Rosiglitazone Increases VLDLR Expression in Adipocytes

14). This protection is most likely due to reduced lipid uptake
by adipose tissue because whole-body lipid uptake is markedly
decreased in VLDLR-deficient mice. These results suggest that
apoE-VLDLR interaction plays an important role in the devel-
opment of obesity.

PPARYy is the key transcriptional regulator of adipogenesis
and directly activates many genes involved in lipid storage (15—
17). PPARY is highly expressed in WAT and is required for
adipocyte differentiation (18, 19). PPARYy forms a heterodimer
with retinoid X receptor &, and PPARYy/retinoid X receptor «
heterodimer binds to a PPRE, containing direct repeats of the
hexanucleotide sequence AGGTCA separated by one nucleo-
tide (20). This motif, known as a direct repeat 1 (DR-1) element,
is found in the promoter regions of many genes involved in lipid
storage, such as the fatty acid-binding protein aP2 and the cho-
lesterol and fatty acid transporter FATP/CD36 (21). Thiazo-
lidinediones (TZDs) are insulin-sensitizing antidiabetic drugs
that activate the PPARYy (22). TZDs have also been reported to
stimulate adipogenesis by up-regulating many of the PPARy
target genes involved in fatty acid metabolism and storage (23).
In fact, numerous studies in rodent models and in humans have
shown that treatment with TZDs causes weight gain (24, 25).
Although it has been reported that VLDL increases PPARy
expression in cultured adipocytes (1), the possible role of
PPARYy in regulation of VLDLR expression and VLDLR-medi-
ated lipid accumulation in adipocytes remains unclear.

In this study, we investigated the effect of rosiglitazone, a
PPARYy agonist, on regulation of VLDLR expression both in
WAT of obese mice and in cultured adipocytes. Furthermore,
to determine whether rosiglitazone directly regulates tran-
scription of the VLDLR gene, we carried out luciferase assay
with a reporter gene containing mouse VLDLR promoter
region. Our results showed that rosiglitazone increased the
expression of VLDLR both in WAT of obese mice and in cul-
tured adipocytes, that functional PPRE existed in the VLDLR
promoter region, and that VLDLR was a direct PPARYy target
gene. Further in vivo experiments showed that rosiglitazone did
not increase body weight and WAT weight in apoE-deficient
ob/ob mice, but it significantly increased these two parameters
in ob/ob mice. In addition, rosiglitazone did not increase body
weight and WAT weight in VLDLR-deficient mice. These find-
ings indicate that VLDLR-mediated apoE-containing VLDL
uptake plays an important role in rosiglitazone-induced lipid
accumulation in adipocytes.

EXPERIMENTAL PROCEDURES

Chemicals—Rosiglitazone was synthesized as described else-
where (22). All other materials were obtained from sources as
described previously (26, 27).

Experimental Animals—The male ob/ob mice were pur-
chased from Charles River Japan (Yokohama, Japan). The male
wild-type mice, apoE-deficient mice, ob/ob mice, and apoE-
deficient ob/ob mice used in this study, which were prepared by
intercross of apoE "'~ ob/+ mice, were all of a C57B6/j back-
ground. The male nontransgenic wild-type mice and VLDLR-
deficient mice, which were B6;129 background, were obtained
from The Jackson Laboratory (Bar Harbor, ME). Mice were
housed under a 12-h light/dark cycle in an animal room main-
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tained at 25 °C. Mice were fed a normal chow diet until 6-8
weeks of age, and they were given a high fat diet (32% safflower
oil, 33.1% casein, 17.6% sucrose, and 5.6% cellulose (28)) start-
ing 1 week before rosiglitazone administration.

Drug Administration—Rosiglitazone was given as a 0.01%
food admixture. The mean dose of rosiglitazone was estimated
to be 10 mg/kg/day. This dose was chosen because it has been
shown to be the effective therapeutic dose in diabetic mice (24,
29). The ob/ob mice were fed either a high fat diet or a high fat
diet with 0.01% rosiglitazone for 4 days. The wild-type mice,
apoE-deficient mice, ob/ob mice, and apoE-deficient ob/ob
mice were fed either a high fat diet or a high fat diet with 0.01%
rosiglitazone for 10 weeks. The wild-type mice and VLDLR-
deficient mice were fed either a high fat diet or a high fat diet
with 0.01% rosiglitazone for 7 weeks.

Blood Sample Assays and in Vivo Glucose Homeostasis—The
oral glucose tolerance test was performed by oral gavages of
0.75 g/kg of body weight glucose after 24 h of fasting followed by
blood sampling at 0, 15, 30, 60, and 120 min. An insulin toler-
ance test was performed by 1.5 units/kg of body weight of intra-
peritoneal insulin followed by blood sampling at the 0, 30, 60,
and 90 min (26). Plasma glucose was determined by a glucose
test (Wako Pure Chemical Industries, Osaka, Japan). Plasma
insulin was measured by an insulin immunoassay (Shibayagi,
Gunma, Japan), and plasma adiponectin concentration was
determined by a mouse adiponectin immunoassay kit (Otsuka
Pharmaceutical, Tokushima, Japan).

Histological Analysis of Adipose Tissue—Epididymal WAT
was removed from each animal, fixed in 10% formaldehyde/
phosphate-buffered saline, and maintained at 4 °C until use.
Fixed specimens were dehydrated, embedded in tissue-freezing
medium (Tissue-Tek OCT compound; Miles, Elkhart, IN), and
frozen in dry ice and acetone. WAT was cut into 10-um sec-
tions, and the sections were mounted on silanized slides. The
adipose tissue was stained with hematoxylin and eosin (30).

RNA Analysis of Mouse 3T3-L1 Adipocytes and Tissues—
Mouse 3T3-L1 cells were grown in Dulbecco’s modified Eagle’s
medium high glucose supplemented with 10% fetal bovine
serum. Induction of adipocyte differentiation was carried out
according to a method described previously (31). On 7 days
after the induction of differentiation, 3T3-L1 adipocytes were
incubated at 37 °C with rosiglitazone and pioglitazone in Dul-
becco’s modified Eagle’s medium high glucose supplemented
with 10% fetal bovine serum for 24 h. The cells were harvested
to isolate total RNA. Total RNA was isolated from cells or tis-
sues with TRIzol (Invitrogen) according to the manufacturer’s
instructions. For quantification of mRNA, we conducted a real-
time PCR using an ABI prism 7900 and sets of primer and probe
for each gene (Applied Biosystems, Foster City, CA). The rela-
tive amount of each transcript was normalized to the amount of
B-actin and 36B4 transcript in the same cDNA (32).

Western Blotting—On 7 days after the induction of differen-
tiation, 3T3-L1 adipocytes were incubated with 1 um rosiglita-
zone for 24 h. Total cellular protein (10 ug) from cells was
subjected to SDS-PAGE and transferred to polyvinylidene
difluoride membranes. Anti-VLDLR antibody (6A6) and horse-
radish peroxidase-conjugated anti-mouse IgG (Santa Cruz Bio-
technology, Santa Cruz, CA) were used to probe for VLDLR
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protein. Bands were detected with the ECL Plus Western blot-
ting detection kit (GE Healthcare) according to the manufac-
turer’s instructions.

Luciferase Reporter Assay—To generate luciferase reporter
plasmids of mouse VLDLR promoter, PCR fragments (—2590
to —1 bp) from the mouse genomic DNA were inserted into the
BglIl and Ncol sites of the pGL3 basic luciferase expression
vector (Promega, Madison, WI). Point mutation of the pGL3-
VLDLR luciferase plasmid was introduced using the GeneTailor
system (Invitrogen). On 3 days after the induction of differen-
tiation, 3T3-L1 adipocytes were transfected with luciferase
reporter plasmids using Lipofectamine Plus (Invitrogen)
according to the instructions provided by the manufacturer.
After transfection, the cells were incubated in a medium con-
taining rosiglitazone, pioglitazone, or DMSO. At 16 h after
ligand treatment, luciferase reporter assay were performed
using the Luciferase Assay System (Promega).

EMSA—The nuclear proteins were extracted from 3T3-L1
adipocytes on 7 days after differentiation using the CelLytic
NuCLEAR extraction kit (Sigma) according to the manufactur-
er’s instructions. EMSA was performed using the gel shift assay
systems (Promega). The sequences of double-stranded oligo-
nucleotides were as follows (only one strand is shown, and the
half-site of the putative PPRE and the mutated PPRE are under-
lined). Mouse VLDLR PPRE, 5'-TGATTTCAGTTTACAGGT-
CAGATGGCAGGCACAG-3’; mouse VLDLR mutant PPRE,
5 -TGATTTCGGTTTACATCGTTGATGGCTGGCACAG-
3'. Double-stranded oligonucleotides were radioactively end-
labeled with [y-**P]JdATP (PerkinElmer Life Sciences) using T4
polynucleotide kinase (Promega) and purified from unincorpo-
rated nucleotides by gel filtration through G-25 spin columns
(GE Healthcare). All of the EMSA reactions were carried out
according to the manufacturer’s instructions using 2 g of
nuclear extracts. DNA-protein complexes were resolved by
electrophoresis through 6% polyacrylamide gels in 0.5X Tris
borate running buffer (Bio-Rad). For the competition assay, a
50-fold amount of unlabeled double-stranded DN As was added
in the binding reaction. For supershift assays, nuclear extracts
were preincubated with 2 ug of mouse monoclonal anti-PPARYy
antibody (E8) (Santa Cruz Biotechnology) or with 2 pg of
mouse control IgG (Santa Cruz Biotechnology) for 10 min
before the oligonucleotides were added.

ChiP Assay—On 4 days after the induction of differentiation,
3T3-L1 adipocytes were incubated with 1 uMm rosiglitazone for
24 h. The DNA and protein were cross-linked with 1% form-
aldehyde for 10 min. Soluble chromatin was prepared using
the ChIP assay kit (Upstate Biotechnology, Lake Placid, NY).
After sonication, lysates were precipitated with rabbit poly-
clonal anti-PPARvy antibody (H100) and normal rabbit IgG
(Santa Cruz Biotechnology) according to the manufacturer’s
instructions. Primers used for ChIP PCR were as follows:
VLDLR-PPRE forward, 5'-TGAGGCCACAGATGATTTTG-
3'; VLDLR-PPRE reverse, 5'-GGCTCTACACTCAACCTG-
GTG-3'; aP2-PPRE forward, 5'-ATGTCACAGGCATCTTA-
TCCACC-3'; aP2-PPRE reverse, 5'-AACCCTGCCAAAGAG-
ACAGAGG-3'; negative control primer forward, 5'-CTCCC-
CGATCACTGGAATAG-3'; and negative control primer
reverse, 5'-ACCCTAGAGACACTGGTGGTG-3'. The nega-
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FIGURE 1. Effects of rosiglitazone treatment for 4 days on gene expres-
sion of molecules involved in lipid metabolism in WAT from ob/ob mice.
A-C, amounts of the mRNAs of VLDLR (4), aP2 (B), and CD36 (C) in epididymal
WAT of ob/ob mice treated with vehicle or 0.01% rosiglitazone (Rosi) as food
admixture for 4 days while on the high fat diet. The mRNA levels of molecules
indicated above were quantified by a real-time PCR method as described
under “Experimental Procedures.” The relative amount of each transcript was
normalized to the amount of 36B4 transcript in the same cDNA. The results
are expressed as the ratio of the value of ob/ob mice. Each bar represents the
means = S.E. (error bars; n = 5). %%, p < 0.01.

tive control primers are located ~2 kbp upstream of the PPRE
for VLDLR. PCR was performed for 45 cycles. PCR products
were analyzed by 2% agarose gel electrophoresis.

