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Abstract
Background & Aims: Non-alcoholic steatohepatitis (NASH) is characterized
by steatosis and inflammation. The transition from steatosis towards NASH
represents a key step in pathogenesis, as it will set the stage for further severe
liver damage. Under normal conditions, lipoproteins that are endocytosed by
Kupffer cells (KCs) are easily transferred from the lysosomes into the cyto-
plasm. Oxidized LDL (oxLDL) that is taken up by the macrophages in vitro is
trapped within the lysosomes, while acetylated LDL (acLDL) is leading to
normal lysosomal hydrolysis, resulting in cytoplasmic storage. We have
recently demonstrated that hepatic inflammation is correlated with lysosomal
trapping of lipids. So far, a link between lysosomal trapping of oxLDL and
inflammation was not established. We hypothesized that lysosomal trapping
of oxLDL in KCs will lead to hepatic inflammation. Methods: Ldlr�/� mice
were injected with LDL, acLDL and oxLDL and sacrificed after 2, 6 and
24 h. Results: Electron microscopy of KCs demonstrated that after oxLDL
injection, small lipid inclusions were present inside the lysosomes after all
time points and were mostly pronounced after 6 and 24 h. In contrast, no
lipid inclusions were present inside KCs after LDL or acLDL injection. Hepa-
tic expression of several inflammatory genes and scavenger receptors was
higher after oxLDL injections compared with LDL or acLDL. Conclusions:
These data suggest that trapping of oxLDL inside lysosomes of KCs in vivo is
causally linked to increased hepatic inflammatory gene expression. Our novel
observations provide new bases for prevention and treatment of NASH.

Non-alcoholic fatty liver disease (NAFLD) is a condi-
tion ranging from lipid accumulation in the liver
(steatosis) to steatosis combined with inflammation.
The latter is referred to as non-alcoholic steatohepati-
tis (NASH) and is viewed as the hepatic event of the
metabolic syndrome. As obesity and insulin resistance

reach epidemic proportions in industrialized countries,
the prevalence of NASH is increasing and is therefore
considered a major health hazard. Although steatosis
alone is considered as the less aggressive stage of NA-
FLD, inflammation represents a key step in the patho-
genesis of NASH, thereby setting the stage for further
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liver damage including fibrosis, cirrhosis and liver
cancer (1). Currently, the mechanisms by which inflam-
mation develops are poorly understood and therapy
options are very poor.

Recent studies point strongly towards the impor-
tance of Kupffer cells (KCs), the resident macrophages
of the liver, in triggering hepatic inflammation (2). In
line with this view, we demonstrated the correlation
between hepatic inflammation and the appearance of
foamy KCs, analogous to foamy macrophages in
atherosclerosis (3). Such cholesterol-loaded foamy
macrophages are formed by the uptake of oxidized
cholesterol-rich low-density lipoproteins (oxLDL) via
scavenger receptors (4). Uptake of oxLDL by macro-
phages in vitro is shown to be resistant to rapid endo-
lysosomal hydrolysis and is trapped within the
lysosomes, while acetylated LDL (acLDL) is leading to
normal lysosomal hydrolysis, resulting in cytoplasmic
storage of cholesteryl esters (5, 6). We have previously
shown that haematopoietic deletion of CD36 and
SR-A, two main scavenger receptors for the uptake of
oxLDL, sets off a cascade of pro-inflammatory events
leading to the initiation of the inflammatory response
in the liver (7). Moreover, the reduced inflammatory
response was associated with less lysosomal cholesterol
accumulation inside KCs (8, 9). However, a causal
link between lysosomal cholesterol accumulation in
KCs and hepatic inflammation has not yet been estab-
lished. In the current manuscript, we hypothesize that
lysosomal trapping of oxLDL in KCs leads to hepatic
inflammation.

To investigate whether oxLDL can directly affect
hepatic inflammation in vivo, Ldlr�/� mice were
injected with a bolus of oxLDL and sacrificed after 2, 6
and 24 h of injection. Injections with PBS, LDL and
acLDL were used as controls. After oxLDL injection, we
found that lysosomal trapping of oxLDL was correlated
with elevated expression of hepatic inflammatory genes.
These data suggest a causal relationship between oxLDL
and hepatic inflammation and provide new bases for
prevention and treatment of NASH.

Material and methods

Mice

The mice were housed under standard conditions and
given free access to food and water. Experiments were
performed according to Dutch regulations and
approved by the Committee for Animal Welfare of
Maastricht University. Twelve-week-old female Ldlr�/�

mice were injected in the tail vein with a bolus of
human LDL, oxLDL or acLDL (200 lg for each) (Intra-
cel, Frederick, MD, USA) and sacrificed after 2, 6 and
24 h of injection (n = 8 per group). The control group
was injected with PBS. The mice were sacrificed by
cervical dislocation. Tissues were then isolated and
snap-frozen in liquid nitrogen and stored at �80°C.

