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Abstract

Although triglyceride accumulation in the liver causes non-alcoholic fatty liver disease (NAFLD), hypercholesterolemia is also
a main cause of NAFLD as well as atherosclerosis. However, NAFLD and atherosclerosis have not been investigated
simultaneously in animal models fed a high-cholesterol diet. Moreover, it is unclear whether systemic inflammation can
exacerbate both pathologies in the same model. Accordingly, this study investigated the effect of additional systemic
inflammation on NAFLD and atherosclerosis induced by cholesterol overload in wild animals. New Zealand white rabbits
were divided into 4 groups: groups | (control) and Il received normal chow, and groups Il and IV received a 1% cholesterol
diet. To induce inflammation via toll-like receptor (TLR)-4 signaling, groups Il and IV received subcutaneous injections of
0.5 mL of 1% carrageenan every 3 weeks. After 3 months, total cholesterol markedly increased in groups Ill and 1V, and the
serum expressions of systemic inflammatory markers were elevated in the groups II-IV. Early NAFLD lesions (e.g., mild fatty
changes in the liver with sporadic fibrosis) and atherosclerosis (e.g., intimal hyperplasia composed of foam cells) were
observed in both the liver and aorta specimens from group lll, and advanced lesions were observed in group IV. The
expressions of inflammatory cellular receptors, TLR-2 and TLR-4, in the aorta gradually increased from group | to IV but were
similar in the liver in groups II-IV. Cholesteryl ester (CE) levels were higher in group IV than in group lll, although the
difference was not significant. CE levels in the aorta were similar between groups Il and IV. Systemic inflammation can
simultaneously exacerbate existing early lesions due to cholesterol overload in both the liver and aorta of rabbits. However,
the cellular response of inflammatory receptors and expression of cholesterol metabolites differ between these organs.
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Introduction

Non-alcoholic fatty liver disease (NAFLD) is common in the
general population, and it occurs even more frequently in patients
with metabolic syndrome [1,2]. Patients with NAFLD have an
increased risk of cardiovascular disease (CVD) [2,3] because these
diseases share several risk factors and surrogate markers [3,4]. In
addition, NAFLD is often associated with atherosclerotic signs
including the presence of carotid plaques [5] and coronary arterial
calcium [6].

The pathogenesis of NAFLD 1is based on a “two-hit hypothesis”
[7,8]. The first hit involves triglyceride accumulation within
hepatocytes, which results in simple steatosis; this is mainly
attributed to insulin resistance associated with obesity [9], and it
increases the vulnerability of the liver to further injury [10]. The
second hit is primary lipotoxicity caused by oxidative stress from
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increased lipid peroxidation, high reactive oxygen species produc-
tion within hepatocytes, mitochondrial dysfunction, and inflam-
mation. Progression to steatohepatitis and fibrosis through the
activation of hepatic stellate cells may subsequently occur in
response to these biological processes [11]. Many of the biological
substrates and conditions involved in the development of NAFLD,
including insulin resistance and proinflammatory cytokines, exert
the same effects on arteries, resulting in atherosclerosis. This may
help explain the association between NAFLD and CVD.
However, although triglycerides accumulate in hepatocytes, they
do not accumulate in the arterial wall.

Recent studies investigated NAFLD resulting from hypercho-
lesterolemia [12-15]. Because cholesterol can accumulate in both
arteries and the liver, NAFLD caused by cholesterol overload may
be accompanied by atherosclerosis in the arteries. However, it is
unclear whether cholesterol accumulation in the liver results in
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simple first-hit steatosis or whether second-hit inflammation
facilitates the progression to steatohepatitis through inflammatory
cell infiltration and fibrosis. Therefore, it is unknown if cholesterol
accumulation primes the liver for further injury as is observed in
cases of triglyceride-induced fatty liver.

Inflammation can play an important role in atherosclerosis
progression. Moreover, in NAFLD, steatohepatitis is an important
factor that suggests progression to advanced liver disease.
However, it is unclear if systemic inflammation affects both
atherosclerosis and NAFLD induced by hypercholesterolemia.
Therefore, this study investigated whether additional remote
inflammation can simultaneously exacerbate underlying athero-
sclerosis and NAFLD induced by cholesterol overload.

Materials and Methods

Animal preparation

Sixteen male New Zealand white rabbits (12 weeks of age) were
maintained under standardized conditions (21°C, 41-62% hu-
midity) with a regular day/night (10/14 hours) cycle and free
access to water and a laboratory diet. All animal experiments
complied with the Korea University Animal Science Rules and
Regulations, and the protocols were approved by the Korea
University Institutional Animal Care and Use Committee
(approval number: KUIACUC20110627-1). Furthermore, the
experimental procedures and housing conditions were approved
by the Committee of Animal Experimentation, Hiroshima
University. The animals were randomly assigned to 1 of 4 groups
as follows: group I, control; group II, subcutanecous carrageenan
injection; group III, cholesterol diet; and group IV, subcutaneous
carrageenan injection and cholesterol diet. Groups I and II
received standard maintenance chow diets (K-H4 pellets, Sniff),
while groups III and IV received the same diet supplemented with
1.0% (weight/weight) cholesterol. To induce inflammation via
toll-like receptor (TLR)-4 signaling, groups II and IV received
subcutaneous injections of 0.5 mL of 1% carrageenan every 3
weeks. After 3 months of treatment, all animals were killed. Blood
samples were obtained from the inferior vena cava, and the
animals were subsequently perfused with phosphate-buffered
saline (PBS) followed by formalin-sucrose (4% paraformaldehyde
and 5% sucrose in PBS [pH 7.4]). The liver and entire arterial
system from the proximal ascending aorta to the bifurcation of the
iliac artery were dissected and placed in 10% formalin for
immersion fixation.

Blood biochemical and inflammatory marker
measurements

Blood samples for complete blood counts were collected in tubes
with EDTA and analyzed by using Sysmex XE-2100 (Kobe,
Japan). Commercially available assay kits were used for biochem-
ical measurements. Enzymatic calorimetry (Roche Diagnostics
GmbH; Mannheim, Germany) was used to measure the concen-
trations of total cholesterol, high-density lipoprotein cholesterol
(HDL-C), low-density lipoprotein cholesterol (LDL-C), and
triglycerides. C-reactive protein (CRP) was measured by using
an immunonephelometric assay (BN ProSpec System protein
analyzer, Siemens Diagnostic Healthcare Inc., Deerfield, IL,
USA). Serum assays for inflammatory markers were conducted by
using a 4-plex cytokine Milliplex panel (Millipore Corporation,
Billerica, MA, USA) as recommended for cytokines interleukin
(IL)-1B, IL-6, and tumor necrosis factor (TNF)-o. Acquisition was
performed on a Luminex 100 platform, and the analysis was
carried out by using Multiplex analyst (Millipore Corporation).
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Alanine aminotransferase (ALT), aspartate aminotransferase
(AST), and albumin were measured to evaluate liver function.

