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Interleukin-4 (IL-4) has been detected in both human
and mouse atherosclerotic lesions, although its effects
on the development of the disease are undefined. We
determined the role of IL-4 in the most commonly used
murine models of atherosclerosis by defining the effects
of exogenous delivery and genetic deficiency of this
cytokine on both hypercholesterolemia and AngII-in-
duced atherosclerosis in apolipoprotein E (apoE)�/�

mice and different dietary stimuli in low-density li-
poprotein (LDL) receptor�/� mice. Exogenous adminis-
tration of IL-4 (1.1 ng g�1 day�1 i.p. for 30 days) into
female apoE�/� mice had no effect on lesion size or
composition in mice fed normal or saturated fat diets.
Also, IL-4 deficiency had no significant effect on the size
or composition of atherosclerotic lesions in two vascu-
lar areas of male and female apoE�/� mice fed either a
normal or saturated fat diet. IL-4 deficiency was also
studied in age-matched male mice infused with AngII
(1000 ng kg�1 min�1) for 28 days. Whereas AngII infu-
sion augmented atherosclerotic lesion formation, IL-4
deficiency did not influence atherosclerotic lesion size
or composition. Finally, different dietary stimuli also
had no effect on atherosclerotic lesion size in female
LDL receptor�/� mice. These data demonstrate that IL-4
does not significantly influence the development of ath-
erosclerotic lesions in apoE�/� mice of either gender or
in female LDL receptor�/� mice, irrespective of the
mode of induction of atherosclerosis. (Am J Pathol 2007,
171:2040–2047; DOI: 10.2353/ajpath.2007.060857)

The principal infiltrating leukocytes in atherosclerotic lesions
include monocyte-derived macrophages and T lympho-
cytes that serve as sources for secretion of many cyto-
kines.1–5 Although there are many potential roles in which

macrophages contribute to lesion formation, the role of T
lymphocytes has yet to be clarified.6 An indication of an
active role for T lymphocytes is provided by its presence
throughout all stages of lesion development.3,5,7–11 CD4�

cells are the major class of T lymphocytes present in le-
sions. These T lymphocytes can be activated to differentiate
into two major subsets, Th1 and Th2, that release a subset-
specific repertoire of cytokines.

The predominance of studies have defined the role of
Th1 cytokines on the development of atherosclerosis.
These have included consistent demonstrations of the
atherogenic properties of interferon-� in apolipoprotein E
(apoE)�/� and low-density lipoprotein (LDL) receptor�/�

mice.12–15 Moreover, cytokines that mediate interferon-�
elaboration, including interleukin (IL)-1216 and IL-18,17–19

augment atherogenesis.
IL-4 is secreted by several cell types, including acti-

vated CD4� T lymphocytes, mast cells, and a specialized
subset of CD4�/natural killer cells, NK1.1�.20–23 IL-4
mRNA is present in atherosclerotic lesions from both
mice and humans.11,24,25 Moreover, the abundance of
IL-4 mRNA in atherosclerotic lesions increases in se-
verely hypercholesterolemic states in apoE�/� mice.23

IL-4 has many potential effects on cultured vascular cells
that could influence the atherogenic process, including up-
regulation of CD36,26,27 class A scavenger receptors,28

matrix metalloproteinase 1,25 vascular cell adhesion mole-
cule-1,29,30 monocyte chemoattractant protein-1,31 cystei-
nyl leukotriene 1 receptor,32 and 12/15 lipoxygenase.33,34

Conversely, IL-4 down-regulates inflammatory cytokine
production and fibrinogen secretion in cultured vascular
cells.35 Therefore, the overall effect of IL-4 on atheroscle-
rosis is difficult to predict from these in vitro studies.

