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Abstract

A high fat, high cholesterol "atherogenic" diet induced consid-
erably greater hepatic levels of conjugated dienes and expres-
sion of several inflammatory and oxidative stress responsive
genes (JE, the mouse homologue of monocyte chemotactic pro-
tein-i, colony-stimulating factors, heme oxygenase, and
members of the serum amyloid A family) in fatty streak suscep-
tible C57BL/6 mice compared to fatty streak resistant C3H/
HeJ mice. Since serum amyloid A proteins bind exclusively to
HDLand influence the properties of HDL, serum amyloid A
expression may contribute to the decrease in HDL levels seen
in the susceptible strains. Induction of a similar set of genes
was observed upon injection of minimally oxidized low density
lipoprotein. The transcription factor NF-KB is known to be acti-
vated by oxidative stress and is involved in the transcriptional
regulation of several of these genes. On the atherogenic diet the
susceptible C57BL/6 mice exhibited significant NF-KB-like
activation whereas the resistant C3H/HeJ mice exhibited lit-
tle or no activation. These results are consistent with the hy-
pothesis that the atherogenic diet resulted in the accumulation
of oxidized lipids in certain tissues (e.g., liver and arteries) and
the resulting inflammatory response to this oxidative stress
was genetically determined. (J. Clin. Invest. 1993. 91:2572-
2579.) Key words: early response genes * heme oxygenase .
serum amyloid A * colony-stimulating factors * NF-KB-like
factor(s)

Introduction

There is accumulating evidence that oxidative modifications of
LDL contribute to early atherogenesis. Oxidative or other mod-
ifications of LDL are necessary to produce "foam cells" that
are characteristic of fatty streaks. Recently, LDL oxidized by
various procedures has been shown to stimulate vascular wall
cells to express adhesion molecule(s), chemotactic factors,
growth factors, to inhibit vasodilation, and to be cytotoxic ( 1-
5). Several lines of evidence now point to the key role of inflam-
matory processes in the pathogenesis of atherosclerosis (6-10).
Immunohistochemical studies ( 1 1-13 ) and biochemical analy-

Address correspondence to Dr. Feng Liao, Department of Medicine,
Division of Cardiology, University of California, Los Angeles School of
Medicine, Los Angeles, CA90024-1679.

Received for publication 2 October 1992 and in revised form 19
January 1993.

sis of the artery wall extracts ( 12) indicate that oxidized LDL
species are present in artery wall lesions. Moreover, autoanti-
bodies to oxidized LDL occur in both human and animal sera
( 13, 14). Evidence linking oxidized LDL to atherosclerosis re-
mains indirect but is supported by numerous studies showing
that treatment of animals with various antioxidants inhibits
lesion development ( 1, 15).

This paper investigates the relationship between induction
of inflammatory genes and lipid peroxidation in genetically
defined strains of mice differing in susceptibility to early athero-
genesis (aortic fatty streaks). Previously we demonstrated that
administration of minimally oxidized LDL (MM-LDL)' into
the circulation of mice resulted in a rapid induction of macro-
phage colony stimulating factor (M-CSF) activity in the blood
and mRNAfor JE (the mouse homologue of monocyte che-
motactic protein- 1 ) in various tissues, including the liver ( 16).
Moreover, the injection of MM-LDL significantly increased
monocyte adhesion to the wall of the aorta ( 17). Gerrity and
co-workers ( 18) have previously shown that swine fed a high
fat diet exhibit a large increase in circulating M-CSF. Werea-
soned that if, indeed, accumulation of lipoprotein and subse-
quent lipid peroxidation in the artery wall is causal in early
atherogenesis, induction of inflammatory genes elicited by
feeding a high fat, high cholesterol "atherogenic" diet should
differ in some aspect in fatty streak susceptible and resistant
strains of mice. A limitation of studies with mice is the very
small size of arteries, making biochemical analysis of lipids and
gene expression difficult. Since the liver is known to accumu-
late lipids when mice consume an atherogenic diet, and since
liver JE has been shown to be inducible by MM-LDLinjection,
this organ provides a model to test our hypothesis.