Real-time PCR for TLR-2 and TLR-4 mRNA expression

Total RNA was extracted from tissues and purified by using an
RNeasy kit (Qiagen, Venlo, Netherlands). RNA quality was
assessed by using a NanoDrop 1000 (Thermo Fisher, Waltham,
MA, USA). cDNA was synthesized by using an iScript synthesis kit
(Bio-Rad, Hercules, CA, USA). Real-time quantitative reverse-
transcription polymerase chain reaction (QRT-PCR) was per-
formed on an ABI Prism 7300 (Applied Biosystems, Foster City,
CA, USA) by using iTaq SYBR Green Supermix with ROX (Bio-
Rad). Non-template controls were incorporated into each PCR
run. Specific mRINA levels of all genes of interest, including TLR-
2 and TLR-4, were normalized to that of a housckeeping gene
(gapdh) and expressed as changes normalized to controls. Primers
and probes from TaqMan were used for gene expression analysis
with qRT-PCR (assay IDs: Oc03824728s1 for TLR-2 probe and
0c03398502m1for TLR-4).

Quantification of the mRNA expressions of inflammatory

genes in the aorta and liver

Total RNA was extracted by using TRIzol reagent according to
the manufacturer’s instructions. Complementary DNA  was
synthesized from total RNA by using the Power cDNA Synthesis
Kit, and PCR for IL-1B, macrophage chemoattractant protein
(MCP)-1, and TNF-0,, and GAPDH were performed by using a
PCR Premix kit. Primer sequences are shown in Table S1 in File

S1.

Pathologic evaluation of the liver and aorta

Macroscopic and microscopic analyses of specimens were
performed in a blinded fashion. Sections were embedded in
paraffin, and stained with hematoxylin & eosin and Sirius red by
using standard protocols. The livers were scored according to the
NAFLD activity score system by 2 pathologists blinded to the
treatment groups [16]. Early atherosclerotic lesions were defined
as lesions with intimal hyperplasia composed of foam cells in the
aorta, and advanced lesions were defined as lesions with a necrotic
core and/or vascular calcification and/or medial layer interrup-
tion. In NAFLD, less-advanced lesions were defined as early
lesions in terms of fibrotic change among the groups.

Measurement of cholesterols in serum, the liver, and the
aorta

The concentrations of free cholesterol, cholesteryl esters (CEs),
and hydroxycholesterols (OHCs) were quantified as described
previously [17,18].

Chemicals. Cholesterol, CEs, and OHCs were purchased
from Sigma (St. Louis, MO, USA). Deuterium-labeled internal
standards,  2,2,3,4,4,6-ds-cholesterol,  2,2,3,4,4,6-ds-cholesteryl
stearate,  25,26,26,26,27,27,27-d;-4p-hydroxycholesterol, — and
25,26,26,26,27,27,27-d;-27-hydroxycholesterol ~ were  obtained
from C/D/N Isotopes (Pointe-Claire, Quebec, Canada) and
Avanti Polar Lipids (Alabaster, AL, USA). The trimethylsilylation
(TMS)  reagent,  MN-methyl-N-trimethylsilyltrifluoroacetamide
(MSTFA), ammonium iodide (NH4I), and dithioerythritol (DTE)
were acquired from Sigma. The hybrid solid-phase extraction
(SPE)-precipitation cartridge (H-PPT, 1 mL, 30 mg) was supplied
by Supelco (Bellefonte, PA, USA). All organic solvents were
analytical, high-performance liquid chromatography-grade chem-
icals, and were purchased from Burdick & Jackson (Muskegon,
MI, USA).
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Instrument conditions. Gas chromatography-mass spec-
trometry (GC-MS) was performed using an Agilent 6890 Plus
gas chromatograph interfaced with a single-quadrupole Agilent
5975C MSD (Agilent Technologies, Palo Alto, CA, USA); the
electron energy was 70 eV, and the ion source temperature was
230°C. Each sample (2 uL) was injected in split mode (10:1) at
280°C and separated through a MXT-1 cross-linked dimethyl-
polysiloxane capillary column (30 mx0.25 mm IL.D.; 0.25 pm film
thickness, Silcosteel-treated stainless steel; Agilent Technologies).
The oven temperature was initially set at 260°C for 3 min,
increased to 320°C by increasing the temperature at a rate of
10°C/min, increased to 330°C at a rate of 2°C/min and held for
8 min, and finally increased to 380°C at30°C./min rate and held
for 3 min. The carrier gas was ultra-high-purity helium at a
column head pressure of 75.8 kPa (column flow: 1.1 mL/min,
oven temperature: 260°C). For quantitative analysis, the charac-
teristic ions of each compound were determined as their TMS
derivatives. Peaks were identified by comparing the retention time
and matching the height ratios of characteristic ions.

Pre-treatment of serum samples. Serum samples (20 uL)
were spiked with 20 uL of internal standard (IS) mixtures (i.e., dg-
cholesterol and dg-cholesteryl stearate, 100 ug/ml; d7-4p-hydro-
xycholesterol and @7-27-hydroxycholesterol, 20 ng/mL) and add-
ed to 0.5 mL of methanol. The mixtures were vortexed for 5 min
and centrifuged for 2 min at 12,000 rpm for protein precipitation.
The samples were loaded into H-PPT cartridges and eluted 3
times with 0.5 mL of methanol. The combined methanol eluates
were evaporated using an Ny evaporator at 40°C and dried in a
vacuum desiccator over PoO5;/KOH for at least 30 min. Finally,
the dried residues were derivatized in 40 pL. of MSTFA/NH,1/
DTE (500:4:2, v/w/w) for 20 min at 60°C, and 2 pL of the
resultant mixture was injected for GC-MS analysis under the
selected-ion monitoring (SIM) mode.

Pre-treatment of tissue samples. Tissue samples (20 mg)
from the liver and aorta were homogenized using a TissueRuptor
(Qiagen Inc., Valencia, CA, USA) in 2 mL of 0.2 M acetate buffer
(pH 5.2) for I min. The IS mixture (20 pL) was added to the tissue
extract, and the sample was extracted twice using 2.5 mL of ethyl
acetate/n-hexane (2:3, v/v). The organic solvent was evaporated
using an Ny evaporator at 40°C,, 0.5 mL of methanol was added to
the sample, and the sample was vortexed for 30 s. The mixture
was loaded into a Hybrid SPE precipitation cartridge and eluted
using 0.5 mL of methanol. The eluate was evaporated and dried in
a vacuum desiccator over PoO5;/KOH for at least 30 min. The
dried residue was derivatized in 40 pL. of MSTFA/NH,I/DTE
(500:4:2, v/w/w) for 20 min at 60°C, and 2 pL of the resultant
mixture was used for GC-SIM/MS analysis.