In addition to the many potential atherogenic effects
that have been defined in cultured cells, a few studies
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have investigated the role of IL-4 on atherosclerosis in
mouse models of the disease. Variable effects of IL-4
deficiency were noted on the small lesions induced in
C57BL/6 mice by a variety of inflammatory stimuli.36,37

Also, site-specific reductions in lesion sizes were also
noted in IL-4-deficient LDL receptor�/� mice that re-
ceived bone marrow transplantation and were subse-
quently fed a cholate-containing diet.38 Finally, a single
study of apoE�/� mice fed a normal diet demonstrated
inconsistent effects of IL-4 deficiency on lesion size.16

Similar to results obtained from in vitro studies, studies
investigating the effects of IL-4 deficiency in atheroscle-
rosis have also been discordant. Therefore, the role of
IL-4 in atherosclerosis requires further examination.

The aim of these studies was to comprehensively ex-
amine the effect of IL-4 on atherosclerotic lesion size and
cellular composition. Because discrepancies in the liter-
ature regarding IL-4 in atherosclerosis may have arisen
from differences in the experimental atherogenic diet, we
examined lesion formation in LDL receptor�/� mice fed
either a diet enriched in saturated fat and cholesterol or a
cholate-containing atherogenic diet. Additionally, we ex-
amined lesion formation under a variety of conditions and
used the two most commonly used models of atheroscle-
rosis: apoE�/� and LDL receptor�/� mice.39,40 We exam-
ined the effects of exogenous delivery of IL-4, as well as
the effects of deficiency of IL-4. In addition, we examined
the effects of IL-4 deficiency on the induction of athero-
sclerosis by AngII.41 Furthermore, lesion sizes were
quantified in two vascular areas. Under all these condi-
tions, our results do not support a role for IL-4 in the
modulation of atherosclerotic lesion size and composition
in apoE�/� or LDL receptor�/� mice.

Materials and Methods

Animals

ApoE�/� (stock no. 2052), LDL receptor�/� (stock no.
2207), and IL-4�/� (stock no. 2253) mice, backcrossed 10
times onto a C57BL/6 background, were obtained from the
Jackson Laboratory (Bar Harbor, ME). Both ApoE�/� and
LDL receptor�/� mice were crossed into IL-4�/� mice to
obtain homozygous compound-deficient mice. Mice were
housed in a specific pathogen-free room and fed a normal
diet (Ralston Purina, St. Louis, MO) before commencement
of the study. Procedures were approved by the University of
Kentucky Institutional Animal Care and Use Committee and
conformed with the Guide for the Care and Use of Labora-
tory Animals published by the United States NIH (NIH Pub-
lication No. 85-23, revised 1996).

Genotyping and Phenotyping of Mice

PCR analysis of genomic DNA was performed to deter-
mine the genotype of the mice as described previously.38

Spleen cells were harvested as described previously.38

IL-4 production was determined in activated and nonac-
tivated spleen cells using an IL-4 Cytotrap kit (BioSource,
Camarillo, CA).

Diet-Induced Atherosclerosis Studies in LDL
Receptor�/� Mice

Female LDL receptor�/� mice at 8 to 10 weeks of age
that were either IL-4�/� (n � 6 mice/group) or IL-4�/�

(n � 9 mice/group) were fed either a diet enriched with
21% (w/w) butter fat and 0.15% (w/w) cholesterol (Teklad
88137; Teklad, Madison, WI) or a cholate-containing
atherogenic diet with 21% (w/w) saturated fat, 1.25%
(w/w) cholesterol, and 0.5% (w/w) cholate (Teklad 90221)
for 28 days.

Exogenous IL-4 Administration Studies

Female apoE�/� mice (8 weeks of age; n � 10 mice/
group) were placed on a diet enriched with 21% (w/w) fat
and 0.15% (w/w) cholesterol (Teklad 88137) or a normal
diet for 30 days. Recombinant mouse IL-4 (1.1 ng g�1

day�1; R&D Systems, Minneapolis, MN) or vehicle (0.1%
bovine serum albumin in PBS) was administered daily by
i.p. injection for 30 days.42

IL-4 Deficiency Studies

ApoE�/� male (n � 10 group) and female (n � 10 group)
mice at 8 to 10 weeks of age that were either IL-4�/� or
IL-4�/� were fed either a normal diet until 36 weeks of
age or a diet enriched with 21% (w/w) butter fat and
0.15% (w/w) cholesterol for 12 weeks.

