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Objective—The adipocyte fatty acid– binding protein, aP2, has important effects on insulin resistance, lipid metabolism,
and atherosclerosis. Its expression in macrophages enhances early foam cell formation and atherosclerosis in vivo. This
study was designed to determine whether aP2 deficiency has a similar effect in the setting of advanced atherosclerosis
and severe hypercholesterolemia.
Methods and Results—Mice deficient in aP2 and apolipoprotein E (aP2⫺/⫺apoE⫺/⫺ mice) and apolipoprotein E– deficient
control mice (apoE⫺/⫺ mice) were fed a Western diet for 14 weeks. No significant differences in fasting serum levels
of cholesterol, triglycerides, or free fatty acids were found between groups for each sex. Compared with apoE⫺/⫺ control
mice, male and female aP2⫺/⫺apoE⫺/⫺ mice had significant reductions in mean atherosclerotic lesion size in the proximal
aorta, en face aorta, and innominate/right carotid artery. Feeding the Western diet in the apoE-deficient background did
not cause a significant reduction in insulin sensitivity in vivo, as determined by steady-state serum glucose levels and
insulin tolerance testing.
Conclusions—These data demonstrate an important role for aP2 expression in the advanced stages of atherosclerotic lesion
formation. Thus, aP2 provides an important physiological link between different features of the metabolic syndrome and
is a potential target for therapy of atherosclerosis. (Arterioscler Thromb Vasc Biol. 2002;22:1686-1691.)
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C

mice fed a low-fat diet from atherosclerosis. Furthermore,
macrophage-specific aP2 deficiency protects against atherosclerosis in apoE⫺/⫺ mice, independent of any effects on lipid
or glucose metabolism.8 Macrophage aP2 deficiency also has
major effects on inflammatory cytokine production and cholesterol loading in macrophages.8
ApoE⫺/⫺ mice develop severe hypercholesterolemia and
spontaneous atherosclerosis, but not obesity or insulin resistance, on a normal chow diet.11,12 In our previous study, aP2
deficiency greatly reduced early foam cell formation, but it
was unclear whether this effect would be persistent in severe
hypercholesterolemia and advanced atherosclerosis. Feeding
apoE⫺/⫺ mice a high-fat Western-type diet accelerates atherosclerosis.13 In C57BL/6 mice, a high-fat diet also promotes
the development of features of type 2 diabetes mellitus,
including obesity, hyperglycemia, and hyperinsulinemia.14
However, it is not clear whether a high-fat diet induces
significant hyperglycemia and insulin resistance in apoE⫺/⫺
mice. In the present study, we sought to determine whether

ytoplasmic fatty acid– binding proteins (FABPs) consist
of a family of 14- to 15-kDa proteins capable of binding
hydrophobic ligands with high affinity.1 The adipocyte
FABP, aP2 (also known as adipocyte lipid– binding protein or
FABP4), is a member of the FABP family. Putative functions
of FABPs include shuttling of fatty acid ligands in the
cytoplasm to various intracellular compartments, modulation
of intracellular lipid metabolism, and regulation of gene
expression.2 The expression of aP2 is regulated during
development and by fatty acids, peroxisome proliferator–activated receptor-␥ agonists, and insulin.3–5 Deficiency of aP2
protects against the development of hyperinsulinemia and
insulin resistance in genetic and diet-induced obesity in
mice.6,7 Thus, it represents an important link in the pathogenesis of diabetes mellitus and obesity.
Interestingly, aP2 is also expressed in macrophages, and its
expression is modulated by peroxisome proliferator–activated
receptor-␥ agonists and oxidized LDLs.8 –10 We have recently
shown that aP2 deficiency protects apoE-deficient (apoE⫺/⫺)
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Body Weight, Serum Lipids, FFAs, and Glucose for aP2ⴙ/ⴙapoEⴚ/ⴚ and aP2ⴚ/ⴚapoEⴚ/ⴚ Mice on Western Diet
Group (Sex)
⫹/⫹

⫺/⫺

Body Weight, g

Glycerol, mM

FFAs, mM

Cholesterol, mg/dL

Triglycerides, mg/dL

Glucose, mg/dL

31.8⫾4.7

1.30⫾0.40

1.96⫾0.46

865⫾175

218⫾99

132⫾48

aP2⫺/⫺apoE⫺/⫺ (male)

