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ACKGROUND & AIMS: Nonalcoholic steatohepatitis
NASH) is a disorder that consists of steatosis and hepatic
nflammation. It is not known why only some people with
teatosis develop NASH. Recently, we identified dietary cho-
esterol as a factor that directly leads to hepatic inflamma-
ion and hepatic foam cell formation. We propose a mech-
nism by which Kupffer cells (KCs) take up modified
holesterol-rich lipoproteins via scavenger receptors (SRs).
Cs thereby accumulate cholesterol, become activated, and
ay then trigger an inflammatory reaction. Scavenging of
odified lipoproteins mainly depends on CD36 and mac-

ophage scavenger receptor 1. METHODS: To evaluate the
nvolvement of SR-mediated uptake of modified lipopro-
eins by KCs in the development of diet-induced NASH,
emale low-density lipoprotein receptor-deficient (Ldlr�/�)

ice were lethally irradiated and transplanted with bone
arrow from Msr1�/�/Cd36�/�or Msr1�/�/Cd36�/� mice

nd fed a Western diet. RESULTS: Macrophage and neu-
rophil infiltration revealed that hepatic inflammation was
ubstantially reduced by approximately 30% in Msr1�/�/
d36�/�-transplanted mice compared with control mice.
onsistent with this, the expression levels of well-known

nflammatory mediators were reduced. Apoptotis and fibro-
is were less pronounced in Msr1�/�/Cd36�/�-transplanted

ice, in addition to the protective phenotype of natu-
al antibodies against oxidized low-density lipoprotein in
he plasma. Surprisingly, the effect on hepatic inflamma-
ion was independent of foam cell formation. CONCLU-
IONS: Targeted inactivation of SR pathways reduces
he hepatic inflammation and tissue destruction as-
ociated with NASH, independent of hepatic foam cell
ormation.

eywords: Fatty Liver; Inflammation; Scavenger Recep-
ors; Kupffer Cells.
onalcoholic steatohepatitis (NASH) is considered
to be the hepatic event of the metabolic syndrome.

t is characterized by hepatic lipid accumulation (steato-
is) combined with inflammation. Estimates of the gen-
ral United States population indicate that approxi-
ately 2%–3% of all adults have NASH and that this

revalence is expected to rise rapidly because of the in-
reasing prevalence of obesity.1 The current view on the
athogenesis of diet-induced liver inflammation is that
epatic steatosis is a critical prerequisite for the develop-
ent of inflammation. Whereas steatosis itself is gener-

lly considered benign and reversible, the presence of
nflammation can lead to further progression of NASH,
esulting in liver fibrosis, cirrhosis, and, eventually, liver
ailure and hepatocellular carcinoma.2 Thus, the progres-
ion toward hepatic inflammation represents a key step
n NASH development. It is not yet known why only a
mall percentage of people with steatosis develop NASH.
lthough several processes have been identified that par-

Abbreviations used in this paper: ABC, adenosine triphosphate bind-
ng cassette; acLDL, acetylated LDL; ALT, alanine aminotransferase;
ST, aspartate aminotransferase; APOE, apolipoprotein E; BCA, bicin-
honinic acid; Col1�1, collagen type 1�1; cDNA, complementary DNA;
u-OxLDL, copper oxidized LDL; FFA, free fatty acid; HFC, high-fat,
igh-cholesterol; Ig, immunoglobulin; KC, Kupffer cell; LDL, low-density

ipoprotein; MDA, malondialdehyde; MMP, matrix metalloprotease;
PO, myeloperoxidase; MSR, macrophage scavenger receptor; NASH,
onalcoholic steatohepatitis; NF-�B, nuclear factor �-B; NIMP, nogo-

nteracting-mitochondrial protein; ORO, oil red O staining; oxLDL, oxi-
ized LDL; PPAR, peroxisome proliferator activated receptor; SR, scav-
nger receptors; TC, total cholesterol; TG, triglycerides; TGF-�,
ransforming growth factor �; TIMP, tissue inhibitor of metalloprotein-
se; TLR, toll-like receptor; TNF, tumor necrosis factor; tp, trans-
lanted.

© 2010 by the AGA Institute
0016-5085/$36.00
doi:10.1053/j.gastro.2010.02.051
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2478 BIEGHS ET AL GASTROENTEROLOGY Vol. 138, No. 7
icipate in the development of hepatic inflammation,3–7

he actual trigger for the inflammatory response remains
ncertain.
We and other researchers have recently shown that

ietary cholesterol is an important risk factor for the
evelopment of hepatic inflammation.8 –10 Interestingly,
yperlipidemic mice fed a high-fat, high-cholesterol

HFC) diet develop early hepatic inflammation, which is
ssociated with bloated Kupffer cells (KC), resembling
oam cells in atherosclerosis. These KCs with a foamy
ppearance have also been identified in other studies in
he sinusoidal space of the liver.11,12 Strikingly, omitting
holesterol from the diet in these mice resulted in a
ramatic inhibition of hepatic inflammation and foam
ell formation.8 An attractive hypothesis is that, because
f the decreased lipoprotein uptake by hepatocytes in
yperlipidemic mice, lipoproteins have a longer residence
ime in the plasma and are therefore more prone to be

odified and subsequently scavenged by KCs. This pro-
ess ultimately results in KC activation, which may be
esponsible for triggering the hepatic inflammation and
C cholesterol accumulation.
Like typical macrophages, KCs express scavenger recep-

ors (SRs)13 and are thus capable of taking up modified
ipoproteins. In vitro, foam cell formation has been
hown to depend mainly on 2 different SRs: SR-A (mac-
ophage scavenger receptor 1 [MSR1]) and CD36.14

SR1 was found to account for the majority (80%) of
acrophage uptake of acetylated low-density lipoprotein

LDL) (acLDL) but has a lower affinity for oxidized LDL
oxLDL).14,15 CD36 binds moderately oxLDL, rather than
cLDL,16 and was found necessary for oxLDL-induced
-Jun-N-terminal kinase activation.17 Despite numerous
tudies addressing the role of these 2 SRs in atheroscle-
osis, their roles remain uncertain. Whereas clear effects
f MSR1 and CD36 on cholesterol uptake and foam cell
ormation have been found in vitro,14 the results in vivo
re less consistent. Findings in mouse models of athero-
clerosis lacking one or both of these SRs have ranged
rom reduced foam cell formation and atherosclerosis to
o effect or to greater foam cell formation and increased
therosclerosis.16,18,19 Whereas the reasons for these dis-
repancies are unclear, there is a growing appreciation of
he numerous functions that SRs can play in addition to
ipoprotein uptake, including their roles in inflammatory
ignal transduction and tissue homeostasis.

