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Abstract

Guinea pigs resemble humans in cholesterol and lipoprotein metabolism; however, there is limited information on the vascular
inflammatory response with induction of atherosclerosis in this animal model. The purpose of this study was to document a vascular
inflammatory response associated with dietary-induced atherosclerosis in the guinea pig and determine the effect of replacing dietary
carbohydrate with protein and fat on this response. Thirty male Hartley guinea pigs were randomly assigned to a high dietary cholesterol,
high-carbohydrate (HC); a high-cholesterol, low-carbohydrate (LC) or a control (CON) diet for 12 weeks. Analysis of cytokine protein
expression [interferon γ (IFN-γ), tumor necrosis factor α (TNF-α), interleukin (IL)-1β, IL-6 and GM-CSF) and m RNA expression (IFN-γ,
TNF-α, IL-1β, MCP-1 and IL-8] were performed along with the measurement of cholesterol concentration in the aorta, plasma lipids and
plasma low-density lipoprotein subfractions. There was a similar and significant accumulation of cholesterol in the thoracic aorta in the HC
and LC groups compared to the CON group. Aortic cytokine protein expression (TNF-α, IFN-γ and IL-6) and m RNA expression (TNF-α
and IFN-γ) were significantly elevated in both high-cholesterol fed groups (HC and LC) (Pb.05) compared to the CON group. Compared to
the HC group, animals fed the LC diet had reduced protein and m RNATNF-α expression, as well as a reduced concentration of small LDL
particles in the plasma. This study is the first to document a dietary cholesterol-induced vascular inflammatory response in guinea pigs that is
partially regulated by the macronutrient content of the diet. Guinea pigs may be a useful animal model to evaluate the cellular and molecular
components of atherosclerosis.
© 2008 Elsevier Inc. All rights reserved.
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1. Introduction

It has previously been shown that the guinea pig is the
small animal model that most closely resembles humans in
cholesterol and lipoprotein metabolism [1]. In contrast to
other rodents and most species used for studying lipid
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metabolism, guinea pigs carry the majority of their plasma
cholesterol in low-density lipoprotein (LDL), the athero-
genic lipoprotein similar to humans, making them a unique
animal model to study cholesterol and lipoprotein metabo-
lism [1]. They are also excellent models to evaluate dietary
interventions as they show aortic plaque accumulation when
challenged with a hypercholesterolemic diet [1,2]. The
development of early atherosclerosis has previously been
demonstrated in male, female and ovariectomized guinea
pigs fed hypercholesterolemic diets [3]. However, these
studies all look at the progression of atherosclerosis by
measurement of plaque development in the aorta and not the
inflammatory cascade associated with the progression and
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Table 1
Dietary composition for the CON, HC and the LC groups

Component CON HC LC

g/100g % Energy g/100g % Energy g/100g % Energy

Soybean
protein a

22 23 22 23 37 34

Fat mix b 15.1 35 15.1 35 26 55
Corn starch/
sucrose c

41 42 41 42 12 11

Mineral mix d 8.2 - 8.2 - 8.2 -
Vitamin mix d 1.1 - 1.1 - 1.1 -
Cell ulose 10 - 10 - 10 -
Guar gum 2.5 - 2.5 - 2.5 -
Cholesterol 0.04 - 0.25 - 0.25 -
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development of atherosclerosis. Given that atherosclerosis is
now recognized to be an inflammatory disease characterised
by chronic low-grade vascular inflammation [4,5], the
identification of this proinflammatory cascade in the guinea
pig has the potential of allowing for this animal model to be
utilised in research investigating the inflammatory mechan-
isms associated with atherosclerosis. The main objective of
this study was to evaluate the inflammatory response
induced by high dietary cholesterol in the guinea pig and
the affect of manipulating the macronutrient composition of
the diet. We hypothesized that a high-cholesterol diet would
induce inflammation in the aorta, and the response would be
attenuated by replacing carbohydrate with protein and fat.
a Protein mix contains 60% casein and 40% soy protein.
b Fat mix contains olive oil-palm kernel oil-safflower oil (1:2:1.8). Palm

kernel oil is high in lauric and myristic acids known to cause endogenous
hypercholesterolemia in guinea pigs.

c Corn starch-sucrose ratio 1: 1.43.
d Mineral (S20001) and vitamin (V20001) mix were formulated to meet