Lipoprotein electrophoresis of serum

Agarose gel electrophoresis. Plasma and the isolated
lipoproteins were subjected to electrophoresis on 1% agarose gels
by using the Corning Universal Electrophoresis system (Corning,
New York, NY, USA). The gels were stained with Fat Red 7B and
Coomassie blue for lipids and proteins, respectively, as described
previously [19]. The Fredrickson-Levy-Lees classification of
hyperlipemia is based on the differentiation of lipoproteins
according to their mobility in zone electrophoresis [20].

Statistical analysis

Continuous variables are expressed as mean % standard
deviation (SD). Overall differences in variables among the 4
groups were analyzed using the Kruskal-Wallis test. Differences
between 2 groups were evaluated using the Mann—Whitney U-test.
Because the distribution of CRP was highly skewed to the left, the
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data were log-transformed, and the correlation with inflammatory
cytokines was analyzed by calculating Spearman’s rank correlation
coeflicients. The level of statistical significance was set at P<<0.05.
All statistical analyses were performed using SPSS (version 20.0;
SPSS Inc., Chicago, IL, USA) and Sigmaplot 10.0 software
(SYSTAT Software Inc., San Jose, CA, USA).

Results

Biochemical parameters and inflammatory marker levels
in peripheral blood

The serum levels of total cholesterol, LDL-C, and HDL-C were
markedly elevated in the groups that received the cholesterol diet
(i.e., groups IIT and IV). Total cholesterol, LDL-C, and HDL-C
levels tended to be lower in group IV than in group III, although
the differences were not statistically significant (Table 1). AST
levels were higher in the rabbits fed a high-cholesterol diet (i.e.,
groups III and IV) than those fed the control chow (i.e., groups I
and II). Meanwhile, ALT levels did not differ significantly among
the groups. Serum albumin level, a surrogate marker of hepatic
synthetic ability, tended to be lower in groups III and IV than in
groups I and II, but the differences were not significant.

Levels CRP and proinflammatory cytokines including IL-1, IL-
6, and TNF-o were significantly higher in groups III and IV than
in groups I and II (Table 2). White blood cell (WBC) count
tended to be higher in groups III and IV than in groups I and II,
although the differences were not significant (Table 2); in
particular, WBC count tended to be higher in group III than in
group IV. As expected, serum levels of inflammatory markers were
the highest in group IV but were not significantly different from
those of group III. The serum levels of proinflammatory cytokines
were closely correlated with each other and with the overall level
of inflammatory markers (Table 3). Higher CRP levels were
correlated with higher levels of proinflammatory cytokines.

MRNA expressions of TLR-2, TLR-4, and other

inflammatory markers in the aorta and liver

Basal TLR-2 and TLR-4 mRNA expression levels were
significantly higher in the liver than in the aorta, and the
responses to the cholesterol diet and/or carrageenan injection into
subcutaneous tissue were differed substantially between the 2
tissues. In the liver, the expressions of these receptors were slightly
elevated in rabbits that received the cholesterol diet and/or
carrageenan injection (Fig. 1), although the differences were not
significant. In contrast, the mRNA expressions of TLR-2 and
TLR-4 in the aorta were markedly different among the 4 groups.
These results indicate the expressions of these TLRs induced
systemic inflammation, and they were upregulated because of the
cholesterol diet (Fig. 1). In the liver, there were no differences in
the mRNA expressions of inflammatory markers among the 4
groups, except MCP-1 in group II. However, the mRNA
expressions of IL-1B and MCP-1 in the aorta were higher in
groups I and II than in group III (Figure S1 in File S 1).

Pathologic features of the liver and aorta

There were no pathologic changes in the liver tissue specimens
in group I (Fig. 2A-D), as fatty changes were primarily inside the
hepatocytes. In group II, focal mild expansion of the portal areas
with lymphocytic infiltration was observed (Fig. 2E-H). Macro-
and microvesicular fatty changes were observed in group III but
not in group II. Expansion of the portal area due to portal-portal
fibrosis and occasional portal-central fibrosis was also observed in
group III (Fig. 2I-L). Liver specimens from group IV exhibited
marked fatty changes and fibrosis (Fig. 2M-P). Iibrosis and
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Table 1. Levels of serum lipids and biochemical parameters in the 4 groups.

Inflammation Affects NAFLD and Atherosclerosis

Group | Group Il Group Il Group IV p-value

TC(mg/dL) 23.4+4.6° 29.0+13.8° 2359.2+1062.8° 1911.2%521.8° 0.002
TG(mg/dL) 42.8+30.5° 524+26.9° 163.0+253.7° 202.8+220.1° 0.429
HDL-C(mg/dL) 14.8+5.0° 19.2+9.0° 583.8+300.1° 3226+148.2° 0.002
LDL-C(mg/dL) 44+32° 6.8+4.7° 2268.0+1015.2° 1830.4+512.6° 0.002
Albumin(mg/dL) 3.48+0.19° 343+02° 3.22+0.11° 3.20+0.20° 0.068
ALT(IU/L) 45.6+16.8 40.5+16.1 46.2+14.7° 50.8+21.7° 0.86

AST(IU/L) 19.8+5.1° 18.0+6.4° 37.0+11.0° 29.6+9.1° 0.017

alanine aminotransferase; AST, aspartate aminotransferase.
doi:10.1371/journal.pone.0097841.t001

collagen deposition were easily identified by observing Masson
trichrome and Sirius red stained-samples under a low-power
microscopic lens (Fig. 20, P). The numbers of portal inflamma-
tory cells were comparable between groups III and IV (Figures
$2, 83 in File S1). Septal fibrosis with frequent portal-portal and
portal-central fibrosis was also present in the liver specimens from
group IV (Figures S2, S3 in File S1).

Regarding aorta specimens, no intimal or medial pathologic
changes were observed in groups I or II (Fig. 3A, B).
Atherosclerotic plaques of intimal hyperplasia with foam cells
were observed in groups III and IV (Fig. 3C, D and Figures S4,
S5 in File S1), but advanced atheromatous plaques with acellular
lipid cores were only present in group IV (Fig. 3D, E and Figure
S5 in File S1). Four samples from group IV exhibited medial
layer disruption with atheromatous plaques (Fig. 3D, E and
Figure S5 in File S1), which were not observed in group IIL
Calcification of plaques and/or the medial layer was also evident
in group IV (Fig. 3D, F, and Figure S5 in File S1). The
severity of changes in the liver was strongly correlated with that in
the descending aorta.

