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evidence, especially from transgenic and knockout mouse
models (4, 8). In these models, mature hepatic SREBP-1c¢
protein levels determine mRNA expression levels for a
battery of lipogenic genes in the liver. Moreover, mature
hepatic SREBP-1c is physiologically regulated by nutri-
ent availability (i.e., it is downregulated when animals
are starved and upregulated when they are refed), thereby
adjusting lipogenic gene expression levels to the nutri-
tional conditions (9). Thus, regarding its role in the liver,
SREBP-1c is now well established as a key transcription
factor for the regulation of lipogenic gene expression and
by extension triglyceride storage in liver (10, 11).

Despite the extensive knowledge gained in recent years
regarding the role of SREBP-1 in lipogenesis in liver, its
physiological role in adipocytes remains obscure. Al-
though the mRNA expression of SREBP-1c in adipocytes
is also drastically altered by dietary conditions, we have
reported that targeted disruption of the SREBP-1 gene
scarcely affected the dynamic changes of lipogenic gene
expression in adipose tissue (4). Conversely, the impact of
SREBP-1c overexpression in adipocytes was also evaluated
in transgenic mice; however, it disrupted the differentia-
tion processes of adipocytes, resulting in lipodystrophy.
Hence, the effect of SREBP-1c on lipogenic gene regu-
lation in adipocytes was not able to be evaluated (12),
although ectopic overexpression of SREBP-1a drives fatty
acid synthesis in the adipose tissue of transgenic mice (13).

These situations prompted us to investigate the effects
of SREBP-1c activation in adipocytes by stimulating the
SREBP-1c promoter. We and others have found that liver
X receptors (LXRs), nuclear receptor-type transcription
factors, activate the transcription of the SREBP-1c gene
through binding to LXR elements in the promoter, to-
gether with retinoid X receptors (RXRs) (14, 15).

Here, we show that the stimulation of the SREBP-1¢
gene with LXR agonist has negligible effects on the ex-
pression of lipogenic enzymes in adipocytes, despite a con-
comitant increase in nuclear active SREBP-lc, indicating
that the transcriptional activity of SREBP-1c against lipo-
genic genes is almost nil in adipocytes in contrast to hepa-
tocytes. In fact, luciferase reporter gene assays demonstrated
that the recombinant nuclear active form of SREBP-1c had
far lower activity for the FAS promoter in 3T3-L1 adipo-
cytes than in HepG2 hepatoma cells. Consistent with these
observations, chromatin immunoprecipitation (ChIP) as-
says revealed that SREBP-1 is not recruited to the func-
tional cis element on the FAS promoter in LXR-activated
adipocytes. Therefore, lipogenic genes are controlled al-
most independently of SREBP-1¢ in adipocytes, and the
triglyceride biosynthetic pathway is differently regulated
between liver and adipose tissue.

MATERIALS AND METHODS

Materials

The synthetic LXR agonist T0901317 was purchased from
Cayman Chemical (Ann Arbor, MI). The RXR agonist LG100268
was synthesized as described elsewhere (16). Standard laboratory
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chow (MF; composed of 60% carbohydrate, 13% fat, and 27%
protein on a caloric basis) was obtained from Oriental Yeast
(Tokyo, Japan). Other materials were purchased from Sigma
unless indicated otherwise.

Animals

Eight week old male Wister rats and 8 week old male C37BL/6]
mice were purchased from CLEA (Tokyo, Japan). All animals
were maintained in a temperature-controlled environment with
a 12 h light/dark cycle and were given free access to standard
chow and water. The dosage of T0901317 (suspended with 0.9%
carboxymethylcellulose, 9.95% polyethylene glycol 400, and
0.05% Tween 80, administered orally) was 10 mg/kg for rats
and 50 mg/kg for mice. Animals were euthanized at 12 h after
administration. The protocol of dietary manipulation was as fol-
lows: for the fasting group, mice were starved for 24 h and rats
were starved for 48 h; for the refeeding group, they were refed at
12 h or 24 h after a 24 h (for mice) or 48 h (for rats) starvation,
respectively, unless stated otherwise. All groups of animals in one
experiment were euthanized at the same time. SREBP-1-null
mice (16 weeks of age, female) on the C537BL/6] background
have been reported previously (4).

RNA isolation and Northern blotting

Total RNA from liver, epididymal fat pads, and cultured cells
was isolated with Trizol Reagent (Invitrogen), and a 10 pg RNA
sample equally pooled among each group was run on a 1% aga-
rose gel containing formaldehyde and transferred to a nylon
membrane. cDNA probes were cloned as described previously
(4, 17). The probes were labeled with [a-**P1dCTP using the
Megaprime DNA Labeling System (Amersham Biosciences).
The membranes were hybridized with the radiolabeled probe
in Rapid-hyb buffer (Amersham Biosciences) at 65°C and washed
in 0.1X SSC buffer with 0.1% SDS at 65°C. Blots were exposed to
both Kodak XAR-5 film and the imaging plate for the BAS2000
BIO Imaging Analyzer (Fuji Photo Film, Tokyo, Japan). The
quantification results obtained from the BAS2000 system were
normalized to the signal generated from 36B4 (acidic ribosomal
phosphoprotein P0) mRNA.

Quantitative real-time PCR analysis

Two micrograms of total RNA was reverse-transcribed using
the ThermoScript RT-PCR system (Invitrogen). Quantitative real-
time PCR was performed using SYBR Green dye (Applied Biosys-
tems, Foster City, CA) in an ABI Prism 7900 PCR instrument
(Applied Biosystems). The relative abundance of each transcript
was calculated by a standard curve of cycle thresholds for serial
dilutions of a cDNA sample and normalized to 36B4. Primer
sequences are available upon request.

Nuclear protein extraction from liver and fat

Nuclear extract protein from mouse or rat liver was prepared
as described previously (18). Briefly, excised livers (0.5 g) were
homogenized in a Polytron in 5 mi of buffer A, which consisted
of 10 mM HEPES at pH 7.9, 25 mM KCI, 1 mM EDTA, 2 M su-
crose, 10% glycerol, 0.15 mM spermine, and 2 mM spermidine,
supplemented with protease inhibitors [6 pg/ml N-acetyl-leucyl-
leucyl-norleucinal (ALLN; Calbiochem), 2.5 pg/ml pepstatin A,
2 pg/ml leupeptin, 0.1 mM phenylmethylsulfonyl fluoride, and
2.5 ug/ml aprotinin]. Pooled homogenate was then subjected to
one stroke of a Teflon pestle in a Pouter-Elvejiem homogenizer,
followed by filtration through owo layers of cheesecloth, and lay-
ered over 10 ml of buffer A. After centrifugation at 24,000 rpm on
a Beckman SW28 rotor for 1 h at 4°C, the resulting nuclear pellet
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was resuspended in a buffer containing 10 mM HEPES at pH 7.9,
100 mM KCl, 2 mM MgCl,, 1 mM EDTA, 1 mM dithiothreitol,
and 10% glycerol, supplemented with protease inhibitors, after
which 0.1 volume of 3 M NaCl was added. Each mixture was agi-
tated gently for 30 min at 4°C and then centrifuged at 89,000 rpm
on a Himac S120AT2 rotor (Hitachi, Tokyo, Japan) for 30 min
at 4°C. The supernatant was used as nuclear extract.

Nuclear protein from white adipose tissue was prepared as
described previously (19). In brief, fresh epididymal fat pads
(~3 g) were rinsed in ice-cold PBS, minced, and homogenized
with 10 strokes of a Teflon homogenizer in 15 ml of NDS buffer
at 4°C (10 mM Tris-HCI at pH 7.3, 10 mM NaCl, 60 mM KCl,
0.15 mM spermine, 0.5 mM spermidine, 14 mM mercaptoetha-
nol, 0.5 mM EGTA, 2 mM EDTA, 0.5% Nonidet P40, and ! mM
dithiothreitol) supplemented with protease inhibitors (6 pg/ml
ALLN, 2 pg/ml leupeptin, 2.5 pg/ml aprotinin, 2.5 pg/ml
pepstatin A, and 0.1 mM phenylmethylsulfony! fluoride). The
Nonidet P-40 concentration was increased to 1%, and nuclei were
pelleted at 700 g for 10 min, washed once with 25 ml of NDS
buffer (1% Nonidet P-40), filtered through 70 pm mesh, pelleted
at 500 g for 10 min, resuspended in 1 volume of 1% citric acid,
lysed by the addition of 2.5 volumes of 0.1 M Tris-HC, 2.5% SDS,
and 0.1 M dithiothreitol, sonicated briefly, and heated to 90°C
for 3 min. Aliquots of nuclear protein (20 pg) were subjected to
SDS-PAGE. ’

Primary culture of rat preadipocytes

Fibroblastic preadipocytes were isolated from epididymal fat
pads of Wister rats by collagenase digestion as described pre-
viously (20). In brief, the epididymal fat pads from male Wister
rat were removed and minced in KRBH buffer (130 mM NaCl,
5.2 mM KCl, 1.3 mM KH,PO,, 2.7 mM CaCly, 1.3 mM MgSO,,
94.8 mM NaHCO3, and 10 mM HEPES at pH 7.4) supplemented
with 3% (w/v) BSA, 2 mM glucose, and 200 nM adenosine. After
digestion by collagenase (type II; 1.5 mg/ml) at 37°Cfor L hina
shaking water bath, the digest was filtered through sterile 230 pm
nylon mesh. The adipocytes were allowed to float to the top of the
tube and the infranatant was collected, passed through a 25 pm
stainless steel filter, and centrifuged at 230 gfor 10 min. The pel-
let was resuspended in MEM-a medium (Invitrogen) with 10%
FBS supplemented with penicillin and streptomycin (100 U/ml
and 100 pg/ml, respectively; Invitrogen). Red blood cells were
lysed by hypotonic shock (21). The cells were plated on 60 mm
culture dishes at a density of 6 X 107 cells/well. Medium was
changed every 2 days. After the cells reached confluence, dif-
ferentiation was induced in MEM-o medium with 10% FBS by the
addition of 0.3 mM isobutylmethylxanthine (Wako), 0.25 pM
dexamethasone, 5 pg/ml bovine insulin, and 1 pM pioglitazone
(provided by Takeda Pharmaceutical). The differentiation of
cells was morphologically confirmed. Differentiated adipocytes
were treated with either vehicle (ethanol) or 10 pM T0901317 for
12 h in MEM-a medium containing the indicated amounts of
glucose and insulin.