Our results demonstrate that an atherogenic diet challenge
and injection of MM-LDLincrease the expression of the simi-
lar set of inflammatory and oxidative stress responsive genes in
the liver, including JE, KC, serum amyloid A (SAA), and
heme oxygenase. Both also increase the activity of colony stim-
ulating factors (CSF) in the circulation. Paralleling dietary in-
duction of these genes was accumulation of tissue lipid perox-
ides and activation of NF-KB-like transcription factor(s). NF-
KB is a transcription factor that, upon receiving the stimuli of
reactive oxygen intermediates, translocates to the nucleus and
induces transcription of various inflammatory genes ( 19), in-
cluding JE and SAA(20,21 ). Remarkably, there was a striking
correlation among mouse strains between inflammatory gene
induction and susceptibility to fatty streak development. Thus,

1. Abbreviations used in this paper: ALK, alkaline phosphatase; ALT,
alanine aminotransferase; AST, aspartate aminotransferase; CSF, col-
ony-stimulating factor; M-CSF, macrophage CSF; MM-LDL, mini-
mally oxidized LDL.
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the atherogenesis susceptible strain C57BL/6 mice exhibited
considerably greater induction of inflammatory genes and in-
crease of NF-KB-like activity than the atherogenesis resistant
strain C3H/HeJ mice, whereas strain BALB/c mice were in-
termediate with respect to aortic lesion susceptibility and in-
flammatory gene induction. There was also a significant differ-
ence in the accumulation of conjugated dienes between the
strains. Our results provide support for the concept that lipid
peroxidation can trigger the expression of inflammatory genes
likely to be involved in early atherogenesis. Furthermore, they
suggest that genetic control of the processes affecting lipid per-
oxidation and inflammatory gene induction may determine
the susceptibility of animals to the disease.

Methods

Mice. C3H/HeJ and C3H/HeSN mice were purchased from the Jack-
son Laboratory, Bar Harbor, ME. BALB/c mice were purchased from
either the Jackson Laboratory or Harlan Sprague Dawley, Inc., India-
napolis, IN. C57BL/6 mice were purchased from either the Jackson
Laboratory or B & K Universal Inc., Fremont, CA. All of the mice were
females, 3-6 moold. The control diet was Purina chow (Ralston-Pur-
ina Co., St. Louis, MO) containing 4% fat. The atherogenic diet, ob-
tained from Teklad, Madison, WI (TD 90221), contained 15.75% fat,
1.25% cholesterol, and 0.5% sodium cholate.

Lipoproteins. HumanLDL isolation and preparation of MM-LDL
by cold storage and iron oxidation were performed as previously de-
scribed (2, 16).

Serum CSFassay. Mouse bone marrow cell colony formation as-
say was used to determine the CSFactivity in mouse sera as described
in detail elsewhere ( 16).

RNA analysis. Tissues were collected, frozen in liquid nitrogen,
and stored at -70'C. Total RNAwas extracted using the acid guani-
dinium thiocyanate-phenol-choloroform method (22). RNAsamples
(20 gg) were denatured and electrophoresed through a 1% formalde-
hyde agarose gel followed by blotting to nylon filters and ultraviolet
cross-linking.

cDNA clones used for hybridization was obtained as following:
murine JE (pJE) (23), KC (pKC) (24), and 18S ribosomal RNA
(Rn1 8S) (25) were purchased from American Type Culture Collec-
tion, Rockville, MD; murine c-fos and human a-tubulin were kindly
provided, respectively, by Drs. R. Chiu and W. Salzer, UCLA; murine
heme oxygenase (26) was kindly provided by Dr. S. Sakiyama, Chiba
Cancer Center Research Institute, Japan; murine IL- 1 a was clone pIL-
1 1301 (27). Murine SAA3cDNA(clone pRS48) (28, 29) was a gener-
ous gift from Dr. B. Taylor, the Jackson Laboratory.

18-base long oligonucleotides specific for SAAJ, SAA2, and SAA3
were used as reported previously (30). End labeling of the oligonucleo-
tides and hybridization of blots were performed according to previ-
ously published methods (30) with modification. Before experiments,
the specificity of these oligonucleotides under our conditions was con-
firmed by Northern analysis on the RNAextracted from different tis-
sues of mice injected with LPS. Analysis of RNAfor SAAwas obtained
using an SAA3 cDNA probe (which cross-hybridizes with SAA, and
SAA2) except where otherwise indicated.