Statistical Analysis—Data are given as the means = S.E. Stu-
dent’s £ test was used for statistical comparison. p < 0.05 was
considered as statistically significant.

RESULTS

Rosiglitazone Increases the Expression of VLDLR in Adipose
Tissue of ob/ob Mice—Previous studies have shown that rosigli-
tazone enhances lipid accumulation in adipose tissue by up-
regulating many of the PPARYy target genes involved in fatty
acid metabolism and storage (24, 25). In addition, it has been
reported that VLDLR is one of the key molecules for the devel-
opment of obesity (13, 14). To investigate the effect of rosigli-
tazone on the expression of VLDLR, we treated ob/ob mice,
while on the high fat diet, with rosiglitazone (0.01% food admix-
ture) for 4 days and examined VLDLR gene expression in WAT
using quantitative PCR analysis. We also examined the effect
of rosiglitazone on the expression of aP2 and CD36, which
are target genes of PPARy, in WAT of ob/ob mice. Rosigli-
tazone significantly increased the expression of VLDLR in
WAT of ob/ob mice by 2.6-fold as compared with the vehicle
(Fig. 1A). In addition, treatment with rosiglitazone signifi-
cantly increased the expression of aP2 and CD36 in WAT of
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FIGURE 2. Effects of rosiglitazone on expression of VLDLR in cultured
cells. A-D, amounts of mRNAs of VLDLR (A), aP2 (B), and CD36 (C) from 3T3-L1
adipocytes incubated with vehicle, rosiglitazone (Rosi), or pioglitazone (Pio)
for 24 h and amounts of VLDLR protein (D) from 3T3-L1 adipocytes incubated
with vehicle or 1 um rosiglitazone for 24 h. The mRNA levels of molecules
indicated above were quantified by a real-time PCR method as described
under “Experimental Procedures.” The relative amount of each transcript was
normalized to the amount of 36B4 transcript in the same cDNA. Immunoblot
analysis was performed using anti-VLDLR antibody. The results are expressed
asthe ratio of the value of vehicle. Each bar represents the means = S.E. (error
bars,n = 3).* p < 0.05,**, p < 0.01.
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ob/ob mice by 1.6- and 2.3-fold, respectively, as compared
with the vehicle (Fig. 1, Band C).

Rosiglitazone Regulates VLDLR Expression in 3T3-L1
Adipocytes—To confirm that the VLDLR gene is a target of
PPARY, we examined the effect of rosiglitazone on the expres-
sion of VLDLR in cultured 3T3-L1 adipocytes. Rosiglitazone
increased the expression of VLDLR in a dose-dependent man-
ner (Fig. 24). The expression of aP2 and CD36, which have
functional PPREs in their promoter regions, was also increased
by treatment with rosiglitazone (Fig. 2, B and C). Furthermore,
rosiglitazone significantly increased VLDLR protein levels as
well as mRNA levels (Fig. 2D). These findings indicate that ros-
iglitazone directly increases VLDLR expression in 3T3-L1 adi-
pocytes. We also examined the effect of another TZD, pioglita-
zone, on the expression of VLDLR in 3T3-L1 adipocytes.
Pioglitazone also increased the expression of VLDLR in 3T3-L1
adipocytes (Fig. 2A4), and its effect was comparable with that of
rosiglitazone.

Rosiglitazone Directly Enhances Transcription of the VLDLR
Gene—To determine whether rosiglitazone directly regulates
transcription of the VLDLR gene via a PPRE in its promoter
region, we carried out a luciferase assay with a reporter gene
including mouse VLDLR promoter region (Fig. 34). A lucifer-
ase reporter construct containing the VLDLR promoter region
was transfected into 3T3-L1 adipocytes 3 days after induction
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FIGURE 3. Identification of functional PPRE in mouse VLDL promoter
region. A, the luciferase (Luc) reporter plasmid was generated by inserting
mouse VLDLR promoter region (—2590 to —1 bp: the transcription start siteis
+1) into the pGL3 basic luciferase expression vector. PPRE sequence at posi-
tion —2307 to —2288 is indicated. Some mutations (mut) were introduced in
the PPRE. B-D, on 3 days after the induction of differentiation, 3T3-L1 adipo-
cytes were transfected with luciferase reporter plasmids. after transfection,
the cells were incubated with a medium containing rosiglitazone (Rosi), pio-
glitazone (Pio), or DMSO. At 16 h after ligand treatment, a luciferase reporter
assay was performed. Transcriptional activity was compared among pGL3,
pGL3 VLDLR promoter PPRE wild type, and pGL3 VLDLR promoter PPRE
mutant. Each bar representsthe means = S.E. (error bars, n = 3-5).%,p < 0.05.
E, EMSA was performed on double-stranded oligonucleotides corresponding
to the mouse VLDLR PPRE and mutant PPRE. Lane 1, radiolabeled VLDLR-PPRE
oligonucleotides alone; lane 2, radiolabeled VLDLR-PPRE oligonucleotides
with nuclear extract; lane 3, radiolabeled VLDLR-PPRE mutant oligonucleo-
tides with nuclear extract. Unlabeled oligonucleotides of VLDLR-PPRE (lane 4)
and VLDLR-PPRE mutant (lane 5) were added as competitor to the condition
of the lane 2. 1gG (lane 6) or anti-PPARy antibody (lane 7) was also added as
competitor to the condition of the lane 2. F, ChIP analysis of PPARyassociation
with VLDLR gene was conducted. The negative control primers are located
~2 kbp upstream of the PPRE in the VLDLR promoter region.

of differentiation. Incubation with rosiglitazone, as well as with
pioglitazone, for 16 h significantly enhanced VLDLR promoter
transcriptional activity by 2.3-fold as compared with incubation
with the vehicle (Fig. 3, B and C). This result indicates that the
element responsible for rosiglitazone- or pioglitazone-induced
transcriptional activity is included in the VLDLR promoter
region. Inspection of this region revealed a putative PPRE of
the DR1 type at —2307 to —2288 bp (Fig. 34). To determine
whether this putative PPRE is involved in the rosiglitazone-
mediated regulation of VLDLR gene expression, luciferase
reporter constructs containing wild-type or PPRE-mutated
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mouse VLDLR promoter were transfected into 3T3-L1 adipo-
cytes (Fig. 3, B-D). Transfection of the PPRE-mutated reporter
construct resulted in a remarkable suppression of rosiglita-
zone-induced increase in luciferase activity (Fig. 3D). This
result suggests that the PPRE motif in VLDLR promoter plays a
significant role in transcriptional activation of the VLDLR gene
in adipocytes.

Endogenous PPAR7y Directly Binds to the PPRE Motif in
VLDLR Promoter Region—To determine whether PPAR<y
directly binds to the PPRE motif in the VLDLR promoter region
in adipocytes, we carried out EMSA. Incubation of nuclear
extract from differentiated 3T3-L1 adipocytes with a radiola-
beled double-stranded oligonucleotide containing the putative
PPRE motif in the VLDLR promoter region resulted in a shifted
complex that was effectively competed by wild-type but not
mutant PPRE (Fig. 3E, lanes 1, 2, 4, and §). In addition, incuba-
tion of the 3T3-L1 nuclear extracts with monoclonal antibody
against PPARvy supershifted the complex to the higher molec-
ular weight position (Fig. 3E, lanes 6 and 7). On the other hand,
a radiolabeled double-stranded oligonucleotide containing the
mutant PPRE in the VLDLR promoter region did not form a
complex with nuclear extracts (Fig. 3E, lane 3). These results
indicate that the shifted complex contains the endogenous
PPARyatleastin part. We next used the ChIP assay to study the
transcriptional regulation of the endogenous VLDLR gene in
3T3-L1 adipocytes. Primer sets were designed to span the PPRE
motif. ChIP analysis demonstrated that PPARy bound in the
region of the PPRE in VLDLR promoter, whereas a region ~2
kbp upstream of the PPRE showed no binding of PPARY (Fig.
3F). As expected, the aP2 promoter region containing its PPRE
was also bound by PPARYy (Fig. 3F). Thus, these results suggest
that PPARYy directly binds in the region of functional PPRE in
VLDLR promoter.

Rosiglitazone Does Not Increase Body Weight and WAT
Weight in ApoE-deficient ob/ob Mice—It has previously been
reported that VLDLR recognizes apoE-containing lipoprotein
and mediates lipid uptake in adipose tissue (10, 11). To clarify
whether the regulation of VLDLR-mediated apoE-containing
VLDL uptake into adipocytes is responsible for rosiglitazone-
induced weight gain, we next examined the effect of rosiglita-
zone on body weight and WAT weight in apoE-deficient ob/ob
mice, in which VLDLR cannot recognize apoE-deficient VLDL
particles. In our experiment, ob/ob mice and apoE-deficient
ob/ob mice, while on the high fat diet, were treated with rosigli-
tazone (0.01% food admixture) for 10 weeks. Rosiglitazone sig-
nificantly increased both body weight and WAT weight in
ob/ob mice (Fig. 4, A-C). In contrast, no significant difference
in body weight and WAT weight was observed between rosigli-
tazone-treated apoE-deficient ob/ob mice and the vehicle-
treated apoE-deficient ob/ob mice (Fig. 4, A-C). These results
indicate that apoE-dependent lipid uptake into adipocytes, at
least in part, contributes to WAT weight gain by rosiglitazone.

Rosiglitazone Ameliorates Insulin Resistance in ApoE-defi-
cient ob/ob Mice—We also examined the antidiabetic effect of
rosiglitazone in apoE-deficient ob/ob mice. As shown in Fig. 5,
A-C, both blood glucose and plasma insulin concentrations,
measured in a glucose tolerance test, in rosiglitazone-treated
apoE-deficient ob/ob mice were lower than those in the vehi-
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FIGURE 4. Effects of rosiglitazone treatment for 10 weeks on body weight
and WAT weight in ob/ob mice and apoE-deficient ob/ob mice. A-C, body
weight (A), epididymal WAT weight (B), and subcutaneous WAT weight (C).
Wild-type mice (WT), apoE-deficient mice (apoE "), ob/ob mice, and apoE-
deficient ob/ob mice (apoE ™" ob/ob) were fed with the high fat diet for 10
weeks, and ob/ob mice and apoE ~’~ob/ob mice were treated with 0.01%
rosiglitazone (Rosi) as food admixture for 10 weeks while on the high fat
diet. Each bar represents the means = S.E. (error bars, n = 5, WT mice and
apoE~'~ mice, n = 4: ob/ob mice, ob/ob mice treated with rosiglitazone
and apoE~'"ob/ob mice, n = 3: apoE ™/~ ob/ob mice treated with rosiglita-
zone). *, p < 0.05, **, p < 0.01.

cle-treated apoE-deficient ob/ob mice. In addition, insulin
resistance index in rosiglitazone-treated apoE-deficient ob/ob
mice decreased by 42% as compared with that in the vehicle-
treated apoE-deficient ob/ob mice. Furthermore, blood glucose
concentration, measured in the insulin tolerance test, in rosigli-
tazone-treated apoE-deficient ob/ob mice was significantly
lower than that in the vehicle-treated apoE-deficient ob/ob
mice. The extent of improvement in blood glucose and plasma
insulin concentrations caused by rosiglitazone in apoE-defi-
cient ob/ob mice was comparable with that in ob/ob mice (Fig.
5, D and E). These results indicate that treatment with rosigli-
tazone ameliorates glucose intolerance and insulin resistance in
apoE-deficient ob/ob mice and that these effects of rosiglita-
zone may not depend on the apoE-VLDLR pathway.

