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Obesity is closely associated with various metabolic disor-
ders. However, little is known about abnormalities in the meta-
bolic change of obese adipose tissue. Here we use static meta-
bolic analysis and in vivo metabolic turnover analysis to assess
metabolic dynamics in obese mice. The static metabolic analy-
ses showed that glutamate and constitutive metabolites of the
TCA cycle were increased in the white adipose tissue (WAT) of
ob/ob and diet-induced obesity mice but not in the liver or skel-
etal muscle of these obese mice. Moreover, in vivo metabolic
turnover analyses demonstrated that these glucose-derived
metabolites were dynamically and specifically produced in
obese WAT compared with lean WAT. Glutamate rise in obese
WAT was associated with down-regulation of glutamate aspar-
tate transporter (GLAST), a major glutamate transporter for
adipocytes, and low uptake of glutamate into adipose tissue. In
adipocytes, glutamate treatment reduced adiponectin secretion
and insulin-mediated glucose uptake and phosphorylation of
Akt. These data suggest that a high intra-adipocyte glutamate
level potentially relates to adipocyte dysfunction in obesity.
This study provides novel insights into metabolic dysfunction
in obesity through comprehensive application of in vivo meta-
bolic turnover analysis in two obese animal models.

We and others have demonstrated that adipose tissue pro-
duces and secretes a variety of biologically active molecules
conceptualized as adipocytokines/adipokines (1-5). Dysregu-
lation of adipocytokines, including low adiponectin secretion,
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is considered to play a key role in the pathophysiology of met-
abolic disorders and atherosclerosis in obesity (6, 7).

The hypertrophied adipocytes in obese adipose tissue exhibit
hyperlipolytic activity, providing excess free fatty acids and
glycerol (8,9). We reported recently that adipose tissue secretes
uric acid and that the production of uric acid is augmented in
obese mice (10). Overproduction of uric acid in obese adipose
tissue may be associated with enhanced purine metabolism.
Several recent reports showed changes in plasma amino acid
profiles in obese subjects and obese animal models (11-15).
These results suggest that metabolic derangement in obese adi-
pose tissue extends beyond glucose and fatty acid metabolism.
To date, the metabolic pathways of glucose, fatty acid, purine,
and amino acid metabolism have been examined separately.
Only a few studies investigated changes in several metabolic
pathways in obese adipose tissues (16, 17). Moreover, there is
no report on the metabolic dynamics in in vivo tissues of
obesity.

The aim of this study was to systematically determine the
static and dynamic metabolic changes in obese adipose tissue
compared with lean adipose tissue and to define the association
between metabolic changes and characteristics of hypertro-
phied adipocytes, focusing on adiponectin and insulin actions.
For this purpose, we employed an in vivo metabolic turnover
analysis (18 —20) using a combination of in vivo stable isotope
labeling and high-resolution metabolome analysis by time
course sampling after intraperitoneal injection of isotope
tracers.

Results

Static Metabolic Analysis of Obese Adipose Tissue—T o exam-
ine the effect of obesity on adipose tissue metabolism, epididy-
mal white adipose tissues (Epi WAT)? from 11-week-old lean
control male C57BL/6] (C57) mice and 11-week-old male B6.V-
Lepob/J (ob/ob) mice were subjected to static metabolic analy-

2 The abbreviations used are: Epi WAT, epididymal white adipose tissue; DIO,
diet-induced obesity; PC, pyruvate carboxylase; PDH, pyruvate dehydroge-
nase; GLAST, glutamate aspartate transporter; GOT, aspartate transam-
inase; GPT, alanine transaminase; GDH, glutamate dehydrogenase;
MAF, mature adipocyte fraction; SVF, stromal vascular fraction; 2DG,
2-deoxyglucose.
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sis. Tissue metabolites were measured by LC/MS-MS and
GC/MS. The relative levels of metabolites involved in glycoly-
sis, the pentose phosphate pathway, TCA cycle, and amino
acids are illustrated in the metabolic pathway map in Fig. 14.
Glycolytic intermediates, P-enolpyruvate, and pyruvate, and
many constitutive metabolites of the TCA cycle, such as 2-oxo-
glutarate, succinate, fumarate, and malate, were significantly
higher in ob/ob mice than in C57 mice. Among the amino acids,
glutamate and alanine were significantly higher in ob/ob mice
than in C57 mice. However, no such differences were observed
in the liver or skeletal muscle between C57 and ob/ob mice (Fig.
1, B and C, and supplemental Fig. S1, A and B). In the liver,
fumarate and malate were significantly lower in ob/ob mice
than in C57 mice. Next, using GC/MS, the absolute quantity of
amino acids was analyzed in Epi WAT, liver, and skeletal mus-
cle in C57 and ob/ob mice (Fig. 1, D—F). The results showed
high concentrations of alanine, glutamate, and glycine in Epi
WAT compared with other amino acids. Moreover, the con-
centrations of alanine and glutamate were significantly higher
in Epi WAT of ob/ob mice than of C57 mice.

