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a  b  s  t  r  a  c  t

Objective:  The  liver  is  the  key  organ  involved  in  systemic  inflammation,  but  the  relation  between  hep-
atic  inflammation  and atherogenesis  is  poorly  understood.  Since  nuclear  factor-�B  (NF-�B)  is a  central
regulator  of  inflammatory  processes,  we  hypothesized  that chronically  enhanced  hepatic  NF-�B  activa-
tion, through  hepatocyte-specific  expression  of  I�B kinase-�  (IKK�)  (LIKK),  will  aggravate  atherosclerosis
development  in  APOE*3-Leiden  (E3L)  mice.
Methods  and  results:  E3L.LIKK  and  E3L  control  littermates  were  fed  a Western-type  diet  for  24  weeks.
E3L.LIKK  mice  showed  a  2.3-fold  increased  atherosclerotic  lesion  area  and  more  advanced  atherosclerosis
in  the  aortic  root  with  less  segments  without  atherosclerotic  lesions  (11%  vs.  42%),  and  more  segments
with  mild  (63%  vs.  44%)  and  severe  (26%  vs.  14%)  lesions.  Expression  of  LIKK  did  not  affect  basal  lev-
els  of  inflammatory  parameters,  but plasma  cytokine  levels  tended  to be  higher  in  E3L.LIKK  mice  after
lipopolysaccharide  (LPS)  administration.  E3L.LIKK  mice  showed  transiently  increased  plasma  cholesterol
levels,  confined  to (V)LDL.  This  transient  character  resulted  in  a  mild  (+17%)  increased  cumulative  plasma
cholesterol  exposure.
Conclusion:  We  conclude  that  selective  activation  of  NF-�B  in  hepatocytes  considerably  promotes
atherosclerosis  development  which  is  (at  least  partly)  explained  by  an  increased  sensitivity  to  proin-
flammatory  triggers  and  transiently  increased  plasma  cholesterol  levels.

© 2011 Elsevier Ireland Ltd. All rights reserved.
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1. Introduction

Increased inflammation, in addition to disturbances in lipid
metabolism, is the other main contributor to the development of
atherosclerosis [1].  Nuclear factor-�B (NF-�B) has been identified
as the most important transcription factor in the regulation of
inflammatory processes during atherosclerosis development [2].
In unstimulated cells, NF-�B p65/p50 dimer is kept inactive by its
inhibitory protein: inhibitor of �B (I�B). A wide range of extracel-
lular stimuli, including cytokines, microbial components, and also
free fatty acids, induce activation of the I�B kinase complex, which
consists of two kinases (IKK� and -�) and a regulatory subunit,
NEMO/IKK�. This complex mediates the phosphorylation of I�B,
resulting in its ubiquitination and degradation, leaving the NF-�B
dimer free to translocate to the nucleus and activate its target genes
[2].

While general inhibition of the NF-�B pathway by pharmaco-
logical agents reduces atherosclerosis development in mice [3,4],
the relative contribution of NF-�B may  differ at cellular- or tissue-
specific level. Suppression of the NF-�B pathway in endothelial cells
by ablation of NEMO/IKK� has been shown to decrease atheroscle-
rosis development [5].  In murine bone marrow transplantation
models, inhibition of the NF-�B pathway at distinct levels in
hematopoietic cells can have different outcomes, i.e. deficiency of
the NF-�B p50 subunit resulted in smaller atherosclerotic lesions
[6],  whereas deletion of IKK� increased atherosclerosis develop-
ment [7]. Surprisingly, the role of the NF-�B pathway in hepatocytes
on atherosclerosis development has not been investigated thus far.

The liver plays a central role in both lipid metabolism [8] and
inflammation [9].  Disturbances in lipid metabolism and increased
inflammation are the two main risk factors for atherogenesis [1].
Hepatocytes form the largest population of cells in the liver and exe-
cute most of its important functions. During inflammation, acute
phase proteins are mainly synthesized by the hepatocytes [10].
Interestingly, hepatocyte-specific deficiency of gp130, a receptor
component of IL-6 signaling which signals independent of the
NF-�B pathway, decreases atherosclerosis in apoe−/− mice [11],
suggesting that reduced hepatic inflammation is associated with
less atherosclerosis development.