Primary culture of rat hepatocytes

Hepatocytes were isolated from nonfasted 4 week old Wister
rats by the collagenase perfusion method as described previously
(22). Cells were resuspended in DMEM containing 25 mM glu-
cose supplemented with 5% FBS and seeded on collagen-coated
100 mm dishes at a final density of 4 X 10* cells/cm‘l. After 4 h,
attached cells were cultured with Medium 199 containing Earle’s
salts (Invitrogen) and 5% FBS. After incubation for 20 h, cells
were treated with either vehicle (ethanol) or 10 pM T0901317 for
12 h in similar medium containing the indicated amounts of
glucose and insulin.

Preparation of nuclear extracts from cultured cells

Nuclear proteins from cultured cells were extracted as de-
scribed previously (23). In brief, 2 h before collection, ALLN
(6 pg/ml) was added to the medium. After collection, cells were
resuspended in buffer A (10 mM HEPES at pH 7.6, | mM KCl,
1.5 mM MgCly,, 1 mM EDTA, and 1 mM EGTA) and passed
through a 26 gauge needle 20 times and then briefly centrifuged.
The pellet, containing the nuclei, was resuspended in buffer B
(20 mM HEPES at pH 7.6, 25% glycerol, 0.42 M NaCl, 1.5 mM
MgCl,, 1 mM EDTA, 1 mM EGTA, and 0.5 mM dithiothreitol)
and rotated at 4°C for 15 min and then centrifuged at 15,000 g
for 20 min. The supernatant was collected as nuclear extract.
Whole cell lysates were harvested with a buffer (20 mM Tris-HCI
at pH 7.4) containing detergents (1% Triton X-100, 0.1% SDS,
and 1% sodium deoxycholate) and protease inhibitors according
to a standard protocol.

Immunoblotting of SREBP proteins

Membrane fractions from livers and epididymal fat pads
were prepared as described previously (18). Aliquots of nuclear
extract (20 pg) and membrane fraction (30 pg) proteins were
subjected to SDS-PAGE. Immunoblot analysis was performed
using the ECL Western Blotting Detection System (Amersham
Biosciences) and exposed to Kodak XAR-5 film. The primary
antibodies (rabbit polycional; No. 931 for mouse SREBP-l1a and
-1¢, No. 772 for SREBP-I¢, which does not bind to SREBP-1a, and
No. 528 for SREBP-2) were used as described previously (11, 17,
94). The precursor and mature SREBP-1 bands are ~125 and
63 kDa, respectively.

Transfection and luciferase assays

An expression plasmid for the human nuclear form of SREBP-
lc constructed in pcDNA3.1(+) (Invitrogen) was described pre-
viously (25). Luciferase reporter plasmids for the SRE promoter
(SRE-Luc) and the fatty acid synthase gene promoter (FAS-Luc)
were prepared as described previously (8, 24). Human hepatoma
HepG2 cells were cultured in DMEM containing 25 mM glucose,
100 U/ml penicillin, and 100 pg/ml streptomycin sulfate sup-
plemented with 10% FBS. On day 0, cells were plated on a 12-well
plate at 4.5 X 10* cells/well. On day 2, the indicated amounts
of mature SREBP-1c expression plasmids, mock plasmids [empty
pcDNA3.1(+)] to adjust total DNA amount, and luciferase re-
porter plasmids (FAS-Luc or SRE-Luc; 0.23 pg each) mixed with
an SV-B-galactosidase reference plasmid (0.1 pg; p-SV-B-gal;
Promega) were cotransfected into HepG2 cells using SuperFect
Transfection Reagent (Qiagen) according to the manufacturer’s
protocol. The luciferase activity in transfectants was measured on
a luminometer and normalized to B-galactosidase activity mea-
sured by standard kits (Promega).

3T3-L1 adipocytes were transfected by electroporation as de-
scribed previously (26, 27). In brief, after cells became confluent
(day 0), adipose conversion was induced in DMEM contain-
ing 25 mM glucose, 10% FBS, 0.5 mM isobutylmethylxan-
thine, 3 pg/ml bovine insulin, 0.25 pM dexamethasone, 1 M
pioglitazone, 33 uM biotin (Wako), 17 pM pantothenate (Wako),
and antibiotics. After 48 h, the induction mediumn was removed
and replaced by DMEM containing 25 mM glucose, 10% FBS,
insulin, pioglitazone, biotin, and pantothenate. This medium was
changed every 2 days. The adipocytes at day 8 of differentiation
grown on 60 mm dishes were detached from dishes with 0.25%
trypsin and 0.5 mg/ml collagenase (Wako) in PBS, washed twice,
and resuspended in PBS. The indicated amounts of SREBP-Ic
expression plasmids, mock plasmids to adjust total DNA amount,
luciferase reporter plasmids (FAS-Luc or SRE-Luc; 15 pg each),
and control plasmids (pSV-B-gal; 10 pg) were cotransfected to
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the cells by a pulse current generated from the electroporator
(Cell-Porator; Invitrogen) at 160 V with 880 wF capacitance and
a low ohm setting. After electroporation, cells were imme-
diately mixed with fresh medium for 10 min before being re-
seeded onto 24-well collagen—coated plates and assayed at 40 h
after transfection.

ChIP assays

ChIP assays were performed as described by Boyd and
Farnham (28) with minor modifications. The supernatant of
soluble chromatin derived from 1 X 10 cells was used. Briefly, rat
primary hepatocytes and adipocytes were treated with 1% form-
aldehyde for 10 min. The cross-linking reaction was stopped
by the addition of glycine to a final concentration of 0.125 M for
5 min. After washing with cold PBS, the cells were suspended
in cell lysis buffer containing 10 mM HEPES at pH 7.9, 10 mM
KCl, 1.3 mM MgCly, 1 mM EDTA, 1 mM EGTA, 0.5% Nonidet
P40, and protease inhibitors. After incubation for 30 min on ice,
the cells were passed through a 26 gauge needle 20 times on ice.
The nuclei were collected by microcentrifugation at 5,000 rpm
and resuspended in nuclear lysis buffer (50 mM TrissHCI at pH
8.1, 1% SDS, 10 mM EDTA, and protease inhibitors) on ice for
10 min. Samples were sonicated with a Branson sonifier at power
2 for six 10 s pulses to an average DNA length of <2 kb and then
microcentrifuged at 15,000 rpm for 10 min. The supernatant was
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diluted 10-fold with buffer containing 0.01% SDS, 16.7 mM Tris-
HCl at pH 8.1, 1.1% Triton X-100, 1.2 mM EDTA, 167 mM NaCl,
and protease inhibitors and precleared for 1.5 h with Protein
G-Sepharose. The supernatant was incubated with normal rab-
bit IgG or and-SREBP-1 antibody overnight at 4°C.

Samples were subsequently washed four times using wash
buffer A (0.1% SDS, 1% Triton X-100, 2 mM EDTA, 150 mM
NaCl, and 20 mM Tris-HCl at pH 8.1), wash buffer B (0.1% SDS,
1% Triton X-100, 2 mM EDTA, 500 mM NaCl, and 20 mM Tris-
HCI at pH 8.1), wash buffer C (0.25 M LiCl, 1% Nonidet P40,
1% deoxycholate, ] mM EDTA, and 10 mM Tris-HCl at pH 8.1),
and wash buffer D (1 mM EDTA and 10 mM Tris-HCl at pH 8.0)
and were eluted by 30 min of incubation with 100 pl of elu-
tion buffer (1% SDS, 50 mM NaHCO;, and 10 mM DTT). Then,
NaCl was added at a final concentration of 0.3 M and RNA was
removed by the addition of RNase A, and the samples were incu-
bated at 65°C for 4 h to reverse the formaldehyde-induced cross-
linking. Protein was digested by proteinase K in 2X PK buffer
(20 mM Tris-HCl at pH 7.5, 10 mM EDTA, and 1% SDS) at 45°C
for 2 h. The resulting chromatin DNA was further purified on
silica beads (Wizard DNA Clean-Up System; Promega) and used
as a template for PCR. Primers used to amplify FAS promoter
regions were as follows: for the SRE/E-box site at —65 (—109 to
+63 was amplified), 5-GACGCTCATTGGCCTGG-3" and
5-CTCTGGAGGCAGACGACAAG-3'; for the SRE-I site at —150
(—94 to —299 was amplified), 5-~AGGACAGAGATGAGGGCGTC-3’

B
SREBP-1_ FAS

- LXR - LXR - - LXR - - LXR -
— —— — — ————————— —
Fasted Reted Fasted Refed Fasted Refod Fasted Refed
e———— S——— ——— C—————

Liver WAT Liver WAT

sco

! 0
- tXR - - LXR - <« LXR - - LXR -
— e—

T S— —— — —
Fasted Refed Fasted Refed Fasted Refed Fasted Refed
e s—

Liver WAT

Liver WAT

Fig. 1. Sterol regulatory element-binding protein (SREBP)-1¢ activation by liver X receptor (LXR) agonists does not increase lipogenic
gene expression in mouse adipose tissue. Northern blot (A) and real-time PCR (B) analyses of liver and adipose tissue of mice treated
with LXR agonist are shown. C57BL/6] mice (8 weeks old, male, four animals for each group) were treated with the LXR agonist T0901317
(50 mg/kg) as indicated and euthanized at 12 h after treatment in a 24 h fasted state. Refed control mice were refed for 12 h after 24 h
of starvation. A: Total RNA (10 pg) pooled equally was subjected to Northern bloting. A ¢DNA probe for 36B4 (acidic ribosomal
phosphoprotein PO) was used to confirm equal loading. B: Real-time PCR analysis of RNA isolated from liver and adipose tissue. mRNA
levels of targel genes were normalized to 36B4. Values are means * SEM presented as fold changes relative to liver controls. ACC, acetyl-
coenzyme A carboxylase; FACE, fatly acylcoenzyme A elongase; SCD1, stearoyl-coenzyme A desaturase 1; WAT, white adipose tissue. * P <

0.05, ** P < (.01 versus controls.
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and 3-CCAGGCCAATGAGCGTC-3; for the nonspecific site
(— 1,076 to —904), 5*"AAGCCACTGCCCATAAGGTT-3 and 5-TT-
AAAGGGAGGGAGGGTGAG-3. For the SRE/E-box and non-
specific sites, PCR was performed using AmpliTaq Gold (Applied
Biosystems) under the following reaction conditions: after 9 min
at93°C, 35 cycles of 1 min at95°C, 30sat62°C,and | min at 72°C,
For the SRE-1 site, PCR was perfonmed using Advantage-GC Ge-
nomic Polymerase Mix (Clontech) under the following reaction
conditions: after 1 min at 95°C, 33 cycles of 30 s at 94°C, 30 s at
62°C, and 2.5 min at 68°C. After amplification, PCR products were
electrophoresed on a 3% NuSieve agarose gel and visualized by
ethidium bromide staining. These experiments were performed
at least three times.