To investigate the contribution of Msr1 and Cd36 ex-
ression by macrophages on hepatic modified lipopro-
ein uptake and inflammation, we performed a bone

arrow transplantation of donor bone marrow from
ice with targeted deletions for Msr1 and Cd36 into

ethally irradiated low-density lipoprotein receptor-defi-
ient (Ldlr�/�) recipient mice. We hypothesized that

sr1�/�/Cd36�/�-transplanted (-tp) mice on a high-fat
iet would develop reduced levels of hepatic inflamma-

ion compared with mice with normal hematopoietic d
ells because of a decreased uptake of modified lipopro-
eins by KCs. Surprisingly, whereas deletion of Msr1 and
d36 in hematopoietic cells failed to block cholesterol
ccumulation in KCs, these transplanted mice showed
educed markers for NASH, including less inflammation,
poptosis, and fibrosis after high-fat feeding. These data
uggest that SR expression by KCs in the liver increases
he risk for NASH in the presence of high levels of
lasma-modified lipoproteins.

Materials and Methods
Experimental Setup
Female Ldlr�/� mice were lethally irradiated and

ransplanted with Msr�/�/Cd36�/� and Msr1�/�/Cd36�/�

one marrow. After a recovery period of 9 weeks, the mice
ere given an HFC diet for 7 days (n � 8 in both Msr�/�/
d36�/�-tp and Msr1�/�/Cd36�/�-tp mice) and 3
onths (n � 7 in Msr�/�/Cd36�/�-tp group, n � 8 in
sr�/�/Cd36�/�-tp group). Chow fed mice, killed after 9
eeks’ recovery, were used as the control group (n � 7 in
oth Msr�/�/Cd36�/�-tp and Msr1�/�/Cd36�/�-tp mice).

Collection of blood, specimens, lipid analysis in
lasma and liver, liver histology, RNA isolation, comple-
entary DNA (cDNA) synthesis and qualitative polymer-

se chain reaction, determination of chimerism, ami-
otransferases, oxysterols, and autoantibody titers against
odified LDL are described extensively in Supplementary
aterials and Methods.

Statistical Analysis
Data were statistically analyzed by performing

-tailed nonpaired t tests for comparing Msr�/�/Cd36�/�-tp
nd Msr1�/�/Cd36�/�-tp mice for each diet group. One-
ay analysis of variance test was used for comparing the
ifferent time points of high-fat feeding within the same
cceptor mice. Data were expressed as the mean � stan-
ard error of mean and considered significant at *P � .05

*P � .05, **P � .01, and ***P � .001, respectively).

Results
Plasma and Liver Lipid Levels in Msr1�/�/
Cd36�/� -and Msr1�/�/Cd36�/�

Transplanted Mice
To establish the role of Msr1 and Cd36 on diet-

nduced NASH, Ldlr�/� mice were transplanted with
sr1�/�/Cd36�/� and Msr1�/�/Cd36�/� bone marrow.
himerism determination revealed an engraftment effi-

iency of 99%. After a recovery period of 9 weeks, mice
eceived an HFC diet for either 7 days or 3 months. Chow
ed mice that were killed after 9 weeks recovery served as
ontrol groups. The body weights were not significantly
ifferent between all the groups (Supplementary Figure
). As expected, HFC feeding increased plasma triglycer-

des (TG) and total cholesterol (TC) levels in a time-

ependent manner in both transplanted groups after
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June 2010 ROLE OF SCAVENGER RECEPTOR A AND CD36 IN NASH 2479
eriods of 7 days and 3 months (Figure 1A and B) (TG:
� .0003 for Msr1�/�/Cd36�/�-tp mice and P � .0007 for
sr1�/�/Cd36�/�-tp mice; TC: P � .0001 for both Msr1�/�/

d36�/�-tp and Msr1�/�/Cd36�/�-tp mice). Surprisingly,
sr1�/�/Cd36�/�-tp mice displayed lower TG levels after
months of an HFC diet than Msr1�/�/Cd36�/�-tp mice

P � .009). A similar trend was observed for plasma
holesterol after 3 months of HFC diet; however, this did
ot reach statistical significance (P � .08). No effect on

ree fatty acid (FFA) levels was detected (Figure 1C).
Both short- and long-term HFC feeding resulted in the

evelopment of equal levels of steatosis in the 2 trans-
lanted groups, with increasing levels after 7 days and 3
onths of HFC diet compared with chow fed mice (time

ffect of TG, TC, and FFA: P � .0001 for both Msr1�/�/
d36�/�-tp and Msr1�/�/Cd36�/�-tp mice). Neither he-
atic TG levels nor hepatic TC and FFA differed between
he 2 transplanted groups (Figure 1D–F). Scoring of HE-
nd oil red O-stained liver sections by a trained pathol-
gist confirmed this observation (Supplementary Figures
and 3).

Lower Levels of Hepatic Inflammation and
Apoptosis in the Msr1�/�/Cd36�/�

Transplanted Mice
To determine whether combined deletion of Msr1

nd Cd36 on bone marrow cells affected the level of
epatic inflammation, liver sections were stained for in-

igure 1. Plasma and liver lipid levels. (A–C) Plasma total triglycerides (
months on an HFC diet. (D–F) Liver TG, TC, and FFA after chow a

ge-matched Msr1�/�/Cd36�/�-tp group.
ammatory cell markers. For both short- and long-term w
FC feeding, counting of Mac-1-positive cells (infiltrated
acrophages and neutrophils) and nogo-interacting-mi-

ochondrial protein (NIMP)-positive cells (specifically
eutrophils) revealed that hepatic inflammation was in-
reased compared with chow fed mice (P � .0001 for
oth Mac1 and NIMP in both Msr1�/�/Cd36�/�-tp and
sr1�/�/Cd36�/�-tp mice) but was significantly lower in

he Msr1�/�/Cd36�/�-tp mice compared with Msr1�/�/
d36�/�-tp mice (Mac1: P � .009 [7 days], P � .05 [3
onths]; Nimp: P � .02 [7 days], P � .007 [3 months])

