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ORIGINAL ARTICLE
Differential modulation of diet-induced obesity and
adipocyte functionality by human apolipoprotein E3
and E4 in mice
JM Arbones-Mainar, LA Johnson, MK Altenburg and N Maeda
Department of Pathology and Laboratory Medicine, The University of North Carolina at Chapel Hill, Chapel Hill, NC, USA
Objective: Apolipoprotein E (apoE), a key protein in lipid metabolism, is highly expressed in adipose tissues. Studies have shown
that human APOE*4 is associated with a lower body mass index but with a greater risk of coronary heart disease compared with
other APOE alleles. To define the isoform-specific role of apoE in regulating the expandability and functionality of adipose tissues,
we investigated the effects of diet-induced obesity in mice whose endogenous Apoe gene has been replaced by either the
human APOE*3 or APOE*4 allele.
Results: After 8 weeks on a Western-type high-fat diet, male APOE4 mice displayed impaired tolerance to glucose and fat
overload compared with APOE3 mice. Subcutaneous fat tissues in APOE4 and APOE3 mice after high fat feeding were not
different. In contrast, although epididymal fat tissues in APOE4 mice gained 30% less weight during the high fat feeding than in
APOE3 mice, they showed impaired insulin-stimulated glucose uptake ex vivo. Epididymal APOE4 adipocytes were larger in size
than APOE3 adipocytes, and expressed reduced levels of mRNA for peroxisome proliferator-activated receptor g2 and
adiponectin, important markers of adipocyte functionality. Adenoviral expression of apoE3 in apoE-null culture adipocytes
induced adiponectin mRNA in a dose-dependent manner, but the induction was significantly blunted in cells overexpressing
apoE4. However, in contrast to the apoE3-expressing cells, Glut1, but not Glut4, expression levels were positively correlated
with increased apoE4 mRNA, suggesting that apoE4 expression in adipocyte interferes in insulin-sensing pathways.
Conclusion: Dysfunctional epididymal adipose tissues contribute to the accelerated impairment of glucose tolerance in APOE4
mice fed a Western-type diet. Our results underscore the importance of functionality of individual fat depots rather than total fat
mass as a determinant for metabolic disturbance during diet-induced obesity.
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Introduction
Dysregulated adipose tissue, as seen in cases of obesity and
lipoatrophy, raises the risk of morbidity from hypertension,
dyslipidemia, type 2 diabetes and cardiovascular disease.1,2
Explanations for this increased risk involve the concomitant
presence of impaired insulin sensitivity and chronic
inflammation with subsequent ectopic fat accumulation.3
Although adipocytes have long been considered as an inert
storage compartment for triglycerides, they are now thought
to be master regulators of energy metabolism. Adipocytes
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communicate with other organs through the secretion of an
array of cytokines (adipokines) and other proteins, one of
which is apolipoprotein E (apoE).4 A wide range of investigations indicate that human apoE may also play a significant
role in both adipocyte function and body fatness.5–7
The 34-kDa apoE, protein, associates with lipoprotein
particles and mediates their binding to receptors for
subsequent endocytosis.8 In humans, the APOE gene is
polymorphic and has three alleles, APOE*2, APOE*3 and
APOE*4, with frequencies of 7, 77 and 15%, respectively, in
the general population.9 The Heritage Family Study showed
a pleiotropic quantitative trait locus for triglycerides
and adiposity on ch19q13 where APOE is located,7 and the
Atherosclerosis Risk in Communities (ARIC) Study has
reported that the apoE isoforms are associated with increasing body mass index in the order: apoE24apoE34apoE4.6
However, despite apoE4 carriers being the leanest group,
epidemiologic studies have clearly shown that the presence
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of at least one APOE*4 allele is associated with a greater risk of
coronary artery disease.10,11 This increased risk has been
attributed to elevated plasma low-density lipoprotein (LDL)
cholesterol, a well-established risk factor. Although a direct
association between the APOE*4 allele and insulin resistance
has not been established,12,13 associations of APOE*4 with
both higher levels, and accelerated changes over time of
fasting glucose levels have been demonstrated in the
Baltimore Longitudinal Study of Aging.14 Additionally, Elosua
et al.5 have reported that male subjects carrying the APOE*4
allele had significantly higher fasting insulin and glucose
plasma concentrations only in the presence of obesity.
Our current study was aimed to test the hypothesis that
the most common polymorphic variations, APOE*3 and
APOE*4, which account for more than 90% of human
population, can differentially modulate the expandability
and functionality of adipocytes, thereby influencing overall
glucose tolerance under the stress produced by a high-fat
diet. To this end, we have used mice in which their
endogenous Apoe gene has been replaced by the human
APOE*3 or APOE*4 allele. These mice retain the murine Apoe
regulatory sequences and solely produce human apoE3 or
apoE4 proteins at physiological levels.8 We found that when
these mice are stressed by a high-fat diet, adipocytes
expressing apoE4 fail to buffer postprandial lipids and
glucose completely. This dysfunctional adipocyte, produced
by an interaction between genotype and the environment,
reconciles the paradox of diminished body fat mass but
increased atherogenic risk described in APOE*4 carriers.