Despite ample evidence implicating the involvement of NF-�B in
atherogenesis, the hepatocyte-specific role of NF-�B in atheroscle-
rosis has not been investigated directly. Therefore, in this study
we aimed to investigate whether chronic activation of hepatocyte-
specific NF-�B aggravates atherosclerosis development. We  used
transgenic mice with hepatocyte-specific expression of human
IKK� (liver-specific IKK� or LIKK mice), resulting in an increase of
active NF-�B [12], crossbred with atherosclerosis-prone APOE*3-
Leiden (E3L) mice. E3L mice exhibit a human-like lipoprotein
distribution on a cholesterol-rich diet due to transgenic expression
of a human mutant of the APOE3 gene, and are therefore suscep-
tible to atherosclerosis development [13]. Collectively, our results
show that hepatocyte-specific NF-�B activation markedly aggra-
vates atherosclerosis development in E3L mice.

2. Methods

Brief descriptions of the most important procedures of this study
are provided in this section. An expanded description is available in
the supplemental data (available online at http://atherosclerosis-
journal.com).

2.1. Animals

Transgenic LIKK mice expressing constitutively active human
IKK� in hepatocytes under the control of an albumin promoter

[12] were crossbred with E3L mice [13] to generate heterozygous
E3L.LIKK and control E3L littermates, as described before [14]. Ten-
12 weeks old female mice were fed a Western-type diet for 24
weeks. Blood was  drawn every 4 weeks after a 4-h fast.

2.2. Plasma analysis

Plasma levels of serum amyloid A (SAA), inflammatory
cytokines, total cholesterol (TC), triglycerides (TG) and phospho-
lipids (PL) levels were determined.

2.3. Lipopolysaccharide stimulation

Mice were injected i.v. with Salmonella minnesota Re595
lipopolysaccharide (LPS) (50 mg/kg body weight). Blood was col-
lected 90 min  after injection and plasma was assayed for cytokines.

2.4. Atherosclerosis quantification

The extent of atherosclerosis was  assessed in the aortic root
area. After staining with hematoxylin–phloxine–saffron (HPS),
atherosclerotic lesion severity and area were determined.

3. Results

3.1. LIKK causes low-grade inflammation

The overall appearance of E3L and E3L.LIKK mice during the
study was  similar. To assess whether expression of LIKK affects
body weight gain, we measured food intake and body weight
weekly. Both were not different between E3L.LIKK and E3L con-
trol mice (Supplemental Fig. 1A and B). The liver- and spleen
weight and histological morphology of the liver were also com-
parable between E3L.LIKK and E3L mice (data not shown). To gain
more insight in the effects of LIKK on inflammation, we  determined
whether LIKK expression increased the inflammatory state of the
liver and systemic inflammatory markers in E3L.LIKK mice on a
Western-type diet. We  confirmed previous findings [14] showing
that the enhanced expression of hepatocyte-specific human IKK�
(Supplemental Fig. 2A)  resulted in a 1.4-fold increased hepatic NF-
�B activation, as shown by an increase in the phosphorylated p65
subunit (pNF-�BSer536) (Supplemental Fig. 2B). IKK� kinase phos-
phorylates subunit p65 of NF-�B at the position Ser536, which
activates the transcriptional activity of NF-�B [15]. The transgenic
expression of human IKK� mRNA was present only in E3L.LIKK mice
and did not alter murine IKK� mRNA expression (Supplemental Fig.
2C and D). The enhanced hepatic NF-�B activation in E3L.LIKK mice
did not result in increased IL-6 expression in whole liver, but did
result in a tendency towards increased IL-1� expression (P = 0.085)
and a significant increase in MCP-1 expression (Supplemental Table
2).

To evaluate whether the increased hepatocyte-specific NF-�B
activation in E3L.LIKK mice enhanced the systemic inflammatory
state, we  determined the plasma inflammation marker SAA and
plasma cytokines under basal conditions. LIKK expression did not
affect SAA before (3.1 ± 0.17 �g/mL vs. 3.4 ± 0.15 �g/mL) and after
8 weeks (4.4 ± 0.28 �g/mL vs. 4.2 ± 0.31 �g/mL) and 24 weeks
(4.9 ± 0.51 �g/mL vs. 5.4 ± 0.78 �g/mL) of Western-type diet feed-
ing (Fig. 1), and neither the determined plasma cytokine levels
(Supplemental Fig. 3A–F). SAA levels increased with Western-type
diet feeding in both E3L and E3L.LIKK mice, but this difference only
reached statistical significance in E3L.LIKK mice (Fig. 1).

Since we did not observe a clear increased systemic proinflam-
matory state under basal conditions, we challenged the mice with
LPS to boost the inflammatory response. Interestingly, after injec-
tion of LPS, proinflammatory cytokines (e.g. IL-1�, IFN�) showed
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