We also analyzed the metabolites in diet-induced obesity
(DIO) mice (Fig. 2 and supplemental Fig. S2). Mice of the DIO
group were fed a high-fat/high-sucrose diet from 6 weeks of age
for 16 weeks, from 14 weeks of age for 8 weeks, from 18 weeks of
age for 4 weeks, from 20 weeks of age for 2 weeks, and from 21
weeks of age for 1 week to 22 weeks of age, whereas mice of the
control group were fed a regular diet from 6 —22 weeks of age (0
weeks). Fig. 24 shows changes in body weight in each group.
The relative levels of metabolites associated with the TCA cycle
are illustrated in the metabolic pathway map in Fig. 2, B-D. In
Epi WAT, glutamate, pyruvate, and many constitutive metab-
olites of the TCA cycle, such as 2-oxoglutarate, succinate,
fumarate, and malate, were significantly higher in DIO mice
than in control mice (Fig. 2B and supplemental Fig. S2). Most of
these metabolites were elevated with an increase in body weight
(Fig. 2, A and B). However, no such changes were noted in the
liver or skeletal muscle (Fig. 2, C and D). In the liver, fumarate
and malate were lower in DIO mice than in control mice. These
differences were similar to those between C57 and ob/ob
mice. Thus, the results of the static metabolic analyses suggest
the presence of high levels of glutamate and many metabolites
associated with the TCA cycle, specifically in adipose tissue but
not in the liver or skeletal muscle tissues of obese mice.

Metabolic Turnover Analysis of Obese Adipose Tissue—The
above metabolic changes in adipose tissue could be due to two
mechanisms: rapid turnover of the TCA cycle resulted in high
levels of glutamate and TCA cycle intermediates, or damming
the flow of the TCA cycle caused accumulation of glutamate
and TCA cycle intermediates. To investigate the differences in
metabolic dynamics in each tissue between obese and lean
mice, we performed intraperitoneal injection, which allows
labeled substrates to reach each tissue through systemic circu-
lation. To address this issue, the use of the isotope tracing
method allows determination of not only static metabolite
levels but also the dynamics of metabolism by monitoring
the change in the distribution of isotopically labeled sub-
strates. The metabolic turnover analysis was applied in this
study, which involved intraperitoneal injection of '*C-la-
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beled glucose followed by metabolomic analysis of isoto-
pomers to clarify the metabolic dynamics in obese adipose
tissue with a special focus on glutamate and constitutive
metabolites of the TCA cycle.