35.6⫾4.0*

1.25⫾0.43

1.96⫾0.52

857⫾103

183⫾58

118⫾90

aP2⫹/⫹apoE⫺/⫺ (female)

24.7⫾1.6

0.81⫾0.28

2.14⫾0.45

636⫾93

177⫾76

170⫾37

26.8⫾3.7*

0.77⫾0.19

2.10⫾0.29

632⫾54

140⫾57

173⫾63

aP2

⫺/⫺

aP2

apoE

⫺/⫺

apoE

(male)

(female)

Total serum cholesterol, triglycerides, free fatty acids (FFAs), glycerol, and glucose were drawn after overnight (12 hours) fast. Values are
mean⫾SD.
*P⬍0.05 compared with controls. For all other values P was not significant between experimental and control groups for each sex.

aP2 could modulate insulin resistance and/or atherogenesis in
apoE⫺/⫺ mice on a high-fat diet. We show that male and
female mice deficient in aP2 and apoE (aP2⫺/⫺apoE⫺/⫺ mice)
and mice deficient only in apoE (aP2⫹/⫹apoE⫺/⫺ control mice)
fed a Western diet for 14 weeks do not develop significant
obesity or insulin resistance, as assessed by insulin tolerance
testing, and have no significant differences in serum cholesterol or triglycerides. However, aP2 deficiency clearly reduces atherosclerosis in male and female mice in this model
of severe hypercholesterolemia.

Methods
Animal Procedures
The aP2⫺/⫺apoE⫺/⫺ and aP2⫹/⫹apoE⫺/⫺ mice on a C57BL/6 background used for this experiment were generated as previously
described.8 The mice were kept on a 12-hour light cycle and were fed
a high-fat Western diet (21% fat, 0.15% cholesterol, no cholate; diet
No. TD88137, Harland Teklad) ad libitum beginning at 4 weeks of
age for 14 weeks. Animal care and experimental procedures were
performed under approval from the Animal Care Committees of
Vanderbilt and Harvard Universities.

Serum Measurements and Insulin
Tolerance Testing
Mice were fasted overnight (12 hours), and blood samples were
collected by retro-orbital venous plexus puncture with the animals
under isoflurane (IsoVet, Schering-Plough) anesthesia. Serum was
separated by centrifugation, and 1 mmol/L phenylmethylsulfonyl
fluoride was added (Sigma Chemical Co). Serum total cholesterol
and triglyceride levels were determined by using a Raichem cholesterol reagent kit and a Sigma GPO-Trinder triglyceride reagent kit
adapted for microtiter plate assay, as previously described.15 Fasting
serum glucose was determined by a commercially available colorimetric assay (Schiapparelli Biosystems). Plasma glycerol and free
fatty acids were measured by using commercially available colorimetric assays (Sigma and Wako Pure Chemical Industries). Lipoprotein analysis by fast protein liquid chromatography was performed
on fasting serum samples, as previously described.16 Insulin tolerance tests (0.5 IU/kg body wt) were performed on conscious mice
after a 6-hour fast, as previously described.17 Blood glucose concentrations during insulin tolerance testing were determined with whole
blood by using Gluco-analyzer blood glucose strips (Medisense).

was performed by the use of Imaging System KS 300 (Release 2.0,
Kontron Electronik GmbH). Thick (10-m) cryosections of the
proximal aorta were stained with oil red O and counterstained with
hematoxylin, as described.16,21 For qualitative assessment of atherosclerotic lesion morphology, representative 5-m serial cryosections
from each group were stained with modified Masson’s trichrome and
modified Russell-Movat pentachrome methods. For detection of
macrophages and aP2 protein in arterial lesions, 5-m serial cryosections of the proximal aorta were incubated with either a polyclonal rabbit antiserum against mouse aP2 (gift from D. Bernlohr,
University of Minnesota, Minneapolis) or rat antibody against mouse
macrophage marker (MOMA-2, Accurate), as previously described.16,22 Photomicroscopy was performed on a Zeiss Axioskop
microscope with Plan-Fluar objectives.