National Research Council requirements for guinea pigs.
2. Methods and materials

2.1. Animals

Thirty male Hartley guinea pigs weighing 250 to 300 g
were obtained from Charles River Laboratories (Wilming-
ton, MA, USA). At the beginning of the study, animals
were randomly assigned to one of the three dietary
treatments, a low-cholesterol control group (CON), a
high-cholesterol/high-carbohydrate atherogenic diet group
(HC) and a high-cholesterol/low-carbohydrate atherogenic
diet group (LC) for 12 weeks. Guinea pigs were housed two
per cage in a controlled environment at 22°C on a 12-h day/
night cycle (light from 0700 to 1900 h). Diet and water
were consumed ad libitum. To measure food consumption
and energy intakes, the diets were weighed before and after
every feeding. This study was conducted in accordance with
US Public Health Service/US Department of Agriculture
guidelines, and the experimental protocols were approved
by the University of Connecticut Institutional Animal Care
and Use Committee.

2.2. Diets

Diets were prepared and pelleted by Research Diets (New
Brunswick, NJ) (Table 1). The amount of dietary cholesterol
in the HC and LC groups was maintained at 0.25% in order to
raise plasma cholesterol concentrations and to ensure
cholesterol accumulation in the aorta and the progression of
atherosclerosis [6,7]. This amount of dietary cholesterol
corresponds to an absorbed amount equal to 1.5 times the
daily cholesterol synthesis rates in guinea pigs [8] and is the
equivalent to 1875 mg/day in the human situation. The
amount of cholesterol consumed in the CON group (0.04%)
was equivalent to approximatelyb300 mg/day in the human
situation. Palm kernel oil was used as the primary fat in the
diets as it is rich in lauric and myristic acids which are known
to cause endogenous hypercholesterolemia in guinea pigs [3].

2.3. Plasma isolation and aortic tissue collection

Guinea pigs were anaesthetized under isoflurane
vapours, and blood was obtained via cardiac puncture
following a 12-h fast. Plasma samples were collected and
protease inhibitors added to the samples (aprotonin 5 μl/
ml, phenyl methyl sulfonyl fluoride1 μl/ml and sodium
azide 1 μl/ml) and stored at −80°C for subsequent analysis
of plasma lipids and plasma LDL subfractions. After
exsanguination, the heart and aorta were removed, and the
aorta was divided into three sections. The ascending aorta,
aortic arch and the upper portion of the descending aorta
was analysed for cytokine protein expression. The
descending aorta/thoracic aorta was analysed for m RNA
expression, and the lower section of the thoracic aorta was
analysed for aortic cholesterol concentrations.

2.4. Plasma lipids and LDL subfractions

Plasma total cholesterol, high-density lipoprotein (HDL)
cholesterol and triacylglycerol was determined by enzymatic
methods [9,10]. HDL cholesterol was analysed after
precipitation of apo-B-containing lipoproteins with dextran
sulphate [11] using a modified method [12]. LDL subfrac-
tions and particle size was determined using nongradient
polyacrylamide gel electrophoresis (Lipoprint LDL System,
Quantimetrix, Redondo Beach, CA, USA). The area under
the curve was calculated for each fraction, and the percentage
of LDL and the mean and peak LDL particle diameter were
reported. This method has been previously validated in the
guinea pig [2].

2.5. Aortic cholesterol concentration

The lower section of the thoracic aorta was thoroughly
cleaned of any excess tissue and fat, and aortic cholesterol
concentrations were analysed using a previously established
method [2]. From the cleaned tissue, aortic lipids were extracted
from approximately 0.02 g of aortic tissue arch using 10 ml of
chloroform:methanol (2:1) overnight at room temperature. The
extraction solution was mixed with acidified water (0.5%
H2SO4) to separate the solution into two phases, whichwas then
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filtered by gravity filtration and the lower phase extracted with a
separatory funnel. An aliquot of 200 μl, was then evaporated
completely and reconstituted with 200 μl ethanol for enzymatic
determination of total cholesterol.