We have previously shown that PPARy activation by a TZD
prevents adipocyte hypertrophy (33) and increases plasma adi-
ponectin concentration, which results in amelioration of insu-
lin resistance (30, 34). Accordingly, we examined in this study
the effect of rosiglitazone on adipocyte size in apoE-deficient
ob/ob mice. Although treatment with rosiglitazone increased
the number of small adipocytes in WAT of ob/ob mice, there
was no significant difference in adipocyte size in WAT of apoE-
deficient ob/ob mice between treatment with the vehicle and
that with rosiglitazone (Fig. 6, A and C). On the other hand,
plasma adiponectin concentration in both ob/ob ‘mice and
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FIGURE 5. Effects of rosiglitazone treatment for 10 weeks on glucose tolerance and insulin sensitivity in
ob/ob mice and apoE-deficient ob/ob mice. A-C, blood glucose concentration and plasma insulin concen-
tration (A and B) and insulin resistance index (area under the curve (AUC) of blood glucose X AUC of blood
insulin) () during an oral glucose tolerance test (GTT) of ob/ob mice and apoE-deficient ob/ob mice
(apoE~"" ob/ob) treated with vehicle or 0.01% rosiglitazone (Rosi) as food admixture for 10 weeks while on the
high fat diet. D and E, blood glucose concentration during an insulin tolerance test (/TT) of ob/ob mice and
apoE ™'~ ob/ob mice treated with vehicle or 0.01% rosiglitazone as food admixture for 10 weeks while on the
high fat diet. An oral glucose tolerance test was performed by oral gavages of 0.75 g/kg of body weight glucose
after 24 h of fasting followed by blood sampling at the indicated time. An insulin tolerance test was performed
by 1.5 units/kg of body weight of intraperitoneal insulin followed by blood sampling at the indicated time. Each
bar represents the means = S.E. (error bars) (n = 4, ob/ob mice (closed circles) and apoE '~ ob/ob mice (closed
squares), n = 3, ob/ob mice treated with rosiglitazone (open circles) and apoE ™'~ ob/ob mice treated with

rosiglitazone (open squares)). *, p < 0.05, **, p < 0.01.

apoE-deficient ob/ob mice was significantly increased by treat-
ment with rosiglitazone as compared with treatment with the
vehicle (Fig. 6B).

It has recently been reported that chronic inflammation and
oxidative stress in WAT play a crucial role in the development
of obesity-related insulin resistance (35-37). Moreover, it has
been shown that rosiglitazone suppresses the expression of
inflammatory genes in WAT of ob/ob mice (37). To investigate
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pared with the vehicle (Fig. 6D). The
expression of SOD1 was decreased
in apoE-deficient ob/ob mice as
compared with that in the wild-
type mice (Fig. 6E). Rosiglitazone
significantly increased the expres-
sion of SODI1 in apoE-deficient
ob/ob mice as compared with the
vehicle (Fig. 6E). Taken together,
these findings indicate that rosigli-
tazone may attenuate inflammation
and oxidative stress in WAT of
apoE-deficient ob/ob mice through
the apoE-VLDLR-independent
pathway.

Rosiglitazone Does Not Increase
Body Weight and WAT Weight in
VLDLR-deficient Mice—To further
investigate a role for VLDLR in ros-
iglitazone-induced weight gain, we
also examined the effect of rosiglita-
zone on body weight and WAT
weight in VLDLR-deficient mice.
Wild-type mice and VLDLR-defi-
cient mice, while on the high fat
diet, were treated with rosiglitazone
(0.01% food admixture) for 7 weeks.
Rosiglitazone significantly increased
both body weight and WAT weight in
wild-type mice (Fig. 7, A-D). In con-
trast, no significant difference in
body weight and WAT weight was
observed between rosiglitazone-
treated VLDLR-deficient mice and
the vehicle-treated VLDLR-deficient mice (Fig. 7, A-D). To
confirm that rosiglitazone activated PPARy in WAT of both
wild-type mice and VLDLR-deficient mice, we next examined
the effect of rosiglitazone on plasma adiponectin concentration
and the expression of aP2 and VLDLR in WAT. Plasma adi-
ponectin concentration in both wild-type mice and VLDLR-
deficient mice was significantly increased by treatment with
rosiglitazone as compared with treatment with the vehicle (Fig.
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FIGURE 6. Effects of rosiglitazone treatment for 10 weeks on the size of
adipocytes, plasma adiponectin concentration, and gene expression of
molecules involved in inflammation and antioxidation in WAT from
ob/ob mice and apoE-deficient ob/ob mice. A-C, the size of adipocytes (A),
plasma adiponectin concentration (B), and the section of epididymal WAT (C),
which were stained with hematoxylin and eosin. WT mice, apoE-deficient
mice (apoE~'"), ob/ob mice, and apoE-deficient ob/ob mice (apoE~'~ ob/ob)
were fed with the high fat diet for 10 weeks, and ob/ob mice and apoE ™/~ ob/
ob mice were treated with 0.01% rosiglitazone (Rosi) as food admixture for 10
weeks while on the high fat diet. Each bar represents the means = S.E. (error
bars) (n = 5, WT mice and apoE ™'~ mice; n = 4, ob/ob mice, ob/ob mice
treated with rosiglitazone and apoE ™' ob/ob mice; n = 3, apoE ™' “ob/ob
mice treated with rosiglitazone). D and £, amounts of mRNAs of MCP-1 (D) and
SOD1 (E) in epididymal WAT. The mRNA levels of molecules indicated above
were quantified by a real-time PCR method as described under “Experimental
Procedures.” The relative amount of each transcript was normalized to the
amount of 36B4 transcriptin the same cDNA. The results are expressed as the
ratio of the value of WT mice. Each bar represents the means = S.E. (error bars,
n=3).%p<0.05* p<001.

7E). In addition, the expression of aP2 in WAT was also
increased by treatment with rosiglitazone in both wild-type
mice and VLDLR-deficient mice (Fig. 7F). Furthermore, in
wild-type mice, rosiglitazone significantly increased the expres-
sion of VLDLR in WAT by 1.6-fold as compared with the vehi-
cle (data not shown). These results indicate that VLDLR-medi-
ated lipid uptake into adipocytes plays an important role in
rosiglitazone-induced lipid accumulation in adipocytes.

DISCUSSION

TZDs activate PPAR7y, which regulates the transcription of
genes involved in fatty acid metabolism and storage (15-17).
The weight gain associated with TZDs treatment is likely to be
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FIGURE 7. Effects of rosiglitazone treatment for 7 weeks on body weight,
WAT weight, plasma adiponectin concentration, and gene expression of
aP2 in WAT from wild-type mice and VLDLR-deficient mice. A-F, body
weight (4), body weight change (B), epididymal WAT weight (C), subcutane-
ous WAT weight (D), plasma adiponectin concentration (E), and amounts of
aP2 mRNA (F). WT mice and VLDLR-deficient mice (VLDLR /") were fed with
the high fat diet for 7 weeks, and WT mice and VLDLR ™/~ mice were treated
with 0.01% rosiglitazone (Rosi) as food admixture for 7 weeks while on the
high fat diet. Each bar represents the means = S.E. (error bars) (n = 7, WT mice
and WT mice treated with rosiglitazone;n = 5, VLDLR ™/~ mice and VLDLR ~/
mice treated with rosiglitazone). The percentage of weight change was cal-
culated as final weight minus initial weight divided by initial weight multi-
plied by 100.*, p << 0.05, **, p < 0.01.

due to an increase of lipid accumulation in adipose tissue (28,
29). Recent studies have revealed that apoE-VLDLR interaction
plays an important role in the development of obesity and
excess fat accumulation (1, 2). However, it remains unclear
whether VLDLR-mediated lipid accumulation plays an impor-
tant role in the weight gain associated with TZD treatment. In
this study, we demonstrated that rosiglitazone increases the
expression of VLDLR both in WAT in vivo and in cultured
adipocytes (Figs. 1A and 24). Moreover, the use of VLDLR pro-
moter reporter constructs in 3T3-L1 adipocytes led us to iden-
tify functional PPRE in the promoter region (Fig. 3, A-D).
Mutagenesis analyses, EMSA, and the ChIP assay also demon-
strated that endogenous PPARYy directly binds to this func-
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tional PPRE in the VLDLR promoter region (Fig. 3, A~F). These
results clearly show that rosiglitazone directly regulates tran-
scription of the VLDLR gene in adipocytes.

To clarify the association between rosiglitazone-induced
weight gain and apoE-containing VLDL uptake through
VLDLR, we investigated the effects of rosiglitazone on body
weight and WAT weight in both apoE-deficient ob/ob mice and
VLDLR-deficient mice. In our experiments, rosiglitazone did
not increase body weight and WAT weight in apoE-deficient
ob/ob mice and VLDLR-deficient mice, but it significantly
increased these two parameters in their wild-type control mice
(Figs. 4, A-C, and 7, A-D). It has been shown that apoE defi-
ciency in genetically obese Ay mice prevents the development
of obesity and that this phenotype is reversed by adenoviral
apoE replenishment (2). In addition, it has been reported that
VLDLR-deficient mice do not show body weight gain when fed
a high fat, high calorie diet (13, 14). Our results in the present
study as well as those of previous reports (2, 13, 14) indicate that
induction of lipid uptake by rosiglitazone in adipocytes might
not work in VLDLR-deficient mice and apoE-deficient ob/ob
mice because of lack of the apoE-VLDLR pathway. It is there-
fore suggested that the apoE-VLDLR pathway plays a crucial
role in rosiglitazone-induced lipid accumulation in adipose tis-
sue. Because our results do not exclude the possibility that
other receptors contribute to the uptake of VLDL particles into
adipocytes, further studies are needed to elucidate the extent to
which the apoE-VLDLR pathway is responsible for rosiglita-
zone-induced lipid uptake.

