
Journal of Cellular
BiochemistryARTICLE

Journal of Cellular Biochemistry 9999:1–10 (2009) JCB-08-0484.R1(22037)
High ExpressionQ1 of Apolipoprotein E Impairs Lipid Storage
and Promotes Cell Proliferation in Human Adipocytes
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ABSTRACT
Apolipoprotein E (apoE), a key regulator of lipid metabolism, is highly produced by adipose tissue and adipocytes. However, there is little

information about its role on adipocyte functions. Because apoE-deficiency in adipocytes was shown to impair adipocyte differentiation, we

investigated the consequences of apoE high expression on differentiation and proliferation of a human adipocytic cell line (SW872). SW872

cells were transfected with human apoE to induce a fivefold increase in apoE production and secretion. Adipocyte differentiation and

proliferation were assayed by measuring lipid content, adipogenic gene expression, cell number, cell resistance to serum deprivation, and cell

division kinetics. Cultured apoE-transfected cells accumulated less triglycerides and less cholesterol than control cells. This decrease in lipid

accumulation was associated with a strong downregulation of peroxisome proliferator-activated receptors �1 and �2 and stearoyl-CoA

desaturase 1. The decrease in lipid accumulation was not dependent on the presence of lipids, lipoproteins, or PPAR-� agonists in the culture

medium, nor was it observed with exogenously added apoE. Moreover, we observed that apoE-transfected cells were more resistant to death

induced by serum deprivation, and that these cells underwent more cell divisions than control cells. These results bring new evidence of apoE-

involvement in metabolic disorders at the adipocyte level. J. Cell. Biochem. 9999: 1–10, 2009. � 2008 Wiley-Liss, Inc.
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G lobal incidence of obesity has increased dramatically during

the last decades. The situation has become particularly

alarming since obesity epidemic started to spread among children

[Rocchini, 2002].

Consequently, the impact of adipose tissue development on

health, especially in excess fat accumulation conditions like obesity,

has been highly studied. Adipose tissue function is critical for whole

body homeostasis; this endocrine organ controls energy metabo-

lism, modulates lipid flux, and secretes factors exhibiting endocrine,

paracrine, and autocrine activities [Ahima, 2006; Scherer, 2006].
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e la Réunion, 15, avenue René Cassin, BP 7151, 97715 Saint Denis Mess
E-mail: emmanuel.bourdon@univ-reunion.fr

eceived 2 October 2008; Accepted 2 December 2008 � DOI 10.1002/jcb.

ublished online in Wiley InterScience (www.interscience.wiley.com).
Apolipoprotein E (apoE), which is a component of lipoproteins,

for example, chylomicrons, VLDL, intermediate-density lipopro-

teins, and HDL, is mainly produced and secreted by the liver

[Mahley, 1988]. ApoE is known to regulate both cellular and

systemic cholesterol and triglyceride metabolism [Mahley, 1988]

and has been shown to exhibit anti-inflammatory, anti-oxidant, and

anti-atherogenic properties [Miyata and Smith, 1996; Tamaoka

et al., 2000; Davignon, 2005; Atkinson et al., 2007; Tsoi et al., 2007;

Jofre-Monseny et al., 2008]. ApoE has been highly studied for its

potential role in the etiology of atherosclerosis, diabetes, and
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obesity, and has been found to be highly expressed in adipose tissue

and adipocytes [Zechner et al., 1991; Davignon et al., 1999; Wassef

et al., 2004]. However, if apoE expression by adipocytes has been

known for many years, only recent studies have focused on

adipocyte apoE function and regulation [Wassef et al., 2004; Yue

et al., 2004; Huang et al., 2006b, 2007; Gao et al., 2007; Rao et al.,

2007; Chiba et al., 2008]. Interestingly, our group has found that

apoE protein and mRNA levels increase during maturation of human

SW872 adipocytes [Wassef et al., 2004]. This increase in apoE

synthesis was closely linked to an increase in cellular content of

triglyceride and cholesterol, suggesting a potential role for apoE in

adipocyte differentiation and lipid storage regulation. Mazzone

et al. reported that adipocyte apoE expression was modulated by

nutritional status, by inflammatory messengers, and by peroxisome

proliferator-activated receptor (PPAR)-� agonists [Yue et al., 2004;

Huang et al., 2007; Rao et al., 2007]. This group also demonstrated

that adipocytes from apoE�/� mice were smaller than those of

control mice and accumulated less triglyceride, even under PPAR-�
stimulation [Huang et al., 2006b]. Chiba et al. [2008] reported a

decrease of adiposity in leptin deficient apoE�/� mice (ob/ob;

apoE�/�), attributable to an impaired adipocyte differentiation.

However, Gao et al. [2007] reported that adipocytes from obese

Ay mice lacking apoE (apoE�/�; Ay�/�) differentiated normally

in vivo.

In view of the above considerations, we investigated whether

expression of apoE in human adipocytes could modulate cell

differentiation and/or cell proliferation. We show here that high

expression of human apoE impairs lipid storage in SW872

adipocytes. We also demonstrate that this impairment in cellular

lipid accumulation is associated with a decrease in adipogenic gene

expression and an increase in cell proliferation.

MATERIALS AND METHODS

MATERIALS
Human SW872 liposarcoma cells were purchased from American

Type Culture Collection (Rockville, MD). Dulbecco’s Modified

Eagle’s Medium (DMEM) high glucose, Ham’s F-12 nutrient mixture,

and geneticin were obtained from GIBCO (Grand Island, NY). Fetal

bovine serum (FBS) was purchased from GIBCO (St. Louis). Bovine

lipoprotein-deficient serum (LPDS) was prepared by ultracentrifu-

gation at density 1.25 g/ml using solid KBr and was dialyzed against

physiological saline (0.15 M). Goat anti-human apoE and HRP-

conjugated goat anti-human apoE antibodies were obtained from

Academy Biomedical Compagny (Houston, TX).