AngII Infusion Studies

AngII (1000 ng kg�1 min�1; Sigma, St. Louis, MO) or
sterile saline was infused via Alzet minipumps (Alzet,
Cupertino, CA) for 28 days into 8-week-old male apoE�/�

mice that were either IL-4�/� (saline, n � 6; AngII, n � 8)
or IL-4�/� (saline, n � 6; AngII, n � 8). Alzet minipumps
were implanted subcutaneously on the right flank as de-
scribed previously.43 Mice were fed a normal diet and
water ad libitum throughout the study.38

Serum Lipids and Lipoprotein Distribution

Serum total cholesterol concentrations were determined
using enzymatic assay kits (Wako Chemical Co., Rich-
mond, VA). Lipoprotein cholesterol distributions were de-
termined in individual serum samples (50 �l; n � 5 mice/
group) as described previously.44

Atherosclerotic Lesion Analysis

Atherosclerosis was determined in both the aortic root and
the aortic intimal surface as described previously.41,45

Immunostaining

For immunostaining, frozen tissue sections were initially
incubated with serum from the species used to develop
the secondary antibody. The primary antibodies used
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were rabbit mouse macrophage antiserum (1:3000 dilu-
tion) (AI-AD31240; Accurate Chemical, Westbury, NY)
and a rat anti-mouse monoclonal T-lymphocyte IgG
[Thy1.2 (1.67 �g/ml); PharMingen, San Diego, CA].
These antibodies were detected using an appropriate
secondary biotinylated anti-rabbit or anti-rat IgG (1:200;
Vector Laboratories, Burlingame, CA), respectively. Sub-
sequently, tissues were incubated with a biotin-avidin-
peroxidase complex (Vectastain Elite ABC kit; Vector
Laboratories). Immunoreactivity was visualized using the
red chromagen 3-amino-9-ethyl carbazole (Biomeda
Corp., Foster City, CA), and nuclei were counterstained
with aqueous hematoxylin. Immunostained area of mac-
rophage epitopes were quantified using ImagePro Soft-
ware and normalized to percentage of atherosclerotic
lesion area.

Statistics

Statistical analyses of studies were performed by Stu-
dent’s t-test or by two-way analysis of variance, as ap-
propriate. Significant interactions identified by analysis of
variance were analyzed using a Tukey post hoc test for all
pairwise comparisons. Nonparametric data were ana-
lyzed by Mann-Whitney rank sum test, or significant in-
teractions were analyzed using a Holm-Sidak multiple
comparison, where appropriate. All data analyses were
performed using SigmaStat 3.0 software (SPSS, Inc., Chi-
cago, IL) All data are represented as means � SEM. P
values �0.05 were considered to be statistically
significant.

Results

IL-4 Deficiency in LDL Receptor�/� Mice

Previous studies from our laboratory demonstrated that
transplantation of bone marrow from IL-4-deficient mice
resulted in a modest decrease in atherosclerotic lesion
size in the aortic root of female LDL receptor�/� mice fed
a cholate-containing atherogenic diet.38 To define further
the effects of IL-4 in atherogenesis, we fed female LDL
receptor�/� mice that were either IL-4�/� or IL-4�/� a
diet enriched in saturated fat and cholesterol or a
cholate-containing atherogenic diet for the 28-day time
frame used in our previous bone marrow transplantation
studies. Serum cholesterol concentrations (Table 1) were
increased in mice of both genotypes fed the cholate-
containing atherogenic diet. However, IL-4 deficiency did
not alter serum cholesterol concentrations (Table 1) or

serum lipoprotein distribution (data not shown) in mice
fed either diet. Moreover, although atherosclerotic lesion
burden was significantly increased in mice fed the
cholate-containing atherogenic diet irrespective of geno-
type, lesion size was not affected by IL-4 deficiency in
LDL receptor�/� mice fed either diet (Figure 1).