Methods
Mice
Mice homozygous for replacement of the endogenous apoE
gene with the human APOE*3 (APOE3) or APOE*4 (APOE4)
allele were backcrossed onto a C57BL/6 genetic background.8,15 Male mice were fed ad libitum either regular
chow containing 5.3% fat and 0.019% cholesterol (Prolab
Isopro RMH 3000, ref 5P76; Agway Inc., Syracuse, NY, USA)
or a high-fat Western-type diet (WD) containing 21% (w/w)
fat and 0.2% (w/w) cholesterol (TD88137; Teklad, Madison,
WI, USA) over the period indicated in each experiment.
Animals were fasted for 4 h and oral glucose tolerance tests or
intraperitoneal insulin tolerance tests were performed with
2 g kg1 body weight glucose load by oral gavage and with
intraperitoneal injections of 0.5 IU kg1 of insulin, respectively. Approximately 30 ml of blood was collected at times
indicated and assayed for glucose. Oral fat tolerance test
(OFTT) was carried out after overnight fasting by gavaging
olive oil (10 ml kg1), by assaying plasma triglycerides at time
points indicated. Mice were denied access to food during the
course of these tolerance tests. The animals were handled
under protocols approved by the Institutional Animal Care
and Use Committees of the University of North Carolina––
Chapel Hill.
International Journal of Obesity

Biochemical determinations
Plasma concentration of non-esterified free fatty acids
(NEFAs), glucose and cholesterol was determined by commercial kits from Wako (Richmond, VA, USA) according to
the manufacturer’s instructions. Triglyceride and insulin
concentrations were determined using commercial kits from
Stanbio (San Antonio, TX, USA) and Crystal Chem Inc.,
(Chicago, IL, USA) respectively. Pooled plasma samples
(100 ml) were fractionated by fast protein liquid chromatography using a Superose 6 HR10/30 column (GE Healthcare,
Piscataway, NJ, USA). apoE and plasma adiponectin were
measured using an ELISA with antibodies specific for human
apoE (Calbiochem, La Jolla, CA, USA) and murine adiponectin (Sigma, St Louis, MO, USA) as previously described.16

Fat explants
Subcutaneous inguinal and visceral epididymal adipose tissues
were cut with scissors into small pieces (20–40 mg) under
aseptic conditions and incubated in high glucose Dulbecco’s
modified Eagle’s medium with or without insulin. After 24 h,
glucose reduction in the medium was measured and the result
was normalized according to fat weight. The fat tissues were
fixed in 10% formalin. Paraffin sections (10 mm thickness)
were stained with hematoxylin and eosin. The cross-sectional
area of adipocytes was measured using Image J (National
Institutes of Health (NIH)).

Adenoviruses and cell culture
Recombinant adenovirus harboring human apoE3-GFP or
apoE4-GFP was made using the AdEasy system (Stratagene,
La Jolla, CA, USA) from cytomegalovirus promoter-driven
cDNA for fusion proteins, apoE3-GFP or apoE4-GFP, provided
by Dr Robert DeKroon at Duke University.17,18 Mouse
embryonic fibroblasts isolated from ApoE/ embryos were
obtained essentially as described,19 seeded in 12-well plates
(105 cells per well) and maintained in 10% fetal bovine
serum–Dulbecco’s modified Eagle’s medium. At 1 day postconfluence, 107 or 2  107 p.f.u. adenoviruses were added to
the medium. After 24 h, cells were placed in adipocyte
differentiation medium (Zen-Bio, Research Triangle Park,
NC, USA). The medium was replaced 48 h later with 10%
fetal bovine serum–Dulbecco’s modified Eagle’s medium
containing 5 mg insulin. Mature adipocytes were lysed 7 days
later using Nucleic Acid Purification Solution (Applied
Biosystems, Foster City, CA, USA).