Statistical Analysis
Initial analyses were performed with the Student t test. A value of
P⬍0.05 was considered significant. Data that did not fit the
constraints of this parametric test were analyzed by the MannWhitney test where indicated in the text, with P⬍0.06 considered
significant.

Results

Four-week-old male aP2⫺/⫺apoE⫺/⫺ mice (n⫽8, experimental
group) and aP2⫹/⫹apoE⫺/⫺ mice (n⫽13, control group) were
fed a Western diet for 14 weeks. Similarly, 4-week-old
female aP2⫺/⫺apoE⫺/⫺ mice (n⫽19, experimental group) and
aP2⫹/⫹apoE⫺/⫺ mice (n⫽14, control group) were fed a Western diet for 14 weeks. After 14 weeks on the Western diet,
fasting total serum cholesterol and triglyceride levels were
markedly elevated in the aP2⫺/⫺ and aP2⫹/⫹ groups, without
significant differences between experimental and control
groups for each sex (Table). Likewise, distribution of cholesterol in the serum lipoproteins showed a large peak in the
VLDL fractions and a reduced HDL peak that was due to

Quantification of Arterial Lesions, Histology,
and Immunocytochemistry
Mice were anesthetized with isoflurane (IsoVet, Schering-Plough),
euthanized by cervical dislocation, and bled via cardiac puncture.
Perfusion-fixation and preparation of the aortas were performed as
described previously.18 For arterial lesion quantification in the
innominate/right carotid and en face aorta, aortas were pinned out as
previously described in an en face preparation adapted from the
method of Paigen et al.19,20 Images of Sudan-IV–stained aortas and
innominate/right carotid arteries en face were captured with a Sony
DXC-960 MD color video camera, and quantitative image analysis

Figure 1. Lipoprotein distribution in male and female aP2⫺/⫺apoE⫺/⫺
and aP2⫹/⫹apoE⫺/⫺ mice. Data are an average (n⫽4 for each group)
percent distribution of total cholesterol for each group. Fractions 14 to
17 contain VLDL; fractions 18 to 24, IDL/LDL; and fractions 25 to 29,
HDL. Fractions 30 to 40 are non–lipoprotein-associated proteins.
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Figure 2. Insulin tolerance tests in male (A)
and female (B) aP2⫺/⫺apoE⫺/⫺ and
aP2⫹/⫹apoE⫺/⫺ mice. Insulin tolerance tests
were performed with 0.5 U/kg human insulin
injected intraperitoneally per animal. Data are
mean⫾SEM. P⫽NS between groups for all
time points in both panels.

apoE deficiency, without significant differences between the
aP2⫺/⫺apoE⫺/⫺ and aP2⫹/⫹apoE⫺/⫺ groups (Figure 1). After 14
weeks on the Western diet, serum glucose levels after an
overnight (12-hour) fast were within the normoglycemic
range in all mouse groups.23,24 Glucose levels were modestly
higher in females than in males, but there was no significant
difference between the aP2⫺/⫺apoE⫺/⫺ and aP2⫹/⫹apoE⫺/⫺
groups (173⫾63 and 170⫾37 mg/dL [mean⫾SD], respectively; P⫽0.72). Mean serum glucose values in the male
aP2⫺/⫺apoE⫺/⫺ and aP2⫹/⫹apoE⫺/⫺ groups were similar
(118⫾90 and 132⫾48 mg/dL [mean⫾SD], respectively;
P⫽0.66).
To further evaluate the effect of the Western diet on insulin
resistance, we performed insulin tolerance tests on 16-weekold male and female mice from each group. Fasting insulin
sensitivity did not differ between the male aP2⫺/⫺apoE⫺/⫺
(n⫽8) and aP2⫹/⫹apoE⫺/⫺ (n⫽13) groups (Figure 2A). Likewise, there was no significant difference in insulin sensitivity
between the female aP2⫺/⫺apoE⫺/⫺ (n⫽13) and aP2⫹/⫹
apoE⫺/⫺ (n⫽5) groups (Figure 2B). Mean body weight was
slightly greater in the male aP2⫺/⫺apoE⫺/⫺ mice than in the
male aP2⫹/⫹apoE⫺/⫺ mice (35.6⫾4.0 versus 31.8⫾4.7 g
[mean⫾SD], respectively; P⫽0.03). A similar pattern was
also seen in the body weight of female aP2⫺/⫺apoE⫺/⫺ mice
compared with female control mice (26.8⫾3.7 versus
24.7⫾1.6 g [mean⫾SD], respectively; P⫽0.01). Plasma free
fatty acid levels were nearly identical between the male
aP2⫺/⫺apoE⫺/⫺ (n⫽8) and aP2⫹/⫹apoE⫺/⫺ (n⫽13) groups