Figure 2A and B). Moreover, when present, the positive
ells were more clustered in the Msr1�/�/Cd36�/�-tp mice
Figure 2D and E). The number of CD3� cells (T cells)
as also elevated upon HFC diet (P � .0001 for both
sr1�/�/Cd36�/�-tp and Msr1�/�/Cd36�/�-tp mice), and
sr1�/�/Cd36�/�-tp mice showed less positive T cells

fter 3 months of HFC diet compared with Msr1�/�/
d36�/�-tp mice (P � .0008) (Figure 2C).
To define further the differences in inflammation be-

ween the 2 groups, we determined the expression of
everal genes known to be involved in inflammation.
able 1 shows that expression of tumor necrosis factor

Tnf) was significantly lower in the Msr1�/�/Cd36�/�-tp
ice after 3 months on an HFC diet compared with
sr1�/�/Cd36�/�-tp mice (P � .02), confirming the his-

ologic data. Despite a trend toward reduced expression
f the proinflammatory cytokine interleukin 6 (Il-6), it

total cholesterol (TC), and free fatty acids (FFA) after chow, 7 days, and
days and 3 months on an HFC diet. *Significantly different from the
as not significantly changed. The expression of both
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2480 BIEGHS ET AL GASTROENTEROLOGY Vol. 138, No. 7
oll-like receptors (TLR) 2 and 4 (Tlr-2 and Tlr-4), 2
ell-known receptors involved in NASH, was lower in the
sr1�/�/Cd36�/�-tp mice after 7 days on an HFC diet

ompared with Msr1�/�/Cd36�/�-tp mice (P � .03; P �
004, respectively), but not after 3 months. Moreover, the
xpression levels of the anti-inflammatory nuclear recep-
ors peroxisome proliferator activated receptor (Ppar)-�
nd -� were higher in the Msr1�/�/Cd36�/�-tp mice after

months of an HFC diet than in mice with Msr1�/�/
d36�/� bone marrow (P � .001; P � .03, respectively).
ogether, these data are consistent with a reduction in

igure 2. Parameters of hepatic inflammation and apoptosis. (A–C) Live
eutrophils (NIMP), and T cells (CD3�), respectively, and counted. (D an
fter 7 days of HFC feeding in Msr1�/�/Cd36�/�-tp and Msr1�/�/Cd36
staining. *Significantly different from age-matched Msr1�/�/Cd36�/�

able 1. Gene Expression Analysis of Inflammatory Related G

Chow

Gene Msr1�/�/CD3�/� Msr1�/�/CD36�/� P value Msr1�/�/CD3�/�

nf 1 (�0.12) 1.01 (�0.15) .97 1.36 (�0.29)
l-6 1 (�0.17) 0.89 (�0.13) .61 1.80 (�0.31)
lr-2 1 (�0.10) 0.86 (�0.09) .31 1.38 (�0.24)
lr-4 1 (�0.08) 0.78 (�0.05) .04* 1.23 (�0.08)
par-� 1 (�0.07) 0.78 (�0.06) .06 1.23 (�0.06)
par-� 1 (�0.25) 0.99 (�0.20) .97 3.85 (�0.65)

OTE. Gene expression analysis of 4 well-known inflammatory markers: tumor
anti-inflammatory markers, peroxisome proliferator-activated receptors � and �
n chow diet.
P � .05.

*P � .01.
**P � .001.
nflammation in mice lacking hematopoietic expression
f CD36 and SR-A.

The death of KCs and hepatocytes by apoptosis is
hought to give rise to larger regions of liver damage. To
est whether there was a relationship between inflamma-
ion and apoptosis in these mice, liver sections were
tained for cleaved caspase 3 staining. After 3 months of
FC feeding, a significant decrease in cleaved caspase

-positive inflammatory cells and, to a lesser extent, in
epatocytes was observed in livers of Msr1�/�/Cd36�/�-tp
ice (P � .04) (Figure 2F).

tions were stained for infiltrated macrophages and neutrophils (Mac-1),
epresentative pictures of Mac-1 staining (original magnification, 200�)
p mice, respectively. (F) Apoptosis was quantified by cleaved caspase
oup. *P � .05, **P � .01, and ***P � .001, respectively.

s

s’ HFC 3 Months’ HFC

1�/�/CD36�/� P value Msr1�/�/CD3�/� Msr1�/�/CD36�/� P value

0.86 (�0.11) .12 6.44 (�0.97) 3.71 (�0.42) .02*
1.29 (�0.19) .17 0.49 (�0.11) 0.44 (�0.08) .10
0.77 (�0.07) .03* 2.12 (�0.26) 1.95 (�0.23) .64
0.91 (�0.02) .004** 2.30 (�0.16) 1.92 (�0.02) .07
1.15 (�0.06) .37 1.19 (�0.06) 1.49 (�0.04) .001***
2.58 (�0.48) .13 11.15 (�1.09) 18.97 (�1.98) .007**

is factor (Tnf), interleukin 6 (Il-6), toll-like receptors 2 and 4 (Tlr-2 and -4), and
-� and -�), respectively. Data were set relative to the Msr1�/�/Cd36�/�-tp group
r sec
d E) R
�/�-t
ene

7 Day

Msr

necros
(Ppar
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June 2010 ROLE OF SCAVENGER RECEPTOR A AND CD36 IN NASH 2481
The presence of elevated transaminases like alanine
minotransferase (ALT) and aspartate aminotransferase
AST) in plasma is considered to be a sensitive indicator
f liver damage. In the present study, the plasma levels of
hese liver enzyme levels increased with the length of time
f HFC feeding (ALT: P � .0017 for Msr1�/�/Cd36�/�-tp
ice and P � .019 for Msr1�/�/Cd36�/�-tp mice; AST:
� .024 for Msr1�/�/Cd36�/�-tp mice and P � .12 for
sr1�/�/Cd36�/�-tp mice). However, neither ALT nor
ST levels were significantly different between Msr1�/�/
d36�/�-tp and Msr1�/�/Cd36�/�-tp mice (Supplemen-

ary Figure 4).