Fig. 3A shows the potential [**C]glutamate derived from
[*3Clglucose. The isotopomer levels of metabolites are indi-
cated as molar fractions, where M+1, M+2, M+3, etc. repre-
sent the number of '*C atoms in the molecule. The green circles
in the compounds represent the fate of the '*C atoms via the
pyruvate carboxylase (PC) flux, whereas the yellow circles rep-
resent the fate of the '>C atoms via the pyruvate dehydrogenase
(PDH) flux (21). Hence, the [*3C,]glutamate (M+2) is the
isotopomer, which is generated mainly from injected [**C]
glucose through PC or PDH flux. To determine the optimal
labeling time, first ['*C]glucose (1 mg/g of body weight) was
injected intraperitoneally in 4-h-fasted C57 mice, and we ana-
lyzed the mass isotopomer distribution of each metabolite in
Epi WAT, liver, and skeletal muscle (supplemental Fig. S3,
A-C). Because the increase in the fraction of >C-labeled isoto-
pomers reached a plateau from 30-60 min after [*C,]glu-
cose administration, we analyzed at 15 and 30 min after
['*C¢lglucose administration in the following study. M+0,
mostly endogenous isotopomer, occupied a great part of each
metabolite. To clearly demonstrate the changes in metabolic
dynamics, M+1, M+2, and more were shown in the following
metabolic turnover analyses. [**C]glucose (1 mg/g of body
weight) was injected intraperitoneally in 4-h-fasted C57 and
ob/ob mice. Fig. 3, B and C, shows plasma glucose and plasma
insulin of each group. 15 and 30 min after ['*C4]glucose admin-
istration, Epi WAT, liver, and skeletal muscle were dissected
out, and the isotopomer levels of metabolites in C57 and ob/ob
mice of the non-administered (C57—0 min and ob-0 min), 15
min-administered (C57—15 min and ob-15 min), and 30 min-
administered (C57-30 min and ob-30 min) were analyzed using
LC-MS (Figs. 3D and 4, A and B). ['*C,-glucose]derived consti-
tutive metabolites of the TCA cycle, pyruvate and glutamate of
Epi WAT in C57 and ob/ob mice, are shown in Fig. 3D.
[*3C,]pyruvate (M+3), [*3C,]2-oxoglutarate (M+2), [**C,]
succinate (M+2), ['*C,]fumarate (M+2), ['*C,]malate
(M+2), ["*C,]glutamate (M+2), ['*C,]citrate (M+3), and
['3C,]citrate (M+2) were the isotopomers, which were gener-
ated mainly from injected [**C]glucose through PC or PDH
flux. Interestingly, the levels of ['*C,]pyruvate (M+3), [**C,]2-
oxoglutarate (M+2), [**C,]succinate (M+2), [**C,]malate
(M+2), ['*C,]glutamate (M+2), and [**C;]citrate (M+3) were
significantly higher in the ob-15 min group than in the C57-15
min group. The relationship between the C57-30 min group
and ob-30 min group was almost similar to that between the
C57-15 min group and the ob-15 min group. Thus, the results
of the in vivo metabolic turnover analysis showed high levels of
glucose-derived constitutive metabolites of the TCA cycle and
glutamate biosynthesis of Epi-WAT in ob/ob mice compared
with C57 mice. In contrast, no changes in [**C,]glutamate
(M+2) were noted in the liver or skeletal muscle of ob/ob mice
(Fig. 4, A and B) despite an increase in plasma glucose and
insulin after intraperitoneal injection of ['*C¢]glucose (Fig. 3, B
and C).
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FIGURE 1. Static metabolic analysis of central carbon metabolism in Epi WAT, liver, and skeletal muscle of C57 and ob/ob mice. Analysis of 11-week-old
male C57 and ob/ob mice (n = 6/group). A, relative levels of Epi WAT metabolites. B, changes in metabolites associated with the TCA cycle in the liver. C,
changesin metabolites associated with the TCA cycle in skeletal muscle. The level of each metabolite in C57 mice was setat 1.*, p < 0.05, C57 versus ob/ob mice.
D-F, quantitative amino acid analysis of Epi WAT (D), liver (E), and skeletal muscle (F). Data are mean = S.E. *, p < 0.05; **, p < 0.01; ***, p < 0.001, C57 versus
ob/ob mice. G1P, glucose 1-phosphate; G6P, glucose 6-phosphate; 6PG, 6-phosphogluconate; Ru5P, ribulose 5-phosphate; 5P, ribose 5-phosphate; F6P,
fructose 6-phosphate; F1P, fructose 1-phosphate; F1,6P, fructose 1,6-bis-phosphate; S7P, sedoheptulose 7-phosphate. DHAP, dihydroxyacetone phosphate;
GAP, glyceraldehyde 3-phosphate; BPG, 1,3-bisphosphoglycerate; 3PGA, 3-phosphoglycerate; PEP, P-enolpyruvate; PRPP, phosphoribosyl pyrophosphate;
AICAR, 5-aminoimidazole-4-carboxamide ribonucleoside; n.d., not detected.
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FIGURE 2. Static metabolic analysis of the TCA cycle for Epi WAT, liver, and skeletal muscle of DIO mice. At 6 weeks (W) of age, male C57 mice were
randomly divided into six treatment groups (n = 6/group). DIO mice were fed a high-fat/high-sucrose diet from 6 weeks of age for 16 weeks, from 14 weeks of
age for 8 weeks, from 18 weeks of age for 4 weeks, from 20 weeks of age for 2 weeks, and from 21 weeks of age for 1 week to 22 weeks of age, whereas mice
of the control group were fed aregular diet from 6 -22 weeks of age (0 weeks). All mice were analyzed at the age of 22 weeks after 4-h fasting. A, changes in body
weight for each group. B, relative levels of metabolites in Epi WAT. C, relative levels of metabolites in the liver. D, relative levels of metabolites in skeletal muscle
of control mice (0 weeks) and DIO mice (16 weeks). The level of each metabolite in the control group was set at 1. Data are mean = S.E.*, p < 0.05, control versus