We also investigated in this study the mechanism by which
rosiglitazone ameliorates insulin resistance in apoE-deficient
ob/ob mice without affecting WAT weight. It has been reported
that rosiglitazone increases the number of small adipocytes
and plasma adiponectin concentration, thereby ameliorating
insulin resistance (26, 31, 33). Although there was no significant
difference in the size of adipocytes in WAT between the vehi-
cle- and rosiglitazone-treated apoE-deficient ob/ob mice,
plasma adiponectin concentration was increased by treatment
with rosiglitazone (Fig. 6B). These results suggest that, in addi-
tion to the increase in the number of small adipocytes, the
increase in plasma adiponectin levels considerably contributes
to the insulin-sensitizing action of TZDs. Furthermore, it has
been reported that obesity-associated metabolic syndrome
leads to increase in oxidative stress and macrophages accumu-
lation in WAT, which are causes of adipocytes dysfunction (35—
37). In the present study, rosiglitazone increased the expression
of antioxidant enzyme and reduced the expression of macro-
phage-specific gene in WAT, suggesting the reduction of oxi-
dative stress and inflammation in WAT (Fig. 6, D and E). Thus,
normalization of adipocyte function might be another possible
mechanism by which rosiglitazone improves glucose intoler-
ance and insulin resistance in apoE-deficient ob/ob mice.

In conclusion, we demonstrated in this study that PPARy
directly binds to the functional PPRE in the VLDLR promoter
region and that the PPARYy agonist rosiglitazone increases
VLDLR expression, which may be involved in lipid accumula-
tion in WAT. We therefore propose that VLDLR-mediated
apoE-containing VLDL uptake plays an important role in lipid
accumulation induced by rosiglitazone in adipocytes.
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CD8™ effector T cells contribute to macrophage
recruitment and adipose tissue inflammation in obesity

Satoshi Nishimura'™, Ichiro Manabe!*%°, Mika Nagasaki'*®, Koji Eto’, Hiroshi Yamashita!,
Mitsuru Ohsugi®, Makoto Otsu’, Kazuo Hara®, Kohjiro Ueki*>3, Seiryo Sugiura®, Kotaro Yoshimura'?,
Takashi Kadowaki>*>® & Ryozo Nagail>>?

Inflammation is increasingly regarded as a key process underlying metabolic diseases in obese individuals. In particular, obese
adipose tissue shows features characteristic of active local inflammation. At present, however, little is known about the sequence
of events that comprises the inflammatory cascade or the mechanism by which inflammation develops. We found that large
numbers of CD8* effector T cells infiltrated obese epididymal adipose tissue in mice fed a high-fat diet, whereas the numbers of
CD4* helper and regulatory T cells were diminished. The infiltration by CD8* T cells preceded the accumulation of macrophages,
and immunological and genetic depletion of CD8* T cells lowered macrophage infiltration and adipose tissue inflammation and
ameliorated systemic insulin resistance. Conversely, adoptive transfer of CD8* T cells to CD8-deficient mice aggravated adipose
inflammation. Coculture and other in vitro experiments revealed a vicious cycle of interactions between CD8* T cells, macrophages
and adipose tissue. Our findings suggest that obese adipose tissue activates CD8* T cells, which, in turn, promote the recruitment

and activation of macrophages in this tissue. These results support the notion that CD8* T cells have an essential role in the

initiation and propagation of adipose inflammation.

Inflammation is now considered to have a pivotal role in the
development of metabolic diseases'. In particular, obese adipose tissue
shows the hallmarks of chronic inflammation®?, and the inflamma-
tion is thought to alter adipose tissue function, leading to systemic
insulin resistance®. The mechanism by which the development of this
insulin resistance occurs is believed to involve proinflammatory
cytokines produced by infiltrating macrophages and resident adipo-
cytes within the obese adipose tissue!. Likewise, chronic inflammation
also impairs triglyceride storage in adipose tissues, and the excess
circulating free fatty acids and triglycerides also induces insulin
resistance in muscle and liver>”. Adding insult to injury, it has been
postulated that a paracrine loop involving these free fatty acids and
inflammatory cytokines establishes a vicious cycle that aggravates the
inflammatory changes, furthering the dysfunction of adipose tissue®.
As such, the inflammatory changes seen in obese adipose tissue may
be the key pathology that promotes systemic inflammatory states and
insulin resistance in obese individuals.

Macrophage infiltration of adipose tissue has been described in
both mice and humans!. However, little is known about the sequence
of events that lead to macrophage infiltration. Recently accumulation
of other immune cells, such as T cells, has been documented in obese

adipose tissue®!%, T lymphocytes are known to interact with macro-
phages and regulate the inflammatory cascade!!. However, their
functional role in adipose inflammation remains unclear. Here we
show that infiltration of CD8" effector T cells is an early event during
the development of adipose tissue obesity induced by a high-fat diet.
Further, we show using loss- and gain-of-function approaches in vivo
that these T cells are critical mediators of systemic metabolic dysfunc-
tion. Finally, we also show in vitro that obese adipose tissue can
activate CD8" T cells, which, in turn, allows for the recruitment and
differentiation of macrophages. Thus, together our findings indicate
that CD8* T cells have essential roles in the initiation and main-
tenance of adipose tissue inflammation and systemic insulin resis-
tance. Our results also clearly show the involvement of adaptive
immunity in metabolic disorders.

RESULTS

CD8* T cell infiltration precedes macrophage accumulation
Adipose tissue consists of not only adipocytes but also stromal and
vascular cells, including fibroblasts, vascular endothelial cells and
inflammatory cells. This stromal vascular fraction is known to be
essential for adipose tissue inflammation®. Therefore, to gain insight
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Figure 1 Differential infiltration of lymphocytes and macrophages into obese adipose tissue. (a) Flow cytometric analysis of the stromal vascular fraction
(SVF) from the epididymal fat pads of control mice fed a normal chow diet (ND), diet-induced obese (DIO) mice fed a high-fat diet for 16 weeks and

ob/ob mice fed a normal diet (ob/ob). All mice were 20-weeks-old. The cell populations of macrophages (F4/80+*CD11b*), endothelial cells (CD31%),
CD3*CD8*CD4~ T cells, CD3*CD8~CD4* T cells, regulatory T cells (CD4*CD25*Foxp3*) and NK cells (CD3-CD94*) were analyzed (n = 5 mice in each
group). The number of each cell type was normalized to the total number of viable SVF cells. *P < 0.05. (b,c) Immunchistochemical analysis of CD8 and
CD4 (each in red) in epididymal (b) and femoral subcutaneous (c) adipose tissue from ND, DIO and ob/ob mice. Adipocytes were counterstained with boron-
dipyrromethene (BODIPY, blue) and nuclei with Hoechst (green). Quantification of CD8* and CD4" cells is shown in Supplementary Fig. 3. Scale bars,

100 pm. (d-g) Time courses of changes in the cell populations in the adipose stroma during development of obesity. Flow cytometric analysis of the stromal
vascular fraction from the epididymal fat pads of control mice fed a normal chow diet and mice fed a high-fat diet beginning when they were 4-weeks-old.

Numbers of macrophages (d), CD8* T cells (e), CD4* T cells (f) and regulatory T cells (g) were determined during the course of DIO development (n = 5

mice in each group; *P < 0.05). Error bars represent means = s.e.m.

into the inflammatory processes taking place within these cell frac-
tions during obesity, we first analyzed immune cell populations in
collagenase-digested stromal vascular fractions from obese epididymal
adipose tissue with the aim of identifying local obesity-induced
immunological changes. We acquired stromal vascular fractions using
previously described methods of isolation!? with a few modifications.
We first carried out a set of flow cytometric analyses to determine the
proper gating for analysis of lymphocytes and macrophages in adipose
tissue (Supplementary Fig. 1). We found that R1 gating accounted for
the majority of viable cells, including a majority of F4/807CD11b*
macrophages. Because earlier studies used broader gating to analyze
macrophages in the stromal vascular fraction!’, we compared the
broader R2 gating with the narrower Rl gating. We found that the
macrophage and lymphocyte fractions detected with R1 gating did not
significantly differ from those detected using the broader R2 gating
(Supplementary Fig. 1 and Supplementary Table 1). For that reason,
we analyzed subsequent cell fractions by R1 gating (for further discussion
of gating, see Supplementary Methods and Supplementary Fig. 1).
Consistent with earlier reportsz, the infiltration of F4/80*CD11b*
macrophages into adipose tissue was significantly increased by diet-
induced obesity (DIO) and in obese ob/ob mice compared to the
control lean mice on a normal diet (P < 0.05) (Fig. 1a). The numbers
of CD31% endothelial cells were also higher in obese mice (Fig. 1a),
which may reflect angiogenesis'4. Notably, we found that CD3" T cells
accounted for 14.8 = 0.9% of stromal vascular cells in lean adipose
tissue, and most (94.7 + 0.3%) of the CD3™ T cells were CD4 or CD8
positive. The CD3*CD8*CD4~ T cell fraction was larger in obese
adipose tissue, whereas the CD3¥CD4*CD8~ T cell fraction was
smaller, as was the regulatory T cell fraction (CD4"CD25*Foxp3™)

compared to lean mice on normal diet (P < 0.05). The natural killer
(NK) cell fraction (CD3~CD94") was unaffected by obesity (Fig. 1a).
In contrast to the higher number of CD8" lymphocytes seen in obese
adipose tissue, CD8* and CD4" T cell counts were significantly lower
in peripheral blood from 0b/0b mice and were unchanged in DIO mice
as compared to mice on a normal diet (P < 0.05) (Supplementary
Fig. 2), suggesting selective recruitment of CD8" T lymphocytes to
obese adipose tissues.

Immunohistochemical analysis of F4/80, CD8 and CD4 expression
also revealed higher numbers of F4/80* macrophages and CD8*
T cells and lower numbers of CD4* T cells in obese epididymal fat
pads as compared to mice on a normal diet (P < 0.05) (Fig. 1b and
Supplementary Fig. 3). By contrast, we found no significant changes
in the numbers of CD8" and CD4" cells in subcutaneous fat pads
(Fig. 1c). In obese epididymal adipose tissues, we found a number of
CD8* cells within ‘crown-like structures’ (CLSs), which reflect the
focal convergence of macrophages surrounding necrotic adipo-
cytes'®!5 (Fig. 1b), whereas CD4" cells showed no apparent relation-
ship with CLSs.

Most CD3*CD8" cells were CD62L~ and CD44" (74.7% + 3.8%
of CD3* CD8" cells in DIO mice), suggesting the majority of
infiltrated CD8" T cells were activated effector T cells'®. To assess
the clonality of CD8" in obese adipose, we examined the T cell
receptor (TCR) Vp repertoire of CD8" T cells in lean and obese
adipose tissues. The results showed that CD8* T cells in obese adipose
were not monoclonal, though the CD8" cell fractions that were
positive for Vig; and Vp,qp, were significantly larger in obese adipose
tissues as compared to mice on a normal diet (P < 0.05) (Supple-
mentary Fig. 4).
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It is known that one consequence of macrophage accumulation,
particularly M1 macrophages, in inflamed adipose tissue is modulation
and impairment of the tissue’s function!’. It is not known, however,
what initiates macrophage infiltration or the resultant inflammatory
cascade. The dynamic changes in lymphocyte populations seen in
obese adipose tissue (Fig. 1a,b) suggest that lymphocytes might have
a key role. To test this idea, we examined the time course of changes
in stromal cell populations during the progression of DIO. We fed
C57BL/6 mice a high-fat diet, beginning when they were 4-weeks-
old (Fig. 1d-g). Within 2 weeks, the CD8*CD4 ™~ T cell fraction within
the total stromal vascular cell fraction was significantly increased in
the stroma of the epididymal fat, as compared to that in mice fed
a control chow diet (Fig. le). The numbers of CD8TCD4~ T cells
continued to increase thereafter, peaking when the mice were 15-weeks-
old (Fig. 1le). By contrast, the fractions of CD8 CD4"* T cells and
CD4*CD25"FoxP3* regulatory T cells were reduced at later times
(Fig. 1f,g), suggesting that CD8" T cell infiltration is a primary event
during inflammatory cascades within adipose tissue. The increase in
CD8" T cells also preceded the accumulation of macrophages when
cell numbers were expressed per fat pad (Supplementary Fig. 5),
clearly indicating that CD8" cells infiltrated into the epididymal fat
pads of DIO mice before macrophage infiltration.