Hepatic Fibrosis Is Less Pronounced in
Msr1�/�/Cd36�/� Transplanted Mice
Compared With Msr1�/�/Cd36�/�

Transplanted Mice
Hepatic fibrosis is viewed as one of the advanced

onsequences of NASH. After 3 months of HFC diet,
sr1�/�/Cd36�/�-tp mice showed less hepatic fibrosis

han Msr1�/�/CD3�/�-tp mice as evidenced by collagen
taining with Sirius red (Figure 3A–C). Collagen content
as lower in livers of Msr1�/�/Cd36�/�-tp mice and was
rimarily localized near vessels of periportal and cen-
rolobular regions. Gene expression of 4 well-known fi-
rogenic-related genes in liver confirmed the findings of
he Sirius red staining. After 3 months of HFC diet,
xpression levels of these genes were increased compared
ith chow and 7 days of HFC diet. Comparing Msr1�/�/
d36�/�-tp mice with Msr1�/�/Cd36�/�-tp mice after 3

igure 3. Parameters of hepatic fibrosis. (A–C) Representative pictures
f HFC diet in Msr1�/�/Cd36�/�-tp (A) and Msr1�/�/Cd36�/�-tp mice (
ere quantified as minimal, mild, or moderate positive for collagen. (D) G
et relative to the Msr1�/�/Cd36�/�-tp mice on chow diet. *Significan
*P � .01, respectively.
onths of HFC feeding revealed a significant decrease in C
brosis (ie, collagen type 1�1 [Col1a1] [P � .005], matrix
etalloprotease 13 [Mmp-13] [P � .05], tissue inhibitor of
etalloproteinase 1 [Timp-1] [P � .002], and transform-

ng growth factor � [Tgf-�] [P � .01]) (Figure 3D).

No Difference in Foamy Appearance of KCs
Between the Models
Despite the absence of the 2 major modified li-

oprotein receptors in macrophages, scoring of HE-
tained (data not shown) and CD68 (macrophage marker
hat stains KCs)-positive sections did not reveal a reduc-
ion in the size or presence of foamy KCs in Msr1�/�/
d36�/�-tp mice (Figure 4A–C). Moreover, a fluorescent
ouble staining with CD68 and filipin (cholesterol
arker) showed that the cholesterol content inside KCs

ncreased with the size of the KCs upon HFC diet and
hat there were no differences in cholesterol content
etween KCs of Msr1�/�/Cd36�/�-tp and Msr1�/�/Cd36�/�-
p mice (Supplementary Figure 5A–G).

Cd68 expression was comparable in livers of both
roups after HFC feeding (Figure 4D). Notably, the ex-
ression levels of the adenosine triphosphate (ATP)-bind-

ng cassette transporter A1 (Abca1) in liver revealed a
ignificant decrease after 3 months on an HFC diet in the

sr1�/�/Cd36�/�-tp mice compared with Msr1�/�/Cd36�/�-
p mice (P � .02). The ATP-binding cassette transporter
1 (Abcg1) showed the same trend after long-term HFC

eeding (Figure 4D). Moreover, there were already basal
ifferences between Msr1�/�/Cd36�/�-tp and Msr1�/�/

inal magnification, 200�) of Sirius red-positive sections after 3 months
) Quantification of Sirius red staining after 3 months of HFC diet. Livers
xpression analysis of Col1�1, Mmp-13, Timp-1, and Tgf-�. Data were

fferent from age-matched Msr1�/�/Cd36�/�-tp group. *P � .05 and
(orig
B). (C
ene e
tly di
d36�/�-tp mice for expression of Cd68, Abca1, and Abcg1
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n total liver. Furthermore, gene expression analysis in
hole liver revealed no compensation by other scavenger

eceptors (Supplementary Figure 6).

Msr1�/�/Cd36�/� Transplanted Mice Show
Less Lipid Oxidation Compared With
Msr1�/�/Cd36�/� Transplanted Mice
To obtain an indirect measure of the degree of

ipid oxidation, immunoglobulin (Ig) M and IgG auto-
ntibodies against malondialdehyde (MDA)-LDL and
opper-oxidized (Cu-Ox) LDL were measured in plasma
f transplanted animals. For each time point, IgM auto-
ntibody levels to MDA-LDL and Cu-OxLDL, which are
hought to be to a large extent natural antibodies20 and
o be inversely correlated with cardiovascular disea-
es,21,22 showed significant higher levels in Msr1�/�/Cd36�/�-
p mice compared with Msr1�/�/Cd36�/�-tp mice
MDA-IgM: P � .001 [chow], P � .01 [7 days], P � .0001
3 months]; Cu-Ox-IgM: P � .006 [chow], P � .02 [7
ays], P � .0008 [3 months]) (Figure 5A and B). IgG
utoantibody levels to MDA-LDL are significantly de-
reased in the Msr1�/�/Cd36�/�-tp mice after HFC feed-
ng, indicating a less pronounced oxidative stress-medi-
ted immune response (P � .09 [chow], P � .006 [7 days],

igure 4. Foamy appearance of Kupffer cells. (A–D) Representative pic
C) of HFC diet with Msr1�/�/Cd36�/�-tp and Msr1�/�/Cd36�/�-tp mice

arker Cd68 and ATP-binding cassette transporters Abca1 and Abc
Significantly different from age-matched Msr1�/�/Cd36�/�-tp group. *
� .03 [3 months]) (Figure 5C). The IgG levels against w
u-OxLDL were not significantly different after HFC diet
ut showed a basal difference between Msr1�/�/Cd36�/�-
p and Msr1�/�/Cd36�/�-tp mice (Figure 5D). In line with
he protective pattern of autoantibodies against oxLDL, 2
ell-known oxysterols in plasma, 27- and 24S-hydroxy-

holesterol, were significantly lower after 3 months HFC
iet in Msr1�/�/Cd36�/�-tp mice compared with Msr1�/�/
d36�/�-tp mice (P � .02, P � .008, respectively), in-
icating less oxidation of cholesterol in these animals

Figure 5E). Similar to the decreased oxidation processes
n these mice, the number of myeloperoxidase (MPO)-
ositive cells, which can generate a variety of reactive
xygen species, was significantly lower in the livers of
sr1�/�/Cd36�/�-tp mice compared with Msr1�/�/Cd36�/�-

p mice (P � .003 [7 days], P � .05 [3 months]) (Fig-
re 5F).

