TNF� and INF� in patients with chronic hepatitis C (38, 39), it
is possible that HCV might take advantage of the ability of
TNF� to regulate lipid metabolism to increase hepatic steato-
sis. As lipids are essential to the life cycle of HCV (40), an
increase in hepatic steatosis might exert a positive effect on
virus infection, replication, and propagation. Indeed, the hall-
mark of liver injury in chronic hepatitis C is elevated hepatic
levels of TNF�, INF�, IP-10, andMCP-1 (41). Moreover, obese
patients with HCV develop liver disease more rapidly than lean
HCV patients and have higher levels of TNF�, MCP-1, and
IP-10 (41). An increase in these cytokines is also associatedwith
the progression to severe liver disease as shown by a higher
incidence of hepatocellular carcinoma in HCV patients with
NASH (42).
Based on these findings, we propose a pathogenic mecha-

nism of NASH development in mice (Fig. 9): 1) following a
metabolic disorder, hepatocytes accumulate lipid vesicles in
their cytoplasm; 2) during the initiation stage of NASH disease,
injured hepatocytes express or release damage-associated
molecular patterns, which would then activate nearby Kupffer
cells; 3) the activated Kupffer cells locally produce IL-1� and
TNF�; 4) the local production of these cytokines accelerates
hepatic steatosis (leading to macrosteatosis) and liver damage
by regulating lipid metabolism (inhibition of fatty acid oxida-
tion and increase of serum triglycerides), and hepatic apoptosis;
5)macrosteatosis and hepatic apoptosis/necrosis would further
activate Kupffer cells, whereas TNF� stimulates Kupffer cells in
an autocrine manner; 6) activated Kupffer cells producemono-
cyte chemoattractants, which ultimately result in the recruit-
ment of proinflammatory blood monocytes, and amplify the
inflammatory response; 7) TNF� directly induces Timp-1
expression in stellate cells, which protects them from apoptosis
and leads to the development of fibrosis.

Therefore, it is tempting to speculate that IL-1� and TNF�-
producing Kupffer cells are the initiating cells for NASH devel-
opment that further accelerate lipid accumulation within stea-
totic hepatocytes and promote progression from simple
steatosis to steatohepatitis. During the acute phase response in
hepatic infection, inflammation, injury, or stress, TNF� and
IL-1 have been shown to alter lipid metabolism (as hypertrig-
lyceridemia and decreased hepatic fatty acid oxidation) by
decreasing the expression and/or activity of proteins involved
in lipid and lipoproteinmetabolism, such as peroxisome prolif-
erator-activated receptor �, retinoid X receptor, and liver X
receptor (17, 43). Moreover, TNF� has been revealed as an
important regulator of lipid metabolism in different tissues
(20). In the liver, TNF� promotes steatosis by increasing fatty
acid synthesis through enhanced expression of sterol regula-
tory element binding protein-1c (SREBP-1c) (44, 45) and sup-
pressing �-oxidation through inhibition of peroxisomal fatty
acyl-CoA oxidase (46). TNF� also enhances steatosis by induc-
ing fatty acid uptake and reducing lipid export (47). Further-
more, duringNASHdevelopment, the expression of the fibrosis
marker, hepatic Timp-1, is increased (supplemental Fig. S2A),
and its expression is abolished following silencing of TNF� in
myeloid cells (Fig. 8D). Under in vitro conditions, TNF�
directly inducesTimp-1 expression in stellate cells (25). During
hepatic fibrogenesis, stellate cells increase Timp-1 expression
that protects them from apoptosis (48). In our model, TNF�-
induced Timp-1 might also have antiapoptotic effects on acti-
vated stellate cells leading to hepatic fibrogenesis.
There is currently no established medical treatment for

NASH patients. Anti-TNF� therapy is often used to treat
patients with autoimmune disorders associated with TNF�
(49). The use of anti-TNF�-based therapy in patients present-
ing with both autoimmune and NASH disease has provided
some promising results (50). However, anti-TNF� therapy can
have severe side effects (49). Therefore, therapeutic interven-
tion by inhibiting TNF� in a specific cell type may help reduce
the risk of side effects caused by the prolonged presence of
monoclonal antibodies or anti-TNF� blockers. Our studies
revealed a potential therapeutic benefit of silencing TNF� in
myeloid cells in a transient manner. The silencing of TNF� in
myeloid cells strongly prevents steatosis, the production of
monocyte chemoattractants (MCP-1 and IP-10), the recruit-
ment of blood monocytes into the liver, and expression of the
Timp-1 gene. Previous studies have shown the beneficial effects
of therapeutic siRNA silencing in inflammatorymyeloid cells in
mousemodels of humandiseases (13, 51). Thus, the silencing of
TNF� inmyeloid cells might be a tenable therapeutic approach
to reduce the incidence of steatohepatitis.
In summary, our findings suggest that TNF� produced by

intrahepatic Kupffer cells can trigger the development of
NASH through the enhanced production of IP-10 and MCP-1.
In addition, silencing of TNF� in myeloid cells abrogated the
production of these chemokines and prevented the develop-
ment ofNASH.Therefore, blockade of TNF�might represent a
novel therapeutic target in NASH with the potential to limit
tissue injury andpossibly prevent the progression to severe liver
disease.

FIGURE 9. Schematic presentation of the proposed model for the early
initiation of NASH development. See text for details.
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