To gain additional insight into the clinical importance of CD8"
T cells in obese fat, we analyzed the expression of CD8A in samples of
human subcutaneous adipose tissue. Levels of CD8A expression were
significantly higher in obese subjects than in lean ones (P < 0.05),
suggesting that CD8" T cells also accumulate in human obese adipose
tissue (Supplementary Fig. 6).

CD8 depletion inhibits inflammatory cascade in obese adipose

To assess the role of CD8" T cells in adipose inflammation, we
examined the effects of CD8 depletion using neutralizing antibody
treatment on the inflammatory response in obese adipose tissue. We
randomly assigned male C57BL/6 mice to two groups and intraper-
itoneally administered either antibody to CD8 or control IgG once a
week for 8 weeks, beginning when the mice were 4-weeks-old. We fed
the mice a high-fat diet over the same period, and we performed
metabolic and histological analyses at 12 weeks of age. Antibody to

CD8 treatment had no effect on body weight, food intake, fat pad
weight or adipocyte diameter (Supplementary Fig. 7). However, it
significantly lowered the CD8"CD4™ T cell fraction in the epididymal
fat pads without affecting the CD8~CD4" cell fraction (Fig. 2a). It
also reduced the infiltrated M1 macrophage (F4/80*CD11¢*CD206™)
fraction without affecting the M2 macrophage (F4/80*CD11c~CD206")
fraction!” and significantly lowered the numbers of CLSs (P < 0.05 for
each) (Fig. 2b and Supplementary Fig. 7d).

The messenger RNA expression of the proinflammatory cytokines
interleukin-6 (IL-6) and tumor necrosis factor-oo (TNF-a) in
epididymal fat pads was lowered by CD8-specific antibody treat-
ment (Fig. 2c), as were their serum concentrations (Supplementary
Fig. 7f). In addition, the insulin resistance and glucose intolerance
induced by the high-fat diet were ameliorated by CD8-specific anti-
body treatment (Fig. 2d,e). Similarly, CD8-specific antibody treat-
ment lowered M1 macrophage infiltration into epididymal fat and
ameliorated systemic insulin resistance in 0b/ob mice (Supplementary
Fig. 8). Collectively, these effects of CD8-specific antibody treatment
clearly show that CD8" cells are required for the recruitment of
macrophages into obese adipose tissue and the initiation and propa-
gation of inflammatory responses there.

CD8 depletion ameliorates pre-established inflammation

We next examined the activity of CD8* T cells in obese adipose tissues
in which inflammation had already been established. We began
administering antibodies to 19-week-old DIO mice that had been
fed a high-fat diet since they were 9-weeks-old. We intraperitoneally
administered either antibody to CD8 or control IgG three times per
week for 2 weeks, and examined the mice at 21-weeks-old. Treatment
with antibody to CD8 suppressed CD8" T cell infiltration into
obese fat pads without affecting CD4* T cells (Fig. 3a). CD8 anti-
body also lowered M1 (F4/80*CD11c*) macrophage fraction while
leaving the M2 macrophage (F4/80*CDl1c™) fraction unchanged
(Fig. 3a). The reduction in macrophage infiltration was confirmed
by F4/80 immunohistochemistry (Fig. 3b). In addition, the number
of CLSs was also lowered by CD8-specific antibody treatment
(Fig. 3bc). DIO led to upregulated mRNA expression of the
proinflammatory cytokines IL-1, IL-6 and TNF-a, as well as of
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Figure 3 Effects of CD8-specific antibody treatment on pre-established obese adipose inflammation. (a) Flow cytometric analysis of cell populations

in stromal vascular fractions from control mice on a normal chow diet (ND) and DIO mice administered control IgG (DIO + IgG) or antibody to CD8

(DIO + CD8Ab) three times per week from 19- to 21-weeks-old. (n = 5 mice in each group). High-fat diet was started at the age of 9-weeks-old, and

all the mice were examined at 21-weeks-old. The same mice were used in b-f. (b) Immunohistochemical identification of macrophages (F4/80, red) in
epididymal adipose tissue. Adipocytes were counterstained with BODIPY (blue), and the nuclei with Hoechst (green). Scale bars, 100 pm. (c) Numbers
of CLSs (shown by white arrows in b) in adipose tissue (n = 20 low-power fields (LPF) in each group). (d) Real-time PCR analysis of cytokine expression
in epididymal adipose tissue. The levels of each transcript were normalized to those in control ND mice. MIP, monocyte inflammatory protein (n = 5 mice
in each group). (e,f) Results of insulin tolerance (e, 1 U insulin per kg body weight ) and oral glucose tolerance (f, 1 g per kg glucose) tests in DIO mice
treated with antibody to CD8 or control IgG (n = 10 mice in each group). *P < 0.05. Error bars represent means + s.e.m.

intercellular adhesion molecule-1 (ICAM1) and matrix metallo-
proteinase-2 (MMP-2), in adipose tissue, which is consistent with
local inflammation, and CD8-specific antibody treatment lowered
expression of all of these mediators (Fig. 3d).

CD8-specific antibody treatment also ameliorated insulin resis-
tance and glucose intolerance in DIO mice (Fig. 3ef and Supple-
mentary Fig. 9). These results clearly show that CD8-specific antibody
treatment suppresses preexisting adipose inflammation, which strongly
suggests that CD8" cells are required for the maintenance of inflamma-
tory reactions in obese adipose tissue.

CD8* T cells are required for adipose tissue inflammation

To further establish the requirement for CD8* T cells in adipose
inflammation in vivo, we started 6-week-old genetically CD8-deficient
mice on a high-fat diet and maintained them on it for 8 weeks, and
examined the CD8a~/~ mice at 14-weeks-old. In sharp contrast to
wild-type mice fed the same high-fat diet (Fig. 1), the CD8-deficient
mice did not show significant increases in the M1 or M2 macrophage
fraction in the epididymal fat under high-fat diet (Fig. 4a), and we
found very few CLSs (Fig. 4b,c), although both body weight and
epididymal fat mass were significantly higher compared to CD8a~/~
mice on a normal diet (Supplementary Fig. 10a,b). Levels of proin-
flammatory cytokine mRNA expression in adipose tissue, including
IL-6 and TNF-g, also were not increased by the high-fat diet in CD8-
deficient mice (Fig. 4d).

To directly examine the role of CD8" T cells in adipose tissue
inflammation, we adoptively transferred splenic CD8% T cells into
CD8-deficient mice. We intravenously administered either 5 x 108
splenic CD8" T cells isolated from 7-week-old C57BL/6 mice or control

vehicle weekly over the same period and examined the CD8a™’
mice at 14-weeks-old. Adoptive transfer of CD8% T cells increased
M1 macrophage infiltration (Fig. 4a), numbers of CLSs (Fig. 4b,c),
and expression of IL-6 and TNF-o in epididymal fat (Fig. 4d),
indicating initiation of adipose inflammation. A high-fat diet induced
moderate glucose intolerance in untreated CD8-deficient mice, but we
did not observe insulin resistance in insulin tolerance tests (Fig. 4e,f).
Adoptive CD8" T cell transfer aggravated the glucose intolerance and
induced insulin resistance (Fig. 4e,f). Taken together, the results that
we obtained with CD8-deficient mice confirm that CD8* T cells are
essential for macrophage recruitment and inflammation in adipose
tissue in DIO.

Interplay between macrophages, T cells and adipocytes

We next analyzed the cellular interplay via which inflammation
develops in obese adipose tissue. On the basis of the findings of the
in vivo experiments summarized above, we hypothesized that obese
adipose tissue activates CD8" T cells, which, in turn, recruit and
activate macrophages. To test this hypothesis, we first cocultured
splenic CD8* T cells with epididymal fat tissue prepared from lean
or obese mice to determine whether obese adipose tissue can activate
CD8" T cells. Whereas obese epididymal fat clearly induced T cell
proliferation, lean fat did so only modestly (Fig. 5a), indicating that
obese adipose tissue can indeed activate CD8* T cells.

To assess the involvement of CD8* T cells in monocytes and
macrophage differentiation, we cocultured various combinations of
peripheral blood CD11b"M8" granulocyte-1 (Gr-1)~CD4~CD8 cells
(most of which were monocytes), CD8* cells prepared from either
lean or obese adipose tissue, and lean epididymal adipose tissue. By
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themselves, neither CD8" cells nor adipose tissue induced macrophage ~ Further, the requirement for adipose tissue suggests that the inter-
differentiation (Fig. 5b). However, when cocultured with both CD8"  action between CD8* T cells and adipose tissue is necessary for
cells and lean adipose tissue, peripheral blood monocytes differen-  induction of macrophage differentiation.

tiated into F4/807CD11b*CD68" macrophages (Fig. 5b). Moreover, We then tested whether activated CD8" cells elicit macrophage
CD8" cells from obese adipose tissues generated significantly more  migration via humoral interactions. Analysis of the medium condi-
macrophages than those from lean adipose (Fig. 5b). Thus, CD8" cells  tioned with activated CD8" T cells showed that these cells secrete
seem to be essential for macrophage differentiation in this setting.  substantial amounts of humoral factors known to induce macrophage
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Figure 5 Interplay between macrophages, CD8* T cells and adipose tissue. (a) Carboxyfluorescein succinimidyl ester (CFSE) proliferation assay of isolated
splenic CD8* T cells cultured with or without epididymal adipose tissue from ND or DIO mice. WAT, white adipose tissue. (b) Effects of CD8* T cells and
adipose tissue on differentiation of peripheral blood monocytes (CD11bM8"Gr-1-) into macrophages (CD11b*F4/80*CD68*). Monocytes were cocultured for
7 d with CD8* T cells isolated from epididymal adipose tissue from lean (ND CD8) or DIO (DIO CD8) mice, with or without epididymal WAT from lean mice.
The differentiated macrophage fractions are shown (n = 5 in each group; *P < 0.05; NS, not significant). (c-f) Concentrations of various cytokines in the
control medium and medium conditioned by quiescent (CD8) or activated (activated CD8) CD8 cells (n = 5 in each group). *P < 0.05. IP-10, interferon-
inducible protein-10. (g,h) Migration of RAW264.7 (g) and peritoneal (h) macrophages, as examined using unconditioned control medium (Ctrl), medium
conditioned by quiescent (CD8) or activated (activated CD8) CD8* T cells, or neutralizing antibody to MCP-1 (anti-MCP-1) (n = 20 in each group).