Lipid extraction and measurement of conjugated dienes. The total
lipids were extracted from the livers of mice immediately after killing
following the method of Folch et al. (31). Conjugated dienes were
measured by means of the second derivative ultraviolet absorption
spectra of the lipids in hexene (32) and quantitated using soybean
lipoxygenase oxidized linoleic acid as a standard.

Nuclear extracts and mobility shift assay. Livers were collected and
stored in the same way as for RNAanalysis. Nuclear extracts were
made from tissues according to established protocols with minor modi-
fications (33, 34). Briefly, - 0.4 g of liver tissue was minced in cold
PBS and the minced chunks were disrupted in buffer A with 0.1%

NP-40 using a Dounce homogenizer with a type B pestle. The crude
nuclear pellets were then resuspended in buffer C. The nuclear extracts
were then diluted with buffer D. Nuclear extracts were also prepared
from cultured cells as described previously (34). Mobility shift assays
were carried out according to a standard protocol using the NF-KB and
SP-I binding protein detection system (catalogue number 3382SA and
3382SB; Gibco/BRL, Gaithersburg, MD). Competitions were per-
formed using a 50-fold molar excess of unlabeled NF-KB-binding oligo-
nucleotide. Since numerous transcription factors have been identified
in the NF-KB family, this assay actually detects the activation of the
sum of these transcription factors that recognize the consensus binding
sequence.

Liver histology and serum enzyme assays. Mouse liver samples
were either (a) fixed in formalin, paraffin-embedded, and stained with
hematoxylin and eosin, or (b) frozen-sectioned and stained with oil red
0. Serum enzyme assays for alkaline phosphatase, alanine aminotrans-
ferase, and aspartate aminotransferase were performed in the Clinical
Laboratory, UCLAMedical Center.

Results

Injection of MM-LDL induced inflammatory and oxidative
stress responsive genes. In vitro studies have shown that MM-
LDL is a potent inducer of certain inflammatory and early
response genes in a variety of cells, including fibroblasts, aortic
endothelial cells, and smooth muscle cells. These genes include
M-CSF and GM-CSF(3), tissue factor (35), JE/monocyte
chemotactic protein- 1 (4, 36) as well as c-fos, c-myc, and KC
(an early response gene of unknown function) (36). Moreover,
MM-LDLinduces endothelial cells to express a monocyte ad-
hesion molecule that has not yet been identified (2) and in-
creases adhesion of monocytes to the aortic wall in vivo ( 17 ). A
number of these genes are likely to participate in monocyte
recruitment, proliferation and activation in the artery wall dur-
ing early atherogenesis.

Previously, we also demonstrated that the injection of MM-
LDL, prepared by either cold storage or brief iron oxidation,
induced M-CSF activity in the plasma and JE mRNAin a
variety of tissues (16). Wehave now surveyed expression of
various inflammatory and oxidative stress responsive genes
after intravenous injection of MM-LDL, and have observed
significant induction of hepatic mRNAfor KC, members of
the SAA family, and heme oxygenase. It is known that heme
oxygenase is inducible by oxidants and agents affecting intra-
cellular glutathione levels and, thus, is a sensitive indicator of
oxidative stress (37). A representative study for the time course
of hepatic gene induction after MM-LDLinjection is shown in
Fig. 1. Induction of the early response genes JE and KCwas
rapid and transient. Induction of JE mRNAwas detectable 1 h
after MM-LDLinjection and in some experiments remained
elevated by 4 h. SAA induction was less rapid and more pro-
longed. Unlike JE, KCand SAA, which were barely detectable
before MM-LDLinjection, heme oxygenase was constitutively
expressed in the liver. In response to MM-LDLinjection there
was a rapid induction of heme oxygenase mRNA, which re-
turned to basal levels 6-9 h after injection (Fig. 1). Induction
of mRNAfor JE was observed in all of the tissues examined,
including the lung, liver, and spleen ( 16).