Discussion
Our study shows for the first time the involve-

ent of macrophage SRs in early and advanced stages of
ASH. Reconstitution of Ldlr�/� mice with bone marrow

rom mice lacking both Msr1 and Cd36 significantly re-
uced hepatic inflammation, lipid oxidation, and fibrosis

(original magnification, 200�) after chow, (A) 7 days (B) and 3 months
pectively. (D) Gene expression analysis of macrophage and Kupffer cell
ata were set relative to the Msr1�/�/Cd36�/�-tp mice on chow diet.
.05, **P � .01, and ***P � .001, respectively.
tures
, res

g1. D
ithout affecting steatosis. These novel observations sup-
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ort an analogy between mechanisms involved in the
rogression of liver inflammation and atherosclerosis.

KCs Initiate Early Hepatic Inflammation by
Scavenging Modified Lipoproteins
Currently, the risk factors that drive hepatic in-

ammation during the progression to NASH are largely
nknown. We have previously shown that hyperlipidemic
ice are more sensitive to developing early, diet-induced

igure 5. Parameters of oxidative damage. (A–D) IgG and IgM aut
xysterols in plasma: 27- and 24S-hydroxycholesterol. (F) Scoring of M
atched Msr1�/�/Cd36�/�-tp group.
ASH.8 In the current study, we demonstrate that the t
ncreased sensitivity of these mice to develop NASH is
inked to expression of SR-A and CD36 on Kupffer cells.

The role of macrophage SRs CD36 and SR-A in athero-
enesis has been intensively investigated. Uptake and
nternalization of modified LDL by SRs is believed to
onstitute one of the major pathways for foam cell for-
ation in vivo. However, recent studies have revealed a
ide spectrum of SR functions, including the activation
f signal transduction pathways regulating inflamma-

ody titers to MDA-LDL and CuOx-LDL in plasma, respectively. (E)
ositive cells in liver sections. *Significantly different (P � .05) from aged
oantib
PO-p
ion, apoptotic cell clearance, chemoattraction, and an-
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iogenesis, which may also contribute to atherogene-
is.23–25 The current paradigm suggests that SR-mediated
ptake of oxidized lipoproteins by macrophages sets off
cascade of proinflammatory events leading to the ini-

iation of the inflammatory response. In line with this
iew, we have observed that, upon targeted deletion of
d36 and Msr1 in macrophages, the hepatic inflammatory

esponse was dramatically decreased in a mouse model of
ASH, as indicated by a decreased number of inflamma-

ory cells and Tnf. In line with this observation, deletion
f both Msr1 and Cd36 in mice lacking Apoe was shown to
educe aortic expression levels of several chemokines and
ytokines including Tnf.19 Therefore, the effect that we
ave observed in the livers of Msr1�/�/Cd36�/�-tp mice is

ikely to be systemic and not restricted to the liver. Sim-
larly, it was described that combined deletion of Cd36
nd Msr1, and even deletion of Cd36 alone, resulted in
ecreased macrophage content, expression levels of se-
um proinflammatory cytokines, and aortic chemokine
xpression.18,19,26,27 Moreover, CD36 has been shown to
acilitate TLR signaling in response to both oxLDL and
iacylglyceride via TLR4/TLR6 and TLR2/6, respectively,
nd thereby trigger the innate host response.17,27–30 Thus,
imilar innate immune signaling pathways initiated by
Rs may also be activated during steatosis, and these may
romote inflammation associated with NASH. Notably,
hereas most of the previous reports regarding the role
f these SRs in inflammation were performed using the
omplete knock-out animals in an Apoe�/� background,
ur current study was performed in Ldlr�/� mice trans-
lanted with bone marrow from mice lacking Msr1 and
d36. Our approach has the advantage of being indepen-
ent of the mixed genetic background of the mice, which
ay have confounded previous studies, and it has also

llowed us to specifically examine the contribution of
Rs meditated by macrophages on hepatic inflammation.

The decreased fibrosis and expression of fibrogenic-
elated genes detected in the Msr1�/�/Cd36�/�-tp mice
fter 3 months of HFC diet were also associated with
educed levels of apoptosis. The effect on apoptosis may
e attributed to the dramatic reduction in expression of
nf, which is known to activate the expression of many
roinflammatory cytokines and to induce apoptosis.31

here is considerable evidence contributing to the patho-
hysiologic concept that excessive apoptosis in the liver
cts as a proinflammatory and profibrogenic trigger.32–34

he reduced level of apoptosis could therefore further
ontribute to the decreased development of fibrosis in
he livers of the Msr1�/�/Cd36�/�-tp mice. In addition,
aeschke35 and Lawson et al36 demonstrated that hepa-
ocyte apoptosis is a potent stimulus for neutrophil in-
ltration and endotoxin-induced liver injury. These find-

ngs are in line with the finding that apoptosis correlates
ith enhanced myeloid cell infiltration and hepatic fibro-

is in our models. Beside the reduced expression levels of

nflammatory genes, levels of the anti-inflammatory nu- i
lear receptors Ppar-� and -� were significantly higher in
he livers of the Msr1�/�/Cd36�/�-tp mice after 3 months.
he recognition that, in addition to their anti-inflamma-

ory response, PPARs are also associated with decreased
iver fibrogenesis and tumorigenesis is relevant.37 Thus,
he increase in hepatic expression of these nuclear recep-
ors in the Msr1�/�/Cd36�/�-tp mice may further contrib-
te to the improvement of liver pathology in these mice.

Inflammatory Response in Liver Is Attributed
to Lipid Oxidation Rather Than to Foam Cell
Formation
Whereas our original hypothesis was that the in-

ammatory response in livers of hyperlipidemic mice
ould be related to foam cell formation,8 our data dem-
nstrate a link between hepatic inflammation and LDL
xidation, rather than total lipid uptake. KCs lacking
oth Cd36 and Msr1 were increased in size throughout
he duration of the diet but were not significantly differ-
nt from control macrophages. Although cholesterol
ontent inside KCs was not different between Msr1�/�/
d36�/�-tp and Msr1�/�/Cd36�/�-tp mice, gene expres-
ion analysis of Cd68, Abca1, and Abcg1 in the liver
howed already some basal differences. However, it is
nlikely that these minor changes in gene expression are
ssociated with a reduced efflux of cholesterol out of KCs
ia these ATP-binding cassettes.