SW872 CELL TRANSFECTION WITH PCDNA3 APOE CONSTRUCT
SW872 cells were transfected (lipofectamine and PlusTM Reagent,

Invitrogen, Burlington, Ontario) with the expression vector pcDNA3

containing the cDNA of human apoE3. Human apoE cDNA was

prepared as published [Mabile et al., 2003]. The cDNA was

sequenced on an Applied Biosystems 373A DNA sequencer using

a Thermo Sequenase dye terminator kit (Amersham Pharmacia

Biotech, Baie d’Urfé, Quebec), before subcloning into the mamma-

lian expression vector pCDNA3. Stable transfectants were selected
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with geneticin (G418) and different clones were chosen for further

characterization.

SW872 CELL CULTURE AND TREATMENTS
SW872 cells (initially 0.5–1.0 � 106 per well) were plated onto

6-well plates (Falcon) and cultured in DMEM high glucose: Ham’s

F12 (3:1, v/v) supplemented with NaHCO3 (3.7 g/L), 100 �M non-

essential amino acids, 50 U/ml penicillin, 50 �g/ml streptomycin,

10% Fetal bovine serum (FBS), and geneticin (transfected cells; 0.3

mg/ml), in a humidified incubator (5% CO2, 378C).

LPDS PREPARATION AND TREATMENT
Lipoprotein-deficient serum (LPDS) was prepared by ultracentrifu-

gation of FBS using previously described methods [Schumaker and

Puppione, 1986]. Cells were plated onto 6-well plates and cultured

for 15 days with 10% FBS or 10% LPDS. Culture medium was

changed every 2 days.

OLEATE AND ROSIGLITAZONE TREATMENT
Oleate and rosiglitazone were obtained from Sigma–Aldrich. Cells

were grown to 80% confluence in DMEM containing 10% FBS, and

then switched to medium containing 500 �M Oleate/BSA (7:1, mol/

mol) or 2 �M rosiglitazone for 4 days [Mayerson et al., 2002; Izem

and Morton, 2007].

EXOGENOUS APOE TREATMENT
Wild-type SW872 cells were plated onto 6-well plates and cultured

for 15 days in the presence of DMEM/F12 (3:1, v/v) and 10% FBS

with control medium (�) (medium from control cells � fresh

medium (1:1)) or with E� medium (�) (medium from E� cells

incubated 2 days � fresh medium (1:1)). Media were changed every

2 days.

CHARACTERIZATION OF STABLE CELL LINES EXPRESSING HIGH
AMOUNT OF HUMAN APOE
Confluent cells were washed three times, harvested, resuspended in

lysis buffer (25 mM Tris, 2 mM EDTA, 1% triton, protease inhibitor

mixture), and spun for 10 min at 10,000g to remove cell debris.

Twenty micrograms protein aliquots from cell lysates and cell media

were used for SDS–PAGE. ApoE was detected by reaction of blots

with a goat polyclonal antibody against human apoE and mouse

anti-goat IgG conjugated with peroxidase. Total proteins were

stored for 1 day at 48C before quantification according to Lowry

et al. [1951] with albumin as a standard.

QUANTIFICATION OF CELLULAR AND EXTRACELLULAR APOE
ACCUMULATION BY ELISA
Cells were cultured into 24-well plates until confluence. Cells were

then lysed in buffer containing 25 mM Tris, 2 mM EDTA, 1% triton,

and protease inhibitor mixture, and spun for 10 min at 10,000g to

remove cell debris. Hundred microliters of culture medium and

20 �g protein aliquots of cell lysates were used for ELISA

quantification as described in [Cohn et al., 1996]. The ELISA is

specific for human apoE and did not recognize bovine apoE present

in FBS.
JOURNAL OF CELLULAR BIOCHEMISTRY



QUANTIFICATION OF CELLULAR CHOLESTEROL AND
TRIGLYCERIDE ACCUMULATION
Cells were washed three times with PBS, and lipids were extracted

three times (1 h each) with 1 ml hexane: isopropanol (3:2, v/v).

Extracts were pooled and centrifuged 10 min at 1,500g.

Supernatants were dried under nitrogen. Total cholesterol and

triglycerides were quantified by enzymatic reaction using COBAS1

reagents obtained from Roche Diagnostics (Indianapolis, IN) and

Biomerieux1 kit TG PAP 150 (France).

CELLULAR LIPID STAINING
Cultured cells were fixed in a 4% paraformaldehyde solution for

30 min, washed with PBS for 1 min, and incubated in 60% isopropyl

alcohol for 2 min. Cells were then incubated for 15 min in 0.3%

Oil-Red-O in 60% isopropyl alcohol. After destaining for 1 min in

60% isopropyl alcohol, cells were washed with water for 10 min.

Merge images were obtained using inverted microscope and Kodak

camera.

SERUM DEPRIVATION-INDUCED CELL DEATH
Control and apoE-transfected cells were plated onto 6-well plates

(0.5 � 106 per well). Twenty-four hours later, medium was removed

and fresh medium without FBS was added for 48 h. Living cells were

then counted using trypan blue staining. Results are expressed as

percentage of living cells.

CELL DIVISION ASSAY USING FLUORESCENT-DYE CELL LABELING
AND FLOW CYTOMETRY
CFDA-SE (carboxyfluorescein diacetate, succinimidyl ester)

(VybrantTM CFDA-SE Cell Tracer Kit (V-12883), Molecular Probes,

Eugene, OR) was used to verify cell division kinetics. About 8 � 106

cells were centrifuged, resuspended in 0.1% bovine serum albumin

phosphate-buffered saline (BSA-PBS) and filtered through a 70 �m

nylon filter. A solution containing 0.1% BSA-PBS and 20 �M

CFDA-SE (prepared with DMSO provided with the kit) was added to

the cells at a final concentration of 10 �M of CFDA-SE. The cells

were mixed gently and incubated for 10 min in a 378C water bath.