RNA isolation and quantitative PCR

RNA isolation and cDNA synthesis were performed as
described previously (3, 7). All applications were
performed according to the manufacturers’ protocols.
For each gene, a standard curve was generated with a
serial dilution of a liver cDNA pool. To standardize for
the amount of cDNA, Cyclophillin A (Ppia) was used
as the reference gene. Primer sets for the selected
genes were developed with Primer Express version
2.0 (Applied Biosystems, Foster City, CA, USA)
using default settings. Primer sequences were as followed:
Ppia forward 5′-TTCCTCCTTTCACAGAATTATTCCA;
Ppia reverse 3′-CCGCCAGTGCCATTATGG; Tnf-a for-
ward 5′-CATCTTCTCAAAATTCGAGTGACAA; Tnf-a
reverse 3′-TGGGAGTAGACAAGGTACAACCC; Saa-1
forward 5′-GGCTGCTGAGAAAATCAGTGATG; Saa-1
reverse 3′-TCAGCAATGGTGTCCTCATGTC; Tlr-4 for-
ward 5′-TATCCAGGTGTGAAATTGAAACAATT; Tlr-4
reverse 3′-GGGTTTCCTGTCAGTATCAAGTTTG; Icam
forward 5′-CTACCATCACCGTGTATTCGTTTC; Icam
reverse 3′-CGGTGCTCCACCATCCA; Hmox forward
5′-CCGCCTTCCTGCTCAACAT; Hmox reverse 3′-
ATCTGTGAGGGACTCTGGTCTTTG; Cd36 forward 5′-
GCCAAGCTATTGCGACATGA; Cd36 reverse 3′-AAAA
GAATCTCAATGTCCGAGACTTT; Sr-a forward 5′-CA
TACAGAAACACTGCATGTCAGAGT; Sr-A reverse
3′-TTCTGCTGATACTTTGTACACACGTT. Data from
qPCR were analysed according to the relative standard
curve method.

Liver histology

A detailed overview about liver histology was described
previously (7). In brief, frozen liver sections (7 lm)
were fixed in acetone and stained with rat-anti-mouse
Mac1 (M1/70) (generous gifts from Prof. Kraal, Free
University, Amsterdam, the Netherlands). Immune cells
were counted in six microscopic views (magnification
2009) and were noted as cells/mm2. Pictures were taken
with a Nikon DMX1200 digital camera and ACT-1
version 2.63 software (Nikon Instruments Europe,
Amstelveen, the Netherlands).

Electron microscopy

Livers were freshly isolated from the mice and per-
fused and fixed overnight with 2.5% glutaraldehyde
(Ted Pella, Redding, CA, USA). Tissue fragments were
washed and post-fixed in 1% osmium tetroxide.
Tissues were subsequently dehydrated through 100%
ethanol, cleared with propylene oxide and embedded
in epoxy resin. Next, sections of 70–90 nm were cut
on an ultra-microtome, mounted on Formvar-coated
(1595E, Merck) 75-mesh copper grids and counter-
stained with uranyl acetate and lead citrate before
analysis on a Philips CM100 transmission electron
microscope.

Liver International (2013)
© 2013 John Wiley & Sons A/S. Published by John Wiley & Sons Ltd 1057

Bieghs et al. Inflammatory properties of oxLDL in KCs



Statistics

Data were analysed using Graphpad Prism 4.0.3 soft-
ware. Groups were compared using the unpaired t-test.
The data were expressed as the mean and standard error
of the mean and were considered significantly different
at *P < 0.05; **P < 0.01; or ***P < 0.001.

Results

The injected oxLDL is trapped inside lysosomes of
Kupffer cells

The direct role of oxLDL in hepatic inflammation
was investigated by intravenous injection of oxLDL in
Ldlr�/� mice. Normal LDL, acLDL and PBS were
used as control. Electron microscopy was performed
to explore the intracellular distribution of oxLDL,
LDL and acLDL inside KCs (Fig. 1A–C). After oxLDL
injection, small lipid inclusions were present inside
the lysosomes of KCs in all time points and were
mostly pronounced after 6 and 24 h of oxLDL injec-
tion (Fig. 1A). LDL could not be detected inside the
KCs after all time points (Fig. 1B), while acLDL was
mainly located inside the endothelial cells of the liver
after 2 and 6 h of injection (Fig. 1D), instead of in
KCs (Fig. 1C). Altogether, these data demonstrate
that oxLDL is trapped inside lysosomes of KCs
in vivo.