RESULTS

SREBP-1c activation by LXR agonist does not induce
lipogenic gene expression in adipose tissue

In our first series of experiments, we examined the ef-
fects of SREBP-1c overexpression on lipogenic gene
expression in liver and adipose tissue. As expected, admin-
istration of synthetic LXR agonist T0901317 to animals
(mice in Fig. 1 and rats in Fig. 2) upregulated SREBP-1
expression and thereby the downstream lipogenic enzyme
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Fig. 2. SREBP-lc activation by LXR agonist does not induce lipo-
genic gene expression in rat adipose tissue. Northern blot analysis
of liver and adipose tissue of rats treated with LXR agonist is
shown. Wister rats (8 weeks old, male. three animals for each
group) were administered the LXR agonist T0901317 (10 mg/kg)
or vehicle alone and euthanized at 12 h after treatment in a fasted
state. Total RNA (10 pg) pooled equally was subjected to Northern
blotting. A ¢cDNA probe for 36B4 was used (o confirm equal load-
ing. The quantification results were obtained with the BAS2000
system and normalized to the signal generated from 36B4 mRNA,
and the fold changes against control are displayed above each
blot. §14, Spot 14; WAT, white adipose tissue.

genes, such as FAS, ACC, and stearoyl-coenzyme A de-
saturase 1, in their livers. In contrast, quite unexpectedly,
lipogenic genes in their adipose tissues were not influ-
enced by the treatment, although SREBP-1 was markedly
upregulated in the same way as in liver. These results from
Northern blotting were confirmed by quantitative real-
time PCR analyses (Fig. 1B). It is notable that SREBP-1
mRNA levels quantified by real-time PCR are equivalent in
both tissues, as shown in Fig. 1B, denying the possibility
that a lack of lipogenic gene induction in adipose tissue
is a quantitative effect. The effect of LXR activation was
further verified by the marked increase of ABCAl and
ABCG], representatives of LXR-activated genes (29, 30),
which were strongly induced in both tissues. These results
were not altered by combined administration of both LXR
agonist and the RXR agonist LG100268 (30 mg/kg),
which produced additive effects on the SREBP-1 pathway
in the liver but did not influence lipogenic gene expres-
sion in adipose tissue (data not shown).

Posttranslational activation of SREBP-1 is intact, and
mature protein is generated in adipose tissue

SREBP-1 is synthesized as a precursor bound to the en-
doplasmic reticulum and nuclear envelope and is released
from the membrane into the nucleus as a mature protein
by a cleavage process (6). Therefore, it is possible that
defective posttranslational processing of SREBP-1 in adi-
pocytes might result in this blunted response of lipogenic
genes o SREBP-1 overexpression. To test this possibil-
ity, we separated nuclei from liver and adipose tissue and
quantified the amount of mature SREBP-1 by immunoblot
analysis. As shown in Fig. 3, nuclear contents of SREBP-1
were increased similarly by LXR agonist in both liver and
adipose tissue, indicating that posttranslational process-
ing of SREBP-1 is intact in adipose tissue (Fig. 3A, mice;
Fig. 3B, rats). It was further confirmed by SREBP-lc-
specific antibody that isoform lc was increased in the nu-
clei of adipose tissue. These findings demonstrate that the
defective response of lipogenic genes to SREBP-1 overex-
pression in adipose tissue is not attributable to an impair-
ment of the SREBP-1c cleavage process.

To deny the possibility that the expression levels of the
nuclear form of SREBP-1 protein in adipose tissue stimu-
lated by LXR agonist are too low to increase lipogenic
gene expression, the effect of T0901317 was compared
with that of refeeding. As shown in Fig. 3C, the mature
form of SREBP-1 in the nuclei of LXR-stimulated adi-
pocytes is more abundant than that observed in adipocytes
from refed animals. However, this abundant SREBP-1 pro-
tein of the active form did not induce FAS expression at all
(Fig. 3D), demonstrating that the amount of SREBP-1 pro-
tein is not the cause of the inability of SREBP-1 to upregu-
late FAS expression in adipocytes.

SREBP-1 and lipogenic gene expression in primary
cultured cells

LXR widely modifies lipid and glucose metabolisim,
affecting serum levels of insulin and fatty acids (31), which
are known to influence the SREBP-1 pathway (32). To
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Fig. 3. Posturanslational activation of SREBP-1 is intact and mature protein is generated in adipose tissue. Immunoblot analyses of
SREBPs in nuclear proteins from liver (A, B) and adipose tissue (B, C) are shown. A: Mature forms of SREBP-1 and -2 in the liver. C57BL/6]
mice (8 weeks old, male, four mice for each group) were administered the LXR agonist T0901317 (50 mg/kg) and/or the retinoid
X receptor (RXR) agonist LG100268 (30 mg/kg) as indicated and euthanized at 12 h after treatment in a 24 h fasted state. Refed control
mice were refed for 12 h after 24 h of starvation. B: Mature forms of SREBP-1 and -2 in liver and adipose tissue were quantified from
Wister rats (8 weeks old, male) administered T0901317 (10 mg/kg) or vehicle alone and euthanized at 12 h after treatment in a fasted
state. Nuclei were isolated from liver (pooled within groups) and adipose tissue (individually), and aliquots of nuclear proteins (20 pg) were
subjected to immunoblot analysis. SREBP-1c-specific antibody was also used. C, D: Effect of administering LXR agonist compared with
that of releeding rats. C: Precursor and mature forms of SREBP-1 in adipose lissue were visualized by immunoblots. D: Northern blotting
ol SREBP-1 and FAS. Wister rats (8 weeks old, male, three animals for each group) were administered T0901317 (10 mg/kg) or vehicle

alone at 12 h before euthanization. WAT, white adipose tissue.

eliminate these indirect effects through systemic factors
and reinforce the in vivo results, we also examined the
effects of SREBP-1c¢ activation in primary cultured hepa-
tocytes and adipocytes in vitro, whose isoform patterns of
SREBP-1 are lc-predominant as assessed by quantitative
real-time PCR assays (data not shown). In these primary
models, it was demonstrated that the overexpression of
SREBP-1 mRNA and thereby precursor proteins induced
by LXR agonist led to the increase of mature SREBP-1
proteins in both hepatocytes and adipocytes (Fig. 4). How-
ever, the resulting activation of SREBP-1 produced totally
different effects on lipogenic gene expression between
hepatocytes and adipocytes; consistent with the in vivo
results described above, FAS mRNA expression was up-
regulated by SREBP-1c in hepatocytes but was not induced
in adipocytes.

Transcriptional activity of SREBP-1c for the FAS promoter
is negligible in adipocytes

As described above, the contribution of SREBP-1 to lipo-
genic gene regulation was demonstrated to be different
between hepatocytes and adipocytes. Because SREBP-1¢
activation processes are revealed to be equally intact in
both cell types, it is presumed that nuclear SREBP-1 would
have different transcriptional activity in hepatocytes and

1586  Journal of Lipid Research Volume 48, 2007

adipocytes. To test this hypothesis, we performed lucifer-
ase reporter gene assays and compared transcriptional
activities of nuclear SREBP-1c between HepG2 hepa-
toma cells and 3T3-L1 adipocytes. We estimated the tran-
scriptional activity of nuclear SREBP-1c against the FAS
promoter by transfecting cells with FAS-Luc reporter plas-
mids along with mature SREBP-1c expression plasmids.
Transfection efficiency was evaluated using an optimum
SRE-Luc as a control. As shown in Fig. 5, in HepG2 cells,
FAS-Luc and SRE-Luc were vigorously activated by SREBP-
1c. In contrast, activation of FAS-Luc by the active form of
SREBP-1c was faint in 3T3-L1 adipocytes, whereas SRE-Luc
was highly activated. These data demonstrate that the tran-
scriptional activity of SREBP-1c against the FAS promoter
is far lower in adipocytes compared with hepatocytes.