Feeding of an atherogenic diet resulted in induction of the
similar set of genes as MM-LDL injection. Atherogenic diets
for mice were first developed by Thompson (38) and subse-
quently modified by Paigen and co-workers (39). The diet
used contained 15.75% fat, 1.25% cholesterol, and 0.5% so-
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Figure 1. The time course of liver gene induction after intravenous
injection of MM-LDL. MM-LDLwas prepared by iron oxidation as

previously described and reported ( 16). After intravenous injection
at a dosage of 200 ag/mouse, MM-LDL, but not LDL, induced JE
mRNAin mouse livers (see Fig. 5 in reference 16). Both MM-LDL
and LDL contained < 0.5 pg LPS/,ug protein. After administration
of this MM-LDLat the time indicated in this figure, BALB/c mice
were killed. Their hepatic RNAwas extracted and subjected to

northern analysis. Duplicate mice were used for each time point in
this representative study. The mRNAlevels for SAA, JE, KC, and
heme oxygenase (HO) were clearly inducible while those for numer-

ous other genes including tubulin (Tub) were unaffected.

dium cholate. In response to the diet, the mice showed large
increases in the levels of apo B-containing lipoproteins (pri-
marily p-very low density lipoproteins), which in most strains
accumulated to a level of 200-400 mg/dl (40). In the majority
of susceptible, but not resistant, strains consumption of the
atherogenic diet also resulted in an - 50% reduction in HDL
levels (41). Whensusceptible C57BL/6 mice were fed the ath-
erogenic diet for 4-5 wk, significant inductions of hepatic
mRNAfor JE (Figs. 2 and 4), heme oxygenase (Figs. 2 and 7),
SAA (Figs. 4 and 6), and KC (data not shown) and of serum

CSF activity (Fig. 3) were observed. This pattern of gene ex-

pression closely resembles that observed after MM-LDLinjec-
tion. These inductions were clearly observed after 5 wk on the
atherogenic diet and were maintained for > 15 wk (data not
shown). After prolonged ( 15 wk) exposure to the diet, induc-
tion of hepatic mRNAfor c-fos and TNF-a was discernible,
while no induction of IL- a was observed (data not shown). In

Figure 2. Comparison of JE and heme oxygenase (HO) mRNAin
different tissues of C57BL/6 mice on the chow or the atherogenic
diet. An example from several studies is shown. Sp, spleen; Lu, lung;
Li, liver. Hybridization with 18S rRNA probe was used to demon-
strate equal loading of RNA.

contrast to MM-LDL injection, dietary induction of gene ex-
pression occurred in the liver, a tissue exhibiting substantial
lipid accumulation, but not in the lung and spleen (Fig. 2).

Genetic control of induction of inflammatory and oxidative
stress responsive genes by the atherogenic diet. A variety of
inbred strains of mice have been surveyed for susceptibility to
the development of aortic fatty streaks. The best characterized
are strains C57BL/6, BALB/c, and C3H/HeJ. Strain C57BL/
6 mice begin to exhibit significant aortic lesions after about 8
wk on the diet and subsequently the lesion area continues to
increase. BALB/c mice exhibit intermediate lesion susceptibil-
ity, with the first detectable lesions occurring after about 14 wk
on the atherogenic diet. Strain C3H/HeJ mice are completely
resistant, with little or no lesion development after six or more

months on the atherogenic diet (41, 42).
Induction of hepatic genes and circulating CSF activity

were compared among these strains and some closely related
sublines of these strains.

C57BL/6 and C3H/ HeJ mice were fed either the chow diet
or the atherogenic diet for over 4 wk and their sera were col-
lected for determination of CSF activity. CSF activity in the
sera was markedly increased in C57BL/6 strain and did not
show a significant change in C3H/HeJ strain (Fig. 3). The
increased CSF activity in the sera of C57BL/6 mice was sus-

tained for up to 15 wk on the atherogenic diet.
After feeding the atherogenic diet, SAA and JE mRNA

were dramatically induced in the livers of C57BL/6 mice (21-
and 15-fold, respectively), but both showed no significant in-
duction in C3H/HeJ mice (Fig. 4). As shown in Fig. 5, after 5
wk of the atherogenic diet challenge, liver mRNAfor SAAand
JE was highly expressed in C57BL/6 mice, showed interme-
diate induction in BALB/c, and was lowest in C3H/HeJ mice,
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Figure 3. Induction of CSF activity in the sera of C57BL/6 and
C3H/HeJ mice. After 4 wk on the atherogenic diet the mice were