Cholesterol levels in serum, the liver, and the aorta
Cholesterol accumulation was estimated on the basis of levels of
total cholesterol, 2 CEs, and 6 OHCs as oxidative metabolites.
The levels of total cholesterol, CEs, and OHCs in serum, the liver,
and the aorta were markedly elevated in groups III and IV; they

p-values represent overall differences among groups as determined by the Kruskal-Wallis test.
2bThe same letters indicate no statistical significance according to the Mann-Whitney U-test.
CGN, carrageenan; CHO, cholesterol; TC, total cholesterol; TG, triglyceride; HDL-C, high-density lipoprotein cholesterol; LDL-C, low-density lipoprotein cholesterol; ALT,

were generally not affected by inflammation, except for the levels
of cholesteryl laurate, cholesteryl myristate, and 4B-OHC in serum
and the liver (Table 4).

Serum lipoprotein electrophoresis

Regarding the Fredrickson-Levy-Lees classification, groups I
and group II exhibited normal patterns, while groups III and
group IV exhibited type IV phenotype. These results indicate
inflammation did not affect the lipoprotein phenotype in blood
(Figure 4).

Discussion

In this study, rabbits fed a high-cholesterol diet developed early
lesions of NAFLD and atherosclerosis of the aorta. Moreover,
additional subcutaneous inflammation induced systemic inflam-
mation and accelerated the pathogenesis of lipid-induced damage,
leading to advanced lesions in both the liver and aorta. Thus, a
two-hit process increased the cholesterol burden in both the liver
and arteries, similar to that observed in triglyceride overload.
However, high levels of circulatory inflammatory cytokines did not
stimulate the development of NAFLD or atherosclerosis in the
absence of an overabundance of cholesterol.

Many recent clinical studies have showed that NAFLD is an
independent risk factor for CVD in addition to traditional
cardiovascular risk factors [21-24]. To date, these studies have

Table 2. Levels of serum inflammatory cytokines and reactants, and white blood cell count in peripheral blood.

Group | Group Il Group Il Group IV p-value

IL-1(pg/mL) 10.8+1.0° 15.2+3.8° 24.1+8.1° 323+154° 0.001
IL-6(pg/mL) 11.8+5.12 323+154%P 69.6+15.6° 63.5+23.5° 0.016
TNF-o(pg/mL) 59.0+40.9° 104.6+46.5* 159.7+34.1°< 209.5+61.2° 0.004
CRP(mg/L) 5.5+3.4° 233+13.8° 87.9+74.7° 102.0+111.0° 0.002
WBC(x103/mm?) 9.96+5.53° 10.30+5.44° 14.02+4.65° 12.69+2.62° 0.214
Neutrophils(%) 29.6+4.4 32.0+9.6 39.8+13.5 41.7+133 0.25

Monocytes(%) 0.9+0.9 0.7+0.5 14£0.5 0.9+0.6 0.41

Lymphocytes(%) 59.6£6.0 58.4*12.5 48.1%+13.6 49.4+15.3 0.401

doi:10.1371/journal.pone.0097841.t002
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p-values represent overall differences among groups as determined by the Kruskal-Wallis test.
#“The same letters indicate no statistical significance according to the Mann-Whitney U-test.
CGN, carrageenan; CHO, cholesterol; IL, interleukin; TNF, tumor necrosis factor; CRP, C-reactive protein, WBC, white blood cells.
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Table 3. Correlations among log CRP and cytokines.

Inflammation Affects NAFLD and Atherosclerosis

Log CRP IL-1 IL-6
IL-1 0.729 (<0.001)
IL-6 0.543 (0.011) 0.770 (<0.001)
TNF-o 0.699 (<0.001) 0.781 (<0.001) 0.692 (0.001)

Data are Spearman'’s correlation coefficients, r, with (P-values).
CRP, C-reactive protein; IL, interleukin; TNF, tumor necrosis factor.
doi:10.1371/journal.pone.0097841.t003

primarily focused on triglyceride toxicity in the liver rather than
cholesterol accumulation. As cholesterol overload results in
deposition in the liver, hepatic cholesterol burden is likely to
progress to NAFLD, similar to that observed in cases of hepatic
triglyceride overload [12,15,25,26]. Lipids and cholesterol can
accumulate intracellularly in both the liver and arteries; however,
while the presence of cholesterol and triglycerides in the liver
results in intracellular deposition in hepatocytes, the arteries
respond only to cholesterol via intracellular phagocytosis per-
formed by macrophages derived from the systemic circulation.
Cholesterol accumulation in both the liver and arteries augments
systemic inflammation in patients with hypercholesterolemia [14].
In the present study, the high-cholesterol diet not only increased
proinflammatory cytokine and CRP levels in the blood, but also
resulted in the development of early pathologic changes of
NAFLD and atherosclerosis. Both transcriptomic and metabolo-
mic analyses demonstrate that a high-cholesterol diet induces a
marked systemic inflammatory response in apolipoprotein E3-
Leiden transgenic mice [14].

Here, serologic markers of inflammation were similarly elevated
in animals fed the high-cholesterol diet alone with or without
inflammation induced by carrageenan injection. Despite a lack of

differences in the levels of serologic inflammatory markers, both
NAFLD and atherosclerosis were highly advanced in the presence
of additional inflammation. The finding that TLR expression in
the atherosclerotic aorta was more sensitive to inflammatory status
provides a plausible explanation as to why atherosclerosis is
exacerbated by inflammation. The induction of TLR signaling by
intravenous injection of lipopolysaccharides is also reported to
increase atherosclerotic plaque volume in hypercholesterolemic
rabbits [27]. Although the mechanism by which NAFLD is
exacerbated by systemic inflammation is not yet understood,
increases in CEs in serum or the liver but not the aorta may be
responsible for this vulnerability.