2.6. Quantitative real-time polymerase chain reaction

Total RNA was isolated from the aortic tissue with
RNeasy Fibrous Tissue Mini columns (QIAGEN, Valencia,
CA, USA). Reverse transcription reactions on the isolated
RNA were performed with TaqMan Reverse Transcription
Reagents (Applied Biosystems, Foster City, CA, USA).
Quantitative real-time polymerase chain reaction (PCR) was
performed on the reverse transcribed cDNA using SYBR
Green II double-stranded DNA binding dye and an Applied
Biosystems 7500 Sequence Detector in accordance with
previously published methods [13–16]. Guinea pig oligo-
nucleotide primers used were the following: interferon γ
(IFN-γ), forward (F) 5′-ATTTCGGTCAATGACGAGCAT-
3′, reverse (R) 5′-GTTTCCTCTGGTTCGGTGACA-3′;
tumor necrosis factor α (TNF-α), F 5′-CCTACCTGCTTCT-
CACCCATACC-3′; R 5′-TTGATGGCAGAGAGAAG-
GTTGA-3′; interleukin (IL)-1β, F 5′-CCACCAG-
CCCAGGCAA-3′, R 5′-TCTACCAGCTCAACTTGGAG-
GAA-3′; IL-8 (CXCL8), F 5′-GGCAGCCTTCCTGCT-
CTCT-3′, R 5′-CAGCTCCGAGACCAACTTTGT-3′;
MCP-1 (CCL2), F 5′-TGCCAAACTGGACCAGAGAA-
3′, R 5′-CCAATGTTCAAAGGCTTTGAAGT-3′ and
hypoxanthine phosphoribosyltransferase (HPRT), F 5′-
AGGTGTTTATCCCTCATGGACTAATT-3′, R 5′-CCT-
CCCATCTCCTTCATCACAT-3′. Currently, the only avail-
able sequence data for these guinea pig genes is cDNA; thus,
it is not known whether the primers span introns. However,
reverse transcriptase-negative controls were used to ensure
that amplification was not due to contaminating genomic
DNA. In order to ensure that only the correct gene was
amplified, dissociation/melt curves for the PCR samples
were also created by an additional denaturation step at 95°C
for 15 s, annealing at 60°C for 20 s and a slow increase in
temperature back to 95°C with a ramp time of 19 min 59 s.
Results were expressed as fold induction of m RNA, which
was determined from the cytokine threshold cycle values
normalized for guinea pig HPRT expression and then further
normalized to a calibrator value derived from pooled CON
group animals.

2.7. Aortic cytokine protein expression

The aorta was thoroughly cleaned of any excess tissue
and fat to ensure that no erroneous results were obtained in
the assays due to any amounts of adipose tissue that could
also contain cytokines. The cleaned portion of the aorta
was homogenized in 3 ml of lysis buffer in a rotor-stator
(VirTis, Gardiner, NY, USA) on ice for 60–90 s to ensure
complete disruption of the aorta. The lysis buffer contained
10% bovine serum albumin, 0.5% TritonX-100, 1%
gentamycin sulfate, 10% 100 mmol/L 4-(2-hydroxyethyl)-
1-piperazineethanesulfonic acid, 30 μl/ml aprotonin and
10 μl/ml 100 mM sodium orthovanadate in phosphate-
buffered saline. The homogenate was stored at −80°C for
measurement of aortic cytokine expression [17]. Due to the
lack of commercially available or viable private sources of
cytokine antibodies for the guinea pig, the cytokines IL-1β
(#EMILB), IFN-γ (#EM1001), TNF-α (#EMTNFA), IL-6
(#EM2IL6) and granulocyte-macrophage colony-stimulat-
ing factor (GM-CSF) (#EMGMCSG) were determined in
duplicate using commercially available mouse ELISA kits
(Endogen, Rockford, IL, USA). The use of the murine
antibodies was based on the mouse returning the highest
sequence similarity scores against the guinea pig for
several of the cytokines and chemokines using BLASTp.
[18] The intra-assay coefficient of variation was 5.6%,
11%, 8.5%, 8.9% and 9.5% for IL-1β, IFN-γ, TNF-α,
IL-6 and GM-CSF, respectively. Absorbances were read
with a VersaMax tunable microplate reader with SoftMax
Pro data reduction software (Molecular Devices, Sunny-
vale, CA, USA).

2.8. Statistical analyses

Means and standard deviations were calculated for all
variables using conventional methods. A one-way analysis
of variance (ANOVA) was used to evaluate significant
differences among the three groups of animals for the aortic
cytokine protein expression, m RNA expression, plasma
lipids, serum total ketone bodies, LDL particle size and
aortic cholesterol concentrations. Significant main effects
were further analysed using a Fisher LSD post hoc test. A
criterion alpha level of Pb.05 was used for all statistical
comparisons. All data were analysed using SPSS version
11.5 (SPSS, Chicago, IL, USA).
3. Results

3.1. Animal weights and dietary intake

There were no differences in the final animal weights
between the three experimental animal groups. Final weights
were 798.7±72.5, 856.8±78.9 and 809.5±76.3 g for the
CON, HC and LC groups, respectively. There was a
significant difference in the food consumption (g/day)
between groups (27.3±2.3, 28.4±0.6 and 25.0±0.9 g for the
CON, HC and LC groups, respectively), although there was
no difference in the average daily energy intake due to the
varying energy densities between the diets (3.88 kcal/g for
the CON and HC groups and 4.33 kcal/g for the LC group).
There was also a significantly great intake of palm kernel oil
in the LC group compared to the other two groups, which
corresponded to the greater percentage of total energy
obtained from fat for this group (55%).