compared with their counterparts on the chow diet for serum CSF
activity as determined by mouse bone marrow cell colony formation
assay ( 16). Significant increases in the levels of serum CSFactivity
were observed in C57BL/6 mice on the atherogenic diet ( 1,786±138
CFU/ml serum, n = 9) compared to those on the chow diet
(688± 126 CFU/ml serum, n = 10). C3H/HeJ mice, in contrast, did
not exhibit a significant change between the group on the atherogenic
diet (780±60 CFU/ml serum, n = 5) and the group on the chow
diet (900±230 CFU/ml serum, n = 5). The numbers shown are the
mean±SEMCFU/ml serum. P values for the differences between
the chow and the atherogenic diet groups obtained by Student's t test
are shown in the figure.
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Figure 4. Differential induction of JE and SAAmRNAin the livers of
C57BL/6 and C3H/HeJ mice upon challenge with the atherogenic
diet. Mice (in triplicate) were fed either the chow diet or the athero-
genic diet for 4 wk and were studied for the levels of hepatic mRNA
for SAA, JE, and 18S rRNA by Northern analysis. The results of
densitometry scans are shown at the top of the figure as the ratio of
densitometry units of the particular mRNAto that of 1 8S rRNA
(mean±SEM).

the same rank order for their susceptibility to aortic lesion for-
mation. After 15 wk of the exposure to the atherogenic diet,
mRNAlevels were about the same in BALB/c and C57BL/6
mice, but remained much lower in the C3H/HeJ mice (data
not shown). Thus, after challenge with the atherogenic diet,
strain BALB/c mice exhibit a substantial lag in both aortic
fatty streak development and inflammatory gene induction as
compared to strain C57BL/6 mice.

SAAconsists of a family of proteins encoded by genes clus-
tered on mouse chromosome 7. Among them SAA, and SAA2
are the major acute phase response species. Using oligonucleo-
tides specific for SAA, and SAA2 we found that both of them
were induced in the same pattern as that observed using SAA3

SAA/18S rRNA 3.3±0.6 19.6±3.6 5.8±0.9

JE/18S rRNA 1.9±0.3 11.5±3.0 3.0±0.1

18S rRNA_

SAA *,^..

JE

Strains C3H/HeJ 1 C57BL/6 BALB/c

Figure 5. Comparison of JE and SAAmRNAexpression in the livers
of C3H/HeJ, C57BL/6, and BALB/c mice on the atherogenic diet
for 5 wk. Duplicate mice are shown as representative examples. 18S
rRNA was used for reference. The results of densitometry scans are
shown at the top of the figure as the ratio of densitometry units of
the particular mRNAto that of 18S rRNA (mean±SEM). Three to
six animals were included in each group.
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Figure 6. Differential induction of the major inflammatory SAA
mRNAin the livers of C57BL/6 versus C3H/HeJ mice. Both
C57BL/6 and C3H/HeJ mice were fed the atherogenic diet for 0, 5,
or 15 wk and were compared for the levels of SAA, and SAA2 mRNA
in livers using end-labeled specific oligonucleotides. Duplicate mice
are shown as representatives of several studies. 1 8S rRNA was used
for reference.

cDNAprobe in the livers of mice injected with MM-LDLand
also in the livers of C57BL/6 versus C3H/HeJ mice on the
atherogenic diet (Fig. 6). Moreover, the induction of SAA, and
SAA2mRNAcorrelated with the change of their proteins in the
plasma as revealed by immunoblotting studies (data not
shown). A fourfold induction of heme oxygenase mRNAwas
also noted in the livers of C57BL/6 mice after 5 wk of feeding
the atherogenic diet while no significant change in C3H/HeJ
mice was observed (Fig. 7). This difference remained the same
between these two strains after 15 wk on the atherogenic diet.
Other fatty streak resistant mice, C3H/HeSN and BALB/c,
also exhibited lower levels of heme oxygenase mRNAthan
susceptible C57BL/6 mice (data not shown).