SREBP-1 does not bind to the functional cis element on the
FAS promoter in adipocytes

To further investigate the molecular mechanism against
the inability of SREBP-1 to activate transcription from the
FAS gene in adipocytes, we evaluated the direct binding
of SREBP-1 to the FAS promoter using ChlP assays. In the
FAS promoter, two potential binding sites for SREBP-1
have been identified: one is —65 SRE/E-box, which con-
tains two tandem copies of SREs and the E-box; the other
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Fig. 4. Northern and Western blot analyses of SREBP-1 in primary hepatocytes and adipocytes. A, B: mRNA
quantification of SREBP-1 and lipogenic genes in primary hepatocytes (A) and adipocytes (B). Hepato-
cytes isolated [rom rat livers (A) and adipocytes differentiated from rat preadipocytes (B) were incubated
for 12 h with or without T0901317 (10 wM) and insulin (100 nM). Incubation medium contained either
5 mM glucose (LG; low glucose) or 25 mM glucose (HG; high glucose). Total RNA (10 pg) was subjected to
Northern blotting. A ¢cDNA probe for 36B4 was used to confirm equal loading. The quantification results
were obtained with the BAS2000 system and normalized to the signal generated {rom 36B4 mRNA, and fold
changes against control are displayed above each blot. C, D: Precursor and mature forms of SREBP-1
proteins [rom primary hepatocytes (C) and adipocytes (D) are shown. Cells were stimulated as described
above, whole cell lysates (50 pg of protein) were subjected to immunoblot analysis, and the bands cor-
responding to precursor and mature SREBP-1 proteins are presented as indicated. These experiments were

repeated twice, and reproducibility was confirmed.

is —150 SRE-1, which is not functional because of the lack
of cofactor binding sites nearby, although the sequence
itself is a complete SRE (5-TCACCCCAGC-3) (33, 34). In our
ChIP assays, SREBP-1 activation augmented its binding
to —65 SRE/E-box in rat primary hepatocytes, as expected
(Fig. 6). In sharp contrast to this, SREBP-1 activation did
not result in its recruitment to —65 SRE/E-box in adipo-
cytes, demonstrating that SREBP-1 does not bind to the
functional cis element on the FAS promoter in adipo-
cytes. Meanwhile, SREBP-1 activation led to its binding to
—150 SRE-1 in both hepatocytes and adipocytes. These
results were also confirmed using mouse primary cells
(data not shown).

Genetic disruption of SREBP-1 decreases lipogenic gene
expression as well as the responses to LXR activation in the
liver, but not in adipose tissue

To further validate that SREBP-1 is not involved in the
regulation of lipogenic genes in adipocytes, we evaluated

FAS expression in SREBP-1 knockout mice with or without
LXR stimulation. As shown in Fig. 7, genetic deletion of
SREBP-1 impaired the transactivation of FAS in response
to LXR activation in liver, whereas in adipose tissue, LXR
activation did not alter the expression levels of these lipo-
genic genes in either SREBP-1 knockout or wild-type mice.
These results demonstrate that SREBP-1 does not substan-
tially contribute to the regulation of FAS expression in
adipose tissue, whereas in the liver, SREBP-1 actually regu-
lates the expression level of FAS.

DISCUSSION

This study has clearly demonstrated that lipogenic gene
regulation is primarily independent of SREBP-1c in adi-
pocytes. Hence, the involvement of SREBP-1c¢ in fatty acid
synthesis differs fundamentally between liver and adipose
tissue, the two major lipogenic organs.

SREBP-l-independent regulation of lipogenic genes in adipocytes 1587
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with the indicated amounts of mature SREBP-1¢ expres-
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Recently, a microarray analysis of mouse liver and adi-
pose tissue stimulated by LXR agonist was reported by
others (35). In that study, SREBP-1 mRNA expression was
induced in both liver and adipose tissue by LXR agonist,
whereas lipogenic genes such as fatty acid synthase, malic
enzyme, and Spot 14 were upregulated only in liver and
not in adipose tissue, supporting our data. We further
proceeded to explore the underlying mechanism for this
discrepancy and have revealed that the active form of
SREBP-1 is definitely generated but does not wransacti-
vate lipogenic genes in adipocytes, as a result of defective
binding to functional SRE in promoter regions in vivo.

In our first series of experiments, we demonstrated that
in both adipocytes and hepatocytes the nuclear content
of mature SREBP-1 protein parallels the amount of the
precursor form of SREBP-1, whether its expression is in-
creased by LXR activation or by refeeding. This observa-
tion indicates that the proteolytic activation of SREBP-1
precursor protein is intact in adipocytes and that SREBP-1
is basically activated when its mRNA expression is upregu-
lated. This feature of SREBP-1 activation provides a sharp
contrast to that of SREBP-2, which is tightly regulated
through the cleavage processes as a pivotal part of the
negative feedback system to maintain cholesterol homeo-
stasis (6). In fact, SREBP-1 and -2 are reported to be regu-
lated distinctly under some specific conditions (18, 36).
It is intriguing that there is so much difference in the
regulation of the proteolytic activation of SREBP-1 and -2,
although they are both subject to the same cleavage ma-
chineries, consisting of SREBP cleavage-activating protein
and site-1/2 proteases (37).

Nevertheless, in contrast to hepatocytes, increases of
the active form of SREBP-1c protein failed to activate

1588  Journal of Lipid Research Volume 48, 2007

lipogenic genes in adipocytes. This ineffectiveness of
SREBP-1c in adipocytes was validated by four lines of evi-
dence: I) overexpression of active SREBP-1c had little ef-
fect on mRNA levels of lipogenic genes; 2) transcriptional
activity of SREBP-1c against the FAS promoter measured
by reporter analysis was faint; 3) nuclear SREBP-1c failed
to bind to the functional cis element of the FAS promoter
in adipocytes; and 4) genetic disruption of SREBP-1 hardly
affected mRNA levels of lipogenic genes. These results
are further supported by the recent report claiming
that mRNA levels of SREBP-1c do not coincide with the
changes in adipose lipogenic gene expression (38, 39).

Regarding why mature SREBP-1c poorly transactivates
lipogenic genes in adipocytes, there are two possibilities:
I) SREBP-1c cannot reach its binding sites on the pro-
moters; and 2) SREBP-1c properly binds to its cognate
sites, but the absence of required coactivator(s) or the
presence of corepressor(s) specific to adipocytes prevents
the genes from being transcribed. Our results from ChlP
assays favor the former hypothesis. SREBP-1 was able to
access both functional —65 SRE/E-box and nonfunctional
—150 SRE-1 site in hepatocytes. In contrast, SREBP-1
could not bind to —65 SRE/E-box in adipocytes, although
binding to —150 SRE-1 site was intact and similar to that
observed in hepatocytes.

Another question our studies bring up is what tran-
scription factors then regulate lipogenic gene expres-
sion in adipocytes. Unfortunately, we have few clues
on this issue, except that this factor should be func-
tionally activated by refeeding. Upstream stimulatory
factors-1/2 (40-42), carbohydrate response element bind-
ing protein (43), and CCAAT/enhancer binding protein
a (44) are potential candidates, but an as yet unknown
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Fig. 6. SREBP-1 does not bind to the functional cis element on the FAS promoter in adipocytes. A:
Chromatin immunoprecipitation (ChIP) assays using antibody to SREBP-1 and amplifying DNA f{rag-
ments from the FAS promoter. Primary hepatocytes and adipocytes differentiated from preadipocytes were
incubated for 12 h with or without T0901317 (10 pM). After crosslinking, the nuclei were isolated
and sonicated, and chromatin protein-DNA complexes were immunoprecipitated with control rabbit IgG
or anti-SREBP-1 antibodies. The resultant DNA was analyzed by PCR with primers amplifying — 150 SRE-1,
~65 SRE/E-box, and a nonspecific region (Irom ~1,076 to —904) on the FAS promoter. The results shown
here are representative of three independent experiments. B: Schematic representations of the FAS
promoter. The FAS promoter contains two SREBP-1 recognition sites: —150 SRE-1 and —~65 SRE/E-box.
ChIP assays revealed tissue<dependent recruiument of SREBP-1; SREBP-1 can bind to both functional
SRE/E-box and nonfunctional SRE-1 in hepatocytes, whereas the binding to SRE/E-box is prevented
in adipocytes.

factor might be the answer. Further studies in adipocytes
are imperative.

It has been reported by others that fatty acid synth-
ase gene expression is increased by SREBP-lc through
adenovirus-mediated gene transduction to 3T3-L1 adipo-
cytes-(45). In our experiments, FAS-Luc reporter activity
was not increased by SREBP-1c¢ transfection (Fig. 5). The
cause of this discrepancy is not clear, butitis possible that the
conditions of our transfection by electroporation method

resulted in a more physiological level of SREBP-1c increase
compared with adenovirus-mediated overexpression.

The importance of the LXR pathway in the regulation of
lipogenesis and adipogenesis in adipocytes has been con-
troversial; some reports have concluded that LXR stimu-
lation leads to lipogenic gene activation (46, 47), whereas
others have presented opposing data (35, 48). The current
data support no impact of the LXR ligand on the gene
expression of lipogenic enzymes, but the discrepancy
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Fig. 7. Effects of the genetic disruption of SREBP-1. SREBP-1 disruption decreased lipogenic gene
expression as well as the responses to LXR activation in the liver (left panel), whereas it did not do so in
adipose tissue (right panel). SREBP-1 knockout mice in the C37BL/6] background (16 weeks old, female,
three mice for each group) and their control littermates were treated with T0901317 (50 mg/kg) and
analyzed by Northern blot. Mice were euthanized at 12 h after treatment in a 24 h fasted state. WAT, white
adipose tissue.
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might originate from differences in experimental condi-
tions, such as variable glucose availability, that might in-
directly influence lipogenesis, considering that the LXR
pathway is reported to upregulate glucose transport (49).
Our main conclusion here is that adipocyte lipogenesis
is independent of SREBP-1c even if upregulated by LXR
activation, consistent with our previous and current data
from SREBP-1-null mice.