The reaction was stopped by adding DMEM-F12 (3:1) containing

10% FBS. Cells were washed three times with medium to allow free,

unreacted CFDA-SE, to diffuse out into the medium. Cells were

plated in 6 wells plate (0.6 � 106 cells/well) and an aliquot was kept

to determine parental generation as reference. CFDA-SE-labeled

cells were washed two times with PBS and resuspended in 0.1%

BSA-PBS before analysis on FACScan (BD Biosciences, Mississauga,

Ontario, Canada). The FACS data were collected with Cell Quest Pro

software (BD Biosciences) and proliferation analysis done with Mod

Fit LT version 3.1.

QUANTIFICATION OF ADIPOCYTE GENE EXPRESSION BY RT-PCR
RNA was extracted with Trizol� (Invitrogen), according to the

manufacturer’s instructions and quantified using a spectrophoto-

meter. Reverse transcriptase reaction was performed and cDNA was

amplified by real-time PCR on an MX4000 system from Stratagene,

using the SYBR green master-mix purchased from Qiagen

(Mississauga, Ontario). Analyses were done with the Mx4000

software. PPAR-�1, PPAR-�2, SCD1, INSR, CD36, C/EBP-�, and LRP
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mRNA levels were normalized with ribosomal protein S14. All

primers were designed using Primer3 software and purchased from

Invitrogen.

STATISTICAL ANALYSIS
Data are expressed as mean � SD or SEM. Statistical analyses were

performed using unpaired Student’s t-tests.
RESULTS

CHARACTERIZATION OF STABLE APOE-TRANSFECTED ADIPOCYTES
SW872 adipocytes were transfected with empty pcDNA3 (control

cells) or with pcDNA3 containing human apoE cDNA (E� cells).

After 3 weeks of selection in geneticin, several clones were cultured

until confluence. Levels of cellular (bound to cell surface and

intracellular) and secreted apoE were assessed by Western blot and

quantified by ELISA in cell lysates and media from wild-type cells,

from empty-vector transfected cells (control), and from apoE-

transfected cells (E� cells). Wild-type cells and empty-vector

transfected cells secreted the same amount of apoE in the medium

(80 ng of apoE/mg of cell protein in 48 h) and accumulated the same

amount of cellular apoE in cell lysates (20 ng of apoE/mg of cell

protein in 48 h). In E� cells, the amount of cellular and secreted

apoE was three- to fivefold higher than in control cells (Fig. 1). One

can note the amount of apoE secreted by the E� cells appears

higher when evaluated by Western blotting than by ELISA (Fig. 1).

ELISA technique is quantitative whereas Western blotting is semi-

quantitative. For this reason, ELISA results for the precise level of

apoE secretion by the E� cells should prevail.

HIGH EXPRESSION OF APOE INHIBITED LIPID ACCUMULATION IN
HUMAN ADIPOCYTES
To evaluate the effects of apoE high expression on cellular lipid

accumulation, triglycerides, and cholesterol contents were measured

in control and apoE-transfected cells (E�). Cells were grown in 10%

FBS for 15 days. After 2 days (day 2), control and E� cells

accumulated the same amount of cholesterol and triglycerides

(Fig. 2A,B). In contrast, after 15 days, E� cells accumulated less

triglycerides (�75%, P< 0.001) and less cholesterol (�45%,

P< 0.001) than control cells (Fig. 2A,B). The marked decrease in

lipid content in E� cells compared to control, was confirmed by Oil-

Red-O staining as shown in Figure 2E.

Because lipid content in adipocytes is known to be rapidly

stimulated by oleate [Izem and Morton, 2001, 2007] and

rosiglitazone [Mayerson et al., 2002], control and E� cells were

incubated with oleate or rosiglitazone for 4 days. As shown in

Figure 2C,D, control cells incubated with oleate or rosiglitazone

(rosi) accumulated more triglycerides than untreated cells (�50%,

P< 0.001). However, in E� cells, lipid content was affected by

neither oleate nor rosiglitazone.

We previously showed that exogenous lipoproteins from the

serum can modulate cellular lipid content in SW872 cells [Wassef

et al., 2004]. To avoid any effect from exogenous lipoproteins

on lipid accumulation, control and E� cells were incubated in

medium containing lipoprotein-depleted serum (LPDS). As shown in
APOE EFFECTS ON ADIPOCYTE DIFFERENTIATION 3



Fig. 1. Characterization of stable cell lines with high expression of human apoE. Medium apoE (A,B) and cellular apoE (C,D) were analyzed by Western Blot (A,C) and quantified

by ELISA (B,D) after cells were incubated with DMEM/F12 (3:1, v/v) and 10% fetal bovine serum for four days. Results are shown for vector-only transfected cells (control) and

for apoE-transfected cells (E� cells). Results represent mean � SD of triplicates.
Figure 3A,B, cellular cholesterol and triglyceride contents were

increased in control cells incubated with LPDS (3.5- and 2-fold,

respectively, P< 0.001). However, in E� cells incubated with LPDS,

cholesterol and triglyceride cellular contents remained lower (�70%

and �45%, respectively, P< 0.001) than in control cells.