*P < 0.05. (i) The fraction of F4/80* CD11b* macrophages producing high levels of TNF- after isolation from lean epididymal adipose tissue and

cultured without (Ctrl) or with CD8* T cells isolated from ND (ND CD8) or DIO (DIO CD8) mice (n = 5 in each group, *P < 0.05). Error bars represent
means = s.e.m.
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migration, including interferon-inducible protein-10, monocyte
chemoattractant protein-1 (MCP-1), MCP-3 and regulation upon
activation, normal T cell expressed and secreted protein (RANTES)
(Fig. 5¢c—f). When we plated cells of the macrophage cell line
RAW264.7 or isolated peritoneal macrophages in Boyden chambers
and treated them with medium conditioned by activated CD8* T cells,
the numbers of both cell types that migrated through the pores
between the chamber wells with activated CD8% T cell-conditioned
medium were significantly higher compared to cells cultured in non-
conditioned medium (P < 0.05 for each) (Fig. 5g,h). Treatment with
antibody to MCP-1 lowered the migration of peritoneal macrophages
by approximately half, indicating MCP-1 to be one of the factors
mediating the humoral interactions (Fig. 5h).

To further assess the involvement of CD8* T cells in macrophage
activation in adipose tissue, we cocultured F4/80* CD11b" macro-
phages isolated from lean epididymal fat tissue with CD8* cells
isolated from either lean or obese fat tissue. The numbers of macro-
phages producing high amounts of TNF-o were significantly increased
by the CD8" cells (Fig. 5i). Moreover, CD8* cells from obese adipose
tissue increased the number of TNF-oM€" macrophages to a signifi-
cantly greater degree than those from lean adipose tissue (Fig. 5i).
Collectively, then, the results of the coculture experiments show that
the interaction between obese adipose tissue and CD8* T cells is
crucial for macrophage differentiation, migration and activation.

DISCUSSION

Adipose tissue inflammation is now considered to be a crucial event
leading to the metabolic syndrome, diabetes and atherosclerotic
cardiovascular disease. However, it is still unclear how adipose
inflammation is initiated and maintained. Here we showed that
CD8" T cell infiltration precedes accumulation of macrophages in
adipose tissue obesity, CD8" T cells are required for adipose tissue
inflammation and CD8% T cells have major roles in macrophage
differentiation, activation and migration. Thus, CD8" T cells are
crucially involved in initiating inflammatory cascades in obese adipose
tissue. Moreover, the finding that CD8-specific antibody treatment
ameliorates preestablished adipose inflammation in DIO mice indi-
cates that CD8" T cells are also essential for maintenance of the
inflammatory response. Although infiltration of T cells into obese
adipose tissue has been reported previously'®!8, to our knowledge, the
present study is the first to directly address the functional role of CD8"*
cells in adipose tissue inflammation. The findings that systemic insulin
resistance is ameliorated by CD8 depletion and aggravated by adoptive
transfer of CD8" cells strongly suggest that CD8-dependent adipose
inflammation has an impact on systemic metabolism.

Accumulation of CD8" T cells in obese epididymal fat pads was not
accompanied by the presence of greater numbers of CD8* T cells in the
systemic circulation, suggesting that CD8* T cells are activated by
endogenous stimuli localized in the adipose tissue. Supporting this
notion is our finding that obese adipose tissue induces CD8* T cell
proliferation. The findings that incubation with CD8" T cells plus lean
adipose tissue induced macrophage differentiation, although neither
CD8" T cells nor lean adipose tissue did so alone, suggest that CD8"
T cells and adipose tissue interact with each other to activate a local
inflammatory cascade. In addition, the results of coculture experiments
showing the interactions among CD8" T cells, macrophages and
adipose tissue, as well as the results of our CD8 depletion experiments,
which showed that CD8% T cells are essential for both the initiation
and maintenance of adipose inflammation, strongly suggest that there
is a relay involving both CD8" T cells and macrophages in obese
adipose tissue that propagates local adipose inflammation.

ARTICLES

In contrast to the increased infiltration of CD8* T cells, numbers of
CD4* T cells and regulatory T cells were low at later time points
(Fig. 1), which would also be expected to contribute to local
inflammation within adipose tissue. For instance, subsets of CD4"
T cells are known to secrete cytokines that can inhibit macrophage
recruitment, including IL-4 and IL-10 (ref. 19), whereas regulatory T
cells control adaptive immune responses by suppressing T cells, NK
cells, NKT cells, B cells and dendritic cells?. In addition, regulatory
T cells have also been shown to inhibit proinflammatory activation of
monocytes®! and to inhibit macrophage infiltration and renal injury
in a model of chronic kidney disease??. It is therefore tempting to
speculate that reducing the numbers of CD4" and regulatory T cells
augments the inflammatory response during the late phase of adipose
tissue obesity.

Taken together, our results support the idea that obese adipose
tissue activates CD8" T cells, which, in turn, initiate and propagate
inflammatory cascades, including the recruitment of monocytes and
macrophages into obese adipose tissues and their subsequent differ-
entiation and activation there. Thus, it seems that CD8" T cells have a
primary role in obese adipose tissue inflammation, though future
studies are needed to address which environmental cues within obese
adipose tissue initiate CD8% cell infiltration. Even so, these results
further support the idea that adipose inflammation has a major
impact on systemic metabolism.

METHODS
Methods and any associated references are available in the online
version of the paper at http://www.nature.com/naturemedicine/.

Note: Supplementary information is available on the Nature Medicine website.
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ONLINE METHODS

Mice. We obtained Male C57BL/6], ob/ob and Cd8a-deficient mice from
Charles River Japan or Jackson Laboratories. All mice were housed under a
12-h light-dark cycle and allowed free access to food. To examine the time-
course of changes in stromal vascular cell populations in adipose tissue
under conditions of diet-induced obesity, we divided C57BL/6 mice into
two groups and fed either a standard chow diet (6% fat, Oriental Yeast
Company) or a high-fat diet (D12492, 60 Kcal% fat, Research Diets) from
the age of 4 weeks.

To examine the effects of CD8 depletion on the initiation and develop-
ment of adipose inflammation, we started antibody administration before the
establishment of DIO. We fed male C57BL/6 mice a high-fat diet for 8 weeks,
beginning when they were 4-weeks-old, and we intraperitoneally administered
either CD8-specific antibody (3 pg per g body weight, 1 mg ml~! solution,
Biolegend) or control rat IgG (Sigma, 1 mg ml~! PBS solution) weekly over the
same period. We examined the mice at 12 weeks old (Fig. 2 and Supplemen-
tary Fig. 7). We validated depletion of CD8 T cells by antibody as shown in
Supplementary Figure 11.

To assess the effects of CD8 depletion on preestablished adipose inflamma-
tion in DIO mice, we fed C57BL/6 mice a high-fat diet, beginning when they
were 9-weeks-old. Ten weeks later, we randomly assigned the 19-week-old obese
mice to two groups and we intraperitoneally administered either CD8-specific
antibody (120 pg per mouse) or control IgG three times per week for 2 weeks
(total of six administrations). Age-matched lean C57BL/6 mice fed a normal
chow diet served as controls. At 21 weeks, we performed oral glucose and
insulin tolerance tests and then killed the mice for analysis of their adipose
tissue (Fig. 3 and Supplementary Fig. 9). :

To assess the effects of CD8-deficient and adoptive transfer of CD8* T cells
on adipose inflammation, we fed CD8a~/~ mice either normal chow or a high-
fat diet for 8 weeks, beginning when they were 6-weeks-old. We intravenously
administered either 5 x 10° splenic CD8" T cells or control PBS weekly over
the same period. We examined the CD8a~/~ mice at 14-weeks-old. We prepared
CD8" splenic T cells from 7-week-old C57BL/6 mice (Fig. 4 and Supplemen-
tary Fig. 10). All experiments were approved by the Institutional Committee
for Animal Research of The University of Tokyo and strictly adhered to the
guidelines for animal experiments of The University of Tokyo.

Isolation of the stromal vascular fraction and flow cytometry. We isolated
stromal vascular cells using previously described methods with some modifica-
tions. We killed the mice after general anesthesia after systemic heparinization.
We removed the epididymal and subcutaneous adipose tissues and then minced
it into small pieces (~2 mm). We vigorously agitated the pieces in PBS
supplemented with 1 pg ml~! heparin for 30 s to remove any circulating blood
cells and then centrifuged the suspension at 1,000g for 8 min. We collected
floating pieces of adipose tissue and incubated them for 20 min in collagenase
solution (2 mg ml~! of collagenase type 2 (Worthington) in Tyrode buffer
(containing 137 mM NaCl, 54 mM KCl, 1.8 mM CaCl,, 0.5 mM MgCl,,
0.33 mM NaH,POy4, 5mM HEPES and 5 mM glucose)) with gentle stirring. We
then centrifuged the digested tissue again at 1,000g for 8 min. We resuspended
the resultant pellet containing the stromal vascular fraction into PBS and
filtered it through a 70-um mesh. We washed the cells twice with PBS,
incubated for 10 min in erythrocyte-lysing buffer (Becton Dickinson) as
previously described®, and we finally resuspended them in PBS supplemented
with 3% FBS. We incubated these isolated cells with either labeled mono-
clonal antibody or isotype control antibody (eBioscience and BD Pharmingen)
and analyzed by flow cytometry with a Vantage flow cytometer (Becton
Dickinson) and FlowJo (Tree Star, Inc.) software. We used propidium iodide
(Invitrogen) to exclude dead cells. We validated flow cytometric identifica-
tion of M1 (F4/807CD11c¢*) and M2 (F4/80*CD11c™) macrophages with
CD11c markers as described in the Supplementary Methods and Supple-
mentary Figure 12.

Immunochistochemistry. We stained and visualized whole-mount adipose
tissue as previously described'?.

CESE proliferation assay of CD8" T cells. We isolated splenic CD8" T cells
from 7-week-old C57BL/6 mice and incubated the isolated CD3* CD8" cells
with 5 uM CFSE (CellTrace CFSE Cell Proliferation Kit, Invitrogen). After
staining, we incubated 2 x 10 cells in DMEM supplemented with 3% FBS for
2 d, with or without 20 mg of minced epididymal white adipose tissue prepared
from either 20-week-old lean mice fed a normal chow diet or DIO mice fed a
high-fat diet for 16 weeks, We harvested the CD8" cells and then analyzed them
by flow cytometry to examine the proliferation status.

Differentiation of peripheral blood monocytes into macrophages. We iso-
lated peripheral blood monocytes (CD11bMe"Gr-17) from lean 7-week-old
C57BL/6 mice. In the lower wells of a 24-well Multiwell Boyden chamber
(Becton Dickinson), we cultured 5 x 10? monocytes per well in DMEM
supplemented with 3% FBS, with or without 10 mg of minced epididymal
adipose tissue prepared from 7-week-old lean mice in the upper wells. Also in
the upper wells, we cultured 5 x 10* CD3*CD8"CD4™ T cells, which we
isolated from epididymal adipose tissues of 20-week-old lean or DIO mice. We
incubated the cells for 7 d, after which the cells in the upper wells were
collected, stained for CD11b, F4/80 and CD68, and assayed by flow cytometry
for the differentiated macrophage fractions (CD11b*F4/80*CD68").