3.2. LDL particle size and subfractions

Plasma lipid responses to these diets have been reported
elsewhere [19]. Plasma total and LDL cholesterol were
higher in the high cholesterol groups compared to the control



Table 2
LDL subfractions (percentage) and LDL particle size in the guinea pigs fed
the CON, HC or LC diets after 12 weeks

CON HC LC

LDL 1 (%) (27.7 nm) 18.5±6.0a 13.2±4.7b 14.9±4.3a

LDL 2 (%) (26.1 nm) 9.9±5.8 11.0±2.5 14.4±5.9
LDL 3 (%) (24.5 nm) 0.5±0.9a 4.9±2.7b 2.0±1.9a

LDL 4-7 (%) (23-18.7 nm) 0.0±0.0a 3.2±2.9b 0.4±0.9a

Mean diameter (nm) 27.1±0.3a 26.2±0.7b 26.8±0.6a

LDL phenotype (no. of guinea pigs A) 8/10 4/10 7/10

Values are mean±S.D. for n=10 guinea pigs per group. Values in parentheses
indicate the mean particle size for that fraction. Data was analysed with a
one-way ANOVA. Values in the same row with different superscript are
significantly different as determined by one-way ANOVA.

Fig. 2. m RNA expression of the cytokines IFN-γ, TNF-α, IL-1β and the
chemokines IL-8 and MCP-1 in the thoracic aorta between the three
experimental animal groups after the 12-week atherogenic and control diets
(mean±S.E.M.). Fold induction was determined from the threshold cycle
values normalized for guinea pig HPRT and then further normalized to the
value derived from pooled low-cholesterol group samples. ⁎Pb.05 compared
to CON group. †Pb.05 compared to HC group.
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group. As indicated in Table 2, guinea pigs fed the HC diet
had lower concentrations of the larger LDL, compared to
both the control and the LC group. The LC group resulted in
lower concentrations of the smaller LDL subfractions and a
larger mean LDL size compared to the HC group. Also, more
guinea pigs in the LC group were classified as pattern A,
compared to the HC group, indicating a major effect of
macronutrient composition of LDL particle distribution.

3.3. Aortic cholesterol concentration

The measurement of cholesterol accumulation in the
thoracic aorta showed that both the HC and LC groups had a
significantly greater accumulation of total cholesterol
compared to the CON group (Fig. 1).

3.4. mRNA expression for guinea pig specific cytokines
and chemokines

There was a significant increase in both the HC and LC
groups for the expression of IFN-γ m RNA (HC: ↑4.5-fold;
LC: ↑3.3-fold) and TNF-α m RNA (HC: ↑3.1-fold; LC:
↑1.4-fold) compared to the CON group (Fig. 2). An
interesting finding was that low carbohydrate reduced the
expression of TNF-α when compared to the HC group.
There were no other significant differences for IL-1β, IL-8 or
MCP-1 for any of the groups.
Fig. 1. Total cholesterol accumulation in the thoracic aorta (mmol/g wet
tissue) in the three experimental animal groups after the 12-week
atherogenic and control diets (mean b.05 compared to CON group.
3.5. Aortic cytokine protein expression

Normalized cytokine protein optical density (OD) mea-
surements for the HC and LC groups were expressed as a
percentage relative to the OD obtained for the CON group.
BLASTp [18] was used to query the amino acid sequence
similarity for all available sequences between the mouse
(Mus musculus) and guinea pig (Cavia porcellus) (TNF-α
81%, IL-1β 70%, IFN-γ 40% and GM-CSF 43%). There is
no sequence currently available for IL-6 in the guinea pig, so
no information is displayed for this cytokine. High
cholesterol increased the expression for all cytokines
compared to the low cholesterol group (CON group)
(Fig. 3). The restriction in dietary carbohydrate reduced the
concentration of TNF-α and IL-6 compared to the HC group
demonstrating a positive effect of low carbohydrate diets
on inflammation.