In summary, we have found that lipogenic genes in
adipocytes are primarily regulated by factor(s) other than
SREBP-1. Although proteolytic activation of SREBP-1
is intact and the resulting active form of SREBP-1 is up-
regulated whenever the SREBP-1 gene is stimulated, it
does not function as a transactivator for lipogenic genes
in adipocytes.Bl
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Original Article

Involvement of Apolipoprotein E in Excess Fat
Accumulation and Insulin Resistance

Junhong Gao,'? Hideki Katagiri,”? Yasushi Ishigaki,' Tetsuya Yamada,' Takehide Ogihara,?
Junta Imai,'? Kenji Uno,"? Yutaka Hasegawa,'> Makoto Kanzaki,> Tokuo T. Yamamoto,*

Shun Ishibashi,” and Yoshitomo Oka'

Although apolipoprotein E (apoE) is well known to play a
major role in lipid metabolism, its role in glucose and
energy homeostasis remains unclear. Herein, we estab-
lished apoE-deficient genetically obese Ay (apoE ™'~ ;Ay/+)
mice. ApoE deficiency in Ay mice prevented the develop-
ment of obesity, with decreased fat accumulation in the
liver and adipose tissues. ApoE'";Ay/+ mice exhibited
better glucose tolerance than apoE*/*;Ay/+ mice. Insulin
tolerance testing and hyperinsulinemic-euglycemic clamp
study revealed marked improvement of insulin sensitivity,
despite increased plasma free fatty acid levels. These
metabolic phenotypes were reversed by adenoviral replen-
ishment of apoE protein, indicating circulating apoE to be
involved in increased adiposity and obesity-related meta-
bolic disorders. Uptake of apoE-lacking VLDL into the liver
and adipocytes was markedly inhibited, but adipocytes in
apoE ~/";Ay/+ mice exhibited normal differentiation, sug-
gesting that apoE-dependent VLDL transport is involved in
the development of obesity, i.e., surplus fat accumulation.
Interestingly, apoE ™'~ ;Ay/+ mice exhibited decreased food
intake and increased energy expenditure. Pair-feeding ex-
periments indicate these phenomena to both contribute to
the obesity-resistant phenotypes associated with apoE de-
ficiency. Thus, apoE is involved in maintaining energy
homeostasis. ApoE-dependent excess fat accumulation is a
promising therapeutic target for the metabolic syndrome.
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besity causes various metabolic disorders, in-
cluding diabetes, dyslipidemia, and hyperten-
sion and has become a major public health
concern in most industrialized countries in
recent decades (1). Obesity results mainly from excess
energy intake and physical inactivity, and the molecular
mechanisms of body weight control have been intensively
studied from various aspects, including appetite, energy
expenditure, glucose and lipid metabolism, and adiposity
(2). Excess fat accumulation is associated with metabolic
disorders including insulin resistance, glucose intolerance,
and dyslipidemia (3). In addition, we reported that dissi-
pating excess energy improves diabetes and obesity in
mice (4). On the other hand, lipoatrophy also leads to
these metabolic disorders in mice and humans. Fat-less
mice (5,6) as well as patients with lipodystrophy (7)
exhibit severe insulin resistance and diabetes. Thus, having
an appropriate adipose tissue amount is important for main-
taining glucose homeostasis via adipocyte metabolic activi-
ties including production and secretion of adipocytokines.
Apolipoprotein E (apoE) is a structural component of all
lipoprotein particles except LDL and serves as a high-
affinity ligand for lipoprotein receptors (8). ApoE plays
important roles in hepatic uptake of chylomicron and
VLDL remnants (9,10) as well as hepatic secretion of VLDL
(11). In contrast, involvement of apoE in adiposity, insulin
sensitivity, and glucose metabolism is somewhat contro-
versial. ApoE ™~ mice treated with gold thioglucose be-
come obese and diabetic (12). High-fat chow induces
obesity in apoE™’~ mice in a manner similar to that in
wild-type C57BL/6 mice, while apoE deficiency produced
resistance to some obesity-related phenotypic features,
including hyperinsulinemia and hyperglycemia (13). On
the other hand, Chiba et al. reported that apoE deficiency
in ob/ob mice resulted in neither increased body weight
nor adiposity, but glucose metabolism and insulin sensi-
tivity were not examined (14). They attributed decreased
adiposity in ob/ob;apoE ™~ mice to impaired adipocyte
differentiation based on in vitro findings obtained using
bone marrow stromal cells and 3T3-L1 cells. However, im-
paired adipocyte differentiation induces severe insulin resis-
tance and diabetes (5,6), markedly different from the
metabolic phenotypes of apoE™~ mice. Thus, it remains
unclear how, and even whether, apoE is involved in adiposity
and glucose metabolism.
Herein, we recognized that adult apoE */~ mice are
leaner and more glucose tolerant than wild-type mice. In
contrast, younger apoE ~/~ mice exhibit normal adiposity,
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i.e., they are not lipoatrophic. These findings led us to
postulate that apoE is involved in surplus fat accumula-
tion, resulting in the development of insulin resistance, but
does not play a major role in the fat accumulation required
for adipocyte function. To clarify whether apoE is in-
volved in the development of insulin resistance associated
with obesity and, if so, to identify the underlying mecha-
nisms, we established apoE-deficient genetically obese Ay
(apoE ™’/ ";Ay/+) mice. Without impairing adipocyte differ-
entiation in vivo, apoE deficiency in Ay mice prevented
obesity, glucose intolerance, and insulin resistance. Inter-
estingly, apoE™ ":Ay/+ mice exhibited decreased food
intake and increased energy expenditure, both of which
contribute to the obesity-resistant phenotypes associated
with apoE deficiency. Thus, apoE is a key molecule for
development of obesity, i.e., excess fat accumulation, and
is a possible therapeutic target for the metabolic syndrome.

RESEARCH DESIGN AND METHODS

Animal studies were conducted in accordance with the institutional guidelines
for animal experiments at Tohoku University. ApoE*";Ay/+ mice were
obtained by mating male KKAy mice (Nippon CLEA, Shizuoka, Japan) and
female apoE-deficient mice with the C57BL/GJ background (15) (The Jackson
Laboratory, Bar Harbor, ME). Male apoE*/~;Ay/+ mice were mated with
female apoE™*™ mice with the C57BL/GJ background. Mice of three geno-
tyopes, apoE*/*;Ay/+, apoE*/~;Ay/+, and apoE~'";Ay/+, were selected.
Littermates were used in each experiment. These mice were housed individ-
ually and started on a high-fat diet consisting of 15.3% (wt/wt) fat (Quick Fat;
Nippon CLEA, Shizuoka, Japan) at 6 weeks of age. Experiments were
performied 5 weeks after high-fat loading. Viruses were administered intrave-
nously at a dose of 2 X 10° plague-forming units 4 weeks after high-fat loading.
For pairfeeding experiments, apoE™*;Ay/+ mice were allotted into two
groups at 4 weeks of age. One group was given their daily food allotments
based on the previous days’ consumption by apoE~'";Ay/+ littermate mice.
Recombinant adenovirus preparation. Recombinant adenovirus, containing
the human apoE2, E3, E4, or bacterial B-galactosidase gene (AdexICAlacZ)
cDNA under the CAG pronoter, was prepared as described previously (16).
Oxygen consumption. Oxygen consumption was measured with an 0,/CO,
metabolism measuring system (model MK-5000RQ; Muromachikikai, Tokyo,
Japan) as described previously (4).

Histological analysis. Livers and adipose tissues were removed, fixed with
10% formalin, and embedded in paraffin. Tissue sections were stained with
hematoxylin-eosin or 0.1% (wt/vol) Oil Red O. Total adipocyte areas were
traced manually and analyzed. Brown and white adipocyte areas were
measured in 100 or more cells per mouse in each group.

Triglyceride contents of the liver and adipose tissue. Frozen livers or
adipose tissues were homogenized, and triglycerides were extracted with
CHCI,:CH,0H (2:1 vol:vol), dried, and resuspended in 2-propanol. Triglyceride
contents were measured using Lipidos liquid (Toyobo, Osaka, Japan).
Tyrosine phosphorylation of insulin receptor substrate 1. Mice that had
been fasted for 16 h were injected with 100 pl normal saline (0.9% NaCl), with
or without 10 units/kg body wt of insulin via the tail vein. Hindlimb muscles
were removed 300 s later and immediately homogenized. After centrifugation,
the resulting supernatants were used for immunoprecipitation with anti-
insulin receptor substrate 1 (IRS-1) antibody (17). Immunoprecipitates were
subjected to SDS-PAGE and then immunoblotted using antiphosphotyrosine
antibody (4G10) as described previously (17).

Blood analysis. Blood glucose, plasma insulin, leptin, adiponectin, tumor
necrosis factor (TNF)-«, total cholesterol, triglyceride, and (ree fatty acid
(FFA) concentrations were determined as described previously (4). Plasma
lipoproteins were analyzed by high-performance liquid chromatography
(HPLC) using molecular sieve columns (Skylight Biotech, Akita, Japan) (18).
Glucose and insulin tolerance tests. Glucose and insulin tolerance tests
were performed as described previously with slight modification (19). Glucose
tolerance tests were performed on fasted (10 h) mice. Mice were given oral
glucose (1 g/kg body wt), and blood glucose was assayed inunediately before
and at 15, 30, 60, and 120 min postadministration. Insulin tolerance tests were
performed on fed mice. Mice were injected with human regular insulin (1.5
units/kg body wt; Eli Lilly, Kobe, Japan) into the intraperitoneal space, and
blood glucose was assayed immediately before and at 20, 40, 60, and 80 min
postinjection.

Hyperinsulinemic-euglycemic clamp. Hyperinsulinemic-euglycemic clamp
studies were perforined as described previously (20). Chronically cannulated,
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conscious and unrestrained mice were fasted for 6 h before the study. Insulin
(500 mU - kg™' - min~") was infused throughout the clamp study. Blood
glucose was mwonitored every 5 min via carotid arterial catheter samples.
Glucose was infused at a variable rate to maintain blood glucuse at 120 mg/dl.
The glucose infusion rate and endogenous glucose production were calculated
as described (20).

Quantitative RT-PCR-based gene expression. Total RNA was isolated
from 0.1 g¢ mouse adipose tissue with Isogen (Wako Pure Cheniical, Osaka,
Japan), and cDNA was synthesized with a Cloned AMV First Strand Synthesis
Kit (Invitrogen, Rockville, MD) using 5 pg total RNA. cDNA synthesized from
total RNA was evaluated using real-time quantitative PCR (Light Cycler Quick
System 3508; Roche Diagnostics, Mannheim, Germany). The relative amount
of mRNA was calculated with 28S rRNA as the invariant control. The primers
used are described in Supplemental Table 1 (online appendix [available at
http://diabetes.diabetesjournals.org)).