Migration of RAW264.7 and peritoneal macrophages. We isolated CD8*
T cells from blood collected from C57BL/B6] mice after cardiac puncture. We
isolated and cultured CD3"CD8" cells were in DMEM supplemented with
3% EBS. To activate CD8" T cells, we cultured the cells with recombinant IL-2
(20 U ml~’; Sigma), Dynabeads CD3/CD28 T Cell Expander (a bead-to-cell ratio
of 1:1) and 2-mercaptoethanol (50 uM). After 120 h of culture, we aspirated the
culture medium and performed migration assay using Boyden chambers with
8-um pore inserts (Becton Dickinson). We cultured RAW264.7 and peritoneal
macrophages in the upper wells, and we added the conditioned medium to the
lower wells. We used fresh DMEM supplemented with 5% FBS as a control. To
inhibit MCP-1 activity, we added a neutralizing antibody (5 pg ml~" antibody
to MCP-1, clone 2H5, Biolegend) to the conditioned medium.

TNF-a production in macrophages cocultured with CD8* cells. We isolated
F4/80" CD11b" macrophages from epididymal adipose tissue from lean 7-week-
old C57Bl/B6] mice, and we isolated CD3"CD8*CD4~ T cells from epididymal
adipose tissue from 20-week-old lean or DIO mice. We then added the adipose
macrophages to the upper wells of a Multiwell Boyden chamber (Becton
Dickinson) (5 x 10% cells per well), and we added the same number of CD8*
T cells to the lower wells, after which we cultured the cells in DMEM supple-
mented with 3% FBS for 7 d. We assessed intracellular production of TNF-x
by flow cytometry using an intracellular cytokine production detection kit
(Cytofix/Cytoperm Fixation/Permeabilization Solution Kit, BD Pharmingen).

Human subjects. We acquired subcutaneous adipose tissue from healthy female
donors undergoing liposuction of the abdomen or thighs (after obtaining their
consent). We examined expression of CD8a in the tissue. We processed samples
comprised of 1 g of each specimen by digestion with collagenase and then
centrifuged to isolate the stromal vascular fractions. We purified total RNA
using Trizol (Invitrogen) and determined relative mRNA levels using real-time
PCR. This study was approved by the Ethics Committee of The University of
Tokyo Hospital.

Statistical analyses. We expressed the results as means * sem. We
determined the statistical significance of differences between two groups using
Student’s ¢ tests, and we evaluated differences among three groups by analysis of
variance followed by post-hoc Bonferroni tests. Values of P < 0.05 were
considered significant.
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Abstract

v

Current Japanese and American diets and Japa-
nese diet immediately after the War were con-
verted to laboratory animal diets. As a result,
current laboratory animal diet (CA-1, CLEA)
unexpectedly resembled the diet of Japanese
after the War. This is considered to result in an
under-evaluation of diabetes research using lab-
oratory animals at present. Therefore, changes
in insulin signals caused by current Japanese
and American diets were examined using IRS-2
deficient mice (Irs2”/~ mice) and mechanisms
of aggravation of type 2 diabetes due to modern
diets were examined.

Irs27/~ mice at 6 weeks of age were divided into
three groups: Japanese diet (Jd) group, American
diet (Ad) group and CA-1 diet [regular diet (Rd)]
group. Each diet was given to the dams from 7
days before delivery. When the Irs27/~ mice
reached 6 weeks of age, the glucose tolerance
test (GTT), insulin tolerance test (ITT) and organ

sampling were performed. The sampled organs
and white adipose tissue were used for analysis
of RNA, enzyme activity and tissues. In GTT and
ITT, the Ad group showed worse glucose toler-
ance and insulin resistance than the Rd group.
Impaired glucose tolerance of the Jd group was
the same as that of the Rd group, but insulin
resistance was worse than in the Rd group. These
results were caused an increase in fat accumula-
tion and adipocytes in the peritoneal cavity by
lipogenic enzyme activity in the liver and mus-
cle, and the increase in TNFa of hypertrophic
adipocyte origin further aggravated insulin
resistance and the increase in resistin also aggra-
vated the impaired glucose tolerance, leading to
aggravation of type 2 diabetes. The Japanese and
American diets given to the Irs27/~ mice, which
we developed, showed abnormal findings in
some Irs2”/~ mice but inhibited excessive reac-
tions of insulin signals as diets used in ordinary
nutritional management.

introduction

v

Type 2 diabetes mellitus appears to be increasing
mainly in the United States, Africa and Asia. In
2000 there were one hundred and fifty million
Type 2 diabetic patients, but they are predicted to
increase substantially to two hundred and twenty
million world-wide in 2010 [37]. Since World
War 1l (WWII), type 2 diabetic patients have
increased markedly with dramatic changes of
lifestyle in Japan. Typical changes of the lifestyle
include the increases in high fat diets, sedentary
habits and driving. Especially, the level of fat in
modern Japanese diets increased from 20.0 g/day
in 1953 to 59.9¢g/day in 1995 according to the
nation-wide nutrition monitoring survey in
Japan. In addition, the Japanese population is
predisposed to develop type 2 diabetes due to

insufficient insulin secretion in spite of no pre-
disposition to obesity.

Human type 2DM is characterized by peripheral
insulin resistance and defective insulin secretion
[11,12]. It is known that type 2 DM is associated
with disorders of insulin receptor substrates
(IRS), which mediate pleiotropic signals initiated
by receptors for insulin and adipokines
[7,13.24,26,27] secreted from adipocytes. In IRS
family [22,31], IRS-2 deficient (Irs27/") mice
develop diabetes presumably due to inadequate
B cell proliferation [14] and increased adiposity
[32] combined with insulin resistance. In fact,
insulin resistance in Irs2~/~ mice is ameliorated,
at least in part, by reducing the adiposity [28].
Therefore, we thought that IRS-2 is the central
signal in glucose homeostasis. Hashimoto et al.
(2006) [5] backcrossed the IRS-2 deficient mice
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Table 1 Conversion from nutrition in human to nutrition contents for laboratory animals.

(a)
Modern American diet” Modern Japanese diet® Japanese diet after WWII%)
Calorie Intake weight Relative Intake weight Relative Intake weight Relative
(kcal|day) value (%) (kcal/day) value (%) (kcal/day) value (%)
2409.1-462.99 118.7 1985.1-384.9 98.7 390.0 100.0
Intake weight keal (%) Intake weight keal (%) Intake weight keal (%)
. (glday) (g/day) (g/day)
protein 94.9-18.2 15.8 81.5-15.8 16.4 69.0—13.0 13.3
fat 92.7-17.8 34.6 59.9-11.6 27.2 20.0—3.8 8.7
total weight 85.5—16.4 31.9 56.8-11.0 25.8 19.0—-3.6 8.3
SFA 31.3-6.0 11.7 16.0—3.1 72 4.3-0.8 19
fatty acid MUFA 35.8-6.9 134 20.5-4.0 9.3 6.0—1.1 2.6
PUFA 18.4~3.5 6.9 20.3-3.9 9.2 8.7-1.6 3.8
moisture 298.8—57.4 49.6 280.0—54.3 56.4 403.0-76.0 77.9
(b)
Modern Modern Japanese diet CA1
American diet  Japanese diet after WWII
moisture (%) 8.8 10.0 1.1 8.3
crude protein (%) 243 22.5 20.2 26.8
crude fat (%) 15.5 10.1 39 5.0
crude fiber (%) 5.4 5:2 5.2 3.4
crude ash (%) 6.4 6.1 6.2 7.6
NFE (%) 39.6 46.2 53.2 48.9
calorie (kcal/100g) 395.1 365.0 328.9 347.4
fat energy (%) 35.4 24.8 10.7 -
CP energy (%) 24.6 24.6 24.5 -

1 USDA data (1994-96)

2l Nation wide nutrition monitoring survey in Japan (1995)
3 Nation wide nutrition monitoring survey in Japan (1953)
4 Conversion from human to mice

SFA: Saturated Fatty Acids

MUFA: Monounsaturated Fatty Acids

PUFA: Polyunsaturated Fatty Acids

(C57BL/6xCBA hybrid background) generated by Kubota et al.
(2000) [14] with C57BL/6]Jcl mice to establish an inbred line of
IRS-2 deficient mice (Irs2~/~ mice). As a result, IRS-2 deficient
mice with C57BL/6)Jcl genetic background at the age of 6 weeks
showed profiles compatible with several features of the meta-
bolic syndrome, including hyperglycemia, hyperinsulinemia,
insulin resistance, hypertriglyceridemia, and high FFA when
compared with IRS-2 deficient mice with a C57BL/6x CBA hybrid
background.

Diets with excessive fat as a load factor, for example more than
30%, have been fed to various models to show the relation of
between type 2 diabetes mellitus and lipid metabolism in many
experiments. However, most regular diets fed to type 2 diabetic
model mice contain about 5% fat in usual breeding, although one
of the factors increasing Japanese type 2 diabetes patients is
high fat diets. Therefore, we converted the nutrient content of
regular diet for laboratory animals to the human nutrient con-
tent on the basis of the nation-wide nutrition monitoring survey
in Japan and the National Research Council in the United States.
As a result, the nutrient content of CA-1 (CLEA, Tokyo, Japan) as
a regular diet became similar to that of the Japanese diet after
the WWIIL. Conversely, the results of converting the nutrient
content of modern Japanese and American diets to laboratory
animal diets indicated that the fat levels were two or three times

higher than that of regular diet such as CA-1. These differences
of fat levels suggest the possibility of underestimates of experi-
mental results using various diabetic mice and overlooking of
important signals when breeding with regular diets. Therefore,
we produced laboratory animal diets that imitated modern Jap-
anese and American diets, and investigated the effects on char-
acteristics of plasma adipokines, metabolites and enzyme
activities in Irs2~/~ mice.

WMiaterial and Methods

Animials

IRS-2 deficient mice generated by Kubota et al. (2000) [14] were
backcrossed with the original C57BL/6]Jc] genetic background
(Irs27/~ mice) for more than 10 generations. Irs2”/~ mice were
prepared by crossing with Irs27/~ mice, which were used for in
vitro fertilization and embryo transfer. Irs2~/~ mice were divided
to 3 groups, a regular diet (regular diet (Rd) group), Japanese diet
(Japanese diet (Jd) group), and American diet (American diet
(Ad) group) at the age of 4 weeks. These diets were fed to Irs27/~
mice since the embryos were transferred to pseudo pregnant
MCH (ICR) mice. Irs2™/~ mice were housed in Pair Mex Il (Osaka
Micro system, Osaka, Japan) at the age of 4 weeks, and provided

Hashimoto H et al. Japanese and American Diets Cause Deterioration of Insulin... Exp Clin Endocrinol Diabetes

-629 -



with regular and Japanese, and American diets as well as tap
water ad libitum. At the age of 5 weeks, intake rhythm of Irs2~/~
mice was synchronized with two Irs2~/~ mice near the average
intake weight and pattern in each group. The animal room and
specific pathogen-free conditions were the same as previous
study [5]. This study was approved by the Animal Committee of
the Central Institute for Experimental Animals (Permit No.
06023).