DIO group(s).

We also analyzed the metabolic turnover in DIO mice. Mice
of the DIO group were fed a high-fat/high-sucrose diet from
8-12 weeks of age, whereas those of the control group were fed
a regular diet. [**Cg]glucose (1 mg/g of body weight) was
injected intraperitoneally in 4-h-fasted control and DIO mice.
Fig. 5, A and B, shows changes in plasma glucose and plasma
insulin for each group. 15 and 30 min after [**C(]glucose
administration, ['*C,]glutamate (M +2) of Epi WAT was signif-
icantly higher in DIO mice than in control mice (Fig. 5C).
[*3C,]glutamate (M+2) of the liver was higher in the DIO-15
min group than in the control-15 min group but not 30 min
after ['*Cglglucose administration (Fig. 6A). ['*C,]glutamate
(M+2) of skeletal muscle was slightly lower in the DIO-30 min
group than in the control-30 min group (Fig. 6B). Epi WAT
levels of ['*C,]pyruvate (M+3), ['*C,]2-oxoglutarate (M+2),

4472 JOURNAL OF BIOLOGICAL CHEMISTRY

[*3C,Jsuccinate (M+2), [**C,|fumarate (M+2), [**C,]malate
(M+2), and [**C,]citrate (M+3) were significantly higher in
the DIO-15 min group than in the control-15 min group (Fig.
5C). The relationship between the control-30 min group and
DIO-30 min group was also similar to that between the con-
trol-15 min group and DIO-15 min group.

The above results suggest that the rise in glutamate level is
due to the cataplerotic TCA cycle flux in adipose tissue of DIO
mice, similar to ob/ob mice. Gene expression levels associated
with the TCA cycle were not different between C57 and ob/ob
mice (supplemental Fig. S4A4). Gene expression levels and
enzyme activities of aspartate transaminase (GOT), alanine trans-
aminase (GPT), and glutamate dehydrogenase (GDH) in Epi
WAT, which play a role in glutamate synthesis, were not different
between C57 and ob/ob mice (supplemental Fig. S4, A-D).
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FIGURE 3. Metabolic turnover analysis of Epi WAT in C57 and ob/ob mice. Four-hour-fasted 11-week-old male C57 and ob/ob mice were adminis-
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mice at the same time after ['*C¢lglucose administration.