Gene expression
mRNA was purified using an Automated Nucleic Acid
Workstation ABI 6700, and real-time PCR was performed in
an ABI PRISM 7700 Sequence Detector (Applied Biosystems).
b-Actin mRNA was used for normalization. Sequences for
primers and probes are available on request.
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Statistical analysis
Results are expressed as means±s.e. Two-way analysis of
variance with genotype and time as factors followed by
Student’s t-test for post hoc analysis were used unless
otherwise stated. To test the strength of the correlations
between variables, the Pearson’s correlation test was used. All
statistical analyses were performed using SPSS software,
version 11.0 (SPSS Inc., Chicago, IL, USA).

Results
Allele-specific effects of a high-fat diet on adipose tissues
Male mice (2 month old) were placed on WD and their body
weights were monitored for 8 weeks. Both APOE3 and APOE4
mice displayed similar body weight gain until 4 weeks on
WD, after which time the body weight of APOE4 mice
increased more slowly than that of APOE3 mice (Figure 1a).
Repeated measures two-way analysis of variance matching
both alleles showed that APOE3 mice maintained significantly higher body weight over the course of the experi-

ment (P ¼ 0.02). Similarly, the net body weight gain of
APOE4 mice (10.2±0.6 g) was less than that of APOE3 mice
(13.2±1.0 g; Po0.05) after 2 months on WD. There were no
differences in food intake and excretion of fecal fat (Figures
1b and c).
Fat and liver weights were not significantly different when
animals were maintained on regular chow (Figures 1d–f).
However, a large increase was seen during the second 4 weeks
on WD. Subcutaneous fat and liver mass did not differ
between the two genotypes, but epididymal fat was significantly less in APOE4 mice compared with APOE3 mice.
Histological examination of adipose tissue pads revealed
striking differences with respect to average adipocyte size
and distribution. Subcutaneous fat from both APOE3 and
APOE4 mice on WD displayed a similar and progressive
enlargement of cell size (Figure 2b, upper panel). In contrast,
epididymal adipose tissues from APOE4 animals on WD
contained fewer small adipocytes and more enlarged cells
than those from APOE3 mice (Figure 2b, lower panel;
Figure 2a). Mean cross-sectional area of epididymal fat cells
in APOE4 mice (4358±642 mm2) was significantly greater

Figure 1 The effect of Western-type diet (WD) on body weight in APOE3 (J) or APOE4 (’) mice over the experimental period (a), fecal fat excreted (b) and food
intake (c). Weights of liver (d), subcutaneous adipose tissue (e) and epididymal adipose tissue (f) of 4-month-old mice fed regular chow (RC) or WD. (a) Statistical
analysis was carried out by repeated measurements analysis of variance (ANOVA) using unweighted median analysis. Inset displays the number of mice weighed at
each time point, APOE3 (upper row), APOE4 (bottom row). Analysis between subjects showed difference between alleles (P ¼ 0.02). (b–f) Data are means±s.e.;
n ¼ 12–16, *P ¼ 0.03 for the difference between groups.
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Figure 2 Adipose tissue in APOE4 mice. (a) Morphology of epididymal adipose tissues from mice fed regular chow (RC) or Western-type diet (WD) over 8 weeks
(8 week WD). Magnification  40. (b) Size distribution of adipocytes in inguinal (upper panel) and epididymal fat (lower panel) from APOE3 (J) or APOE4 (K) mice
fed RC, 4 weeks WD and 8 weeks WD (c) Cross-sectional areas of adipocytes from subcutaneous (left panel) and epididymal adipose tissues (right panel) of APOE3
(white bars) or APOE4 mice (black bars) fed different diets. Data are means±s.e.; *P ¼ 0.05, n ¼ 5–8 mice; 200–300 cells were randomly selected and scored in each
fat depot of each mice. All mice were 12–15 weeks of age.

than in APOE3 mice (3028±280 mm2; Po0.05; Figure 2c). As
the total fat weight is less in APOE4 mice, we conclude that
adipocytes in epididymal fat pads of these mice are larger in
size but fewer in number than those in APOE3 mice. This
highlights the limited ability of APOE4 mice to produce new
adipocytes capable of storing the surplus of triglycerides
produced by this diet.