As apoE is a secreted protein involved in lipid efflux [Davignon

et al., 1999], we next wanted to determine whether exogenous apoE,

added to the medium, will have the same effects on lipid

accumulation. Wild-type SW872 cells were incubated with media

from control (�) or E� cells (�). Medium from control cells

contained 30 ng apoE/ml; medium from E� cells contained 140 ng

apoE/ml. After 15 days in culture, cellular lipid content was

measured. As shown in Figure 3C,D, exogenous apoE had no effect

on triglyceride or on cholesterol accumulation in SW872

adipocytes, suggesting that endogenously produced apoE is

responsible for the inhibition of lipid accumulation.
HIGH EXPRESSION OF APOE DECREASED ADIPOGENIC GENE
EXPRESSION IN HUMAN ADIPOCYTES
PPAR-� and CEBP-� are two adipogenic transcription factors,

which play a major role in adipocyte terminal differentiation. PPAR-

�1, PPAR-�2, and CEBP-� gene expression levels were determined

by real-time PCR, in control and transfected cellsQ2 Table I. As

shown in Figure 4A,B, mRNA levels of PPAR-�1 and PPAR-�2 � are

elevated in confluent immature cells (day 2) and do not increase with

time of differentiation, as already observed in previous studies by

our group [Wassef et al., 2004]. In comparison to control cells,

PPAR-�1 and PPAR-�2 gene expression in E� cells significantly

decreased at day 8 (�35% and �55% vs. control cells, respectively)
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and at day 15 (Fig. 4A,B). In contrast, no changes in CEBP-� level

were observed (Fig. 4C).

We next measured mRNA expression of several genes involved in

lipid and glucose metabolism in control and E� cells cultured for

15 days. Expression of stearoyl-CoA desaturase 1 (SCD1), which is

an enzyme involved in the biosynthesis of monounsaturated fatty

acids necessary for triglycerides formation, was significantly

decreased at day 2 (�57%, P< 0.001) and day 15 (�63%,

P< 0.001) as seen in Figure 4D. In contrast, no changes in gene

expression were observed for insulin-receptor (INS-R), LDL

receptor-related protein (LRP), and the scavenger receptor CD36,

as shown in Table II.

HIGH EXPRESSION OF APOE PROMOTED CELL PROLIFERATION IN
HUMAN ADIPOCYTES
As adipocyte differentiation is in balance with cell proliferation,

we next studied the effects of apoE high expression on cell

proliferation. Control and E� cells were cultured for 15 days in the

presence of FBS, and cell growth was assayed by cell count and total

cell protein measurements. In E� cells, a twofold increase was

observed in both cell number and total cell protein, as shown in

Figure 5A,B. A time-course study showed that the effect of apoE on

cell growth was already apparent after 8 days in culture (data not

shown).

We next wanted to determine if the increase in cell proliferation

of E� cells was due to an increase in cell division kinetics.

An assay using CFDA-SE was performed with control and E�
cells. CFDA-SE is a fluorescent compound, which diffuses passively

into the cells and is retained inside the cells when its acetate groups

are conjugated with intracellular amines. Each round of mitotic cell
JOURNAL OF CELLULAR BIOCHEMISTRY



Fig. 2. High expression of apoE inhibits lipid accumulation in human adipocytes. A,B: Cells were cultured for fifteen days in the presence of DMEM/F12 (3:1, v/v) and 10%

FBS. Cellular triglyceride (A), and cellular cholesterol (B) were determined in vector-only transfected cells (control) and apoE-transfected cells (E�). C,D: Cells were grown to

80% confluence days in the presence of DMEM/F12 (3:1, v/v) and 10% FBS, and then switched to medium containing 500 �M Oleate/BSA (C) or 2 �M rosiglitazone (D) for

4 days. Cellular triglyceride content was determined in vector-only transfected cells (control) and apoE-transfected cells (E�). Results represents the average � SD of five wells.
���P< 0.001, significantly different from control cells by Student’s t-test. E: Vector-only transfected cells (Control) and apoE-transfected cells (E�) were cultured for 15 days

in the presence of DMEM/F12 (3:1, v/v) and 10% FBS. Lipids were then stained using O-Red-Oil staining protocol (see Research Design and Protocols).
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division distributes CFDA-SE equally between the daughter cells

and results in a twofold decrease of the fluorescence intensity.

Control and E� cells were stained with CFDA-SE for 10 min and

cultured for 9 days in presence of 10% FBS. Figure 5C shows a peak

corresponding to generation 1 at day 0 (control 92% and E� 90%).

At day 9, 92% of control cells were in generation 8, whereas 77% of

E� cells were already in generation 9 and 17% had reached

generation 10, showing that high expression of apoE accelerated cell

division in SW872 adipocytes.

To determine if the increase in cell number of E� cells was also

related to a resistance to cell death, control and E� cells were

incubated for 48 h in serum-deprived (SD) medium, which promotes

cell death through the caspase pathway. Surviving cells were

counted using the trypan blue method. As shown in Figure 5D, E�
JOURNAL OF CELLULAR BIOCHEMISTRY
cells were more resistant to serum deprivation than control cells

(�57%, P< 0.01).

DISCUSSION

In this study, we showed that high expression of apoE in human

adipocytes impaired lipid storage and promoted cell proliferation.

Indeed, high expression of apoE in adipocytes induced a decrease in

cellular triglyceride and cellular cholesterol accumulation, and

downregulated the expression of adipogenic genes such as PPAR-

�1, PPAR-�2, and stearoyl-CoA desaturase 1, a PPAR-�-induced

enzyme, which is involved in triglyceride synthesis. The decrease in

lipid accumulation was not dependent on the presence of lipid or
APOE EFFECTS ON ADIPOCYTE DIFFERENTIATION 5



Fig. 3. Exogenous lipoproteins and exogenous apoE have no effect on cellular lipid accumulation in human adipocytes. A,B: Cells were cultured for 15 days in the presence of

DMEM/F12 (3:1, v/v) and 10% FBS or lipoprotein-depleted serum. Cellular triglyceride (A), and cellular cholesterol (B) were determined in vector-only transfected cells (ctrl)

and apoE-transfected cells (E�). C,D: Wild-type SW872 cells were plated onto 6-well plates and cultured for 15 days in the presence of DMEM/F12 (3:1, v/v) and 10% FBS with

control medium (�) (medium from control cells � fresh medium (1:1)) or with E� medium (�) (medium from E� cells incubated 2 days � fresh medium (1:1)). Medium was

changed every 2 days. Cellular triglyceride (C), and cellular cholesterol (D) were determined. Results represents the average � SD of five wells. ���P< 0.001, significantly

different from V cells by Student’s t-test.
lipoproteins in the medium, nor was it observed with exogenously

added apoE. We also showed that high expression of apoE increased

cell resistance to serum deprivation. ApoE over-expression also

accelerated cell division leading to an increase in cell proliferation.