4. Discussion

The primary aim of this study was to quantify the
vascular inflammatory response associated with dietary-
induced atherosclerosis in the guinea pig. The results clearly
showed a pro-inflammatory response at the level of m RNA
and protein expression associated with high dietary
cholesterol in this guinea pig model. To our knowledge,
this study is the first study to confirm that guinea pigs
demonstrate an increased vascular inflammatory response
after the intake of an atherogenic diet. We further showed
that the inflammatory response is responsive to the back-
ground macronutrient composition; specifically, a diet that
replaced carbohydrate with protein and fat resulted in
reduced protein and m RNA expression of TNF-α and
reduced protein expression for IL-6.



Fig. 3. Normalised OD measured with murine antibodies for the cytokines
TNF-α, IFN-γ, IL-1β, IL-6 and GM-CSF in the aortic arch between the
three experimental animal groups after the 12-week atherogenic and control
diets (mean±S.E.M.). Normalized ODs for the HC and LC groups were
expressed as a percentage against the CON group. ⁎Pb.05 compared to CON
group. †Pb.05 compared to HC group.
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The significantly greater expression of TNF-α and IL-6 in
the HC versus the LC groups may be due to the significantly
greater percentage of small dense LDL (sdLDL) particles in
the plasma in this group. Small LDL particles are thought to
bemore susceptible to oxidative modification and subsequent
uptake by scavenger receptors on activated macrophages
leading to the development of lipid-engorged foam cells.
These foam cells contribute to the secretion of many of the
proinflammatory cytokines that then contribute to the
inflammatory response in atherosclerosis [20]. TNF-α
expression was found to be significantly lower in the LC
group compared to the HC group. Ares et al. [21]
demonstrated in vitro that macrophages incubated with
acetylated LDL (acLDL) resulted in a decrease in nuclear
factor κB (NF-κB) activity and TNF-α secretion. This
finding in vitro of decreased inflammatory cytokines in
cholesterol laden macrophages has been verified in many
other studies [22–25]. This provides indirect support for the
concept that LDL uptake results in down-regulation of the
inflammatory functions of monocytes/macrophages. It has
therefore been suggested that the inhibition of NF-κB by
modified lipoproteins (oxidizedLDL and acetylatedLDL)
could attenuate the inflammatory response to these lipids, but
it could also make macrophages cells more susceptible to
apoptosis [26,27]. Based on these findings [22–25], the
reduction in TNF-α and IL-6 expression in the LC group may
have been caused by a down-regulation in the transcription of
these genes by NF-κB. However, as measurement of the
lipoprotein composition of the macrophages resident in the
atherosclerotic lesions was not possible in this study, this
conclusion must be presented as speculation. Further
investigations are necessary to evaluate this finding in vivo
in guinea pigs.
Both IFN-γ protein and m RNA expression were
significantly increased after the intake of both high-
cholesterol diets. Because IFN-γ is known to directly
activate macrophages and indirectly activate lymphocytes
by increasing antigen presentation, this cytokine plays a
major role in perpetuating the proatherogenic environment
within lesion-affected vessels. In human atherosclerosis, it is
known that IFN-γ levels are significantly increased within
atherosclerotic vessels [4]. Increased expression of IFN-γ
up-regulates IL-1β, TNF-α and MCP-1 production along
with the transcription of genes encoding GM-CSF [28,29]. It
also appears that exogenous IFN-γ administration potenti-
ates lesion formation in hypercholesterolemic mice [30].
These findings led Gupta et al. [31] to suggest that IFN-γ can
potentiate atherosclerosis through both local effects in the
arterial wall and systemic effects on plasma lipoproteins
[32]. Buono et al. [33] has shown direct evidence that IFN-γ
influences atherosclerosis development in LDLreceptor−/−

mice independent of changes in blood lipoprotein profiles.
The findings in this study agree with that by Buono et al., as
even though there were significant differences in the plasma
lipoproteins between the two high-cholesterol groups, there
were no differences between either the protein or m RNA
expression for IFN-γ.

There was a significant increase in GM-CSF protein
expression for the HC group but not for the LC group. GM-
CSF has been shown to have proinflammatory effects on
monocyte activation [34] and T cell function [35]. In the
murine model, GM-CSF is critical for the development of a
number of inflammatory and autoimmune diseases [36].
However, the in vivo analysis of the mode of action of GM-
CSF as a proinflammatory cytokine has been hampered by
the difficulty in isolating cell populations in sufficient
quantity and purity from atherosclerotic lesions. The reason
for the significant increase in GM-CSF concentrations for the
HC group and lack of an increase for the LC group in this
study is not known. Though, it may be the significantly
lower expression of TNF-α in the LC group that may have
down-regulated the transcription of GM-CSF.