Exogenous Administration of Recombinant
Mouse IL-4 in apoE�/� Mice

To investigate the effects of IL-4 on the atherogenic pro-
cess in apoE�/� mice, recombinant murine IL-4 (1.1 ng
g�1 day�1, i.p.) was administered to groups of age-
matched females for a period of 30 days. This dose of
IL-4 was demonstrated previously to prevent insulin-de-
pendent diabetes mellitus in mice.42 Mice were fed either
a normal or saturated fat-enriched diet during the 30 days
of IL-4 administration. Exogenous administration of IL-4
increased systemic plasma concentrations of IL-4 in mice
fed both diets [normal diet, 7.4 � 1.9 (vehicle) versus
26.0 � 7.2 pg/ml (IL-4); saturated fat-enriched diet, 6.9 �
0.7 (vehicle) versus 16.9 � 5.9 pg/ml (IL-4); P � 0.05
vehicle versus IL-4]. IL-4 administration did not alter body
weight of mice fed either diet [normal diet, 19.2 � 0.6
(vehicle) versus 19.2 � 1.0 g (IL-4); saturated fat-en-
riched diet, 19.9 � 1.0 (vehicle) versus 20.7 � 0.8 g
(IL-4)].

Exogenous administration of IL-4 did not alter serum
cholesterol concentrations (Table 2) or serum lipoprotein
distribution (data not shown) in mice fed either diet. Irre-
spective of diet, exogenous IL-4 administration had no

Table 1. Effect of IL-4 Deficiency in LDL Receptor�/� Mice Fed a Cholate-Containing Atherogenic or Saturated Fat-Enriched Diet
on Serum Cholesterol Concentrations

Mice Cholesterol concentrations (mg/dl)

IL-4 genotype Sex n Cholate-containing atherogenic diet Saturated fat-enriched diet

�/� Female 6 1080 � 52 661 � 80
�/� Female 9 1123 � 51 600 � 19

Data represent mean � SEM. All intergroup comparisons for the same diet were not statistically significant.
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Figure 1. Atherosclerotic lesion area on the intimal surface of the aortic arch
is not altered by IL-4 deficiency in LDL receptor-deficient mice fed a diet
enriched in saturated fat that was either cholate-free (A) or supplemented
(B). Eight- to 10-week-old female LDL receptor-deficient mice that were
either IL-4�/� or IL-4�/� were fed saturated fat-enriched diet (A) or cholate-
containing atherogenic diet (B) for 28 days. After feeding of the diets,
atherosclerotic lesions on the intimal surface of the aortic arch were mea-
sured in IL-4�/� (�; n � 6 mice/group) and IL-4�/� (f; n � 9 mice/group)
mice at 9 to 11 weeks of age.
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effect on atherosclerotic lesion size in the aortic root
(Figure 2, A and B) or on the luminal surface of the aortic
arch (data not shown). No grossly discernable lesions
were present in the thoracic and abdominal aortas of
female mice fed either diet.

IL-4 Deficiency in apoE�/� Mice

Strain-matched apoE�/� mice that were either IL-4�/� or
IL-4�/� were generated to determine the effects of this
cytokine on atherogenesis. PCR analyses of apoE and
IL-4 were used to define the genotype of mice in the
study and were confirmed by phenotyping with plasma
lipid concentrations and IL-4 elaboration from isolated
splenocytes, respectively.

Age- and gender-matched mice were fed either a nor-
mal or a saturated fat-enriched diet for 36 or 12 weeks,
respectively. As expected, total serum cholesterol con-
centrations (Table 2) were increased in all mice fed the
saturated fat-enriched diet. However, IL-4 deficiency did
not alter serum concentrations of total cholesterol (Table
2) or lipoprotein distribution (data not shown) in either
gender of apoE�/� mice fed normal or saturated fat-
enriched diets. Analysis of the aortic root demonstrated
no differences in atherosclerotic lesion formation in IL-4-
deficient mice of either gender regardless of diet (Figure
3, A–D). Moreover, irrespective of diet, en face analysis of