Our results clearly show that the observed apoE-induced inhibition

of differentiation is caused by both a large increase in cell

proliferation and a decrease in adipogenic gene expression.

As of today the role of apoE in adipocyte metabolism has not been

clearly established. Some results suggest that the absence of apoE

expression in adipocytes inhibits lipid storage, whereas other results

show that adipocytes from apoE-deficient mice exhibit a normal

expression of adipogenic genes. Our group has already shown that
TABLE I. Primers Used for Real-Time PCR Analysis

Assessed mRNA Forward primer 5

S14 CCACAGGAGGAAATAGGA
INSR CAACGAGGAGTGTGGAGA
LRP CACCTTAACGGGAGCAAT
CD36 TGGTCAAGCCATCAGAAA
C/EBP-� AGTCGGTGGACAAGAACA
SCD1 CCCCTACGGCTCTTTCTGAT
PPAR-�1 CCTCGAGGACACCGGAG
PPAR-�2 GCAAGGGTTTCTTCCGGA

S14, ribosomal protein; INSR, insulin receptor; LRP, LDL receptor-related protein; CD36
CoA desaturase 1; PPAR-�1 and 2, peroxisome proliferator-activated receptor gamm
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during human adipocyte differentiation, increased apoE secretion

was closely linked to lipid accumulation and adipogenic gene

expression [Wassef et al., 2004]. Mazzone et al. reported that apoE

knockout (apoE�/�) mice on a chow-diet had less adipose tissue

and smaller adipocytes than wild-type controls; they also showed

that adipocytes isolated from apoE�/� mice failed to accumulate

lipids, proposing that lower adipocyte apoE expression limited

further expansion of adipocyte lipid content and size [Huang et al.,

2006b]. Chiba et al. [2003] reported that apoE-deficient obese (ob/

ob;apoE�/�) mice, when fed on a high-fat diet, did not show an

increase in their body fat mass compared to ob/ob mice. However,

when mice are fed a chow diet, ob/ob; apoE�/� mice gained more
�–3� Forward primer 5�–3�

CAAAGA AATCTTGTTCACAGACGGCGAC
CA GCAGCCGTGTGACTTACAGA

GT GTCACCCCAGTCTGTCCAGT
AA CAGCACCACACCAACACTGA
GC TTGTCACTGGTCAGCTCCAG

GCGTACTCCCCTTCTCTTTG
TGATCCCAAAGTTGGTGGGC
AGGCATTTCTGAAACCGACA

, scavenger receptor; C/EBP-�, CCAAT/enhancer binding protein; SCD1, stearoyl-
a 1 and 2.

JOURNAL OF CELLULAR BIOCHEMISTRY



Fig. 4. High expression of apoE decreases PPAR-�1, PPAR-�2 and SCD1 gene expression in human adipocytes. Cells were cultured 2, 8, and 15 days in the presence of DMEM/

F12 (3:1, v/v) and 10% FBS. Results are shown for vector-only transfected cells (control), and for apoE-transfected cells (E�, expressing five times more cellular apoE than

control cells). PPAR-�1 mRNA (panel A), PPAR-�2 mRNA (panel B), C/EBP-� mRNA (panel C), and stearoyl CoA desaturase 1 mRNA (panel D) were quantified by real-time

RT-PCR and were expressed relative to S14 mRNA. Results represent mean � SEM and are representative of at least three independent experiments. ��P< 0.01; ���P< 0.001,

significantly different from control cells by Student’s t-test.
body fat mass than did apoE�/� mice in spite of apoE deficiency.

Conversely, Gao demonstrated that adipocyte differentiated nor-

mally in apoE-deficient obese Ay (apoE�/�: Ay/�) mice; indeed, no

changes were observed in adipogenic gene expression of CEBP-�; or

PPAR-� in these mice.

In the present study though, we showed that high expression of

apoE in adipocytes also impairs lipid accumulation. We hypothesize

that, in our cellular model, endogenous over-expression of apoE

inhibits lipid uptake from the medium. This is similar to a study by

Ho et al. [2000] showing that lipid uptake was reduced in

macrophages transfected with apoE, compared to macrophages

that did not express apoE. The effect of apoE on lipid accumulation

by adipocytes appears to be dependent on an optimal concentration.

The mechanisms for lipid uptake inhibition in excess apoE are most
TABLE II. Effect of High Expression of apoE on Adipocyte Gene Expre

Gene

Day 2 (maturation)

Control E�

INSR 0.046 � 0.005 0.050 � 0.007
LRP 0.272 � 0.011 0.198 � 0.022
CD36 0.00054 � 0.00011 0.00036 � 0.00003

Cell lines were incubated for 15 days with FBS. INSR (insulin receptor), LRP (LDL recept
Data represent mean � SEM of four wells from a minimum of three independent exp
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probably different from what happens in absence of apoE. We

surmise that the interaction between the high amount of apoE and

the extracellular lipids is responsible for the inhibition of lipid

uptake and therefore for the inhibition of cellular lipid accumula-

tion. In several cellular models, secreted apoE was shown to form

nascent lipoproteins, which could reduce lipid uptake [Basu et al.,

1982; Herscovitz et al., 1992]. The question why endogenously

secreted apoE can inhibit lipid uptake but not exogenous apoE

remain to be answered.