As additional subcutaneous inflammation simultaneously exac-
erbated existing early lesions caused by cholesterol overload in
both the liver and aorta in this study, we examined the cellular
responses of inflammatory receptors and cholesterol metabolites in
the liver and aorta in order to investigate the mechanism by which
the existing lesions were aggravated. The aorta exhibited intimal
hyperplasia, foam cells, and elevated expression mRNA of TLR-2
and TLR-4 in diet-induced hypercholesterolemia. In contrast,
systemic inflammation induced by the regular subcutaneous
injection of carrageenan (a TLR-4 ligand) minimally increased

Liver Aorta
4 -
CHO CHO
P=64E5  "p=0.022
#p=00024  #p=0024 +#
CGN+CHO  CGN+CHO
3 P=16E5  "p=0.029
- CHO 4p=00E.4  #p=0016
E ;;;:_%%02%1 $p=0.0016
< *#$
) CGN+CHO
*p=0.0048
Y 2 #p=0.039
(@)
O 4 #
et *:vs.CON
© #:vs.CGN
14 1 4 $:vs.CHO
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EER CGN
CHO
Ej CGN+CHO
0

TLR2 TLR4 TLR2

TLR4

Figure 1. Hepatic and aortic mRNA expression of toll-like receptor (TLR)-2 and TLR-4. The baseline mRNA expressions of TLR-2 and TLR-4
were higher in the liver than in the aorta. Changes in mRNA expression in response to the cholesterol diet and/or carrageenan injection were
substantially different between tissues. mRNA expressions of TLR-2 and TLR-4 in the aorta but not the liver were markedly different among the 4
groups. CON: control; CGN: carrageenan injection; CHO: cholesterol diet; CGN+CHO: carrageenan injection and cholesterol diet. Bars indicate 1

standard deviation.
doi:10.1371/journal.pone.0097841.g001
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Figure 2. Representative histopathologic features of rabbit liver sections. (A, E, |, M) Hematoxylin—eosin stain, x40 and (B, F, J, N) x100'. (C,
G, K, O) Masson trichrome stain (x40). (D, H, L, P) Sirius red stain (x40). (A-D) Group | (control) exhibited no fatty changes or fibrosis. (E, F) Liver
sections from group Il (carrageenan injection) showed no remarkable fatty changes, but mild portal expansion and collagen deposition were
observed in sections stained with (G) Masson’s trichrome and (H) Sirius red. (I-L) In group Il (cholesterol diet), macro- and microvesicular fatty
changes were widely observed; the portal areas were widened with sporadic portal-portal fibrosis and portal-central fibrosis. (M-P) Group IV
(carrageenan injection and cholesterol diet) exhibited marked macro- and microvesicular fatty changes with frequent portal-portal and portal-central

fibrosis. Collagen deposition around fibrotic areas is visualized as red color by Sirius red staining.

doi:10.1371/journal.pone.0097841.g002

aortic mRNA expression of TLR-2 and TLR-4 without any
atherosclerotic lesions in normocholesterolemic rabbits. The
addition of systemic inflammation to hypercholesterolemia signif-
icantly increased mRINA expression of TLR-2 and TLR-4 and
exacerbated atherosclerotic lesions within the aorta. Accordingly,
mRNA expression of TLR-2 and TLR-4 in the aorta is associated
with the severity of atherosclerosis and serum levels of inflamma-
tory markers in hypercholesterolemic rabbits. However, it is
impossible to know which cells had elevated expressions of these
TLRs from the results of this study, even though it seems likely
that the increased TLR expression in the aorta was mainly from
macrophages. Moreover, the present results do not clarify the
mechanism of TLR-2 expression. The expressions of TLR-2 and
TLR-4 are elevated in animal and human atherosclerotic lesions
[28,29]. In addition, TLR-4 and to a lesser extent TLR-2
contribute to early-stage intimal foam cell accumulation at lesion-
prone aortic sites in ApoE-deficient mice [30]. TLR-4 signaling
upregulates TLR-2 gene expression in endothelial cells, smooth
muscle cells, and macrophages both in vitro [31-33] and in vivo in
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ApoE-deficient mice [30]. Endothelial cell-specific TLR-2 expres-
sion is also upregulated via shear stress and hypercholesterolemia
independent of TLR-4 expression [34]. Therefore, the TLR-2
expression observed in this study may be related to TLR-4
upregulation and/or hypercholesterolemia. In contrast, mRNA
expression of TLR-2 and TLR-4 in the liver was quite different
from that observed in the aorta. The expressions of these TLRs
were slightly elevated in the presence of cholesterol and/or
inflammation regardless of treatment modality or liver pathology.
This result is consistent with the results of a previous study showing
that the in vivo responses of both hepatocytes and Kupffer cells to
TLR-2 and TLR-4 ligands are very weak [35]. Regarding other
inflammatory genes, the mRNA expressions of IL-B, TNF-o,, and
MCP-1 in the liver did not differ significantly among the 4
experimental groups, except for MCP-1 in group II. However, the
mRNA expressions of IL-1B and MCP-1 in the aorta were
elevated in group IV. These findings contrast with those of TLR
expression; therefore, further studies are required to confirm their
underlying mechanisms.
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Figure 3. Hematoxylin & eosin-stained sections of rabbit descending aorta. (A) The large lumen of the descending aorta in group |
(controls) exhibited a smooth contour with an intact intima and media. (B) Group Il (carrageenan injection) showed no remarkable changes in the
aortic wall. (C) Atheromatous plaque deposition was evident in group Il (cholesterol diet); numerous foam cells without disruption of the internal
elastic layer can also be observed. (D) Group IV (carrageenan injection and cholesterol diet) exhibited marked luminal narrowing with advanced
atheromatous plagque formation; disruption of the medial layer (left lower portion) and calcification (left upper portion) are also visible. (E) Magnified
view of the medial layer disruption showing several foam cells and cholesterol clefts in the breaks within the media. (F) Tissue sample from a group IV
rabbit also revealed advanced atheromatous plaques with calcification and medial layer disruption. Original magnification: (C, D) x40, (A, F) x100, (B,

E) x200.
doi:10.1371/journal.pone.0097841.g003

We also evaluated the amounts of cholesterol, CEs, and OHCs
in serum, the liver, and the aorta. Serum cholesterol levels were
significantly elevated in rabbits fed the cholesterol diet (Table 4).
Although total cholesterol, free cholesterol, and OHCs tended to
decrease with additional inflammatory load in group IV, the levels
of 2 CEs (cholesteryl laurate and myristate) increased in both
serum and the liver. CEs are formed within the circulation by
lecithin-cholesterol acyltransferase, an enzyme produced by the
liver. The blood is carried into the liver via anchor lipid molecules,
and it subsequently enters the systemic circulation to supply
metabolic energy. Although NAFLD is characterized by the
accumulation of both triglycerides and free cholesterol without a
corresponding increase in CEs [36], elevated CE levels in the
presence of systemic inflammation may play a biochemical role in
cholesterol accumulation in the liver. This could also be
exacerbated by inflammation due to unrelated inflammatory
disease, although further studies are required to investigate the
underlying mechanism. This study revealed that serum levels of
lipids including total cholesterol, triglycerides, and LDL-C,
albumin as well as WBC counts are slightly lower in rabbits that