Glutamate Transporters in Obese Adipose Tissue—The met-
abolic turnover analysis of Epi WAT demonstrated that gluta-
mate and constitutive metabolites of the TCA cycle were
dynamically produced in obese adipose tissue. Next, to deter-
mine the glutamate transfer between the inside and outside of
adipose tissue, we analyzed the expression levels and roles of
glutamate transporters in adipose tissue. Several amino acid
transporters are reported to transport glutamate (22-25). To
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determine the differences in glutamate transporters of adipose
tissue between C57 and ob/ob mice, we examined the gene
expression levels of candidate glutamate transporters using
RT-PCR (Fig. 7A). The relative expression levels of GLAST
and ASCT2 were lower and xCT were higher in ob/ob mice
than in C57 mice. We also examined the protein expression
levels of glutamate transporters in membrane fractions of
Epi WAT by targeted proteomics using LC/MS-MS (Fig. 7B
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and supplemental Table S1). Protein expression of GLAST and
ASCT2 was detected in both species, and the relative expres-
sion level of GLAST was markedly lower in ob/ob mice than in
C57 mice. Protein expression of EAAC1 and xCT could not be
detected. Western blotting analysis confirmed that the GLAST
protein level was markedly lower in Epi WAT of ob/ob mice
than of C57 mice (Fig. 7C). The mRNA and protein levels of
GLAST in Epi WAT were also lower in DIO mice than in con-
trol mice (Fig. 7, D and E). GLAST is a sodium-dependent,
high-affinity glutamate transporter (26, 27). Because the intra-
cellular sodium concentration is much lower than that of extra-
cellular sodium, GLAST is considered to play a role in gluta-
mate uptake in adipose tissue.
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Inhibition and Knockdown of GLAST in 3T3-L1 Mature
Adipocytes—To identify the cell type that contributed to the
observed GLAST levels, the mature adipocyte fraction (MAF)
and stromal vascular cell fraction (SVF) were isolated from Epi
WAT. The gene expression of GLAST in Epi WAT was
detected mostly in the MAF (Fig. 7F). Therefore, we conducted
the next experiment using 3T3-L1 mature adipocytes to clarify
the role of GLAST in glutamate uptake in adipocytes. Addition
of UCPH-101, a GLAST-specific inhibitor (28), significantly
decreased glutamate uptake, and this effect was dose-depen-
dent (Fig. 7G). To confirm that glutamate uptake in adipocytes
was GLAST-dependent, we also performed GLAST gene
knockdown experiments. After 48 h of GLAST siRNA transfec-
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tion, GLAST mRNA levels were decreased by an average of 88%
(Fig. 7H, inset). Then the culture medium was changed, and the
cells were incubated for 2 h. Glutamate uptake in GLAST
siRNA-transfected adipocytes was significantly lower than in
control siRNA-transfected adipocytes (Fig. 7H). These results
suggest that GLAST plays a key role in glutamate uptake in
adipocytes. The organ culture experiment demonstrated con-
tinuing reduction of glutamate in the culture medium of adi-
pose tissue derived from control mice but not from obese
mice (ob/ob mice and DIO mice), suggesting that glutamate
uptake was decreased in the adipose tissue of obese mice
(Fig. 7, I and ).

Addition of 5 mm glutamate for 6 days from 2 days after
differentiation increased intracellular glutamate in 3T3-L1 adi-
pocytes (Fig. 7K). Under this condition, the GLAST protein
expression level was significantly lower in the glutamate-added
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group than in the control group (Fig. 7L). These results suggest
that high intracellular glutamate seems to reduce the GLAST
protein expression level, resulting in low uptake of glutamate
into adipocytes.

Effects of Glutamate on Adipocyte Function in 3T3-L1
Mature Adipocytes—To investigate the effects of high intracel-
lular glutamate on adipocyte function, 3T3-L1 mature adi-
pocytes were incubated with or without 1 and 5 mM glutamate.
The addition of 5 mm glutamate allowed intracellular glutamate
to increase up to pathophysiological concentrations (Fig. 84)
and significantly reduced the accumulation of adiponectin in
the incubation medium (Fig. 8B). The addition of glutamate
increased intracellular adiponectin levels (Fig. 8C) with no sig-
nificant changes of adiponectin mRNA levels (data not shown),
suggesting that a glutamate rise in adipocytes inhibited adi-
ponectin secretion.
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Furthermore, to examine the effect of high intracellular glu-
tamate on glucose uptake and insulin signaling, we measured
2-deoxyglucose (2DG) uptake and the ratio of serine-phosphor-
ylated Akt to total Akt in 3T3-L1 mature adipocytes with or
without 5 mMm glutamate treatment for 24 h (Fig. 8, D and E).
The addition of glutamate significantly reduced insulin-
mediated 2DG-6-phosphate accumulation, which was gener-
ated from 2DG in adipocytes (Fig. 8D). Moreover, glutamate
significantly reduced 0.1 and 1 nm insulin-mediated Akt phos-
phorylation (Fig. 8E). No such effects of glutamate were
observed following transfection of GLAST siRNA (Fig. 8,
F-H), suggesting that glutamate, which was experimentally
given to 3T3-L1 adipocytes, acted in cells by transportation
through GLAST. Taken together, the results suggest that
high intracellular glutamate decreases adiponectin secre-
tion, insulin-mediated Akt phosphorylation, and glucose
uptake in adipocytes.
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Discussion

The results of static metabolic analysis showed specific
increases in glutamate and several constitutive metabolites of
the TCA cycle in obese adipose tissue (both ob/ob mice and
DIO mice). These metabolic changes were not found in the liver
or skeletal muscle.