Histological examination of the livers was performed for
C57BL/6 and C3H/HeJ mice on the atherogenic diet for 0, 5,
and 15 wk. The atherogenic diet not only increased lipid load-
ing and adaptive morphological change in the parenchymal
cells but also caused mononuclear cell infiltration. Consistent
with the minimal induction for inflammatory genes, the livers
of C3H/HeJ mice exhibited much milder inflammation with
the presence of fewer and smaller foci of infiltrating mononu-
clear cells (data not shown). Assays for hepatic enzymes alka-
line phosphatase (ALK), alanine aminotransferase (ALT),

Figure 7. Differential induction of heme oxygenase mRNAin the
livers of C57BL/6 and C3H/HeJ mice fed the atherogenic diet. Mice
were fed either the chow or the atherogenic diet for 5 wk and com-
pared for the levels of mRNAfor heme oxygenase (HO) as shown in
representative duplicates. 18S rRNA was used for reference. The re-
sults of densitometry scans are shown at the top of the figure as the
ratio of densitometry unit of heme oxygenase mRNAto that of 18S
rRNA (mean±SEM). Six or seven animals in each group were used
for the experiments. Ath, the atherogenic diet.
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and aspartate aminotransferase (AST) were performed for the
sera of C57BL/6, BALB/c and C3H/HeJ mice on both the
chow and the atherogenic diets. Minimal elevations of these
enzymes were observed in the circulation (Table I), and these
remained at the same level between 5 and 15 wk of feeding the
atherogenic diet. The changes of serum liver enzymatic activity
among different mouse strains were relatively mild, compared
to an 1 1,000% increase in serum ALT and a 4,000% increase in
serum AST as reported in murine viral hepatitis (43). More-
over, these mild elevations did not correlate with the differen-
tial hepatic gene induction observed among the strains.

Significantly higher levels of lipid peroxidation in the livers
of susceptible as compared to resistant strains. After being
placed on the atherogenic diet for 8 or 15 wk, liver total lipids
increased four- to sixfold in the livers of both C3H/HeJ and
C57BL/6 mice. Total lipid levels were slightly (although not
significantly) higher in C57BL/6 than in C3H/HeJ mice (Fig.
8). Lipid peroxidation products were also increased in the
livers of the mice fed the atherogenic diet. Conjugated dienes
associated with hepatic total lipids were undetectable when the
mice were on the chow diet. After feeding the atherogenic diet
for either 8 or 15 wk, the amount of conjugated dienes per gram
wet weight of liver in C57BL/6 was nearly double that in C3H/
HeJ mice (Fig. 8). This difference was observed in two sepa-
rate studies, each involving multiple animals, and was highly
significant (P < 0.001 and 0.025, respectively).

Genetic control of induction of NF-KB-like activity by the
atherogenic diet. A number of inflammatory response genes,
including JE and SAA, contain NF-KB binding sites in their
promoters (20, 21 ). Numerous transcription factors recogniz-
ing the concensus binding sequence have been identified in the
NF-KB family. Since NF-KB has been reported to be responsive
to oxidative stress ( 19), we examined if there was differential
induction of NF-KB or its isoforms in the livers of C3H/HeJ
and C57BL/6 mice in response to the consumption of the ath-
erogenic diet. To investigate whether or not NF-KB-like activity
correlated with the levels of the hepatic genes described above,
nuclear extracts were prepared from the livers of C3H/ HeJ and
C57BL/6 mice and an oligonucleotide recognizing the consen-
sus sequence of the binding site of the NF-KB family was used
for mobility shift assays. As shown in Fig. 9 A there was an