Selective postprandial effects of WD on plasma lipids
One of the major functions of adipose tissue is to buffer
lipids after a high-fat meal, minimizing postprandial chylomicron and very LDL (VLDL) residence time in plasma,20 and
thereby preventing ectopic lipid accumulation and subsequent lipotoxicity.21 Fast protein liquid chromatography
fractionation of plasma from non-fasted APOE3 mice fed WD
showed a typical mouse lipoprotein distribution in which
most of the cholesterol and apoE are in the high-density
International Journal of Obesity

lipoprotein fraction and triglycerides in the VLDL fraction
(Figures 3a–c). In contrast, plasma from APOE4 mice had
increased levels of large cholesterol-rich and triglyceride-rich
particles with apoE bound to these larger particles. When
mice were challenged with an oral fat load (100% olive oil),
there was a significant rise in plasma triglyceride concentrations in both genotypes (Figure 3d). However, APOE4 mice
showed a higher absorption peak and slower clearance of
triglycerides from the circulation than APOE3 mice.
In the fasted state, lipolysis of triglycerides stored in
adipocytes fuels the heart, liver and skeletal muscle with
non-esterified free fatty acids (NEFAs). In the postprandial
state, insulin suppresses NEFA release and promotes the
switch to dietary fat and glucose as energy source.22 The
levels of insulin and glucose in APOE3 and APOE4 mice
fasted overnight were not significantly different and increased to a similar degree in both genotypes 1 h after a
single WD meal (Figures 4a and b). In contrast, reduction of
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plasma NEFA after feeding was significantly less in APOE4
than in APOE3 mice (Figures 4c and d). Impaired insulin
action to suppress NEFA release was reflected in the smaller
reduction of the NEFA to insulin ratio D(NEFA/I) in APOE4
mice compared with their APOE3 peers (Figure 4e), indicating that the latter needed more insulin to suppress NEFA
release.

Impaired carbohydrate metabolism in APOE4 mice during
metabolic challenges
During the oral glucose tolerance test, both APOE3 and
APOE4 mice on regular chow tolerated a glucose overload
equally, exhibiting similar plasma glucose peaks at 15 min
and similar recovery to basal levels by 120 min (Figure 5a).
However, after animals were fed WD for 2 months, APOE4
mice displayed a higher 15 min peak level of post-challenge
plasma glucose than APOE3 mice (Figure 5b). The changes in
the areas under the curve of these oral glucose tolerance test
experiments suggest that impaired glucose tolerance is a
unique characteristic of APOE4 mice after 2 months of WD,
as glucose tolerance was not significantly altered in APOE3
mice on WD, despite a clear increase in their body weight
(Figure 5c). Whole-body insulin sensitivity measured by an
insulin tolerance test also demonstrated that APOE4 mice
had a reduced ability to lower glucose levels at 30 and 60 min
after the intraperitoneal injection of insulin, indicating that
the hypoglycemic response to insulin was blunted in these
mice (Figure 5d).
To test whether the altered epididymal fat in APOE4 mice
on WD might underlie the associations between the APOE4
allele and insulin resistance, we determined basal and
insulin-stimulated glucose uptake in both visceral and
subcutaneous fat explants. Glucose uptake from a highglucose medium (350 mg 100 ml1) was similar in subcutaneous as well as epididymal fat explants from APOE3 and
APOE4 mice (Figure 6). When insulin was added to the
incubation medium to mimic high circulating glucose and
high insulin levels during the physiological postprandial
state, glucose uptake was similarly stimulated in subcutaneous fat of APOE3 and APOE4 mice. In epididymal fat,
however, the increase in insulin-stimulated glucose uptake
was significantly blunted in APOE4 mice (126±32% of the
basal uptake, not significant) when compared with APOE3
mice (206±31%; Po0.05) (Figure 6).