As expected, both high-cholesterol groups had signifi-
cantly higher plasma LDL concentrations due to the
hypercholesterolemic effect of the atherogenic diets. The
measurement of LDL subfractions showed a significant
increase in the LDL subfractions 4-7 in the HC group.
These subfractions correspond to the sdLDL particles (23–
18.7 nm). The intrinsic properties of sdLDL particles have
been suggested to be biologically responsible for increasing
the risk of developing CAD [37–39], with numerous
studies reporting that the presence of sdLDL particles is
associated with a more than threefold increase in risk of
coronary artery disease [38–40]. sdLDL also penetrate the
arterial wall more easily [41] and have a higher capacity to
bind to intimal proteoglycans [42,43], all properties that are
associated with greater atherogenecity.

A significant increase in the thoracic aortic total
cholesterol concentration in the HC and LC groups was
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also found, suggesting a significant aggregation of lipopro-
teins into the arterial wall. It is important to mention that the
measurement of aortic cholesterol accumulation was per-
formed in the descending thoracic aorta. Measurements
obtained in this study are similar to those that have been
obtained in other guinea pig studies that have measured the
cholesterol accumulation in the aortic arch [2]. This finding
is important as it shows that guinea pigs demonstrate plaque
accumulation along the thoracic aorta similar to what is seen
in humans. This is dissimilar to the distribution of lesions in
other rodents models where plaque accumulation is generally
limited to the aortic sinus [44].

Evidence from other experimental animal models of
atherosclerosis indicates that the initiation of a high-
cholesterol atherogenic diet results in the rapid activation
of the adhesion molecule cascade and proinflammatory
cytokines. Consequently, our results provide merit for further
use of the guinea pig as a model of atherosclerosis
encompassing both aspects of cholesterol and lipoprotein
metabolism and also the ensuing immune system activation.
However, it is important to note that much more work is
needed to quantify in detail the exact cellular and molecular
immune signalling pathways that act in response to dietary-
induced atherosclerosis in this model. It will be crucial for
further studies to document not only the localization of the
atherosclerotic lesions in this animal model but also the
immune components present in lesions to gain a wider
picture of the cellular and molecular mechanisms involved in
the development of atherosclerosis. As a result, the
continued use of the guinea pig will greatly depend upon
the further studies verifying these findings, and future studies
should document not only the lesion location but severity of
lesion development, and whether they develop advanced
lesions susceptible to thrombosis.
Acknowledgments

The authors wish to thank Dr. Shannon S. Allen and Dr.
David McMurray for their assistance with the m RNA
expression measurements.
References

[1] Fernandez M. Guinea pigs as models for cholesterol and lipoprotein
metabolism. J Nutr 2001;131:10–20.

[2] Zern T, West KL, Fernandez ML. Grape polyphenols decrease plasma
triglycerides and cholesterol accumulation in the aorta of ovariecto-
mized guinea pigs. J Nutr 2003;133:2268–72.

[3] Cos EB, Roy S, Yoganathan S, Nicolosi RJ, Fernandez ML. Dietary
soluble fiber and soybean protein reduce fatty streak accumulation in
male, female and ovariectomized guinea pigs. FASEB J 2000;14:
A353.7.

[4] Shils M, Olson JA, Shike M, Ross AC, editors. Modern nutrition in
health and disease. Philadelphia, PA: Lippincott William andWilkings;
1999. p. 67–104.

[5] Frostegard J, Ulfgren AK, Nyberg P, Hedin U, Swedenborg J,
Andersson U, et al. Cytokine expression in advanced human
atherosclerotic plaques: dominance of pro-inflammatory (Th1) and
macrophage-stimulating cytokines. Atherosclerosis 1999;145:33–43.

[6] Conde K, Vergara-Jimenez M, Krause BR, Newton RS, Fernandez
ML. Hypocholesterolemic actions of atorvastatin are associated with
alterations on hepatic cholesterol metabolism and lipoprotein composi-
tion in the guinea pig. J Lipid Res 1996;37:2372–82.

[7] Roy S, Vega-Lopez S, Fernandez ML. Gender and hormonal status
affect the hypolipidemic mechanisms of dietary soluble fiber in guinea
pigs. J Nutr 2000;130:600–7.