the entire luminal surface of the aorta demonstrated that
IL-4 deficiency did not alter atherosclerotic lesion forma-
tion in apoE�/� mice (Figure 4, A–D). Whereas IL-4 defi-
ciency did not alter lesion formation, gender had a sig-
nificant effect on lesion formation in mice fed a normal
diet through 36 weeks of age. Lesion formation both in
the aortic root (Figure 3, A and B; P � 0.001) and on
luminal surface of the aorta (Figure 4, A and B; P � 0.001)
was significantly increased in female compared with
male mice. Interestingly, this gender difference in lesion
formation was not present in mice fed a saturated fat-
enriched diet for 12 weeks.

Immunostaining was performed on tissues from the
aortic sinus. All lesions examined consisted predomi-
nantly of lipid-laden macrophages, with a small number
of T lymphocytes. In addition to finding no effect of IL-4
deficiency on lesion size, we observed no overt differ-
ences in macrophage or T-lymphocyte content in lesions
from either IL-4�/� or IL-4IL-4�/� mice (Figure 5, A and

Table 2. Effects of Exogenous IL-4 Administration or Deficiency on Serum Cholesterol Concentrations in apoE�/� Mice Fed
either Normal or Saturated Fat-Enriched Diet

Mice

Compound administered

Cholesterol concentrations (mg/dl)

IL-4 Genotype Sex n Normal diet Saturated fat-enriched diet

�/� Female 10 Vehicle 214 � 8 530 � 30
10 IL-4 217 � 5 498 � 35

�/� Female 10 None 235 � 16 520 � 48
Male 10 215 � 8 487 � 26

�/� Female 10 224 � 13 508 � 46
Male 10 195 � 10 496 � 11

�/� Male 8 Vehicle 271 � 12
Male 8 AngII 240 � 4

�/� Male 8 Vehicle 221 � 8
Male 8 AngII 261 � 25

Data represent mean � SEM. All intergroup comparisons for the same diet were not statistically significant.
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Figure 2. Atherosclerotic lesion area in the aortic root is not altered by
recombinant IL-4 administration in apoE�/� mice fed a normal (A) or satu-
rated fat-enriched (B) diet. Eight-week-old female apoE�/� mice were fed
either a normal or saturated fat-enriched diet for 30 days. Recombinant
mouse IL-4 (1.1 ng g�1 day�1) or vehicle was administered daily by i.p.
injection for a 30-day time course. Atherosclerotic lesions on the aortic root
(A and B) were measured in vehicle (�) and recombinant IL-4-injected (f)
mice (n � 10 mice/group) at 9 weeks of age.
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Figure 3. Atherosclerotic lesion area in the aortic root is not altered by IL-4
deficiency in apoE�/� mice fed either a normal or saturated fat-enriched diet.
Atherosclerotic lesion in the aortic root were measured in male (A and C) and
female (B and D) apoE�/� � IL-4�/� (�) and apoE�/� � IL-4�/� (f) mice
fed a normal diet (A and B) until 36 weeks of age or a saturated fat-enriched
diet (C and D) (n � 10 mice/group) for 12 weeks, beginning at 8 to 10 weeks
of age (n � 10 mice/group).
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B). Additionally, IL-4 deficiency did not alter the area of
lesions that immunostained positively for macrophages in
male and female mice fed either diet (Figure 5, C–F)
[normal diet, 50 � 13 (IL-4�/� males) versus 48 � 4%
(IL-4�/� males); 50 � 5 (IL-4�/� females) versus 45 � 2%
(IL-4�/� females) macrophage epitope immunostained
lesion area; saturated fat-enriched diet, 61 � 2 (IL-4�/�

males) versus 63 � 2% (IL-4�/� males); 60 � 8 (IL-4�/�

females) versus 63 � 4% (IL-4�/� females) macrophage
epitope immunostained lesion area].