(1.96⫾0.52 and 1.96⫾0.46 mmol/L [mean⫾SD], respectively; P⫽0.98) and between the female aP2⫺/⫺apoE⫺/⫺
(n⫽13) and aP2⫹/⫹ apoE⫺/⫺ (n⫽5) groups (2.10⫾0.29 and
2.14⫾0.45 mmol/L [mean⫾SD], respectively; P⫽0.68).
Likewise, plasma glycerol levels were similar between male
aP2⫺/⫺apoE⫺/⫺ and aP2⫹/⫹apoE⫺/⫺ mice (1.25⫾0.43 and
1.30⫾0.40 mmol/L [mean⫾SD], respectively; P⫽0.75) as
well as between female aP2⫺/⫺apoE⫺/⫺ and aP2⫹/⫹apoE⫺/⫺
mice (0.77⫾0.19 and 0.81⫾0.28, mmol/L [mean⫾SD], respectively; P⫽0.98).
We next analyzed the extent of atherosclerosis in all groups
at 18 weeks of age. After 14 weeks on the Western diet, there
was a significant 29% reduction in mean lesion area of the
proximal aorta of the male aP2⫺/⫺apoE⫺/⫺ (n⫽8) compared
with the male aP2⫹/⫹apoE⫺/⫺ (n⫽13) mice (248 425⫾19 269
versus 350 258⫾19 375 m2 per section [mean⫾SEM], respectively; P⫽0.002; Figure 3A). Similarly, there was a
significant (17%) reduction in mean lesion area of female
aP2⫺/⫺apoE⫺/⫺ (n⫽19) compared with aP2⫹/⫹apoE⫺/⫺ control
(n⫽14) mice (370 136⫾13 666 versus 447 566⫾24 411 m2
per section [mean⫾SEM], respectively; P⫽0.006; Figure
3A).
Analysis of the en face aorta demonstrated even more
dramatic reductions in the extent of atherosclerosis between
the experimental and control groups (Figure 3B). There was
a significant (48%) reduction in mean lesion area of the en
face aorta of the male aP2⫺/⫺apoE⫺/⫺ mice compared with the
male aP2⫹/⫹apoE⫺/⫺ mice (0.88⫾0.29% versus 1.69⫾0.23%

Figure 3. Quantification of atherosclerotic lesion area in the proximal aorta (A), en face aorta (B), and innominate/right carotid artery (C)
in male and female aP2⫺/⫺apoE⫺/⫺ and aP2⫹/⫹apoE⫺/⫺ mice. Data are average mean lesion area for each group, with error bars indicating SEM. Probability values are as indicated. Student t test was used for data in panels A and B, and the Mann-Whitney test was used
for data in panel C.
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Figure 4. Immunocytochemical detection of macrophages in
the proximal aorta of male and female aP2⫺/⫺apoE⫺/⫺ and
aP2⫹/⫹apoE⫺/⫺ mice. Macrophages are stained with antibody to
mouse macrophage clone, MOMA-2.