MSR1 and CD36 have been shown to be critical con-
ributors to modified lipoprotein uptake in macrophages
n vitro.14 In addition, it has been shown that a specific
D36-dependent signaling pathway initiated by oxLDL

s necessary for foam cell formation in vitro and in vivo.17

owever, hyperlipidemic Cd36�/�/Apoe�/� and Msr1�/�/
poe�/� mice develop abundant foamy macrophages in
therosclerotic plaques, indicating that lipid uptake by
ntimal macrophages can occur in the absence of CD36
nd MSR1.18 In line with these observations, it has also
een shown that loss of both CD36 and MSR1 activity
educes atherosclerotic lesion complexity and inflamma-
ion in particular, without abrogating foam cell forma-
ion in Apoe�/� mice.19

It is important to note that there is still no clear
vidence establishing that lipids that generate foam cells
n vivo are derived from oxidized lipoproteins. In fact,
here is considerable evidence that LDL-derived lipids can
nter macrophages via SR-independent pathways.38 Na-
ive LDL, which is present in much higher concentrations
n plasma compared with modified/oxidized LDL, has
een reported to be internalized via macropinocytosis of
xtracellular fluid.39 In addition, aggregated or enzymat-
cally modified forms of LDL can also be internalized by

acrophages. It is therefore possible that, whereas the
otal amounts of lipids in the hepatic macrophages from
he Msr�/�/Cd36�/�-tp and Msr1�/�/Cd36�/�-tp mice are

dentical, the lipids may be qualitatively different or the



m
m

m
w
s
h
M
p
c
s
b
d
a
s
t
I
p
t
C
t
a
s
v
I
p
a
fi
o
I
c
i
t
b
k
a
t
t
b
a
t
b
a
B
s
o
t

M
a
t
r
i
p
a
p

o
o
n
t
a
e
r
a
m

a
G
1

1

1

1

1

1

B
A

SI
C
–L

IV
ER

,
P
A

N
C
R
EA

S,
A

N
D

B
IL

IA
R
Y

TR
A

C
T

June 2010 ROLE OF SCAVENGER RECEPTOR A AND CD36 IN NASH 2485
echanism of internalization may trigger more inflam-
atory pathways.
The reduced inflammatory response in the livers of the
ice with targeted deletions of the 2 SRs was associated
ith diminished cholesterol oxidation and oxidative

tress. This effect was also characterized by decreased
epatic MPO in Msr1�/�/Cd36�/�-tp mice compared with
sr1�/�/Cd36�/�-tp mice. MPO is secreted by neutro-

hils and monocytes that generate many oxidants, which
an initiate the oxidation of LDL. Previously, it has been
hown that CD36 is the major receptor for LDL modified
y monocyte-generated reactive nitrogen species.40 These
ata suggest the existence of a defensive feedback mech-
nism to reduce levels of oxidation when CD36 expres-
ion is low. In line with the decreased levels of MPO in
he liver, we observed significant differences in levels of
gM and IgG autoantibodies against modified LDL in the
lasma of both transplanted groups. IgM autoantibodies
o MDA-LDL and Cu-OxLDL are increased in Msr1�/�/
d36�/�-tp mice, suggesting decreased consumption of

hese IgM, which have been suggested to be natural
ntibodies to a large part.20 In literature, it has been
hown that IgM autoantibodies to MDA-LDL were in-
ersely related with atherosclerosis.21,22 Interestingly, an
gG immune response induced by lipid peroxidation
roducts correlates with hepatic inflammation during
lcoholic steatohepatitis and the progression to advanced
brosis during nonalcoholic steatohepatitis.41,42 More-
ver, a number of studies have shown that the levels of
gG autoantibodies are correlated with increased risk for
ardiovascular diseases.43,44 Surprisingly, the differences
n levels of these autoantibodies between Msr�/�/Cd36�/�-
p and Msr1�/�/Cd36�/�-tp mice were already observed at
asal levels. The generation of natural antibodies is
nown to occur in the complete absence of external
ntigenic stimulation, and, therefore, it is not surprising
hat these antibodies are present already before the ini-
iation of the HFC diet. Importantly, the basal differences
etween recipients of the 2 genotypes suggest that MSR1
nd/or CD36 are critically involved in the generation of
hese antibodies. Thus, our data further add to the
readth of SR functions, in particular, the activation of
dditional immune responses with analogous specificity.
ecause this effect is likely to be systemic and not re-
tricted to the liver, our observations regarding lipid
xidation are of general importance and also relevant to
he field of atherosclerosis.

In conclusion, our study demonstrates that the SRs
SR1 and CD36 play an important role during early and

dvanced stages of NASH. Further studies are necessary
o investigate the exact contribution of each of these
eceptors to dissect the molecular mechanisms involved
n diet-induced NASH. Our data also establish the hy-
erlipidemic mice models as a tool to investigate the
dvanced stages of NASH in a physiologic context and

rovide a mechanism for the initiation and progression
f the disease in these models. Finally, this study dem-
nstrates for the first time an analogy between mecha-
isms for NASH and atherosclerosis. Thus, the focus on
he liver as a crucial driver of inflammation in the met-
bolic syndrome is expected to provide alternative strat-
gies leading to new therapies for preventing atheroscle-
osis. This study also provides new evidence for the close
nd complex link between lipid metabolism and inflam-
ation, as manifested in cardiovascular diseases.