IL-4 Deficiency in AngII-Induced Atherosclerosis
in apoE�/� Mice

AngII infusion into hyperlipidemic mice accelerates the
formation of atherosclerotic lesions, which are character-
ized by increased T-lymphocyte infiltration.41,46 The pre-
dominant source of IL-4 is T lymphocytes. Therefore, we
sought to determine the role of IL-4 deficiency in AngII-
induced atherogenesis.

In agreement with previous studies, IL-4 deficiency did
not alter serum cholesterol concentrations (Table 2) or
lipoprotein distribution (data not shown) in mice infused
with AngII (1000 ng kg�1 min�1) and fed a normal labo-
ratory diet. The extent of atherosclerotic lesions was
quantified on the intimal surface of the aortic arch. Irre-
spective of genotype, AngII infusion markedly enhanced
atherosclerotic lesion formation (Figure 6). However, An-
gII-induced atherosclerotic lesion size on the aortic inti-
mal surface was not altered by IL-4 deficiency in male
apoE�/� mice (Figure 6).
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Figure 5. IL-4 deficiency has no effect on cellular lesion composition. Im-
munostaining was performed using a rabbit antisera against mouse macro-
phages (A) (magnification, �100) and an anti-rat monoclonal antibody
against T lymphocytes (B) (Thy1.2; magnification, �200) in representative
sections of aortic root. Lesion area immunostained for macrophages was
quantified in male and female mice fed a normal diet until 36 weeks of age
(C and D) or saturated fat-enriched diet for 12 weeks (E and F), beginning at
8 to 10 weeks of age, and normalized to total lesion area.
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Figure 4. IL-4 deficiency does not alter atherosclerotic lesion area on the
intimal surface of the aorta. Atherosclerotic lesions on the intimal surface of
the aorta were measured in male (A and C) and female (B and D) apoE�/� �
IL-4�/� (�) and apoE�/� � IL-4�/� (f) mice fed either a normal diet (A and
B) until 36 weeks of age or saturated fat-enriched diet (C and D) for 12 weeks,
beginning at 8 to 10 weeks of age (n � 10 mice/group).
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Discussion

IL-4 has many effects on cultured cells that have been
extrapolated to an effect on atherogenesis. Despite these
in vitro studies, our results do not support a role of IL-4 as
a modulator of the extent or composition of atheroscle-
rotic lesions in apoE�/� or LDL receptor�/� mice that
have not undergone bone marrow cell transplantation.
Our studies were designed to determine the effects of
IL-4 under multiple conditions. Although LDL receptor�/�

mice have modestly increased plasma cholesterol con-
centrations on a normal diet, atherosclerotic lesion for-
mation is not spontaneous and requires the feeding of
saturated fat-enriched diets (reviewed in Refs. 47 and
48). In contrast, apoE�/� mice are hypercholesterolemic
on normal diet and spontaneously develop atheroscle-
rotic lesions. Diets enriched in saturated fat and choles-
terol markedly increase cholesterol concentrations and
accelerate the development of disease in apoE�/�

mice.39,40 However, differences in atherosclerotic lesion
formation have been noted in the response of different
genes that are dependent on the composition of the diet
fed to apoE�/� mice. For example, total lymphocyte de-
ficiency due to disruption of the RAG genes decreased
lesion size in mice fed a normal diet while having no
effect on mice fed a saturated fat-enriched diet.49,50 An-
other rationale for using the different dietary stimuli was
that IL-4 mRNA was only detected in mice that were
rendered severely hypercholesterolemic, and thus IL-4
may have diet-specific effects.23 Despite these consid-
erations, we were unable to detect an effect of IL-4 ad-
ministration or deficiency on atherosclerotic lesion size
and composition in either apoE�/� or LDL receptor�/�

mice fed any of these experimental diets. We also exam-
ined the role of IL-4 in AngII-induced atherosclerosis,
which has the potential to promote lesions through mech-
anisms that differ from hypercholesterolemia-induced
disease.41,51 Again, we were unable to discern an effect
of IL-4 on lesion size and composition.