Figure 3 Plasma distribution of cholesterol (a), triglycerides (b) and
apolipoprotein E (c) in APOE3 and APOE4 mice. Postprandial lipoproteins of
mice fed Western-type diet (WD) were fractionated by fast protein liquid
chromatography (FPLC) and results are presented as micrograms of lipids in
each fraction. Fractions 11–17 corresponded to TRL (very low-density
lipoprotein (VLDL) and Chylomicrons), 17–25 to LDL and TRL remnants and
25–31 to high-density lipoprotein (HDL). (d) Variation of plasma triglyceride
(TG) levels measured during lipid challenge in 5-month-old APOE3 (J) or
APOE4 (’) mice fed 3 months WD. Data are the means±s.e.; n ¼ 4–7,
*Po0.05 for the difference between genotypes in each condition.
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Figure 4 Plasma glucose (a), insulin (b), non-esterified free fatty acid (NEFA) (c), change of NEFA (d) and NEFA to insulin ratio (e). Plasma was isolated from
overnight fasted APOE3 (J) or APOE4 (’) mice fed Western-type diet (WD) at 1 h after a single high-fat meal. Data are the means±s.e.; n ¼ 8–10, *Po0.05 for the
difference between genotypes in each condition.

These findings suggest that APOE4 mice on WD develop
impaired glucose and insulin tolerance only after they
become obese and that reduced tolerance was associated
with decreased glucose clearance mediated by insulin in
epididymal fat tissue.

Adipose tissue gene expression
Reduced expression of peroxisome proliferator-activated
receptor g2 (PPARg2) and adiponectin is associated with
obesity, insulin resistance and type 2 diabetes.23–25 Feeding a
WD for 2 months increased PPARg2 expression twofold in
the subcutaneous fat of both APOE3 and APOE4 mice
compared with mice fed regular chow (Figure 7a, left). In
epididymal fat tissues, a similar increase in PPARg2 mRNA
occurred in APOE3 mice but not in APOE4 mice (Figure 7a,
right). In contrast, neither apoE genotype nor diet had
significant effects on the expression of adiponectin gene in
subcutaneous fat depots (Figure 7b, left). Although plasma
adiponectin in APOE4 mice fed WD (31.6±1.5 mmol l1) did
not differ from APOE3 mice, WD significantly reduced
adiponectin mRNA levels by 50% in epididymal fat of apoE4
mice compared with a small, nonsignificant reduction in
APOE3 mice (Figure 7b, right). Consequently, both PPARg2
mRNA and adiponectin mRNA levels in the epididymal fat of
International Journal of Obesity

APOE4 mice on WD were significantly lower than those of
APOE3 mice. Expression of apoE gene was not altered by diet
or by apoE genotype in subcutaneous fat (Figure 7c, left). In
epididymal fat, however, WD significantly lowered apoE
expression in APOE3 mice but not in APOE4 mice (Figure 7c,
right).
Increased adiposity is associated with macrophage infiltration into adipose tissue.26 The expression of macrophagespecific markers, Cd68 and F4/80, did not differ significantly
between APOE3 and APOE4 fat depots, ruling out a
differential infiltration of macrophage as a cause for the
different epididymal fat tissue mass of APOE3 and APOE4
mice.

Overexpression of human apoE3 and apoE4 in mouse embryonic
fibroblast-derived apoE/ adipocytes
To determine whether isoform expression of apoE in
adipocytes can directly influence its expression of metabolic
genes in an isoform-specific manner, fibroblasts isolated
from apoE-deficient embryos were transfected with adenoviral vector encoding human apoE3 or apoE4. Cells differentiated into mature adipocytes showed a dose-dependent
increase of apoE mRNA levels (Figure 8a). Expression of
interleukin-6 increased in cells received the high dose
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Figure 5 Oral glucose tolerance tests (OGTTs) (a, b), area under the glucose curves (AUC) (c) and intraperitoneal insulin tolerance test (ITT) (d) in 4-month-old
APOE3 (J) or APOE4 (’) mice fed regular chow (a) or Western-type diet (WD) for 2 months. (b, d). Data are the means±s.e., n ¼ 5–8. *Po0.05 for the difference
between genotypes in each condition.