B-VLDL uptake into cultured adipocytes. Murine 3T3-L1 preadipocytes
were maintained and differentiated into adipocytes as described previously
(21). B-VLDL (d < 1.006 g/ml) was purified from the blood of apoE™'~ mice
with high-fat loading and labeled with fluorescent lipid Dil (1,1'«dioctadecyl-
3,3,3',3'-tetramethylindocarbocyanine perchlorate) as described previously
(22). After labeling with Dil, B-VLDL was incubated with an equal amount, of
recombinant human apoE3 for 1 h at 37°C (23). Dil-labeled B-VLDL (4 pg
protein/ml) with or without apoE had been incubated with fully differentiated
3T3-L1 adipocytes for 8 h at 37°C. Cells were rinsed twice with PBS and
solubilized with 0.1 N NaOH/1% SDS. Fluorescent intensities of cell lysates
were measured with a fluorescent spectrophotometer (F-2000; Hitachi, Tokyo,
Japan) (24). ’
Triglyceride secretion rate. To assess hepatic triglyceride secretion, 500
mg/kg Triton WR-1339 (Sigma), which blocks lipolysis of triglycerides in
peripheral tissue, was injected into the tail veins of the 6 h-fasted apoE*"*;
Ay/+ mice, and blood samiples were taken immediately before and 30, 60, and
90 min after injection (25).

Hepatic uptake of B-VLDL. Male C57BL/G6N mice at 6 weeks of age were
injected via tail vein with fluorescent B-VLDL (5 pg/mouse) with or without
apoE in 0.2 ml PBS. Thirty minutes after injection, the mice were killed and
their livers excised for lipid extraction and fluorescence measurement as
described previously (26).

Statistical analysis. All data were expressed as means * SEM. The
statistical significance of differences was assessed by the unpaired ¢ test and
one-factor ANOVA.

RESULTS

ApoE deficiency inhibited the development of obe-
sity. This study was prompted by the unexpected obser-
vation that aged apoE '~ mice are leaner and more insulin
sensitive than apoE*’* mice of the same age with the
C57BL/6J background. Therefore, we weighed apoE ™/~
and apoE™" mice from 6 to 42 weeks of age, while
maintaining the animals on high-fat chow. Body weights
were similar through 10 weeks of age, but apoE ™'~ mice
had significantly lower body weights after 14 weeks of age
(Fig. 14). Glucose tolerance in 30-week-old apoE ™'~ mice
was moderately better than that in apoE™'" littermate
mice (Fig. 1B). Thus, apoE deficiency prevents the devel-
opment of obesity and associated glucose intolerance,
while its effects on glucose tolerance are small.

Next, to elucidate the roles of apoE in development of
the metabolic disorders associated with obesity, we estab-
lished apoE*/*:Ay/+, apoE*/~;Ay/+, and apoE™'";Ay/+
mice. These mice were fed a 15% fat chow from 6 weeks of
age. First, we compared body weights. As shown in Fig.
1C, mice gained weight in an apoE gene dosage-dependent
manner; apoE deficiency significantly suppressed weight
gain. Several organs and tissues were weighed at 11 weeks
of age. Weights of the liver and both brown and white
adipose tissues were significantly lower in an apoE gene
dosage-dependent manner (Fig. 1D). In contrast, weights
of other organs, which are minimally involved in lipid
accumulation, were similar in apoE*/*;Ay/+ and apoE " ~;
Ay/+ mice (Supplemental Table 2 [online appendix]).
Triglyceride contents of the liver and mesenteric adipose
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FIG. 1. ApoE deficiency suppressed body weight gain and fat accumulation. A and B: Body weights were determined from 6 to 40 weeks of age (A)
and glucose tolerance tests were performed (B) in apoE*'* mice (O) and apoE~'~ mice (®; n = 6 per group) at 30 weeks of age with the C57BL/6
background. C: Body weights were determined from 6 to 20 weeks of age in apoE*'*;Ay/+ (O), apoE*'";Ay/+ (1), and apoE ™ ";Ay/+ (@) mice fed
15% fat chow. D—J: The liver and fat tissues of apoE* *;Ay/+, apoE*/~;Ay/+, and apoE~'~;Ay/+ mice at 11 weeks of age. D: The liver, brown
adipose, and mesenteric and retroperitoneal white adipose tissues from apoE*'*;Ay/+ ((]), apoE*'";Ay/+ (@), and apoE~'~;Ay/+ (W) mice (n =
6-8 per group) were weighed. E—J: Histological findings of the liver stained with hematoxylin-eosin (E) and Oil Red O (F), as well as hematoxylin-
eosin staining of brown adipose (G) and mesenteric white adipose (H) tissues in apoE*'*;Ay/+ (left), apoE*/";Ay/+ (middle), and apoE™"";Ay/+
(right) mice. Brown adipose (I) and mesenteric white adipose (J) cell diameters were measured in apoE*"*;Ay/+ (O), apoE*'";Ay/+ (B), and
apoE~"~;Ay/+ ((J) mice. Representative histological findings are shown. Data are presented as means * SE. *P < 0.05, **P < 0.01 by the unpaired
t test and one-way ANOVA.

tissue were significantly smaller in apoE ~/":Ay/+ than in
apoE"’";Ay/+ mice (apoE'/";Ay/+ vs. apoE 7 7;Ay/+
mice: liver, 0.467 * 0.069 vs. 0.365 * 0.036 mg/protein, P =
0.02; white adipose tissue, 124 * 14 vs. 58 = 1.3
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mg/protein, P = 0.002). Histological analyses revealed that
apoE deficiency inhibited hepatic fat accumulation, while
abundant lipid droplets were present in the livers of
apoE*/";Ay/+ mice (Fig. 1E and F). In addition, brown
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FIG. 2. ApoE deficiency improved glucose tolerance and insulin sensitivity in genetically obese mice. A: Fasting blood glucose levels were
examined in apoE**:Ay/+ (O), apoE*'";Ay/+ (M), and apoE~";Ay/+ (@) mice biweekly from 6 to 12 weeks of age. B: Fasting plasma insulin levels
of apoE*/*;Ay/+ ([1), apoE*'";Ay/+ (@), and apoE~'~;Ay/+ (M) mice were measured. C and D: Glucose tolerance (C) and insulin tolerance (D)
tests were performed in apoE*/*;Ay/+ (O), apoE*'~;Ay/+ (4), and apoE~/";Ay/+ (@) mice. Data were expressed as percentages of blood glucose
levels immediately before intraperitoneal insulin loading (2 = 4-6 per group). E: Glucose infusion rates during hyperinsulinemic-euglycemic
clamp studies were measured in apoE*'*;Ay/+ ([), apoE*';Ay/+ (2), and apoE~"";Ay/+ (M) mice (n = 3 per group). F: Insulin-stimulated
tyrosine phosphorylation of IRS-1 proteins in muscle. Mice that had been fasted for 16 h received an intravenous injection of 100 pl normal saline
with or without insulin (10 units/kg body wt). Hindlimb muscles were removed 300 s later, and lysates were immunoprecipitated with anti-IRS-1
antibody. Immunoprecipitates were subjected to SDS-PAGE and immunoblotted with anti-phosphotyrosine antibody (4G10). Representative
histological findings and immunoblots are presented. These metabolic studies in B-F were performed using 11-week-old mice. In A-F, data are

presented graphically as means * SE. *P < 0.05, **P < 0.01 by the unpaired ¢ test and one-way ANOVA.

(Fig. 1G@) and white (Fig. 1H) adipose tissues of apoE ™"
Ay/+ mice were significantly smaller than those of apoE MAS
Ay/+ mice. ApoE deficiency also decreased cell diameters in
both brown (Fig. 1I) and white (Fig. 1J) adipose tissues.
These findings suggest that apoE deficiency results in resis-
tance to obesity via suppression of fat accumulation in the
liver and fat tissues under obesity-inducing conditions.
ApoE deficiency induced greater glucose tolerance
and insulin sensitivity in obese states. As described
previously (15), lipid metabolism was markedly impaired
with apoE deficiency (Supplemental Fig. 14 [online appen-
dix]). Plasma cholesterol, triglyceride, and FFA levels
were markedly higher in apoE™" 7;Ay/+ than in apoE*'*;
Ay/+ mice. HPLC analysis of plasma lipid profiles revealed
that chylomicron, VLDL, and LDL fractions were markedly
increased in apoE ™~ ";Ay/+ compared with apoE*'*;Ay/+
mice (Supplemental Fig. 18 [online appendix])).

DIABETES, VOL. 56, JANUARY 2007

Next, we examined the effects of apoE deficiency on
glucose metabolism as well as insulin sensitivity in genet-
ically obese Ay mice. From age 8 weeks onward, fasting
blood glucose was markedly increased in apoE Ayl +
mice on high-fat chow, but this glucose elevation was
significantly inhibited by apoE deficiency (Fig. 24). Fast-
ing blood insulin levels at 11 weeks of age were lower, by
78%, in apoE~'7;Ay/+ than in apoE*’*;Ay/+ mice (Fig.
2B). Glucose (Fig. 2C) and insulin (Fig. 2D) tolerance tests
documented that ApoE ™ ~;Ay/+ mice were more glucose
tolerant and insulin sensitive. We further examined insulin
sensitivity using hyperinsulinemic-euglycemic clamp pro-
cedures. ApoE**;Ay/+ mice fed high-fat chow exhibited
severe insulin resistance, while in apoE™";Ay/+ mice,
glucose infusion rates were markedly higher, by 54-fold
(Fig. 2E). Thus, despite hyperlipidemia, especially in-
creased plasma FFA levels, apoE deficiency markedly
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FIG. 3. ApoE deficiency affected plasma adipocytokine profiles and expressions of the mRNAs for inflammation- and differentiation-related
proteins in adipose tissue. A: Plasma adipocytokines (left, leptin; middle, TNF-«; right, adiponectin) of high-fat chow-fed apoE*'*;Ay/+ (),
apoE*'~;Ay/+ (%), and apoE~’~;Ay/+ (M) mice were measured after a 10-h fast at 11 weeks of age. B and C: Relative amounts of mRNA in
mesenteric white adipose tissue from apoE*'*;Ay/+ ({1) and apoE ™~ ~;Ay/+ (I) mice were determined by quantitative RT-PCR and corrected with
28S rRNA as the internal standard. Total RNA in white adipose tissue was isolated, after a 10-h fast, from 11-week-old mice. Levels of the mRNA
levels for inflammation (B)- and differentiation (C)-related proteins in adipose tissue were assayed (n = 6 per group). Data are presented as
means * SE. *P < 0.03, **P < 0.01 by one-way ANOVA (A) and the unpaired ¢ test (B and C).

improves glucose tolerance and insulin sensitivity. In
addition, insulin-stimulated tyrosine phosphorylation of
IRS-1 in muscle was enhanced in apoE ~";Ay/+ compared
with apoE*'*;Ay/+ mice (Fig. 2F). Thus, apoE deficiency
apparently prevents surplus fat accumulation in adipose
tissue and insulin resistance in muscle, resulting in better
glucose tolerance.