A small number of studies have investigated the ef-
fects of IL-4 deficiency on lesion size. These include
studies in wild-type C57BL/6 mice in which atheroscle-
rotic lesion formation was promoted by feeding a diet
enriched in saturated fat, cholesterol, and cholate or

through the inflammatory stimuli of incomplete Freund’s
adjuvant, heat shock protein-65, and Mycobacterium tu-
berculosis.36,37 IL-4 deficiency had no effect on the le-
sions formed during feeding of the cholate-containing
diet or administration of incomplete Freund’s adjuvant. In
contrast, IL-4 deficiency reduced the size of lesions
formed by injected heat shock protein-65 or M. tubercu-
losis. The mechanism for the small lesions formed in
aortic root of heat shock protein-65- and M. tuberculosis-
injected mice is unknown. It is conceivable that although
IL-4 plays no role in hypercholesterolemia or AngII-in-
duced atherosclerosis, it may contribute to atherosclero-
sis generated by other differing mechanisms.

Compared with wild-type C57BL/6 mice, more sub-
stantial lesions of greater cellular complexity are formed
in LDL receptor�/� and apoE�/� mice.52 Our previous
study demonstrated that IL-4 deficiency reduced lesion
size in LDL receptor�/� mice that had undergone bone
marrow cell transplantation.38 However, this reduction
was restricted to females, was modest, and only oc-
curred in one vascular bed. Importantly, our previous
study used a cholate-containing diet to promote athero-
sclerosis. It was subsequently realized that the inclusion
of cholate may also have led to toxicity, as noted by a
dramatic increase in gall stone formation and death.53

However, the present study demonstrates that IL-4 defi-
ciency does not alter lesion size in LDL receptor�/� mice
fed either a cholate-containing atherogenic or saturated
fat-enriched diet. �-Irradiation and bone marrow cell
transplantation have been shown to alter lesion formation
in LDL receptor�/� mice; however, these studies were
performed in mice fed a non-cholate-containing athero-
genic diet for 16 weeks.54 Therefore, extrapolation of
these findings to explain the conflicting results between
the present study and our previous bone marrow cell
transplant study would not be a valid comparison based
on the different time frames and dietary stimuli used in the
studies. Given that our data demonstrating no effect of
IL-4 deficiency in mice fed a cholate-containing diet
agree with studies by George et al,36 these data may
imply that bone marrow cell transplantation could have
selectively affected lesion formation in IL-4-deficient
mice.

There has also been a previous study of IL-4 defi-
ciency in apoE�/� mice fed a normal diet.16 Variable
effects were noted on lesion size depending on the vas-
cular bed examined. These effects were dependent on
site and time in an analysis that was performed on pooled
genders. At 30 weeks of age, lesion size was reduced in
the aortic root of IL-4-deficient mice with no effect in the
aortic arch. At 45 weeks of age, there was no effect of
IL-4 deficiency on lesion size in the aortic sinus, thorax,
and abdominal aorta, but lesions were reduced in the
arch. The present study also failed to demonstrate an
effect of IL-4 deficiency on lesion size in the aortic arch in
apoE�/� mice fed a normal diet for a similar interval.
However, contrary to the findings of Davenport et al,16 we
did not discern an effect of IL-4 deficiency on lesion size
in the aortic sinus when the data were analyzed on a
gender-specific basis. The contrasting findings between
the two studies may be a result of the following:
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Figure 6. AngII-induced atherosclerotic lesion size in the aortic arch is not
altered by IL-4 deficiency in apoE�/� mice. Atherosclerotic lesions on the
intimal surface of the aortic arch were measured by en face analysis in
9-week-old male apoE�/� mice fed a normal diet and infused with saline (A)
or AngII (B) (1000 ng kg�1 min�1) for 28 days that were IL-4�/� (�) or
IL-4�/� (f; n � 8 mice/group).
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1) apoE�/� mice used in these studies were obtained
from different vendors. The present study used mice from
the Jackson Laboratory, whereas Davenport et al16 used
mice from Animal Resources Center (Canning Vale,
Western Australia, Australia). 2) Lesion analysis in the
root in the present study was performed over 400 mm2

area of the aortic sinus compared with 200 mm2 in the
Davenport study. 3) En face analysis in the present study
was represented as percent lesions on the entire intimal
surface of the aorta, in contrast to the Davenport study,
which represented data as regional areas. In agreement
with the restricted conditions used by Davenport et al,16

we were also unable to detect changes in the size or
composition of lesions from IL-4-deficient apoE�/� mice
fed a saturated fat diet or infused with AngII.