PLOS ONE | www.plosone.org

received the cholesterol diet plus inflammatory stimulus (group IV)
than those fed the cholesterol diet only (group III). OHCs are
generally converted into acidic products because of slow metab-
olism, and the accumulation of oxidized cholesterols in advanced
atherosclerotic lesions contributes significantly to plaque vulner-
ability [37]. In particular, 4B-OHC has an unusually long half-life
in the blood, but inflammatory stress can exacerbate lipid
accumulation in the hepatic cells and fatty livers of ApoE-deficient
mice [13] by increasing the expressions of LDL receptor and sterol
regulatory genes for cholesterol synthesis and inhibiting the
expressions of genes responsible for cholesterol efflux. However,
the addition of inflammation did not alter aortic cholesterol
metabolites in the present study. This may also be related to the
decreased levels of cholesterol metabolites in blood and the liver
with the deterioration of liver function because of inflammation.
The cholesterol diet induced Fredrickson-Levy-Lees phenotype
type IV hyperlipidemia in this rabbit model, and inflammation did
not affect the lipoprotein phenotype in the blood.

The aorta and liver handled cholesterols differently, which may
reflect the presence of specific receptor proteins and pathways for
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Figure 4. Examples of lipoprotein electrophoresis gels from each group. Groups | (control) and Il (carrageenan injection) exhibited normal
patterns, and groups Il (cholesterol diet) and IV (carrageenan injection and cholesterol diet) exhibited type IV phenotype according to the
Fredrickson-Levy-Lees classification. The result shows that inflammation did not affect the lipoprotein phenotype in blood.

doi:10.1371/journal.pone.0097841.9g004

cholesterol metabolism. Regardless of the differences in the
mechanisms of cholesterol accumulation and responses to
inflammation in these 2 tissues, the impact of tissue damage due
to remote inflammation can be considerable in both the liver and
aorta. The deposition of triglycerides is suggested to increase
vulnerability to further injury in NAFLD caused by triglyceride
accumulation. However, it remains unclear how remote systemic
inflammation exacerbates NAFLD and atherosclerosis. Clinical
studies indicate a high prevalence of CVD in patients with
systemic inflammatory diseases [38-40] as well as an increased
frequency of liver abnormalities in certain chronic inflammatory
conditions [41,42]. This study used regular subcutaneous injec-
tions of TLR-4 ligand (i.e., carrageenan) to induce systemic
inflammation in rabbits. The results demonstrate that remote
subcutaneous inflammation resulted in the aggravation of athero-
sclerotic lesions in the aorta, progression of inflammation and
fibrosis of NAFLD in the liver, and elevated expressions of
serologic markers in blood. In group IV, the expressions of TLR-2
and TLR-4 as well as some inflammatory cytokines were elevated
in the aorta, while CE levels were significantly elevated in the liver
but not the aorta. Nevertheless, these changes are insufficient to
fully explain the observed changes in the lesions caused by
inflammation in this model. Therefore, further precise studies are
required.

This study has several limitations. First, the experiments were
conducted in rabbits, which have a lipid metabolism different from
that of humans. In addition, rabbits fed the cholesterol diet had
very high serum levels because of an inability to increase sterol
excretion [43,44]. Only a few relevant fundamental studies have
been performed on animals or humans. Second, we examined fat
accumulation in the liver due to cholesterol rather than
triglycerides, and observed pathologic findings typical of those
observed in NAFLD. It is noteworthy that cholesterol can induce
the same pathology as NAFLD without the typical lipotoxicity of
triglycerides, because cholesterol, CEs, and OHCs can accumulate
in arteries in addition to the liver. Accordingly, we measured
cholesterol, CEs, and OHCs in the aorta instead of plaques. To
the best of our knowledge, this is the first study evaluating
individual cholesterol levels with respect to underlying atheroscle-
rosis and/or NAFLD. Finally, we used subcutaneous injection to
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induce local and systemic inflammation because of the higher
toxicity of lipopolysaccharides (pure ligands of TLR-4), which
induced liver cirrhosis when administered for 3 months. Carra-
geenan also acts as a ligand of TLR-4 but has some additional
biological effects [45—46]. Despite these limitations, it is widely
used in animal studies as a reactant by either subcutaneous or
intrapleural administration to induce non-specific inflammatory
reactions, which may be a consequence of the activation of innate
immunity via pattern recognition receptors. Carrageenan admin-
istration increased WBC counts and inflammatory marker levels in
the blood.

In conclusion, dietary cholesterol overload induced the devel-
opment of early lesions of NAFLD in the liver and atherosclerosis
in the aorta of rabbits. Additional subcutaneous inflammation in
diet-induced hypercholesterolemic rabbits accelerated the patho-
logic process, resulting in advanced lesions in both organs. Thus,
high cholesterol burden acts via a two-hit process similar to that
observed in triglyceride overload, resulting in both liver and
arterial damage. Systemic inflammation induced by local injection
of carrageenan, a TLR-4 ligand, did not damage the liver or aorta
in the absence of cellular cholesterol accumulation. Therefore, the
role of inflammation in the progression of disease may depend on
the presence of underlying pathology in both tissues.

Supporting Information

File S1 Table S1 and Figures S1-S5. Table S1. PCR
primer sequences and conditions used in this study. Figure S1. In
the hepatic tissue, there was no difference of mRNA expression of
inflammatory genes among the 4 experimental groups except
MCP-1 in CGN group. However, there were higher mRNA
expression of IL-1B and MCP-1 of aorta in cholesterol fed and
CGN injected group. T bars indicate one standard deviation.
Figure S2. Dot plot figures of histologic analysis of rabbit liver
tissues. Left figure shows steatosis (%) of each sample. Steatosis of
group III and group IV samples were significantly higher than
group I and group II samples (group I, I VS group III, p=0.031;
group I, II VS group IV, p=0.004). Difference of fatty change
between group III and group IV samples did not show statistical
significance (group III VS group IV, p=0.090). Middle figure
shows NAS (NAFLD activity score) of each sample. NAS scores of
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group III and group IV rabbits were significantly higher than
group I and group II rabbits (p<<0.001). NAS score of group IV
rabbits was also higher than group III rabbits (p=0.043). Right
figure demonstrates fibrosis scores of each sample. Liver fibrosis
was more evidently observed in group III and group IV rabbits
compared to group I and group II rabbits (p<<0.001). Fibrosis of
group IV rabbits was higher than group III rabbits, but statistical
significance was marginal (p=0.111). Figure S3. Microscopic
figures of liver tissues from rabbits. Portal areas (A, C, E and G)
and central areas (B, D, I and H) are magnified (Hematoxylin and
eosin, original magnification x200). No steastosis and fibrosis was
observed in group I (A, B) and group II (C, D) samples. Group III
(E, ) samples show pericentral steatosis, and group IV (G, H)
samples reveal pericentral steatosis and pericellular fibrosis. Mild
infiltration of inflammatory cells mainly composed of lymphocytes
were observed in portal areas of group II, IIT and IV rabbits, but
the difference between these groups were not observed. Figure
S4. Representative microscopic figures of aorta from the Group
IIT rabbits. (Hematoxylin and eosin; original magnification x40).