[8] Lin EC, Fernandez ML, McNamara DJ. Dietary fat type and
cholesterol quantity interact to affect cholesterol metabolism in guinea
pigs. J Nutr 1992;122:2019–29.

[9] Allain C, Poon L, Chan C, Richmond W, Fu P. Enzymatic
determination of total serum cholesterol. Clin Chem 1974;20:470–5.

[10] Carr T, Anderssen CJ, Rudel LL. Enzymatic determination of
triglycerides, free cholesterol, and total cholesterol in tissue lipid
extracts. Clin Biochem 1993;26:39–42.

[11] Warnick G, Bederson J, Albers JJ. Dextran-sulfate-Mg2+ precipitation
procedure for quantitation of high density lipoprotein cholesterol. Clin
Chem 1992;28:1379–88.

[12] Fernandez M, Wilson TA, Conde K, Vegara-Jiminez M, Nicolosi RJ.
Hamsters and guinea pigs differ in plasma lipoprotein cholesterol when
fed diets varying in animal protein, soluble fiber or cholesterol content.
J Nutr 1999;129:1323–32.

[13] Skwor TA, Cho H, Cassidy C, Yoshimura T, McMurray DN.
Recombinant guinea pig CCL5 (RANTES) differentially modulates
cytokine production in alveolar and peritoneal macrophages. J Leukoc
Biol 2004;76:1229–39.

[14] Weiss R, Dziura J, Burget TS, Tamborlane WV, Taksali SE, Yeckel
CW, et al. Obesity and the metabolic syndrome in children and
adolescents. N Engl J Med 2004;350:2362–74.

[15] Lyons MJ, Yoshimura T, McMurray DN. Interleukin (IL)-8 (CXCL8)
induces cytokine expression and superoxide formation by guinea pig
neutrophils infected with Mycobacterium tuberculosis. Tuberculosis
(Edinb) 2004;84:283–92.

[16] Lyons MJ, Yoshimura T, McMurray DN. Mycobacterium bovis BCG
vaccination augments interleukin-8 m RNA expression and protein
production in guinea pig alveolar macrophages infected with
mycobacterium tuberculosis. Infect Immun 2002;70:5471–8.

[17] Alexaki A, Wilson TA, Atallah MT, Handelman G, Nicolosi RJ.
Hamsters fed diets high in saturated fat have increased cholesterol
accumulation and cytokine production in the aortic arch compared with
cholesterol-fed hamsters with moderately elevated plasma non-HDL
cholesterol concentrations. J Nutr 2004;134:410–5.

[18] Altschul SF, Gish W, Miller W, Myers EW, Lipman DJ. Basic local
alignment search tool. J Mol Biol 1990;215:403–10.

[19] Torres-Gonzalez M, Volek JS, Sharman M, Contois JH, Fernandez
ML. Dietary carbohydrate and cholesterol influence the number of
particles and distributions of lipoprotein subfractions in guinea pigs.
J Nutr Biochem 2006;11:773–9.

[20] Hansson GK. Immune mechanisms in atherosclerosis. Arterioscler
Thromb Vasc Biol 2001;21:1876–90.

[21] Ares M, Stollenwerk M, Olsson A, Kallin B, Jovinge S, Nilsson J.
Decreased inducibility of TNF expression in lipid-loaded macro-
phages. BMC Immunol 2002;3:13.

[22] Young S, Cham CM, Pitas RE, Burri BJ, Connolly A, Flynn L, et al.
A genetic model for absent chylomicron formation: mice producing
apolipoprotein B in the liver, but not in the intestine. J Clin Invest
1995;96:2932–46.

[23] Ohlsson BG, Englund MCO, Karlsson ALK, Knutsen E, Erixon
C, Skribeck H, et al. Oxidized low density lipoprotein inhibits
lipopolysaccharide-induced binding of nuclear factor-kappa B to
DNA and the subsequent expression of tumor necrosis factor-alpha
and interleukin-1beta in macrophages. J Clin Invest 1996;98:
78–89.

[24] Shackelford RE, Misra UK, Florine-Casteel K, Thai SF, Pizzo SV,
Adams DO. Oxidized low density lipoprotein suppresses activation of



738 M.J. Sharman et al. / Journal of Nutritional Biochemistry 19 (2008) 732–738
NFkappaB in macrophages via a pertussis toxin-sensitive signaling
mechanism. J Biol Chem 1995;270:3475–8.