Table I. Effect of the Atherogenic Diet on Serum Levels
of Hepatic Enzymes

Enzymes Diets C3H/HeJ C57BL/6 BALB/c

ALK
(IU/liter) Con 96±2 95±3 109±4

Ath 136±19 133±7 113±0
ALT

(IU/liter) Con 44±15 29±5 54±17
Ath 190±76 118±18 54±21

AST
(IU/liter) Con 83±26 81±17 89±32

Ath 196±44 140±33 82±24

Sera were collected from C3H/HeJ, C57BL/6, and BALB/c mice after
15 wk on the atherogenic diet and their counterparts on the chow
diet (three to five in each group). Assays for ALK, ALT, and AST
were performed. The values are mean±SEM. Con, control diet; Ath,
atherogenic diet.
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Figure 8. Total lipids (upper panel) and conjugated dienes (lower
panel) in the livers of C57BL/6 (dark hatched bars) and C3H/HeJ
mice (light hatched bars). After 0, 8, and 15 wk of feeding the athero-
genic diet, C57BL/6 and C3H/HeJ mice were killed, their liver lipids
were extracted, and the amount of conjugated dienes determined.
For each strain, 5, 9, and 5 mice were used for the 0-, 8-, and 15-wk
time points, respectively. The P values for the difference of total lipid
content between C57BL/6 and C3H/HeJ were 0.137, 0.042, and
0.489 at 0-, 8-, and 15-wk points, respectively. The asterisk indicates
that the levels of conjugated dienes were undetectable when mice
were on the chow diet. Significantly higher levels of conjugated dienes
were present in the livers of C57BL/6 than in C3H/HeJ mice after
both 8 wk (P < 0.001) and 15 wk (P < 0.025). The values are the
mean±SEM.

activation of NF-KB-like factor(s) in the livers of C57BL/6
mice after 5 and 15 wk of the atherogenic diet challenge. No
such an activation was observed, however, in the livers of
C3H/HeJ mice after exposure to the atherogenic diet for the
same period of time (Fig. 9 B). The levels of SP- 1 (a constitu-
tive transcription factor) did not differ between the two strains
(Fig. 9 C). Thus it is apparent that feeding the atherogenic diet
provides a sufficient stimulus to activate NF-KB-like factor(s)
in the livers of mice with a susceptible genetic background.
Activation of the NF-KB family may, in turn, cause transcrip-
tional activation of inflammatory response genes such as JE
and SAA.

Discussion

Our results indicate that feeding the atherogenic diet to mice
resulted in induction of inflammatory and oxidative stress re-
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sponsive genes, and suggest that such induction likely involved
the activation of NF-KB-like transcription factor(s). Further-
more, the pattern of gene induction was remarkably similar to
that produced by injection of MM-LDL, and the gene induc-
tion among different inbred strains of mice corresponded to the
levels of lipid peroxide accumulation and to the susceptibility
to fatty streak development. These findings provide strong sup-
port for the concept that the products of lipid peroxidation are
potent inducers of inflammatory genes, including some that
are likely to contribute to the early stages of atherogenesis.
They also help to define, at the molecular level, the nature of

C57BL/6J C3H/HeJ He
C HF C HF La NE

Figure 9. (A) Activation of NF-KB-like transcription factor(s) in the
livers of C57BL/6 mice on the atherogenic diet. Animals were main-
tained on the chow or the atherogenic diet for the indicated periods.
Nuclear extracts were prepared from the livers and mobility shift as-
says were performed using an oligonucleotide containing two NF-KB
family binding sites. - indicates the absence of a 50-fold molar excess
of unlabeled NF-KB-like competitor oligonucleotide; + indicates the
presence of a 50-fold molar excess of unlabeled NF-KB-like competi-
tor oligonucleotide. (B) Differential effect of the atherogenic diet on
NF-KB-like activation in livers of C57BL/6 and C3H/HeJ mice. An-
imals were fed the chow or the atherogenic diet for 15 wk. Nuclear
extracts were prepared from the livers and mobility shift assays were
performed using an oligonucleotide containing two NF-KB family
binding sites. A representative result of several studies is shown. HeLa
cells, treated with 100 ng/ml of bacterial LPS for I h, served as a
positive control. NE indicates no nuclear extracts. (C) The activity
of SP-I was the same in both C57BL/6 and C3H/HeJ mice on the
chow and the atherogenic diets. Animals were fed the chow or the
atherogenic diet for 15 wk. Nuclear extracts were prepared from the
livers and mobility shift assays were performed using an oligonucleo-
tide containing SP-l binding site. A representative result of several
studies is shown.

the genetic differences among strains of mice that determine
their susceptibility to early atherogenesis.