Supplementary Material

Note: To access the supplementary material
ccompanying this article, visit the online version of
astroenterology at www.gastrojournal.org, and at doi:
0.1053/j.gastro.2010.02.051.
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Supplementary Materials and Methods

Mice, Diet, and Bone Marrow
Transplantation
Mice were housed under standard conditions and

iven free access to food and water. Experiments were
erformed according to Dutch laws, approved by the
ommittee for Animal Welfare of Maastricht University.
ne week before transplantation, 10-week-old female,

ow-density lipoprotein (LDL) receptor-deficient (Ldlr�/�)
ice were put into filter top cages and received acidified
ater supplemented with neomycin (100 mg/L; N1142;
igma-Aldrich, St. Louis, MO) and polymyxin B sulphate
60,000 U/L; 21850-029; Life Technologies Cooperation,
arlsbad, CA). One day before transplantation, mice were

ubjected to a full-body irradiation with a lethal dose of
0 Gy. The bone marrow of 5 female wild-type mice and

female Msr�/�/Cd36�/� littermates was collected and
ooled. Each irradiated Ldlr�/� mouse received 107 bone
arrow cells by injection into the tail vein. After a recov-

ry period of 9 weeks, the mice were given a high-fat,
igh-cholesterol (HFC) diet for 7 days (n � 8 in Msr�/�/
d36�/� and n � 8 in Msr�/�/Cd36�/�-tranplanted [tp]
ice) and 3 months (n � 7 in Msr�/�/Cd36�/�-tp group,
� 8 in Msr�/�/Cd36�/�-tp group), containing 21% but-

er and 0.2% cholesterol (diet 1635; Scientific Animal
ood and Engineering, Villemoisson-sur-Orge, France).
how fed mice that were killed after 9 weeks recovery
ere used as control group (n � 7 in both Msr�/�/Cd36�/�-

p and Msr�/�/Cd36�/�-tp mice). Blood from the tail
ein was collected before the dietary period, after 7 days
n the HFC diet in the short-term group, and after 3
onths in the long-term group on the day of death after
4-hour fast period. The mice were then killed by cervical
islocation. Tissues were isolated and snap frozen in

iquid nitrogen and stored at �80°C or fixed in 4%
ormaldehyde/phosphate-buffered saline.

Plasma Lipid Analysis
Both plasma and liver lipid levels were measured

ith enzymatic color tests (cholesterol CHOD-PAP;
489232; Roche, Basel, Switzerland; serum triglyceride
TG) determination kit, TR0100; Sigma-Aldrich; NEFAC,
CS-ACOD, 999-75406; Wako Chemicals, Neuss, Ger-
any) according to the manufacturer’s protocols on a

enchmark 550 Micro-plate Reader (170-6750XTU; Bio-
ad, Hercules, CA).

Liver Lipid Analysis
Approximately 50 mg of frozen liver tissue was

omogenized for 30 seconds at 5000 rpm in a closed tube
ith 1.0-mm glass beads and 1.0 mL SET buffer (sucrose
50 mmol/L, EDTA 2 mmol/L, and Tris 10 mmol/L).
omplete cell destruction was done by 2 freeze-thaw

ycles and 3 times passing through a 27-gauge syringe
eedle and a final freeze-thaw cycle. Protein content was

easured with the bicinchoninic acid (BCA) method t
23225; Pierce, Rockford, IL). Cholesterol, triglycerides
TG), and free fatty acids (FFA) were measured as de-
cribed above. Protocols were followed according to the

anufacturers’ instructions.

Liver Histology
Frozen liver sections (7 �m) were fixed in acetone

nd subsequently blocked for endogenous peroxidase by
ncubation with 0.25% of 0.03% H2O2 for 5 minutes.
rimary antibodies used were against infiltrated macro-
hages and neutrophils (rat-anti-mouse Mac-1 [M1/70])
nd T cells (rat-anti-mouse CD3) (both generous gifts
rom Prof Kraal, Free University, Amsterdam, The Neth-
rlands), neutrophils (rat-anti-mouse Ly6-C, clone NIMP-
14) (generous gift from Prof Heeringa, Groningen, The
etherlands), Kupffer cells (KCs) (rat-anti-mouse CD68,

lone FA11) (generous gift from Prof Gordon, Oxford,
K), and apoptosis (rabbit-anti-mouse cleaved caspase 3)

9661Lg; Cell Signalling, Danvers, MA). 3-Amino-9-eth-
lcarbazole (AEC) (A85SK-4200.S1; Bio-connect, Huis-
en, The Netherlands) was applied as color substrate and
ematoxylin (4085.9002, Klinipath, Duiven, The Nether-

ands) for nuclear counterstaining. Sections were en-
losed with Faramount aqueous mounting medium
S302580; DAKO, Glostrup, Denmark). For the lipid
tainings, the neutral lipid marker oil red o (ORO;
0625; Sigma-Aldrich) and the fluorescent free choles-

erol marker Filipin (F9765, Sigma-Aldrich) were used.
he filipin staining was quantified by scoring all filipin-
ositive KCs between 0 and 3, where score 0 indicates not
ositive, and score 3 indicates extremely positive for cho-

esterol content inside the KCs.
Paraffin-embedded liver sections (4 �m) were stained

ith Hematoxylin-Eosin (HE; Hematoxilin, 4085.9002;
linipath, Duiven, The Netherlands; and Eosin, E4382;
igma-Aldrich), Sirius red (Direct Red 80, 43665; Sigma-
ldrich), and rabbit-anti-mouse myeloperoxidase (A0398;
AKO). Pictures were taken with a Nikon digital camera
MX1200 and ACT-1 v2.63 software (Nikon Instru-
ents Europe, Amstelveen, The Netherlands). Immune

ells were counted in 6 microscopical views (original
agnification, 200�) and were noted as cells/square mil-

imeter.

RNA Isolation and Quantitative Polymerase
Chain Reaction
Total RNA was isolated from approximately 25

g of mouse liver tissues as described previously.1 All
pplications were performed according to the manufac-
urers’ protocols. Total RNA (500 ng) from each individ-
al mouse was converted into first-strand complemen-
ary DNA (cDNA) with the iScript cDNA synthesis kit
170-8891; Bio-Rad, Hercules, CA) according to the man-
facturer’s instructions. The changes in gene expression
f inflammatory markers were determined by quantita-

ive polymerase chain reaction (PCR) (qPCR) on an SDS



7
a
a
g
s
(
s
s
P
D
s

t
t
r
w
D
m

L
C
o
T
r
d
n
4
m
a
r
p
T
C

t
l
r
c
i
a
c

t
e
fl
f
(

t
n
p
m

p
w
c
A
d
t

w
t
c
o
t
t

2
4
w
a
w
d
a
d
(

1

2

3

4

5

2486.e2 BIEGHS ET AL GASTROENTEROLOGY Vol. 138, No. 7
900HT by using PowerSybr Green mastermix (4329001
nd 4368708; both Applied Biosystems, Foster City, CA)
nd 10 ng of cDNA. For each gene, a standard curve was
enerated with a serial dilution of a liver cDNA pool. To
tandardize for the amount of cDNA, Cyclophillin A
Ppia) was used as the reference gene. Primer sets for the
elected genes were developed with Primer Express ver-
ion 2.0 (Applied Biosystems) using default settings.
rimer sequences are given in Supplementary Table 1.
ata from qPCR were analyzed according to the relative

tandard curve method.