Hepatic inflammation is increased after oxLDL injection

After 24 h of injection, hepatic gene expression of the
inflammatory markers tumour necrosis factor alpha
(Tnf-a), serum amyloid A1 (Saa-1), toll-like receptor 4
(Tlr-4) and intracellular adhesion molecule-1 (Icam-1)
was significantly higher in mice that received a bolus of
oxLDL compared with acLDL (Fig. 2). The expression
of Tnf-a and Saa-1 of oxLDL-injected mice was also
higher than LDL-injected mice after 24 h. Moreover,
Icam-1 was already significantly increased after 2 h of
oxLDL injection compared with acLDL. The anti-
oxidant haem oxygenase 1 (Hmox-1) was also higher
after 24 h of oxLDL injection compared with LDL and
acLDL. Infiltration of monocytes/macrophages and neu-
trophils (Cd11b staining) was not different between the
groups, which is in line with the unchanged mRNA
expression of Integrin alpha-M (Itgam) (Supplemental
Figure 1). Together, these data demonstrate that the
inflammatory gene expression in liver is increased after
oxLDL injection compared with LDL and acLDL.

Next, mRNA expression of the two main scavenger
receptors CD36 and SR-A was performed to explore
their response upon oxLDL injection. After 24 h of
oxLDL injection, expression of Cd36 was significantly
increased compared with LDL and acLDL, while expres-
sion of Sr-a was increased compared with acLDL.
However, after 2 and 6 h of LDL injection, expression
of Sr-a was increased compared with oxLDL injection

(A) (B)

(C) (D)

Fig. 1. Electron microscopy after acLDL, oxLDL and LDL injections. (A–C) Representative electron microscopy pictures of Kupffer cells 24 h
after oxLDL, LDL and acLDL injections respectively. (D) Representative electron microscopy picture of an endothelial cell 2 h after acLDL injec-
tion. Oxidized LDL inside lysosomes of KCs is indicated by solid arrows, acetylated LDL inside endothelial cells by broken arrows.
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(Fig. 2). Altogether, these data demonstrate that both
scavenger receptors CD36 and SR-A are involved in the
inflammatory response upon oxLDL administration in
vivo (Fig. 3).

Discussion

This study demonstrates for the first time the in vivo
effects of oxLDL on hepatic inflammatory gene expres-
sion. We have previously shown the association between
lysosomal trapping of oxLDL and inflammation. How-
ever, a causal link was never established. In the current
manuscript, we investigated the specific effect of oxLDL
on the development of hepatic inflammation. While

injection of normal LDL or acLDL was not associated
with lysosomal trapping or inflammation, we demon-
strated for the first time that in a mouse model of
NASH, oxLDL is trapped within the lysosomes of KCs
and is associated with an inflammatory response. These
data provide new bases for prevention and treatment of
NASH.

Oxidative modification of LDL transforms LDL to a
pro-inflammatory, immunogenic and cytotoxic oxLDL
that is generally held as a key component in the develop-
ment of atherosclerotic foam cells (10). Oxidation of
LDL has been found to take place in the arterial wall
(11) and in plasma (12). By functioning as scavenger
organ for circulating oxLDL, the liver reduces the

Fig. 2. Hepatic gene expression after acLDL, oxLDL and LDL injections. Gene expression analysis by qPCR of tumour necrosis factor alpha
(Tnf-a), serum amyloid A1 (Saa-1), toll-like receptor 4 (Tlr-4), intracellular adhesion molecule-1 (Icam-1), haem oxygenase 1 (Hmox-1) and
scavenger receptors Cd36 and Sr-a. Gene expression data are shown relative to the control injected group. *P < 0.05, **P < 0.01 and
***P < 0.001.

Normal condition

Ox-LDL LDL

Kupffer cell

Hepatic inflammation

Ox-LDL LDL
1) SR-A

2) CD36

Kupffer cell

Cytokines

Lysosomes

1) SR-A

2) CD36

Lysosomes

Fig. 3. Uptake of modified lipoproteins by Kupffer cells (KCs). Under normal conditions, circulating cholesterol is taken up by KCs and
initially directed to lysosomes. After hydrolyzation by lysosomal enzymes, free cholesterol is transferred into the cytoplasm. There, free
cholesterol can be converted into cholesterol esters, or excreted from the cell by efflux mechanisms. Oxidized LDL (oxLDL) can be taken up
by scavenger receptors CD36 and SR-A on the KCs. OxLDL is then directed to the lysosomes of the KCs, where it will accumulate via
unknown mechanisms. Therefore, oxLDL cannot be converted into free cholesterol and will be trapped inside the lysosomes, triggering an
inflammatory response.
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harmful effects of oxLDL in other tissues (13). However,
there is some evidence that high levels of circulating
oxLDL can impair the function of the liver itself (14),
and when injected into the general circulation of mice,
oxLDL can induce several pathophysiological events in
the hepatic sinusoids (15). Although these findings
support the idea that oxLDL is very harmful for the
liver, the authors did not investigate the link with
lysosomal cholesterol accumulation.