[mean⫾SEM], respectively; P⫽0.04), and there was a 39%
reduction in the female aP2⫺/⫺apoE⫺/⫺ mice compared
with control mice (1.19⫾0.13% versus 1.97⫾0.37% [mean⫾
SEM], respectively; P⫽0.03). A subset of mice from the male
and female control and experimental groups was also analyzed for the extent of atherosclerosis in the innominate and
proximal right carotid arteries. Innominate/right carotid artery
atherosclerosis by en face lesion analysis showed a mean
78% reduction in male aP2⫺/⫺apoE⫺/⫺ (n⫽5) compared with
male aP2⫹/⫹apoE⫺/⫺ (n⫽7) mice (0.55⫾0.16% versus 2.47⫾
0.48% [mean⫾SEM], respectively; P⬍0.06 by MannWhitney test; Figure 3C). There was a mean 91% reduction in
innominate/right carotid artery atherosclerosis in female
aP2⫺/⫺apoE⫺/⫺ (n⫽5) compared with control (n⫽8) mice
(0.08⫾0.07% versus 0.83⫾0.30% [mean⫾SEM], respectively; P⬍0.06 by Mann-Whitney test).
Immunocytochemistry of the proximal aortic lesions revealed complicated lesion morphology for the male and
female aP2⫺/⫺apoE⫺/⫺ and aP2⫹/⫹apoE⫺/⫺ groups. All groups
had macrophages located predominantly on the luminal
surfaces of the lesions, as shown by staining with anti-macrophage antibody, MOMA-2 (Figure 4). For the male and
female groups, staining for aP2 colocalized to areas of
macrophage accumulation in the aP2⫹/⫹apoE⫺/⫺ sections but
was absent in the aP2⫺/⫺apoE⫺/⫺ sections (data not shown).
Histological staining with Masson’s trichrome and Movat
pentachrome methods showed substantial collagen and
ground substance accumulation within the lesions of the male
and female aP2⫺/⫺apoE⫺/⫺ and aP2⫹/⫹apoE⫺/⫺ groups, without
significant qualitative differences in lesion morphology between groups for each sex. Sections from each group stained
with Masson’s trichrome are shown in Figure 5. As expected,
the lesions in both of the female groups were generally larger
and more advanced than those in the males.

Discussion
In the present study, we showed that male and female
aP2⫺/⫺apoE⫺/⫺ mice had a significant reduction in mean
atherosclerotic lesion area in the proximal aorta, en face
aorta, and innominate/right carotid artery compared with age-
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Figure 5. Histological appearance of atherosclerotic lesions in
the proximal aorta. Each micrograph is a representative section
from each group. Frozen 5-m sections were fixed and stained
with Masson’s trichrome and captured with an Olympus PROVIS AX70 microscope and digital camera at ⫻200 magnification.