Consistent with our finding, Mazzone demonstrated that

endogenous apoE was required for adipocyte triglyceride accumu-

lation, which was not compensated by exogenous apoE from

lipoproteins added to the medium [Huang et al., 2006b]. Similarly,

our results showed that exogenous apoE could not substitute for the
ssion

Day 15 (maturation)

Control E�

0.088 � 0.013 0.068 � 0.003
0.497 � 0.079 0.586 � 0.045

0.00055 � 0.00008 0.00026 � 0.00011

or-related protein) and CD36 (scavenger receptor) mRNA levels are relative to S14.
eriments.
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Fig. 5. High expression of apoE promote cell proliferation in human adipocytes. A,B: Cells were cultured for 15 days in the presence of DMEM/F12 (3:1, v/v) and 10% FBS. Cell

number (A), and total cell protein (B) were determined in vector-only transfected cells (control) and apoE-transfected cells (E�). C: Cells were cultured for 9 days in the

presence of DMEM/F12 (3:1, v/v), 10% FBS, and 10 �M of carboxyfluorescein diacetate, succinimidyl ester (CFDA-SE). Results are shown for vector-only transfected cells

(control), and for apoE-transfected cells (E�, expressing five times more cellular apoE than control cells). Measurement of cell division was done using CFDA-SE and Flow

Cytometry. During maturation of cells, the peaks initially at day 0 (parents) will be shifted to the left after each cell division (generation). Results are representative of two

independent experiments of three wells. D: Control and apoE-transfected cells were plated onto 6-well plates (0.5 � 106 per well). Twenty-four hours later, medium was

removed and fresh medium without FBS was added for 48 h. Cells were trypsinized and living cells were counted using trypan blue staining. Results were expressed as percentage

of living cells. Results represent the average � SD of three independent experiments. ��P< 0.01, significantly different from control cells by Student’s t-test.
effect of endogenous apoE. Thus, we propose that intracellular apoE

has a predominant role on adipocyte differentiation. Within the cell,

apoE is known to modulate cellular sterol flux and metabolism

[Huang and Mazzone, 2002] and could therefore influence plasma

membrane structure, including the function and number of caveolae

[Huang et al., 2006b]. Changes in adipocyte cholesterol flux

mediated by apoE could lead to downstream changes in caveolin

expression, which was shown to be modulated by cellular free

cholesterol [Covey et al., 2007]. Moreover, caveolin expression have

been shown to have important implications in cell proliferation,

since over-expression of caveolin-1 inhibits cell proliferation by

arresting cell cycle at the G0/G1 phase [Galbiati et al., 2001].

Other mechanisms by which endogenous apoE could influence

adipocyte proliferation must also be considered. An increased apoE
8 APOE EFFECTS ON ADIPOCYTE DIFFERENTIATION
expression was associated with several types of cancer, including

breast, colon, ovarian and liver carcinoma [Zunarelli et al., 2000;

Venanzoni et al., 2003; Chen et al., 2005; Slattery et al., 2005]. Chen

& al showed that, in malignant ovarian carcinoma cells, apoE was

highly expressed, whilst being undetectable in benign counterparts

[Chen et al., 2005]. This group also showed that apoE-expressing

ovarian cancer cell line stopped proliferating and entered apoptosis

when apoE expression was inhibited using an apoE-specific siRNA,

suggesting that apoE has an anti-apoptotic function.

This association between apoE and apoptosis has also been

identified in human fibroblasts and THP-1 macrophages, in which

apoE is upregulated during apoptosis [Chen et al., 2005]. Conversely,

Elliot & al also showed that macrophage apoE knockdown activated

caspase-3, which is involved in apoptosis pathway [Elliott et al.,
JOURNAL OF CELLULAR BIOCHEMISTRY



in press]. The contribution of apoE expression to cell proliferation

and apoptosis is also supported by recent data showing that apoE

localized in the nucleus of apoE-transfected CHO cells and level of

apoE in the nucleus increased with serum deprivation [Kim et al.,

2008]. Similarly, we found that high expression of endogenous apoE

decrease apoptosis induced by serum deprivation. These data

provide new evidence that intracellular apoE, a fortiori when over-

expressed, may be targeted to the nucleus to modulate adipocyte

differentiation.

SW872 liposarcoma cells are adipocytes [Izem and Morton, 2001,

2007; Jiang et al., 2001; Huang et al., 2006a], which, as many

sarcoma, continuously proliferate to reach confluence. Our results

show that SW872 adipocytes expressing high amount of apoE never

stop proliferating, even after reaching confluence, thus fail to

undergo differentiation because of a drastic downregulation of

PPAR-�1 and PPAR-�2 gene expression. Since intracellular apoE

regulates lipid metabolism and distribution, one more provocative

hypothesis could be an implication of intracellular apoE on lipid-

mediated activation of the PPAR-� genes. Indeed, the PPAR-� are

transcription factors involved in adipocyte differentiation and

known to bind lipid metabolites [Na and Surh, 2003; Schopfer et al.,

2005; Mazid et al., 2006; Monroy et al., 2007]. As apoE has been

described to bind cellular lipid [Lucic et al., 2007], we think that

apoE could act intracellularly to impair the PPAR-� pathway.

In summary, we report that high expression of apoE in SW872

human adipocytes inhibited adipocyte differentiation and promoted

cell proliferation. If the absence of apoE suppresses lipid

accumulation in adipocytes, an increase of intracellular apoE

appears to also be a signal to prevent further lipid accumulation,

confirming the potential role for apoE as a homeostatic response of

adipose tissue to hypertrophy. These results bring new evidence of

apoE-involvement in metabolic disorders at the adipocyte level.

Further investigations are needed to explore the role of apoE at the

adipose tissue level.
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Geneviève Dubuc, Lucie Boulet, Hélène Jacques, Claudia Rodri-
guez, Michel Tremblay and Hanny Wassef. We also thank Eric
Massicotte and Martine Dupuis of the Cytofluorometry Core at
IRCM for their technical support with flow cytometry and CFDA-SE
fluorescent-dye cell labeling and division assay.

REFERENCES
Ahima RS. 2006. Adipose tissue as an endocrine organ. Obesity 14:242S–
249S.