Static metabolite levels represent a balance between produc-
tion and consumption, and, therefore, they do not always
reflect the real changes in metabolic dynamics. Several recent
studies (29 —34) employed isotope tracing analysis of cultured
cells or in vivo tissue using '>C-labeled metabolites. In these
studies, metabolic dynamics were evaluated by measuring the
levels and distributions of **C-labeled isotopomers. However,
no study has comprehensively analyzed the metabolic dynam-
ics in in vivo tissues of obesity. In this study, we examined the
metabolic dynamics of obese adipose tissue, focusing on gluta-
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mate and constitutive metabolites of the TCA cycle using
['*Cglglucose (Figs. 3 and 5). Epi WAT levels of ['*C,]glutamate

+2), ruvate +3), -oxoglutarate +2),
(M+2), [°C,Jpyruvate (M+3), [**C,]2-oxog] (M+2)
[*3C,]succinate (M+2), [**C,]malate (M+2), and [**C,]citrate
(M+3) were significantly higher in obese mice (both ob/ob
mice and DIO mice) than in control mice after intraperitoneal
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injection of [*>C,]glucose. The results demonstrate increased
biosynthesis of glucose-derived glutamate and constitutive
metabolites of the TCA cycle in Epi WAT of obese mice com-
pared with control mice. Gene expression levels and enzyme
activities of GOT, GPT, and GDH in Epi WAT, which play a
role in glutamate synthesis, were not different between C57 and

JOURNAL OF BIOLOGICAL CHEMISTRY 4477



In Vivo Metabolic Turnover Analysis in Obese Mice

300 - 12 - 10
2 K © . sk
g 250 - 5 10 4 5
£% 8z S 8
55 200 - c2 8 ok s £
Do = ° .E-% 6
g g’ 150 5 ; 6 ? 5
== QE S92 4
® C 100 S 4 S E
o E 82 =5
ge 22 52 ,
‘_E 50 g 2 4 E Es
0 0 E
OmM 1mM 5mM OmM 1mM 5mM OmM 1mM 5mM
Glutamate Glutamate Glutamate
D E Insulin~ OnM  0.1nM  1nM  10nM
250 - s Glutamate () () () (+) () (+) () (+) kDa
TS Y s o B q
_ 0] pAKL| e e emen|
[
£ 150 - Al | ——
& s 20 50
a 2 100 °
N = =
g ¥ 20
E 504 %
<10
0 Ed
Glutamate| (-) (+) (-) +) 2
Insulin onM 1nM Glutamate
Insulin
L 5 150 Control SIGLAST
ER R 100 Insulin _OnM__1nM__OnM__1nM
g § ] Glutamate () ) () ) O ) O *) ypa
ST %0 pAkt|- - ﬂ-,l_so
3
T 07 Akt | - ———— -I_
Glutamate | (-) (+) ) (+) - o
Control siGLAST 5 - 5
NS
G % NS 24 1 —
c E 4 1 I 1 T 1 c'z“ 3
ged £
gé a 3 E 2
2 c 2’ 2 g_ 1 . .
T ==
3] . 11 [l
g Glutamate [ (1) (*) [ () ()| () #H| ()
Glutamate | (-) ) ) +) Insulin | onm 1nM onM 1nM
Control SIGLAST Control SIGLAST