and sex-matched aP2⫹/⫹apoE⫺/⫺ control mice after 14 weeks
on the Western diet, despite a similar degree of severe
hypercholesterolemia due to the Western diet and apoE
deficiency.
Metabolic studies did not show any significant differences
between groups among male and female aP2⫺/⫺apoE⫺/⫺ and
aP2⫹/⫹apoE⫺/⫺ mice. Male and female groups displayed
similar reductions in serum glucose by insulin tolerance
testing, without significant insulin resistance. The level of
insulin sensitivity by insulin tolerance testing was very
similar to that of apoE⫺/⫺ mice on a low-fat chow diet and
considerably higher than that associated with other established mouse models of insulin resistance.8,17,25 Previous
studies have demonstrated that a high-fat or Western diet can
induce insulin resistance and hyperglycemia in C57BL/6
mice and LDL receptor– deficient mice.14,26,27 However, the
effects of a Western diet on the development of insulin
resistance in apoE⫺/⫺ mice have not been well studied.
Interestingly, we did not observe alterations in insulin sensitivity in apoE⫺/⫺ mice on a Western diet. The lack of
significant insulin resistance and hyperglycemia may be
explained by the fact that these animals did not develop
significant obesity. The effect of aP2 deficiency on insulin
resistance and hyperglycemia becomes apparent only in mice
with significant obesity (body weight ⬎40 g) and is not
observed in lean mice.6,7 Thus, there is a threshold of obesity
and insulin resistance that must be achieved to observe the
protective effects of aP2 deficiency on glucose and lipid
metabolism. Consistent with this, no significant metabolic
differences were observed between aP2⫺/⫺apoE⫺/⫺ and aP2⫹/⫹
apoE⫺/⫺ mice in the present study.
The male and female aP2⫺/⫺apoE⫺/⫺ mice gained more
weight on the Western diet than did the aP2⫹/⫹apoE⫺/⫺ control
mice. The observation of higher body weight in aP2⫺/⫺ mice
compared with control mice has been previously described in
aP2⫺/⫺ mouse models on a high-fat diet and aP2⫺/⫺ mouse
models with genetic obesity.6,7 The weight difference between experimental and control groups was statistically
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significant, with a 12% higher mean body weight in male
aP2⫺/⫺apoE⫺/⫺ mice and an 8.5% higher mean body weight in
female aP2⫺/⫺apoE⫺/⫺ mice compared with control mice.
Despite the higher mean body weight, the male and female
aP2⫺/⫺apoE⫺/⫺ mice showed no significant biochemical differences compared with control mice and yet had significantly reduced atherosclerosis.
Our previous study demonstrated that aP2 deficiency was
protective against atherosclerosis in apoE⫺/⫺ mice on a chow
diet, independent of its effects on glucose and lipid metabolism.8 However, in that study there appeared to be an
attenuation of the protective effect in female mice in the
proximal aorta, where the lesions were the most advanced.
Therefore, we wanted to determine whether the protective
effect of aP2 deficiency would persist in the setting of
advanced lesion formation. With the hypercholesterolemic
effect of the Western diet, the size and complexity of the
resulting lesions were markedly greater than those in our
previous study, yet the protection of aP2 deficiency remained
apparent in all 3 sites studied: the proximal aorta, innominate/
right carotid artery, and en face aorta. This pattern was seen
in male and female mice, adding further evidence that the
effect of aP2 on atherogenesis is not sex specific. It has been
recently reported that after 12 weeks on the Western diet,
male aP2⫺/⫺apoE⫺/⫺ mice had a 90% reduction in atherosclerosis in a cross-sectional analysis of the proximal innominate
artery and a 99% reduction in the distal innominate artery.28
However, in that study, atherosclerotic burden in other
regions of the arterial system was not quantitatively evaluated, no female mice were studied, and no metabolic analyses
were performed. The present study demonstrated a similar
degree of reduction in atherosclerosis in the en face analysis
of the innominate/right carotid artery of 78% and 91%,
respectively, in male and female aP2⫺/⫺apoE⫺/⫺ mice compared with control mice.
Our previous work with bone marrow transplantation
studies in apoE⫺/⫺ mice has shown that macrophage aP2
expression plays a central role in modulating atherosclerosis
in apoE⫺/⫺ mice.8 The significant reductions in atherosclerosis in the proximal aorta are of particular interest, inasmuch as
the beneficial effect of aP2 deficiency was persistent, despite
a high lesion burden and morphologically complex lesions.
This suggests that the role of aP2 in the macrophage may not
be confined to the early stages of atherogenesis but may also
involve macrophage effects on other cells within atherosclerotic lesions, thereby modulating later events in atherosclerotic lesion formation. We have shown previously that
aP2-deficient macrophages exhibit markedly reduced production of inflammatory cytokines and chemokine tumor necrosis factor-␣, monocyte chemoattractant protein-1 (MCP-1),
interleukin-1␤, and interleukin-6.8 This reduction in cytokine
and chemokine production may potentially modulate factors
such as macrophage recruitment and infiltration into the
artery wall. Consistent with this, a deficiency of chemokine
MCP-1 has been shown to reduce atherosclerosis in LDL
receptor– deficient mice.29 Conversely, apoE⫺/⫺ mice transplanted with bone marrow overexpressing a murine MCP-1
transgene have exhibited accelerated atherosclerosis.30 Although we cannot exclude the possibility that the effects of

aP2 deficiency on advanced lesion formation observed in the
present study are principally due to an early effect on foam
cell formation, other molecular mechanisms that promote
early foam cell formation, such as macrophage lipoprotein
lipase expression, do not persist in the later stages of
atherosclerosis.18 This issue certainly merits further study.
In summary, aP2 deficiency is protective in the setting of
advanced atherosclerosis induced by a Western diet in
apoE⫺/⫺ mice and does not result in significant changes in
insulin resistance or lipid metabolism in this model. Clearly,
aP2 plays a role in atherogenesis in its early and late stages,
making it a promising therapeutic target in the prevention and
treatment of atherosclerosis and obesity-induced insulin resistance. However, it will be important in future studies to use
different mouse models to determine whether the differential
effects of aP2 on insulin resistance in adipocytes could also
have a significant impact on atherosclerosis.
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