References

1. Angulo P, Lindor KD (2002) Non-alcoholic fatty liver disease. J. Gastroenterol.
Hepatol. 17 Suppl.: S186-S190.

2. Marchesini G, Moscatiello S, Di Domizio S, Forlani G (2008) Obesity-associated
liver disease. J. Clin. Endocrinol. Metab. 93: S74-S80.

3. Targher G, Marra F, Marchesini G (2008) Increased risk of cardiovascular
disease in non-alcoholic fatty liver disease: causal effect or epiphenomenon?
Diabetologia 51: 1947-1953.

4. Kotronen A, Yki-Jarvinen H (2008) Fatty liver: a novel component of the
metabolic syndrome. Arterioscler. Thromb. Vasc. Biol. 28: 27-38.

5. Dick TJ, Lesser IA, Leipsic JA, Mancini GB, Lear SA (2013) The effect of
obesity on the association between liver fat and carotid atherosclerosis in a multi-
ethnic cohort. Atherosclerosis 226: 208-213.

6. Sung KC, Wild SH, Kwag HJ, Byrne CC (2012) Fatty liver, insulin resistance,
and features of metabolic syndrome: relationships with coronary artery calcium
in 10,153 people. Diabetes Care 35: 2359-2364.

7. Day CP, James OF (1998) Steatohepatitis: a tale of two “hits”? Gastroenterology
114: 842-845.

8. Donnelly KL, Smith CI, Schwarzenberg SJ, Jessurun J, Boldt MD, et al. (2005)
Sources of fatty acids stored in liver and secreted via lipoproteins in patients with
nonalcoholic fatty liver disease. J. Clin. Invest. 115: 1343-1351.

9. Marchesini G, Brizi M, Morselli-Labate AM, Bianchi G, Bugianesi E, et al.
(1999) Association of nonalcoholic fatty liver disease with insulin resistance. Am.
J- Med. 107: 450-455.

10. Sanyal AJ, Campbell-Sargent C, Mirshahi F, Rizzo WB, Contos M]J, et al.
(2001) Nonalcoholic steatohepatitis: association of insulin resistance and
mitochondrial abnormalities. Gastroenterology 120: 1183-1192.

11. Wobser H, Dorn C, Weiss TS, Amann A, Bollheimer C, et al. (2009) Lipid
accumulation in hepatocytes induces fibrogenic activation of hepatic stellate
cells. Cell Res. 19: 996-1005.

12. Tous M, Ferre N, Camps J, Riu F, Joven J (2005) Feeding apolipoprotein E-
knockout mice with cholesterol and fat enriched diets may be a model of non-
alcoholic steatohepatitis. Mol. Cell Biochem. 268: 53-58.

13. Ma KL, Ruan XZ, Powis SH, Chen Y, Moorhead JF, et al. (2008) Inflammatory
stress exacerbates lipid accumulation in hepatic cells and fatty livers of
apolipoprotein E knockout mice. Hepatology 48: 770-781.

14. Kleemann R, Verschuren L, van Erk M]J, Nikolsky Y, Cnubben NH, et al.
(2007) Atherosclerosis and liver inflammation induced by increased dietary
cholesterol intake: a combined transcriptomics and metabolomics analysis.
Genome Biol. 8: R200.

15. Lee L, Alloosh M, Saxena R, Van Alstine W, Watkins BA, et al. (2009)
Nutritional model of steatohepatitis and metabolic syndrome in the Ossabaw
miniature swine. Hepatology 50: 56-67.

16. Kleiner DE, Brunt EM, Van Natta M, Behling C, Contos MJ, et al. (2005)
Design and validation of a histological scoring system for nonalcoholic fatty liver
disease. Hepatology 41:1313-1321.

17. Jung HJ, Lee WY, Yoo YS, Chung BC, Choi MH (2010) Database-dependent
metabolite profiling focused on steroid and fatty acid derivatives using high-
temperature gas chromatography-mass spectrometry. Clin. Chim. Acta 411: 818~
824.

18. Son HH, Moon JY, Seo HS, Kim HH, Chung BC, et al. (2014) High-
temperature  GC-MS-based serum cholesterol signatuires may reveal sex
differences in vasospastic angina. 7. Lipid Res. 55: 155-162.

19. Kwiterovich PO Jr, White S, Forte T, Bachorik PS, Smith H, et al. (1987)
Hyperapobetalipoproteinania in a kindred with familial combined hyperlipide-
mia and familial hypercholesterolemia. Arteriosclerosis 7:211-225.

PLOS ONE | www.plosone.org

Inflammation Affects NAFLD and Atherosclerosis

Group III samples show earlier lesions composed of thick intimal
hyperplasia, but acellular lipid core or fibrous cap was not
observed in any animal of this group. Figure S5. Representative
microscopic figures of aorta from the Group IV rabbits. (A-F,
Hematoxylin and eosin; original magnification x40, G-H,
Hematoxylin and eosin; original magnification x 400). Five of 6
animals had typical advanced atherosclerotic lesions with necrotic
core and/or scattered calcifications. Four animals have medial
interruption with leukocyte infiltration in atheromatous plaque(ar-
rows of D and E; G and H with magnification).

(DOC)

Author Contributions

Conceived and designed the experiments: HSS MHC. Performed the
experiments: EJK BK HHK HHS Y]JL. Analyzed the data: EJK BK HHK
HHS Y]JL. Contributed reagents/materials/analysis tools: EJK BK HHK
HHS YJL. Wrote the paper: HSS MHC EJK.

20. Fredrickson DS, Lees RS (1965) A system for phenotyping hyperlipemias.
Circulation 31:321-327.

21. Toannou GN, Weiss NS, Boyko EJ, Mozaffarian D, Lee SP (2006) Elevated
serum alanine aminotransferase activity and calculated risk of coronary heart
disease in the United States. Hepatology 43: 1145-1151.