Atkinson RD, Coenen KR, Plummer MR, Gruen ML, Hasty AH. 2007.
Macrophage-derived apolipoprotein E (apoE) ameliorates dyslipidemia
JOURNAL OF CELLULAR BIOCHEMISTRY
and atherosclerosis in obese apoE deficient mice. Am J PhysiolQ3 Endocrinol
Metab 00601.2007.

Basu SK, Ho YK, Brown MS, Bilheimer DW, Anderson RG, Goldstein JL. 1982.
Biochemical and genetic studies of the apoprotein E secreted by mouse
macrophages and human monocytes. J Biol Chem 257:9788–9795.

Chen YC, Pohl G, Wang TL, Morin PJ, Risberg B, Kristensen GB, Yu A,
Davidson B, Shih Ie M. 2005. Apolipoprotein E is required for cell prolifera-
tion and survival in ovarian cancer. Cancer Res 65:331–337.

Chiba T, Nakazawa T, Yui K, Kaneko E, Shimokado K. 2003. VLDL induces
adipocyte differentiation in apoe-dependent manner. Arterioscler Thromb
Vasc Biol 23:1423–1429.

Chiba T, Shinozaki S, Nakazawa T, Kawakami A, Ai M, Kaneko E, Kitagawa
M, Kondo K, Chait A, Shimokado K. 2008. Leptin deficiency suppresses
progression of atherosclerosis in apoE-deficient mice. Atherosclerosis
196:68–75.

Cohn JS, Tremblay M, Amiot M, Bouthillier D, Roy M, Genest J, Jr., Davignon
J. 1996. Plasma concentration of apolipoprotein E in intermediate-sized
remnant-like lipoproteins in normolipidemic and hyperlipidemic subjects.
Arterioscler Thromb Vasc Biol 16:149–159.

Covey SD, Brunet RH, Gandhi SG, McFarlane N, Boreham DR, Gerber GE,
Trigatti BL. 2007. Cholesterol depletion inhibits fatty acid uptake without
affecting CD36 or caveolin-1 distribution in adipocytes. Biochem Biophys
Res Commun 355:67–71.

Davignon J. 2005. Apolipoprotein E and atherosclerosis: Beyond lipid effect.
Arterioscler Thromb Vasc Biol 25:267–269.

Davignon J, Cohn JS, Mabile L, Bernier L. 1999. Apolipoprotein E and
atherosclerosis: Insight from animal and human studies. Clin Chim Acta
286:115–143.

ElliottQ4 DA, Kim WS, Jans DA, Garner B. Macrophage apolipoprotein-E
knockdown modulates caspase-3 activation without altering sensitivity to
apoptosis. Biochim Biophys Acta General subjects in press, corrected proof.

Galbiati F, Volonte D, Liu J, Capozza F, Frank PG, Zhu L, Pestell RG, Lisanti
MP. 2001. Caveolin-1 expression negatively regulates cell cycle progression
by inducing G(0)/G(1) arrest via a p53/p21(WAF1/Cip1)-dependent mechan-
ism. Mol Biol Cell 12:2229–2244.

Gao J, Katagiri H, Ishigaki Y, Yamada T, Ogihara T, Imai J, Uno K, Hasegawa
Y, Kanzaki M, Yamamoto TT, Ishibashi S, Oka Y. 2007. Involvement of
apolipoprotein E in excess fat accumulation and insulin resistance. Diabetes
56:24–33.

Herscovitz H, Gantz D, Tercyak AM, Zannis VI, Small DM. 1992. Expression
of human apolipoprotein E but not that of apolipoprotein A-I by mouse C127
cells is associated with increased secretion of lipids in the form of vesicles and
discs. J Lipid Res 33:791–803.

Ho YY, Al-Haideri M, Mazzone T, Vogel T, Presley JF, Sturley SL, Deck-
elbaum RJ. 2000. Endogenously expressed apolipoprotein E has different
effects on cell lipid metabolism as compared to exogenous apolipoprotein E
carried on triglyceride-rich particles. Biochemistry 39:4746–4754.

Huang ZH, Mazzone T. 2002. ApoE-dependent sterol efflux from macro-
phages is modulated by scavenger receptor class B type I expression. J Lipid
Res 43:375–382.

Huang SL, Hsu CL, Yen GC. 2006a. Growth inhibitory effect of quercetin on
SW 872 human liposarcoma cells. Life Sci 79:203–209.

Huang ZH, Reardon CA, Mazzone T. 2006b. Endogenous ApoE expression
modulates adipocyte triglyceride content and turnover. Diabetes 55:3394–
3402.

Huang ZH, Luque RM, Kineman RD, Mazzone T. 2007. Nutritional regulation
of adipose tissue apolipoprotein E expression. Am J Physiol Endocrinol
Metab 293:E203–E209.

Izem L, Morton RE. 2001. Cholesteryl ester transfer protein biosynthesis and
cellular cholesterol homeostasis are tightly interconnected. J Biol Chem
276:26534–26541.
APOE EFFECTS ON ADIPOCYTE DIFFERENTIATION 9



Izem L, Morton RE. 2007. Possible role for intracellular cholesteryl ester
transfer protein in adipocyte lipid metabolism and storage. J Biol Chem
282:21856–21865.

Jiang YJ, Hatch GM, Mymin D, Dembinski T, Kroeger EA, Choy PC. 2001.
Modulation of cytosolic phospholipase A(2) by PPAR activators in human
preadipocytes. J Lipid Res 42:716–724.

Jofre-Monseny L, Minihane AM, Rimbach G. 2008. Impact of apoE genotype
on oxidative stress, inflammation and disease risk. Mol Nutr Food Res 52:
131–145.

Kim WS, Elliott DA, Kockx M, Kritharides L, Rye KA, Jans DA, Garner B.
2008. Analysis of apolipoprotein E nuclear localization using green fluor-
escent protein and biotinylation approaches. Biochem J 409:701–709.