(2  107 p.f.u. of vectors), but the inflammatory effects were
modest (twofold) and genotype independent (Figure 8b).
PPARg2 mRNA increased significantly in a dose-dependent
but genotype-independent manner (Figure 8c). Overexpression of apoE3 also led to a dose-dependent increase of
adiponectin mRNA, but adiponectin expression was blunted
in cells transfected with 2  107 p.f.u. of ad-apoE4
(Figure 8d). Conversely, cells transfected with 2  107 p.f.u.
of ad-apoE4 contained threefold more Glut1 mRNA than
cells with ad-apoE3 (Figure 8e). Expression of Glut4 was
higher in apoE3-expressing cells than in apoE4-expressing
cells, but there were no statistical differences (Figure 8f).
Correlation analyses between the expression of glucose
transporters and apoE in individual mRNA samples showed
that both apoE3 and apoE4 expression had a positive effect
on Glut1 expression, but the effect was much stronger with
apoE4 (Figure 8g). In contrast, Glut4 expression was strongly
correlated with apoE3 expression but not with apoE4
expression (Figure 8h). These isoform-specific effects on
glucose transporters demonstrate that whereas APOE3
increases insulin-dependent glucose transporters in adipocytes, APOE4 adipocytes depend more on insulin-independent uptake.

Discussion
Our results showed that male APOE4 mice fed a WD gained
less body weight but were more susceptible to the development of impaired tolerance to glucose and fat overload than
APOE3 mice. Insulin-stimulated glucose uptake in the
epididymal fat of APOE4 mice was significantly lowered.
Overexpression of apoE3 and apoE4 in adipocytes differentiated in culture revealed that these two apoE isoforms
differentially affected the expression of genes for glucose
transporters and adiponectin, providing a direct link
between the apoE isoform expressed in adipose tissue
with the accelerated metabolic impairment seen in the
APOE4 mice.
Mounting evidence points toward apoE as a key player
in adiposity, insulin sensitivity and glucose metabolism.
For example, apoE-deficient mice have less body fat, and
the adipocytes in their white adipose tissues are smaller
than those in wild-type mice when both are fed a high-fat
diet.27,28 apoE deficiency also improves glucose tolerance
in obese Ay mice.29 The improved insulin sensitivity and
protection from diet-induced obesity of apoE-deficient mice
have been attributed to decreased lipid delivery to insulinInternational Journal of Obesity
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Figure 6 Explants of subcutaneous inguinal (SC) and epididymal (EPID) fat
were incubated for 24 h at 37 1C in triplicate, with or without insulin, and
glucose uptake was determined as described in Methods. Results are milligram
of glucose taken up by milligram of tissue protein. Values are means±s.e.;
n ¼ 5, *Pp0.05 vs for the difference between groups.

sensitive tissues, including liver, muscle and adipose tissue.30
However, adipose tissues also synthesize and secrete substantial amounts of apoE,4 and Huang et al.,28 using cultured
adipocytes and adipose tissues isolated from apoE-deficient
mice, showed that apoE present in triglyceride-rich lipoproteins cannot substitute for the endogenous adipocyte apoE
to facilitate triglyceride accumulation. Thus, expression of
apoE in adipocytes likely modulates cellular lipid metabolism by facilitating the uptake of triglyceride-rich lipoproteins to adipocytes as well as the efflux of cholesterol from
these cells.
As apoE is found in three isoforms, with APOE*3 and
APOE*4 alleles accounting for more than 90% of the
population, it is important to elucidate the manner in which
apoE3 and apoE4 isoforms differentially modulate adipose
tissue expandability and functionality. The two isoforms,
apoE3 and apoE4, have significantly different influence on
human lipid homeostasis and lipid-related diseases;11,31,32
apoE4 has a somewhat higher affinity for the LDL receptor
than apoE3,8 and cholesterol efflux from cells expressing
apoE4, such as macrophages and neurons, is less efficient
than cells expressing other isoforms.33,34 In addition, apoE4
has a reduced ability to protect cells from oxidative stress
compared with apoE3.35,36 These characteristics of apoE4
could alter lipid metabolism of adipocytes and render them
more susceptible to dysfunction than apoE3. Several studies
have suggested a correlation between membrane lipid
composition and insulin sensitivity through lipid-enriched
microdomains that control many intracellular pathways.37
Although further studies are necessary, we speculate that
lipid influx into the APOE4 adipocytes selectively alters
membrane lipid composition, thereby changing cholesterolenriched microdomains, and ultimately resulting in impaired PPARg2 expression. This would decrease the capability
of epididymal adipose tissue to promote new adipocyte
International Journal of Obesity