Adipocytes are differentiated normally in apoE™"";
Ay/+ mice in vivo. We next determined plasma adipocy-
tokine profiles (Fig. 34). In apoE ~/7;Ay/+ mice, plasma
leptin levels were slightly decreased and TNF-a levels
were markedly lower than those in apoE™*;Ay/+ mice,
while plasma adiponectin levels were significantly higher.
Thus, apoE deficiency improved obesity-induced alter-
ations in adipocytokine profiles. In addition, quantitative
RT-PCR revealed that expressions of F4/80, monocyte
chemoattractant protein-1, inducible nitric oxide synthase,
and interleukin-6 in mesenteric adipose tissue were signif-
icantly lower in apoE ' ";Ay/+ than in apoE™";Ay/+ mice
(Fig. 3B), suggesting inhibition of inflammation and mac-

28

rophage invasion into adipose tissue. Obesity is reportedly
associated with macrophage infiltration of adipose tissue,
which is likely to promote insulin resistance (27,28).
Inhibition of macrophage invasion of adipose tissue may
be involved in the higher insulin sensitivity and glucose
tolerance observed in apoE ™' ";Ay/+ mice.

As described above, plasma adiponectin levels were
increased in apoE ™ ";Ay/+ mice, suggesting normal adi-
pocyte differentiation in vivo. Furthermore, mRNA expres-
sions for adipocyte-related proteins, such as CCAAT/
enhancer binding protein-o, peroxisome proliferator-
activated receptor-vy, and aP2, were similar among adipose
tissues from apoE " ";Ay/+, apoE*’";Ay/+, and apoE ™'~
Ay/+ mice (Fig. 3C). mRNA expressions levels of these
three genes were also similar in adipose tissues from
younger apoE "’*;Ay/+ and apoE™’ ;Ay/+ mice, 4 weeks
of age, when body weights were not significantly different
(data not shown). In addition, apoE deficiency did not
alter sterol regulatory element-binding protein 1
(SREBP1) expression (Fig. 3C). These findings indicate

DIABETES, VOL. 56, JANUARY 2007

— 593 —



J. GAO AND ASSOCIATES

that adipocytes are normally differentiated in apoE™'";
Ay/+ mice in vivo.

Adenoviral apoE replenishment induced obesity and
diabetes in genetically obese mice. To confirm that the
metabolic phenotypes observed in apoE™/7;Ay/+ mice
were, in fact, mediated by apoE deficiency, we examined
metabolic effects of adenovirus-mediated apoE expression
in the livers of apoE™/";Ay/+ mice. Replenishment of
apoE protein (human apoE3) resulted in markedly de-
creased plasma cholesterol, triglyceride, and FFA levels
(Supplemental Fig. 24 [online appendix]), indicating func-
tional expression of apoE. HPLC analyses of plasma lipid
profiles revealed that adenoviral replenishment of apoE
protein in apoE™";Ay/+ mice markedly decreased the
chylomicron and VLDL fractions (Supplemental Fig. 2B
[online appendix]).

Increases in body weight for 7 days after adenoviral
administration were significantly greater with the apoE
adenovirus than with the LacZ control adenovirus (Fig.
4A). Liver weights tended to be increased (Fig. 4B), and
those of brown adipose (Fig. 4C) and epididymal, mesen-
teric, and retroperitoneal white adipose (Fig. 4D) tissues
were significantly increased with apoE adenoviral admin-
istration. Histological analyses revealed that apoE replen-
ishment increased sizes of brown (Fig. 4 and F) and
white (Fig. 4G and H) adipocytes. In addition, glucose
tolerance tests revealed that apoE replenishment wors-
ened glucose tolerance in apoE™7;Ay/+ mice (Fig. 41).
These findings show clearly that circulating apoE contrib-
utes to increased adiposity and the glucose intolerance
associated with obesity. Furthermore, plasma leptin levels
were significantly increased on day 7 after adenoviral
administration. TNF-a and adiponectin levels tended to be
increased and decreased, respectively (Fig. 4.)), suggesting
that circulating apoEs are involved in obesity-induced
alterations in adipocytokine levels.

ApoE occurs in three major isoforms (apoEZ2, -E3, and
-E4) in humans. ApoE3, the most common isoform, is
considered to be the wild type. To compare the roles of the
three human apoE isoforms in obesity and diabetes,
recombinant adenoviruses encoding human apoE2 and -E4
as well as apoE3 were injected into apoE ™" ;Ay/+ mice.
Administration of these apoE adenoviruses resulted in
similar expression amounts of apoE proteins (data not

- shown), and similar increases in body weights (Supple-

mental Fig. 34 [online appendix]) and blood glucose levels
(Supplemental Fig. 3B [online appendix]). These findings
suggest that the three apoE isoforms contribute similarly
to fat accumulation and glucose tolerance.
ApoE-less VLDL was uptaken into adipocytes, and
the liver was impaired. Why does apoE deficiency inhibit
obesity in genetically obese mice? We next examined the
uptake of B-VLDL, with or without apoE, into fully differ-
entiated 3T3-L1 adipocytes. B-VLDL obtained from
apoE ™~ mice was labeled with Dil, followed by incuba-
tion with or without recombinant human apoE3. As shown
in Fig. 5A, uptake of apoE-deficient VLDL was markedly
lower, by 85%, than that of apoE-positive (after incubation
with human apoE3) VLDL. These findings suggest that
impaired VLDL uptake into adipocytes contributes to
decreased adiposity in apoE ™ 7;Ay/+ mice. Thus, VLDL
uptake into adipocytes is likely to play a role in excess fat
deposition and, thereby, in the development of diabetes
associated with obesity.

ApoE deficiency reportedly reduces hepatic VLDL secre-
tion, resulting in fatty liver findings (11). In our model as well,
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hepatic triglyceride secretion was inhibited in apoE ™ ~;Ay/+
mice compared with apoE*'*:Ay/+ mice, by 48% (Fig. 5B).
However, interestingly, apoE ™ ~;Ay/+ mice displayed less fat
accumulation in the liver than apoE™";Ay/+ mice (Fig.
1D-F). To elucidate the underlying mechanism, we examined
B-VLDL uptake into the liver. Fluorescence-labeled 3-VLDL,
with or without apoE, was intravenously injected into wild-
type C57BL/6 mice. Fluorescence values in the liver were
then measured. Uptake of apoE-deficient B-VLDL was mark-
edly lower, by 49%, than that of apoE-positive VLDL (Fig. 5C).
Thus, despite decreased secretion, decreased 3-VLDL uptake
with apoE deficiency may contribute to prevention of hepatic
steatosis. Therefore, apoE is likely to be involved in excess
fat uptake into hepatocytes as well as adipocytes. Taken
together with the findings that adenoviral apoE replenish-
ment decreased the VLDL fraction (Supplemental Fig. 2B
[online appendix]), our results indicate that apoE-dependent
VLDL transport into tissues, including the liver and adipose
tissue, is involved in the development of obesity, resulting in
glucose intolerance and insulin resistance.

ApoE deficiency decreased food intake and increased
energy expenditure in genetically obese mice. Next, to
elucidate the systemic mechanism underlying the obesity
prevention associated with apoE deficiency, we first mea-
sured food intakes in apoE™";Ay/+ and apoE ™' ";Ay/+
mice. Interestingly, apoE deficiency in Ay mice signifi-
cantly suppressed food intake (Fig. 5D). Then, to eliminate
the secondary effects of reduced food intake in apoE™";
Ay/+ mice, ApoE™";Ay/+ mice were allotted the same
amounts of food consumption as apoE ™/ 7;Ay/+ mice,
followed by weight measurement and glucose tolerance
testing. Pair-feeding blunted the body weight increments
in apoE*/*;Ay/+ mice, while the weights of pair-fed
apoE"/*:Ay/+ mice were significantly greater than those
of apoE™'":Ay/+ mice (Fig. 5E). ApoE™'";Ay/+ mice
exhibited better glucose tolerance than pair-fed apoE*'*;
Ay/+ mice (Fig. 5F). Thus, the inhibition of obesity and
glucose intolerance by apoE deficiency is not attributable
solely to decreased food intake.

Next, we measured basal metabolic rates. As shown in
Fig. 5G, resting oxygen consumption in both the light and
the dark phase at 5 weeks of age was significantly greater
in apoE~/";Ay/+ than in apoE"'*;Ay/+ mice. Taken to-
gether with the pair-feeding experiment resuits, these
findings show that decreased food intake and increased
energy expenditure both contribute to the prevention of
obesity and insulin resistance with apoE deficiency and
that apoE is involved in regulation of energy metabolism.