[25] Brand K, Eisele T, Kreusel U, Page M, Page S, Haas M, et al.
Dysregulation of monocytic nuclear factor-{kappa}B by oxidized low-
density lipoprotein. Arterioscler Thromb Vasc Biol 1997;17:1901–9.

[26] Beg AA, Baltimore D. An essential role for NF-kappa B in preventing
TNF-alpha-induced cell death. Science 1996;274:782–4.

[27] Schaub FJ, Han DK, Liles WC, Adams LD, Coats SA, Ramachandran
RK, et al. Fas/FADD-mediated activation of a specific program of
inflammatory gene expression in vascular smooth muscle cells. Nat
Med 2000;6:790–6.

[28] Getz GS. Thematic review series: the immune system and atherogen-
esis. Immune function in atherogenesis. J Lipid Res 2005;46:1–10.

[29] Getz GS. Bridging the innate and adaptive immune systems. J Lipid
Res 2005:500002–JLR200.

[30] Whitman SC, Ravisankar P, Elam H, Daugherty A. Exogenous
interferon-g enhances atherosclerosis in apolipoprotein E-/- Mice. Am J
Pathol 2000;157:1819–24.

[31] Gupta S, Pablo AM, Jiang XC, Wang N, Tall AR, Schindler C. IFN-
gamma potentiates atherosclerosis in apoE knock-out mice. J Clin
Invest 1997;99:2752–61.

[32] Krenger W, Ferrara JL. Graft-versus-host disease and the Th1/Th2
paradigm. Immunol Res 1996;15:50–73.

[33] Buono C, Come CE, Stavrakis G, Maguire GF, Connelly PW,
Lichtman AH. Influence of Interferon-g on the extent and phenotype of
diet-induced atherosclerosis in the LDLR-deficient mouse. Arterioscler
Thromb Vasc Biol 2003;23:454–60.

[34] Gasson JC. Molecular physiology of granulocyte-macrophage colony-
stimulating factor. Blood 1991;77:1131–45.
[35] Wada H, Noguchi Y, Marino MW, Dunn AR, Old LJ. T cell functions
in granulocyte/macrophage colony-stimulating factor deficient mice.
PNAS 1997;94:12557–61.

[36] Hamilton JA. GM-CSF in inflammation and autoimmunity. Trends
Immunol 2002;23:403–8.

[37] Stampfer MJ, Krauss RM, Ma J, Blanche PJ, Holl LG, Sacks FM, et al.
A prospective study of triglyceride level, low-density lipoprotein
particle diameter, and risk of myocardial infarction. JAMA 1996;276:
882–8.

[38] Krauss RM. Atherogenicity of triglyceride-rich lipoproteins. Am J
Cardiol 1998;81:13B–7B.

[39] Austin M, Breslow JL, Hennekens CH, Buring JE, Willet WC, Krauss
RM. Low-density lipoprotein subclass patterns and risk of myocardial
infarction. JAMA 1988;260:1917–21.

[40] Krauss RM, Dreon DM. Low-density-lipoprotein subclasses and
response to a low-fat diet in healthy men. Am J Clin Nutr 1995;62:
478S–87S.

[41] Bjornheden T, Babyi A, Bondjers G, Wiklund O. Accumulation of
lipoprotein fractions and subfractions in the arterial wall, deter-
mined in an in vitro perfusion system. Atherosclerosis 1996;123:
43–56.

[42] Anber V, Millar JS, McConnell M, Shepherd J, Packard CJ. Interaction
of very-low-density, intermediate-density, and low-density lipoproteins
with human arterial wall proteoglycans. Arterioscler Thromb Vasc Biol
1997;17:2507–25014.

[43] La Belle M, Blanche PJ, Krauss RM. Charge properties of low density
lipoprotein subclasses. J Lipid Res 1997;38:690–700.

[44] Jawien J, Nastalek P, Korbut R. Mouse models of experimental
atherosclerosis. J Physiol Pharmacol 2004;55:503–17.


	Replacing dietary carbohydrate with protein and fat decreases the concentrations of small LDL a.....
	Introduction
	Methods and materials
	Animals
	Diets
	Plasma isolation and aortic tissue collection
	Plasma lipids and LDL subfractions
	Aortic cholesterol concentration
	Quantitative real-time polymerase chain reaction
	Aortic cytokine protein expression
	Statistical analyses

	Results
	Animal weights and dietary intake
	LDL particle size and subfractions
	Aortic cholesterol concentration
	mRNA expression for guinea pig specific cytokines and chemokines
	Aortic cytokine protein expression

	Discussion
	Acknowledgments
	References