22. Sung KC, Ryan MC, Wilson AM (2009) The severity of nonalcoholic fatty liver
disease is associated with increased cardiovascular risk in a large cohort of non-
obese Asian subjects. Atherosclerosis 203: 581-586.

23. Gastaldelli A, Kozakova M, Hojlund K, Flyvbjerg A, Favuzzi A, et al. (2009)
Fatty liver is associated with insulin resistance, risk of coronary heart disease, and
carly atherosclerosis in a large European population. Hepatology 49: 1537-1544.

24. Villanova N, Moscatiello S, Ramilli S, Bugianesi E, Magalotti D, et al. (2005)
Endothelial dysfunction and cardiovascular risk profile in nonalcoholic fatty liver
disease. Hepatology 42: 473-480.

25. Kuipers F, van Ree JM, Hofker MH, Wolters H, In’t Veld G, et al. (1996)
Altered lipid metabolism in apolipoprotein E-deficient mice does not affect
cholesterol balance across the liver. Hepatology 24: 241-247.

26. Diehl AM (2002) Nonalcoholic steatosis and steatohepatitis IV. Nonalcoholic
fatty liver disease abnormalities in macrophage function and cytokines. Am. J.
Physiol. Gastrointest. Liver Physiol. 282: G1-G5.

27. Lehr HA, Sagban TA, Ihling C, Zzhringer U, Hungerer KD, et al. (2001)
Immunopathogenesis of atherosclerosis: endotoxin accelerates atherosclerosis in
rabbits on hypercholesterolemic diet. Circulation 104: 914-920.

28. Xu XH, Shah PK, Faure E, Equils O, Thomas L, et al. (2001) Toll-like receptor-
4 is expressed by macrophages in murine and human lipid-rich atherosclerotic
plaques and upregulated by oxidized LDL. Circulation 104: 3103-3108.

29. Edfeldt K, Swedenborg J, Hansson GK, Yan ZQ (2002) Expression of toll-like
receptors in human atherosclerotic lesions: a possible pathway for plaque
activation. Cireulation 105: 1158-1161.

30. Higashimori M, Tatro JB, Moore KJ, Mendelsohn ME, Galper JB, et al. (2011)
Role of toll-like receptor 4 in intimal foam cell accumulation in apolipoprotein
E-deficient mice. Arterioscler. Thromb. Vasc. Biol. 31: 50-57.

31. Yang X, Coriolan D, Schultz K, Golenbock DT, Beasley D (2005) Toll-like
receptor 2 mediates persistent chemokine release by Chlamydia pneumoniae-
infected vascular smooth muscle cells. Arterioscler. Thromb. Vasc. Biol. 25: 2308~
2314.

32. Faure E, Thomas L, Xu H, Medvedev A, Equils O, et al (2001) Bacterial
lipopolysaccharide and IFN-gamma induce Toll-like receptor 2 and Toll-like
receptor 4 expression in human endothelial cells: role of NF-kappa B activation.
F- Immunol. 166: 2018-2024.

33. Visintin A, Mazzoni A, Spitzer JH, Wyllie DH, Dower SK, et al. (2001)
Regulation of Toll-like receptors in human monocytes and dendritic cells. 7.
Immunol. 166: 249-255.

34. Mullick AE, Soldau K, Kiosses WB, Bell TA 3rd, Tobias PS, et al. (2008)
Increased endothelial expression of Toll-like receptor 2 at sites of disturbed
blood flow exacerbates early atherogenic events. . Exp. Med. 205: 373-383.

35. Ohnishi S, Tochio N, Tomizawa T, Akasaka R, Harada T, et al. (2008)
Structural basis for controlling the dimerization and stability of the WW
domains of an atypical subfamily. Protein Set. 17: 1531-1541.

36. Furuta M, Ekuni D, Yamamoto T, Irie K, Koyama R, et al. (2010) Relationship
between periodontitis and hepatic abnormalities in young adults. Acta Odontol.
Scand. 68: 27-33.

37. Kolodgie FD, Katocs AS Jr, Largis EE, Wrenn SM, Cornhill JF, et al. (1996)
Hypercholesterolemia in the rabbit induced by feeding graded amounts of low-
level cholesterol. Methodological considerations regarding individual variability

June 2014 | Volume 9 | Issue 6 | 97841



38.

39.

40.

41.

in response to dietary cholesterol and development of lesion type. Arterioscler.
Thromb. Vasc. Biol. 16: 1454-1464.

Schoenfeld SR, Kasturi S, Costenbader KH (2013) The epidemiology of

atherosclerotic cardiovascular disease among patients with SLE: A systematic
review. Semin. Arthritis Rheum. 43: 77-95

Sarmiento-Monroy JC, Amaya-Amaya J, Espinosa-Serna JS, Herrera-Diaz C,
Anaya JM, et al. (2012) Cardiovascular disease in rheumatoid arthritis: a
systematic literature review in latin america. Arthritis 2012: 371909.

El Fadl KA, Ragy N, El Batran M, Kassem N, Nasry SA, et al. (2011)
Periodontitis and cardiovascular disease: Floss and reduce a potential risk factor
for CVD. Angiology 62: 62-67.

Chowdhary VR, Crowson CS, Poterucha JJ, Moder KG (2008) Liver
involvement in systemic lupus erythematosus: case review of 40 patients. 7.

Rheumatol. 35: 2159-2164.

PLOS ONE | www.plosone.org

1

42.

46.

Inflammation Affects NAFLD and Atherosclerosis

Gisondi P, Ferrazzi A, Girolomoni G (2010) Metabolic comorbidities and
psoriasis. Acta Dermatovenerol. Croat. 18: 297-304.

. Yanni AE (2004) The laboratory rabbit: an animal model of atherosclerosis

research. Lab Anim. 38: 246-256.

. Bhattacharyya S, Gill R, Chen ML, Zhang F, Linhardt R], et al. (2008) Toll-like

receptor 4 mediates induction of the Bcll0-NFkappaB-interleukin-8 inflamma-
tory pathway by carrageenan in human intestinal epithelial cells. 7. Biol. Chem.
283: 10550-10558.

. Zhang YQ, Tsai YC, Monie A, Hung CF, Wu TC (2010) Carrageenan as an

adjuvant to enhance peptide-based vaccine potency. Vaccine 28: 5212-5219.
Tsuji RF, Hoshino K, Noro Y, Tsuji NM, Kurokawa T, et al. (2003)
Suppression of allergic reaction by lambda-carrageenan: toll-like receptor 4/
MyD88-dependent and -independent modulation of immunity. Clin. Exp. Allergy
33: 249-258.

June 2014 | Volume 9 | Issue 6 | 97841