Our data reveal that the feeding of the atherogenic diet to
mice results in lipid and lipid peroxide accumulation in the
liver. Presumably, a similar process occurs in the aorta and
other arteries, but it is difficult to measure directly given the
small size of blood vessels in mice. The aortic fatty streaks of
susceptible C57BL/6 mice closely resemble those in other
mammalian species in the presence of apo B containing lipo-
proteins and monocyte-macrophage foam cells (44). Because
of the relatively large size of the liver, and because MM-LDL
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induces gene expression in the liver as well as vascular cells, we
have used the liver as a model organ to study the inflammation
elicited by lipid accumulation and the relationship of this phe-
nomenon to atherogenesis. Of course, there are clearly many
differences in gene expression, both quantitative and qualita-
tive, between cells in the liver and cells in the artery.

The similarity of gene induction by MM-LDLand by feed-
ing the atherogenic diet is striking. Both resulted in the induc-
tion of hepatic mRNAfor JE, KC, SAA, and heme oxygenase.
Both induced CSFactivity in the serum. These results support
the concept, based largely on in vitro work, that lipid peroxida-
tion is likely to be accelerated at sites of LDL or lipid accumu-
lation, and that the resulting lipid peroxides or reactive oxygen
intermediates trigger induction of inflammatory genes. The
generality of our observations among other species remains to
be tested. It is noteworthy, however, that feeding swine a high
fat diet resulted in marked induction of M-CSF activity in the
serum ( 18 ).

The induction of heme oxygenase and activation of NF-KB-
like transcription factor(s) suggest that an oxidative stimulus
resulting from lipid peroxidation could be responsible for the
induction of inflammatory genes. Hemeoxygenase is the rate-
limiting enzyme in the degradation of heme. The induction of
heme oxygenase by oxidative stress is considered to be a protec-
tive system because it decreases certain potential pro-oxidants
and simultaneously increases the production of bilirubin, an
endogenous antioxidant (37). The activation of NF-KB-like
transcription factor(s) is likely to underlie, in part, the inflam-
matory gene induction. NF-KB is known to be activated by
reactive oxygen intermediates in tissue culture cells, and we
have now shown that a diet that caused hepatic lipid and conju-
gated diene accumulation also activated the NF-KB family in
the liver. The promoter regions of some of the induced genes
reported here are known to contain NF-KB binding motifs (20,
21 ). Furthermore, MM-LDLhas recently been shown to be a
potent inducer of NF-KB-like transcription factor(s) in cul-
tured aortic endothelial cells (45).

The induction of the major members of the inflammatory
SAA family by the atherogenic diet may be of significance in
terms of lipoprotein metabolism. It may explain, in part, the
previous findings that susceptibility to atherogenesis is asso-
ciated with decreased levels of HDLin different strains of mice
upon exposure to the atherogenic diet (41 ). SAA is known to
bind avidly to HDLand has been reported to displace apolipo-
proteins Al and All. The resulting remodeling of the particle
could certainly affect its functional properties and perhaps its
turnover as well. Overexpression of human apolipoprotein Al
in transgenic mice has been reported to be protective against
the dietary induced decrease of HDLand development of fatty
streaks in susceptible mice (46). Patients with chronic rheuma-
toid arthritis exhibit elevated levels of acute phase SAA and,
although clearly not definitive, certain studies suggest that
these patients develop accelerated atherosclerosis (47-49). A
chronic inflammatory state may be occurring in the animals
fed the atherogenic diet for prolonged periods as indicated by
an increase in the levels of SAA mRNAand proteins in
C57BL/6 mice. More experimentation is needed to address
these issues and elucidate the positive and negative roles of
inflammatory gene products such as SAAin acute and chronic
inflammation.

Our results have shed new light on the mechanisms contrib-
uting to differences in fatty streak development among various

inbred strains of mice. They suggest that inflammatory pro-
cesses induced by lipid peroxidation may be of primary impor-
tance. Such processes could be influenced by a variety of pro-
teins, including those of the glutathione system, superoxide
dismutases, phospholipases, and lipoxygenases. Thus, our re-
sults provide new candidate genes for future studies on the
genetic control of atherogenesis.
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