Lowry OH, Rosebrough NJ, Farr AL, Randall RJ. 1951. Protein measurement
with the Folin phenol reagent. J Biol Chem 193:265–275.

Lucic D, Huang ZH, Gu D, Subbaiah PV, Mazzone T. 2007. Cellular sphin-
golipids regulate macrophage apolipoprotein E secretion. Biochemistry 46:
11196–11204.

Mabile L, Lefebvre C, Lavigne J, Boulet L, Davignon J, Lussier-Cacan S,
Bernier L. 2003. Secreted apolipoprotein E reduces macrophage-mediated
LDL oxidation in an isoform-dependent way. J Cell Biochem 90:766–776.

Mahley RW. 1988. Apolipoprotein E: Cholesterol transport protein with
expanding role in cell biology. Science 240:622–630.

Mayerson AB, Hundal RS, Dufour S, Lebon V, Befroy D, Cline GW, Enocksson
S, Inzucchi SE, Shulman GI, Petersen KF. 2002. The effects of rosiglitazone on
insulin sensitivity, lipolysis, and hepatic and skeletal muscle triglyceride
content in patients with type 2 diabetes. Diabetes 51:797–802.

Mazid MA, Chowdhury AA, Nagao K, Nishimura K, Jisaka M, Nagaya T,
Yokota K. 2006. Endogenous 15-deoxy-Delta(12,14)-prostaglandin J(2)
synthesized by adipocytes during maturation phase contributes to upregula-
tion of fat storage. FEBS Lett 580:6885–6890.

Miyata M, Smith JD. 1996. Apolipoprotein E allele-specific antioxidant
activity and effects on cytotoxicity by oxidative insults and beta-amyloid
peptides. Nat Genet 14:55–61.

Monroy MA, Opperman KK, Pucciarelli M, Yerrum S, Berg DA, Daly JM.
2007. THE PPARgamma ligand 15d-PGJ2 modulates macrophage activation
after injury in a murine trauma model. Shock 28:186–191.

Na HK, Surh YJ. 2003. Peroxisome proliferator-activated receptor gamma
(PPARgamma) ligands as bifunctional regulators of cell proliferation. Bio-
chem Pharmacol 66:1381–1391.
10 APOE EFFECTS ON ADIPOCYTE DIFFERENTIATION
Rao P, Huang ZH, Mazzone T. 2007. Angiotensin II regulates adipocyte
apolipoprotein E expression. J Clin Endocrinol Metab 92:4366–4372.

Rocchini AP. 2002. Childhood obesity and a diabetes epidemic. N Engl J Med
346:854–855.

Scherer PE. 2006. Adipose tissue: From lipid storage compartment to endo-
crine organ. Diabetes 55:1537–1545.

Schopfer FJ, Lin Y, Baker PR, Cui T, Garcia-Barrio M, Zhang J, Chen K, Chen
YE, Freeman BA. 2005. Nitrolinoleic acid: An endogenous peroxisome
proliferator-activated receptor gamma ligand. Proc Natl Acad Sci USA
102:2340–2345.

Schumaker VN, Puppione DL. 1986. Sequential flotation ultracentrifugation.
Methods Enzymol 128:155–170.

Slattery ML, Sweeney C, Murtaugh M, Ma KN, Potter JD, Levin TR, Samowitz
W, Wolff R. 2005. Associations between apoE genotype and colon and rectal
cancer. Carcinogenesis 26:1422–1429.

Tamaoka A, Miyatake F, Matsuno S, Ishii K, Nagase S, Sahara N, Ono S, Mori
H, Wakabayashi K, Tsuji S, Takahashi H, Shoji S. 2000. Apolipoprotein E
allele-dependent antioxidant activity in brains with Alzheimer’s disease.
Neurology 54:2319–2321.

Tsoi LM, Wong KY, Liu YM, Ho YY. 2007. Apoprotein E isoform-dependent
expression and secretion of pro-inflammatory cytokines TNF-alpha and IL-6
in macrophages. Arch Biochem Biophys 460:33–40.

Venanzoni MC, Giunta S, Muraro GB, Storari L, Crescini C, Mazzucchelli R,
Montironi R, Seth A. 2003. Apolipoprotein E expression in localized prostate
cancers. Int J Oncol 22:779–786.

Wassef H, Bernier L, Davignon J, Cohn JS. 2004. Synthesis and secretion of
ApoC-I and ApoE during maturation of human SW872 Liposarcoma cells.
J Nutr 134:2935–2941.

Yue L, Rasouli N, Ranganathan G, Kern PA, Mazzone T. 2004. Divergent
effects of peroxisome proliferator-activated receptor gamma agonists and
tumor necrosis factor alpha on adipocyte ApoE expression. J Biol Chem 279:
47626–47632.

Zechner R, Moser R, Newman TC, Fried SK, Breslow JL. 1991. Apolipoprotein
E gene expression in mouse 3T3-L1 adipocytes and human adipose tissue and
its regulation by differentiation and lipid content. J Biol Chem 266:10583–
10588.

Zunarelli E, Nicoll JA, Migaldi M, Trentini GP. 2000. Apolipoprotein E
polymorphism and breast carcinoma: Correlation with cell proliferation
indices and clinical outcome. Breast Cancer Res Treat 63:193–198.
Q1: Author: The Journal’s copyeditors have taken care to format your authorship according to journal style (First name, Middle Initial, Surname).

In the event a formatting error escaped their inspection, or there was insufficient information to apply journal style, please take a moment to

review all author names and sequences to ensure the accuracy of the authorship in the published article. Please note that this information will

also affect external indexes referencing this paper (e.g., PubMed).

Q2: Author: Please check the citation of table I.

Q3: Author: Please provide the volume number and page range.

Q4: Author: Please update.
JOURNAL OF CELLULAR BIOCHEMISTRY