Modulation of the helper T-lymphocyte (Th) balance
toward a Th1 response promotes atherogenesis in
mice.55 Extracts of human atherosclerotic lesions immu-
nostain positive for Th1 cytokines, with little to no staining
for Th2 cytokines, suggesting that the Th1 response also
predominates in human atherosclerotic lesion forma-
tion.56 C57BL/6 mice mount predominately Th1 re-
sponses. Therefore, IL-4 deficiency may not have a pro-
found effect in this background. However, increasing
hypercholesterolemia is associated with a shift from a
Th1 to a Th2 lymphocyte response in C57BL/6 apoE�/�

mice.23 The shift from Th1 to Th2 responses occurred in
mice with severe hypercholesterolemia (�1200 mg/dl).
Moreover, mRNA for IL-4 was only detected in athero-
sclerotic lesions of mice with severe hypercholesterol-
emia (�1800 mg/dl) after feeding of a cholate-containing
saturated fat-enriched diet.23 Although the apoE�/� mice
in the present studies had hypercholesterolemia irre-
spective of the diet, the level of hypercholesterolemia
(�195 to 530 mg/dl) may not have been significant
enough to drive an overwhelming Th1 to Th2 lymphocyte
switch. Moreover, the saturated fat-enriched diet used in
the apoE�/� mice did not contain cholate. Therefore, the
lack of effect of IL-4 on atherogenesis in the present
study may be due to the more moderate level of hyper-
cholesterolemia in the apoE�/� mice compared with
those observed in our previous study.38 Given the pre-
dominance of Th1 responses in C57BL/6 mice, the cur-
rent study does not exclude the potential for an effect of
IL-4 in other strains of mice.

A previous study demonstrated that exogenous admin-
istration of IL-4 into male C57BL/6 mice fed a cholate-
containing diet decreased atherosclerotic lesion formation,
which is associated with a reduction in interferon-�.55 In
contrast, we found no effect of exogenous IL-4 administra-
tion on lesion formation in female apoE�/� mice. Interfer-
on-� deficiency reduces atherosclerosis in male apoE�/�

mice fed either a normal or a saturated fat-enriched diet;
however, lesion formation is not altered in female
apoE�/� mice.14 Given these data, we would not antici-
pate that reductions in interferon-� mediated by IL-4 in-
jection would alter atherosclerosis in female mice. There-
fore, the gender difference in mice used in the present
study, compared with the previous study, may account
for the differing effects of IL-4 injection on atherogenesis.
Moreover, differences in serum cholesterol concentra-

tions, duration of the studies, and the concentrations of
IL-4 administered exogenously may also contribute to the
differing effects of IL-4 administration on atherosclerosis
between the two studies. Additionally, although we found
an increase in systemic plasma IL-4 concentrations after
exogenous administration of IL-4 in the present study,
this does not necessarily reflect the levels of IL-4 present
in the vascular wall.

In conclusion, the present study determined the effects
of IL-4 in LDL receptor�/� and apoE�/� mice using both
exogenous administration and genetic deficiency in nor-
mal and two different high-fat diets in sex-, age-, and
strain-matched groups. Furthermore, lesions were quan-
tified and characterized in two vascular beds. The role of
IL-4 was also studied in AngII-induced atherogenesis.
Under these multiple circumstances, we were unable to
determine a role for IL-4 in atherogenesis. These findings
demonstrate that IL-4 does not effect atherosclerotic le-
sion formation in apoE�/� or LDL receptor�/� mice that
have not undergone bone marrow cell transplantation.
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