Figure 7 Effects of APOE allele and high-fat feeding on expression of PPARg2
(a), ADIPONECTIN (b) or APOE (c) genes in subcutaneous (SC) inguinal fat
(left panels) and epididymal (EPID) visceral fat (right panels) in 4-month-old
APOE3 (J) or APOE4 (’) mice. Mice were fed regular chow (RC) or Westerntype diet (WD) during 2 months. Values are means±s.e.; n ¼ 6–8. Group
comparisons were by Mann–Whitney U-test; *Pp0.05 for the difference
between genotypes in each condition.

differentiation and force the existing cells to enlarge to
accumulate the surplus of lipids coming from a high-fat diet.
Whole-body glucose homeostasis is maintained by
complex interactions from multiple organs, including the
liver and muscle as well as adipose tissue. We are aware that
blunted insulin-stimulated glucose uptake by epididymal
fat explants from APOE4 mice could be a result of overall
changes in lipid metabolism primarily in the liver. However,
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Figure 8 mRNA levels of APOE (a), interleukin-6 (IL6) (b), PPARg2 (c), ADIPONECTIN (d), GLUT1 (e) and GLUT4 (f) genes in adipocytes differentiated in vitro.
Embryonic fibroblasts isolated from apoE-deficient mouse were treated with 0, 1  107 (1  ) and 2  107 (2  ) p.f.u. of adenoviruses encoding APOE3 (J) or APOE4
(’). Values are means±s.e.; n ¼ 6 replicates in each condition and genotype. Group comparisons were by Mann–Whitney U-test; *Pp0.05 vs for the difference
between genotypes in each condition. Relationships between relative expressions of GLUT1 (g) and GLUT4 (h).

our study also showed that expression of apoE4 in adipocytes
affects metabolism in these cells directly and differentially
from the expression of apoE3. Thus, adipocytes differentiated from apoE-null mouse embryonic fibroblast38,39 and
transfected with human apoE-GFP adenovirus revealed a
positive correlation between the expression of the gene for
Glut4, an insulin-dependent glucose transporter, with apoE3
expression, but not with apoE4 expression. Conversely,
Glut1, whose expression and membrane localization are
independent of insulin signaling, was significantly increased
in parallel to the apoE4 expression. Decreased Glut4 expression with simultaneous increased level of Glut1 expression in
adipocytes has been observed in the insulin resistance of
atrophic adipose tissue due to trans-10, cis-12-conjugated
linoleic acid intake.40 This suggests that cells overexpressing
apoE4 are forced to increase Glut1 to maintain glucose
uptake because of the reduced responsiveness of Glut4. This
difference in glucose transporter usage is related to insulin
insensitivity in vivo41–43 and provides a potential explanatory

mechanism for the impaired glucose tolerance in the APOE4
mice.
Increased Glut1 mRNA may also be explained by the
increase in the number of undifferentiated cells in culture,
which rely exclusively on this transporter. Alternatively, a
selective increase in pro-inflammatory cytokines could cause
an induction of Glut1. However, we can rule out these
alternative hypotheses as the expression of PPARg2, a marker
of adipocyte differentiation, and interleukin-6, a marker of
inflammatory status, reached similar levels on transfection
with either apoE3- or apoE4-containing viruses. The accumulation of subcutaneous and visceral (intra-abdominal) fat
is associated with an increased risk of insulin resistance and
type 2 diabetes.44 However, the association is weak in some
studies,45,46 and many obese individuals can remain normoglycemic. Indeed, expansion of adipose tissue has also been
associated with improved metabolic profiles.23,25,47–49 The
demonstration of a smaller body weight gain but an
impaired carbohydrate/lipid metabolism in APOE4 mice
International Journal of Obesity
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during metabolic challenges re-emphasizes that disturbed
energy metabolism is not simply due to an increase in fat
mass, but instead to alterations in fat tissue functionality.50
In concordance with the postulate that apoE is involved in
surplus fat accumulation but does not play a major role in fat
functionality until a certain threshold is reached,5,29 visceral
adipocytes in APOE4 mice fail to increase in cell number but
increase in cell volume leading to dysfunction only when
they are dietary challenged with a WD.
Taken together, our results provide new insights to
reconcile the seemingly paradoxical associations of the
APOE*4 allele with a lower body mass index and an increased
cardiovascular disease risk in general human populations.
Our results also underscore an important interaction
between the APOE*4 allele and diet in determining
diabetogenic and atherogenic risks of human individuals.
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