The clearance of native LDL from serum proceeds at
a low rate (13). When LDL is oxidized or acetylated and
injected into rats, this leads to a markedly increased
removal from the blood circulation paralleled with an
increased uptake in the liver (13). The KC uptake of
oxLDL 10 min after injection is much higher than for
acLDL, leading to KCs as the main liver site for oxLDL
uptake (13). Furthermore, oxLDL that is taken up by
macrophages in vitro is trapped within the lysosomes,
while acLDL is leading to normal lysosomal hydrolysis,
resulting in cytoplasmic storage of cholesteryl esters (5,
6). Therefore, although acLDL is not naturally present
in vivo, we have used it in the current experiment as a
control for lysosomal cholesterol accumulation achieved
by oxLDL. We demonstrated that the injected oxLDL is
trapped inside lysosomes of KCs, while acLDL is not
present in the cytoplasm of KCs, but is mainly found in
the endothelial cells of the liver. These data are also in
agreement with previous observations in literature,
demonstrating that acLDL is mainly taken up by the
endothelial cells in the liver, and not by KCs (13, 16). It
has been suggested that unlike acLDL, uptake of oxLDL
by macrophages leads to impaired lysosomal degrada-
tion (17), and thereby expansion of and a decrease in
the density of the lysosomal compartments in macro-
phages (18). In the current manuscript, we show for the
first time that accumulation of oxLDL inside lysosomes
of KCs can also trigger an inflammatory response.
Although the hepatic inflammatory gene expression was
already affected after several hours of oxLDL injection,
infiltration of inflammatory cells in the liver (CD11b
staining) was not observed. This lack of inflammatory
cell infiltration is probably related to the rapid clearance
of oxLDL from the circulation (13), and therefore we
could only observe changes in the inflammatory gene
expression upon injections as this is rapidly influenced.
These data are also in line with our expectations, as the
accumulation of oxLDL inside the lysosomes will first
lead to activation of the KCs, which in turn will lead to
a rapid release of a wide range of inflammatory media-
tors and signalling molecules for the attraction of
inflammatory cells (19).

The two main macrophage scavenger receptors
responsible for binding and internalization of oxLDL,
namely CD36 and SR-A showed elevated hepatic mRNA
expression upon oxLDL injection. These data are also in
line with previous reports on the effect of oxLDL on
scavenger receptors, where functional expression of
CD36 and SR-A was increased in macrophages upon

oxLDL loading (20, 21). We have previously demon-
strated that both the scavenger receptors are involved in
lysosomal trapping of oxLDL (9). When oxLDL is
trapped inside lysosomes because of impaired choleste-
ryl ester hydrolysis or a change in the acidic pH of lyso-
somes (22), it has the potential to damage lysosomal
membranes (23). Endocytosed oxLDL particles partially
inactivate lysosomal enzymes and cause relocation of
these enzymes to the cytosol (24), as well as activation
of the NLRP3 inflammasome (25–27). Moreover, when
there are high levels of circulating oxLDL, as observed
in foamy macrophages found in inflamed atheroscle-
rotic plaques, cholesterol is not transferred into the
cytoplasm, but rather accumulates inside lysosomes (22,
28, 29). Several lines of evidence also indicate a strong
association between lysosomal cholesterol accumulation
and inflammation (23, 25, 27, 30, 31). Our current
study is the first one to provide a causal relationship
between lysosomal oxLDL trapping and elevation of
hepatic inflammatory gene expression in the context of
NASH.

Taken altogether, our novel observations point
towards the link between lysosomal oxLDL accumulation
inside KCs and hepatic inflammatory gene expression.
Therefore, inhibition of oxLDL itself or the redirection of
lysosomal cholesterol accumulation can provide a new
basis for prevention and treatment of NASH.
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Fig. S1. Infiltrating macrophages. Hepatic gene
expression of Integrin alpha-M (Itgam) and quantifica-
tion of histology for infiltrating macrophages (Mac1
staining) after 24 h of injection.
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