DISCUSSION

To examine the effects of apoE deficiency on insulin
resistance associated with obesity, apoE™~ mice were
interbred with KK-Ay mice. ApoE ™ ";Ay/+ mice showed
resistance to the development of obesity and glucose
intolerance. Insulin sensitivity was markedly greater in
apoE ~/;Ay/+ than in apoE*’";Ay/+ mice. Recently, sev-
eral attempts to induce obesity in apoE " mice have been
reported, but the results have been somewhat controver-
sial (12-14). In the present study, in addition to inhibition
of adiposity and insulin resistance with apoE deficiency,
adenoviral apoE replenishment reversed inhibition of obe-
sity and glucose intolerance. These findings directly dem-
onstrate apoE involvement in the development of obesity
and obesity-related disorders of glucose metabolism and
insulin sensitivity. Chiba et al. (14) previously reported
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FIG. 4. Adenoviral apoE replenishment induced obesity and diabetes in genetically obese mice. ApoE™";Ay/+ mice were intravenously
administered LacZ ((J or O) or apoE (I or @) adenovirus at 10 weeks of age after 4 weeks of high-fat loading. 4: Body weight changes for 7 days
after adenoviral administration were examined. B-D: Weights of the liver (B) and brown adipose (C) as well as white adipose (D: left, epidydimal
fat; middle, mesenteric fat; right, retroperitoneal fat) tissues were determined on day 7 after adenoviral injection (n = 6 per group). E-H:
Histological findings of brown adipose (F and F) and mesenteric white adipose (G and H) tissues. Representative hematoxylin-eosin stained
tissue samples are presented (E and G). Cell diameters were measured in these tissues (F and H). I: Glucose tolerance tests were performed on
day 7 after adenoviral injection (n = 5~8 per group). J: Plasma adipocytokine levels (left, leptin; middle, TNF-a; right, adiponectin) were assayed
on day 7 after adenoviral injection (n = 5-8 per group). Data are presented as means + SE. *P < 0.05, **P < 0.01 by the unpaired ¢ test.

that ob/ob;apoE '~ mice are also resistant to obe51ty They
attributed decreased adiposity in ob/ob; apoE ~ mice to
impaired adipocyte differentiation based on in vitro find-
ings that expression levels of aP2 and peroxisome prolif-
erator-activated receptor-y were markedly lower when
bone marrow stromal cells and 3T3-L1 cells were cultured

30

with apoE-less VLDL However, in the present study,
adipocytes in apoE 77 ;Ay/+ mice expressed these adipo-
cyte-related protems normally in vivo. Furthermore,
apoE 7 7;Ay/+ mice showed better insulin sensitivity and
less hepatic lipid accumulation, accompa.nled by improved
adipocytokine profiles, than apoE.F *;Ay/+ mice. Thus,
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FIG. 5. ApoE deficiency inhibited 3-VLDL uptake into adipocytes and the liver, decreased food intake, and increased energy expenditure. A:
Uptakes of fluorescence-labeled $-VLDL, with (D) or without () apoE, into cultured adipocytes were measured. B-VLDL was isolated from
apoE~'~ mouse sera, followed by labeling with Dil and pretreatment with or without human recombinant apoE3. Fully differentiated 3T3-L1
adipocytes were incubated with apoE-positive or apoE-less 8-VLDL for 8 h, followed by measurement of fluorescence uptake into adipocytes. Data
are presented as the relative amounts of B-VLDL uptake compared with apoE-positive B-VLDL uptake (n = 6 per group). B: Triglyceride secretion
rates from the liver after administration of Triton WR-1339 were measured in 11-week-old apoE*/*;Ay/+ (O) and apoE~'";Ay/+ (@) mice fed a
high-fat diet for 5 weeks. C: Hepatic uptake of B-VLDL with or without apoE. Fluorescence-labeled B-VLDL with or without apoE was
‘intravenously injected into 11-week-old apoE*'*;Ay/+ mice fed a high-fat diet for 5 weeks, followed by measurement of fluorescence levels in the
liver 30 min after injection. Data are presented as the relative amounts of B-VLDL uptake compared with apoE-positive B-VLDL uptake (n = 4
per group). D: Daily food intake amounts from weaning through 8 weeks of age are presented. E and F: ApoE */+.Ay/+ mice were allotted into two
groups at 4 weeks of age, and one group of apoE*'*;Ay/+mice was given their daily food allotments based on the previous days’ consumption by
apoE™/";Ay/+ littermate mice. Body weights (E) were determined and glucose tolerance tests (F) were performed in apoE**;Ay/+ mice (O),
pair-fed apoE*'*;Ay/+ mice ((J), and apoE~'";Ay/+ mice (®) (n = 6~8 per group). G: Resting oxygen consumption in the light and dark phases
was measured at 5 weeks of age with open-circuit indirect calorimetry. n = 4 per group. Data are presented as means % SE. *P < 0.05, **P < 0.01
by the unpaired ¢ test. In E and F #4P < 0.01 for pair-feeding apoE*/*;Ay/+ mice versus apoE*'*;Ay/+ mice; *P < 0.05, **P < 0.01 for pair-feeding
apoE*/*;Ay/+ mice versus apoE~'";Ay/+ mice, by one-way ANOVA.

decreased adiposity and improved insulin sensitivity in While body weight and adiposity were similar in young
apoE ~/~;Ay/+ mice can be explained by factors other than apoE ™ and apoE'’* mice, apoE deficiency ameliorated
adipocyte differentiation. obesity and insulin resistance under obesity-inducing con-
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ditions, such as aging, genetic susceptibility, and dietary
loading, suggesting that apoE is involved in obesity devel-
opment, i.e., excess fat accumulation, while being less
involved in basal fat accumulation. Lack of apoE in
B-VLDL markedly impaired B-VLDL transport into adipo-
cytes. ApoE is an important component of VLDL. There
are several receptors, including VLDL receptor (VLDLR)
and LDL receptor-related protein, which recognize VLDL
in an apoE-dependent manner (22). Among them, VLDLRs
reportedly have similar affinities for apoEZ2, -E3, and -E4
isoforms (29). In addition, VLDLR-deficient mice report-
edly exhibit obesity resistance with high-fat chow loading
(30). Taken together with our findings that replenishment
of apoE2, -E3, and -E4 isoforms contributes similarly to fat
accumulation and glucose tolerance in apoE ™ ;Ay/+
mice, the apoE-VLDLR interaction plays an important role
in the development of obesity. Furthermore, it is well
known that high levels of plasma VLDL are associated with
obesity and type 2 diabetes (31). Thus, receptor-mediated
VLDL transport into adipocytes in an apoE-dependent
manner is involved mainly in excess lipid uptake into
adipocytes. Lipid uptake, required for adipocyte differen-
tiation and metabolic activities, might be mediated mainly
by apoE-independent lipid transport pathways or de novo
lipid synthesis in adipocytes.

In addition, transport of apoE-deficient 3-VLDL into the
liver was markedly impaired compared with that of apoE-
positive B-VLDL. Despite decreased triglyceride secretion,
apoE deficiency decreased hepatic fat accumulation in Ay,
but not in wild-type, mice (11). Hepatic expressions of
SREBPIc and fatty acid synthase were similar in apoE ™
-;Ay/+ and apoE */*;Ay/+ mice (data not shown), suggest-
ing no apparent decrease in hepatic fatty acid synthesis in
apoE "/ ";Ay/+ mice. These findings suggest that apoE-
dependent uptake of 3-VLDL into hepatocytes is involved
in the development of hepatic steatosis in Ay mice. The
machinery that transports B-VLDL into the liver, including
the receptor(s) playing a major role, is a potential target
for elucidating the mechanism underlying hepatic steato-
sis.

Intriguingly, in apoE™'";Ay/+ mice, food intake was
decreased and energy expenditure enhanced compared
with apoE " ";Ay/+ mice. Pair-feeding experiments re-
vealed that both these phenomena result in obesity resis-
tance in apoE ™' ";Ay/+ mice. There appear to be several
possible explanations for these alterations in energy me-
tabolism. First, hyperlipidemia induced by apoE deficiency
might contribute to decreased food intake and increased
energy expenditure. However, LDLR ™" mice, which also
exhibit hyperlipidemia, reportedly become more obese
and diabetic .in response to high-fat and high-carbonate
diets than wild-type mice (13). In addition, food intake was
similar in LDLR™~ mice and LDLR*/* mice (13). There-
fore, although hyperlipidemia is more severe in apoE ™/~
than in LDLR™" mice, involvement of hyperlipidemia in
food intake regulation might be unlikely in our model.
Second, we speculate that leptin sensitization is involved
in decreased food intake and increased energy expendi-
ture. Obesity is well known to be associated with poor
responses to leptin despite hyperleptinemia, a state de-
fined as leptin resistance (32). Lower plasma leptin levels
with lower body weight in apoE ~/ ;Ay/+ mice compared
with apoE '/ *;Ay/+ mice suggests greater leptin sentivity
in the former. Therefore, decreased food intake and in-
creased energy expenditure in apoE ™ ;Ay/+ mice might
be explained by leptin sensitization. We have recently

32

reported that alterations in metabolism in adipose tissue
affect food intake amounts (19). However, ob/ob;apoE ™/~
mice are also reportedly resistant to obesity (14). Since
ob/ob mice are leptin deficient, the obesity resistance in
ob/ob;apoE™'~ mice is not mediated by leptin signaling,
e.g., leptin sensitization, although food intake and energy
expenditure were not measured in the earlier study (14).
Thus, mechanisms other than leptin sensitization might be
involved in decreased food intake and increased energy
expenditure in apoE ™ ";Ay/+ mice. Third, direct effects of
apoE on neurons are also possible. ApoE, produced by
glial cells, is a major apolipoprotein in the brain and
mediates the transport of cholesterol and phospholipids,
and its receptors are abundantly expressed on neurons
(33). Furthermore, numerous studies have shown that
apoE plays multiple roles in the nervous system. In the
central and peripheral nervous systems, apoE promotes
neurite outgrowth and regeneration (34). ApoE protects
neurons from oxidative injury (35) and modulates amy-
loid-B deposition (36), interactions with Alzheimer amy-
loid precursor protein (37), and transmission of signals to
neurons (38). In this context, modulation of neurons by
apoE might be involved in energy metabolism. ApoE is
reportedly expressed in tissues other than the liver, includ-
ing the brain (33) and adipose tissue (39). ApoE deficiency
in these tissues may affect the metabolic phenotypes of
apoE™/";Ay/+ mice observed herein. Intensive research,
including tissue-specific disruption of apoE or its receptor,
is required to examine this hypothesis.

ApoE is involved in surplus fat accumulation and energy
metabolism, including regulation of food intake and en-
ergy expenditure. Thus, excess fat accumulation via an
apoE-dependent pathway might play a role in development
of the metabolic syndrome. In addition to dissipation of
surplus energy (4), apoE-dependent excess lipid transport
is a potentially novel therapeutic target for the metabolic
syndrome.
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