Design of modern japanese and American diets

Calorie levels for laboratory animal diet (390kcal/100g, refer-
enced to NRC, 1995) were based on human Japanese diet after
WWII (Table 1a). Total calories in human Japanese diet after
WWII were taken as a relative value of 100, multiplied by
390kcal/100g for both modern Japanese and American diets.
Calorie levels in nutrient content of each diet were converted to
weight (g)/100g. As a result of these conversions, these diet con-
tents presented two problems, 1) protein level (percentage of
protein calories) was too low, and 2) total levels of protein, fat,
and moisture were too high. We thought that these problems
might induce inferior growth of infants. These problems were
solved by decrease of moisture, increase of protein, and mainte-
nance of fibrous and mineral contents in nutrient combinations.
As a result, the practical combination rates of materials and
nutrient content are shown in Table 1b. The differences between
conversion values and practical combination rates of materials
were calories and moisture to protect the growth of infants. The
nutrient content of regular diet, CA-1, was similar to that of Jap-
anese diet after WWII for laboratory animals. Therefore, we sub-
stituted the Japanese diet after WWII for CA-1 as the control in
this study.

in vive Glucose Homeostasis and Chemical analysis

At the age of 6 weeks, glucose tolerance test (GTT), insulin toler-
ance test (ITT), and harvests of blood, liver, femoral muscles
(skeletal muscle), white adipose tissue (WAT), and pancreas for
chemical analysis. These protocol and condition were the same
as previous study [5].

Plasma glucose concentrations were assayed by the glucose oxi-
dase method [8]. Plasma triglyceride, FFA, and total cholesterol
levels were measured using commercially available kits (Wako
Pure Chemical Industries, Tokyo, Japan). Plasma insulin was
assayed using immunoreactions according to Arai et al. (1989)
[1]. Plasma TNFa« (eBioscience, California, USA), resistin (Adipo-
Gen, Seoul, Korea), MCP-1 (Pierce Biotechnology, Inc., Rockford,
[linois, USA), and leptin (Ray Biotech, Inc., Norcross, Gergia, USA)
were assayed by commercially available ELISA kits.

Isolation of cytosol fractions from the excised tissues [33], and
activity assays of hexokinase [34], glucokinase [34], pyruvate
kinase [6], aspartate aminotransferase [18], ATP citrate lyase
[30], fatty acid synthase [4], and malic enzyme [16] were per-
formed as reported previously.

RNA preparation and Quantitative Real-Time PCR

Total RNA was extracted from liver, skeletal muscle, WAT, and
pancreas of Irs2”/~ mice using TRizol reagent (Invitrogen) fol-
lowing the manufacturer is instructions. RNA (Liver: 500ng,
others: 50-100ng) was then reverse-transcribed to cDNA using
Super Script [l RNaseH" reverse transcriptase (Invtrogen). Real-
Time quantitative PCR were carried out with the SYBR Premix Ex
Tag™ (TaKaRa) and specific primers for SREBP-1c (Forward: 5'
GGTGTATTTGCTGGCTTGGT 3' and Reverse: 5" ACTAATGGGCCCT-

Articl

GATCCTT 3), PPAR Y 2(Forward: 5° GGTGAAACTCTGGGAGATTC
3" and Reverse: 5" TAATAAGGTGGAGATGCAGG 3'), GLUT2
(Forward: 5' GGCTAATTTCAGGACTGGTT 3’ and Reverse: 5' TTT-
CTTTGCCCTGACTTCCT 3'), GLUT4 (Forward: 5' TCATTCTT-
GGACGGT TCCTC 3" and Reverse: 5' AGAATCAGCTGCAGGAGAGC
3’) and B actin (Forward: 5 ACGGGCATTGTGATGGACTC 3 and
Reverse: 5" GTGGTGGTGAAGCTGTAGCC 3') according to the
manufacturer’s instructions. The PCR reactions and detection
were performed on a ABI PRISM 7700 using P actin as internal
control for normalization purposes.

In addition, reverse transcription (RT)-PCR also was performed
to confirm the results of quantitative Real-Time PCR visually fol-
lowed to PCR conditions according to the manufacturer’s instruc-
tions. PCR amplification was carried out for 25-35 cycles,
consisting of 95 for 30s, 63.4°C(SREBP-1c), 59.1°C(PPARY2),
64.0°C(GLUT2), 65.0°C(GLUT4), or 68.0°C(Ractin) for 30-40s,
and 72°C for 5min in 20ul of reaction mixture containing
1.5mM Mg?* and Ex-Tac (TaKaRa, Kyoto).

Histological analysis of liver, WAT, and pancreatic B
cells

The liver and WAT were fixed in 10% buffered formalin and
embedded in paraffin. Sections of islets were stained with hema-
toxylin and eosin. Immunohistochémistry of pancreatic f cells
was made according to Arai et al. (2008) [2].

Mazgnetic Resonance imaging (MRI)

Mice were scanned using 7T Bruker MRI under isoflurane
anesthesia. Whole-body was imaged for each mouse in accord-
ance with a fat MRI protocol. Parameters for short T;-weighted
spin-echo pulse sequence were: repetition time=310ms, echo
time=14.7ms, slice thickness=1.2mm, field-of-view=2.6x2.6
(em)?, matrix size=192x 192, average =6. A fat image region was
evaluated with visual inspection.

Results

v

Body Weights

Body weights of Rd, Jd and Ad group at 6 wk of age were
20.8£0.4g (Mean+SEM), 22.7+0.5g and 22.9+0.5¢ each. Japa-
nese and American diet increased the body weights of Irs2~/~
mice when compared with regular diet (p <0.05-0.01).

Glucose tolerance test

© Fig. 1a shows the results of GTT in Irs2~/~ mice fed modern
Japanese and American diets for laboratory animals. Blood glu-
cose concentrations before and after glucose loading differed
significantly (p<0.05) between the Rd group and Ad group,
although not between the Rd group and Jd group. Thereafter, the
Ad group continued to maintain severly impaired glucose toler-
ance (p<0.05).

insulin tolerance test

© Fig. 1b shows the results of ITT of Irs27/~ mice fed modern
Japanese and American diets for laboratory animals. Blood glu-
cose concentrations before insulin injection were already sig-
nificantly higher in the Jd group and Ad group than in the Rd
group (p<0.05). The glucose concentration-lowering effect of
insulin was significantly impaired in the Jd groip and Ad group
compared with the Rd group (p<0.05-0.01), suggesting that the
Jd group and Ad group show deterioration of insulin resistance.
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Fig. 2 Effects of modern Japanese and American diets on plasma

metabolites in Irs2~/~ mice. (a) Fasting glucose, (b) plasma glucose,
(c) plasma insulin, (d) plasma triglyceride, and (e) plasma cholesterol.
Data are presented as mean +standard error. *: p<0.05, **: p<0.01
(ANOVA and Tukey’s test).

Piasmz metaboiites

The Ad group showed increased plasma fasting glucose concen-
tration (& Fig. 2a) compared with other groups (p<0.05). How-
ever, plasma glucose (¢ Fig. 2b) and insulin concentrations
(© Fig. 2¢) in the Jd and Ad groups were increased when com-
pared with the Rd group (p<0.05). Conversely, plasma triglycer-
ide concentrations (& Fig. 2d) in the Jd and Ad groups were
decreased as compared with the Rd group (p<0.05). Plasma cho-
lesterol concentration (¢ Fig. 2e) was the same in the Jd and Ad
groups.

Effects of japanese and American diets on the liver
Expression of SREBP-1c mRNA (< Fig. 3a) in the Ad group was
increased compared with the Rd group (p<0.05). In addition,
expressions of PPAR y 2 mRNA (¢ Fig. 3b) and GLUT2 mRNA
(© Fig. 3c) in the Ad group were higher than in other groups
(p<0.05).

Cytosolic glucokinase (¢ Fig. 3d), pyruvate kinase (¢ Fig. 3e),
and PEPCK activities (¢ Fig. 3f) were not altered by the differ-
ences of diet. Cytosolic fatty acid synthase activities (& Fig. 3g)

of the Jd and Ad groups were decreased compared with the Rd
group (p<0.05). However, ACL activities (¢ Fig. 3h) of the Ad
group increased compared with other groups (p<0.05). In addi-
tion, malic enzyme (& Fig. 3i) of both the Jd and Ad groups also
increased when compared with the Rd group (p<0.05). Cytosolic
aspartate aminotransferase activities (© Fig. 3j) of the Ad group
increased (p <0.05), in spite of hepacytes of the Ad group at 6 wk
did not differ from the Rd group by histopathologic examination
(¢ Fig. 3k).

Effects of japan
muscie
Expressions of GLUT4 mRNA (& Fig. 4a) in the Jd and Ad groups
were lower than that in the Rd group (p<0.01).

Cytosolic hexokinase (© Fig. 4b), glucose-6-phosphate dehydro-
genase (¢ Fig. 4b), ATP citrate lyase (© Fig. 4e) and malic
enzyme (© Fig. 4f) were not altered by differences in diet.
Cytosolic fatty acid synthase (& Fig. 4c) of the Jd group showed
higher activity than in the Rd group (p<0.05).

Effects of japanese and American dists on WAT
Expression of GLUT4 mRNA (& Fig. 5a) was not changed in each
group. Expression of PPAR y 2 mRNA (© Fig. 5b) in the Jd and Ad
groups was higher than that in the Rd group (p<0.05-0.01).
Both the Jd and Ad groups showed increased plasma TNFa con-
centrations (© Fig. 5¢) compared with the Rd group (p<0.05). In
addition, the Ad group showed increased plasma resistin con-
centrations (¢ Fig. 5d) compared with other groups (p<0.05).
However, plasma MCP-1 concentrations (& Fig. 5e) were not
altered. On the other hand, both Jd and Ad groups showed
decreased plasma adiponectin concentrations (@ Fig. 5f) com-
pared with the Rd group (p<0.05). The Ad group showed
increased plasma leptin concentrations (© Fig. 5g) compared
with the Rd group (p<0.05). Both the Jd and Ad groups showed
decreased plasma FFA concentrations (& Fig. 5h) compared
with the Rd group (p<0.05-0.01).

MRI showed the effects of Japanese and American diets on intra-
peritoneal WAT in Irs2™/~ mice (¢ Fig. 6a, b). Peritoneal WAT
was accumulated in mice on Japanese and American diets. WAT
around the kidney and testes in the Jd and Ad groups increased
in proportion to fat contents of diets when compared with the
Rd group. In addition, the Jd and Ad groups were corpulent when
compared with the Rd group (& Fig. 6¢).

Effects of japanese and American diets on the pancreas
Expression of GLUT2 mRNA (¢ Fig. 7a) in the Ad group was the
lowest among all groups (p<0.05). The Jd and Ad groups showed
hyperinsulinemia when compared with the Rd group (p<0.05).
The rates of increases of insulin concentration in each group
after glucose load were the same, but insulin in the Am group at
30min after glucose load was maintained of higher concentra-
tions than that in other groups (p<0.05) (& Fig. 7b). On his-
topathologic examination of Langerhans' islands, insulin
secretion was observed in all three groups (¢ Fig. 7c).

Discussion

v

Takahashi et al. (1999) reported that fat content in diets causing
impaired glucose tolerance in C57BL/6] mice was a calorie ratio
exceeding 40% [29]. Thereafter, high fat diets inducing diabetes
in mouse strains have fat contents usually exceeding 40% and as
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