Chimerism Determination by qPCR
For the determination of the chimerism in the

ransplanted mice, we have made use of the knowledge
hat donor bone marrow has an LdlrWT origin, whereas
ecipient bone marrow an Ldlr�/� origin. Genomic DNA
as isolated using the NucleoSpin Blood QuickPure
NA isolation kit (740569; Macherey Nagel, Düren, Ger-
any).
A standard curve was generated by mixing DNA from

dlr�/� and LdlrWT bone marrow cells at different ratios.
himerism was determined by quantifying the amount
f Ldlr�/� DNA in samples from 70 �L peripheral blood.
o standardize for the amount of input DNA, the non-

elevant p50 gene was quantified. Samples were assayed in
uplicate on a 7900HT real-time PCR system by using 25
g DNA, PowerSybr Green mastermix (4329001 and
368708; both Applied Biosystems), according to the
anufacturer’s instructions. Ldlr�/� specific primers

re forward 5=-GCTGCAACTCATCCATATGCA-3= and
everse 5=-GGAGTTGTTGACCTCGACTCTAGAG-3.
50-specific primers are forward 5=-ACCTGGGAATACT-
CATGTGACTAA-3= and reverse 5=-ACACCAGAAGTC-
AGGATTATAGC-3=.
A standard curve was generated by plotting the mean

hreshold cycle (Ct) �Ct (Ct p50 � Ct Ldlr�/�) against the
ogarithm of the percentage Ldlr�/� and calculation of a
egression line. Chimerism was calculated from the per-
entage of Ldlr�/� DNA in the blood samples (represent-
ng the remaining recipient bone marrow), determined by
pplying the mean � Ct of the sample to the standard
urve.

Measuring Aminotranferases
The level of aminotransferases, alanine amino-

ransferase and aspartate aminotransferase, in plasma of
ach individual mouse was measured by using the Re-
otron system and the test strips for alanine aminotrans-
erase and aspartate aminotransferase measurments

Roche Diagnostics, Almere, The Netherlands), according
o the manufacturer’s instructions. Shortly, for each ami-
otransferase, 32 �L plasma was loaded on the appro-
riate test strip and inserted into the machine. After 2
inutes, the results were shown on the display.

Measuring Autoantibody Titers Against
Modified LDL
Specific antibody titers against modified LDL in

lasma were determined as described elsewhere.2,3 Plasma
as serially diluted and antibody binding measured by

hemiluminescent enzyme-linked immunosorbent assay.
titer was defined as the reciprocal of the maximal

ilution at which binding of the secondary antibody was
wice as high as the background binding.

Measuring Oxysterols
The oxysterols 24S- and 27-hydroxycholesterol

ere measured after extraction from plasma as their
rimethylsilyl ethers by highly specific and sensitive gas
hromatography-mass spectrometry as described previ-
usly.4,5 Deuterium labeled 24S- and 27-hydroxycholes-
erol were used as internal standards as an isotope dilu-
ion method.

Statistical Analysis
Data were statistically analyzed by performing

-tailed, nonpaired, t tests using GraphPad Prism, version
.03 for Windows (GraphPad Software, San Diego, CA;
ww.graphpad.com) for comparing Msr�/�/Cd36�/�-tp
nd Msr�/�/Cd36�/�-tp mice for each diet group. One-
ay analysis of variance test was used for comparing the
ifferent time points of high-fat feeding within the same
cceptor mice. Data were expressed as the mean � stan-
ard error of mean and considered significant at P � .05

*P � .05, **P � .01, and ***P � .001, respectively).
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upplementary Table 1. Primer Sequences for Quantitative PCR

Gene Primer forward Primer reverse

NF CATCTTCTCAAAATTCGAGTGACAA TGGGAGTAGACAAGGTACAACCC
L-6 GCTACCAAACTGGATATAATCAGGAAA CTTGTTATCTTTTAAGTTGTTCTTCATGTACTC
LR-4 TATCCAGGTGTGAAATTGAAACAATT GGGTTTCCTGTCAGTATCAAGTTTG
LR-2 AATTGCATCACCGGTCAGAAA GTTTGCTGAAGAGGACTGTTATGG
PAR-� TTCCCTGTTTGTGGCTGCTAT TGCAACTTCTCAATGTAGCCTATGTT
PAR-� TCGCTGATGCACTGCCTATG GAGAGGTCCACAGAGCTGATT
D68 TGACCTGCTCTCTCTAAGGCTACA TCACGGTTGCAAGAGAAACATG
BCA1 CCCAGAGCAAAAAGCGACTC GGTCATCATCACTTTGGTCCTTG
BCG1 TCGGACGCTGTGCGTTTT CCCACAAATGTCGCAACCT
OL1A1 AACCCTGCCCGCACATG CAGACGGCTGAGTAGGGAACA
MP-13 ACAAAGATTATCCCCGCCTCATA CACAATGCGATTACTCCAGATACTG

IMP-1 CGCCTAAGGAACGGAAATTTG GATAGATAAACAGGGAAACACTGT
GF-� AGCGCTCACTGCTCTTGTGA GTCGCCCCGACGTTTG
D36 GCCAAGCTATTGCGACATGA AAAAGAATCTCAATGTCCGAGACTTT
R-A CATACAGAAACACTGCATGTCAGAGT TTCTGCTGATACTTTGTACACACGTT
OX1 TCCCCGTTCTGGATTGGAT TTGCCTGATGAATATAGCTGTAAAGAAA
R-B1 TTCTTCACTACGCGCAGTATGTG CACTCCAAAACAAAAAGCATTTCTC
R-CL TAGACGGGTCACCTGTTGATTACA ATTGATTTCATCACACTGGAAGTCAT
R-EC GACGACTCCTTCTCTTCTGATCCT TGGGCCATAGGGACCATCT
SOX TGCAGTCCAAAAGCGTGTGT GTGGTGAAAACTCTTCCCATGAC

PIA TTCCTCCTTTCACAGAATTATTCCA CCGCCAGTGCCATTATGG
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