FIGURE 8. Effects of glutamate on adipocyte function in 3T3-L1 mature adipocytes. A-D, intracellular glutamate (A), adiponectin protein in culture media
(B), and intracellular adiponectin protein (C) in experiments of 3T3-L1 mature adipocytes treated with or without 1 and 5 mm glutamate. In all experiments, cells
were exposed to glutamate for 24 h. A-C, n = 4/group. D, glucose uptake as measured by 2DG-6-phosphate accumulation in 3T3-L1 mature adipocytes
incubated with or without 5 mm glutamate for 24 h (n = 4/group). 3T3-L1 mature adipocytes were stimulated with or without 1 nminsulin for 10 min after 14 h
FBS starvation. E, the ratio of serine-phosphorylated Akt (pAkt) to total Akt in 3T3-L1 mature adipocytes incubated with or without 5 mm glutamate for 24 h.
3T3-L1 mature adipocytes were stimulated with 0, 0.1, 1, or 10 nminsulin for 5 min after 14-h FBS starvation. Top panel, representative Western blotting analysis.
Bottom panel, quantitative analysis of pAkt/Akt ratio in the top panel (n = 3/group). The pAkt/Akt ratio of the control group (without glutamate or insulin
treatment) was set at 1. F and G, intracellular glutamate (F) and adiponectin protein levels in culture media (G) in gene knockdown experiments of GLAST in
3T3-L1 mature adipocytes treated with or without 5 mm glutamate for 24 h (n = 4/group). H, the ratio of serine-phosphorylated Akt to total Akt in knockdown
of GLAST of 3T3-L1 mature adipocytes incubated with or without 5 mm glutamate for 24 h. 3T3-L1 mature adipocytes were stimulated with or without 1 nm
insulin for 5 min after 14-h FBS starvation. Top panel, representative Western blotting analysis. Bottom panel, quantitative analysis of the pAkt/Akt ratio in the
top panel (n = 3/group). The pAkt/Akt ratio of the control group was setat 1. *, p < 0.05; **, p < 0.01; ***, p < 0.001 versus control. The data in A-H are mean *
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ob/ob mice. These findings suggest that increased dynamics of
obese adipose tissue could be related to incorporation of glu-
cose as substrates for the TCA cycle. The TCA cycle in the
mitochondrion is the main source of ATP in mammals. Using a
'3C-labeled isotope tracing analysis of cultured cells, a recent
study demonstrated reduced activity of the TCA cycle in asso-
ciation with mitochondrial dysfunction (34). Adipose tissue
expands by energy oversupply (35-38), distinct from skeletal
muscle and liver. For this feature, a large amount of ATP should
be required for mRNA translation associated with cell prolifer-
ation (39-41). Hence, the obese adipose tissue-specific rapid
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turnover of the TCA cycle may relate to the ATP requirement
for adipose expansion. We also found an increase in dihydroxy-
acetone phosphate (Fig. 14 and supplemental Fig. S2) and
increased biosynthesis of citrate (Figs. 3D and 5C), suggesting
that these might be associated with glycerolipid biosynthesis
and triglyceride storage in obese adipose tissue. It is also possible
that other cell types, including macrophages, in obese adipose tis-
sue are involved in these metabolic changes. Further studies focus-
ing on other cell types are also needed in future analyses.
Glutamate transporters play a role in glutamate transfer
between the inside and outside of tissues and cells (22). To our
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knowledge, there are no reports of glutamate transporters in
adipose tissue. Among the candidate glutamate transporters,
GLAST protein levels in Epi WAT were markedly reduced in
ob/ob and DIO mice. The gene expression levels of GLAST in
the liver or skeletal muscle were not changed in lean and obese
mice (data not shown). GLAST is a sodium-dependent, high-
affinity glutamate transporter especially for glutamate uptake
(26, 27). The cell experiments suggested that GLAST acted as
the main transporter in glutamate uptake in adipocytes. There-
fore, down-regulation of GLAST should link to decreased glu-
tamate uptake in obese adipose tissue. In 3T3-L1 adipocytes,
GLAST protein was down-regulated with increased intracellu-
lar glutamate levels. Taken together, decreased GLAST in
obese adipose tissue could be negative feedback compensatory
for the buildup of intracellular glutamate.

The results of our in vitro experiments suggest that high
intracellular glutamate potentially relates to adipocyte dysfunc-
tion, including decreased adiponectin secretion and insulin-
mediated glucose uptake. Glutamate treatment of 3T3-L1 adi-
pocytes did not affect the levels of phosphorylated mechanistic
target of rapamycin (mTOR) (data not shown). Further studies
are needed to elucidate glutamate-dependent changes in spe-
cific pathways. From a therapeutic point of view to obesity-
based metabolic diseases, further research is needed to eluci-
date upstream mechanisms of glutamate overproduction in
obese adipose tissue and their effects on adiponectin secretion
and insulin sensitivity.

In summary, glucose-derived TCA cycle dynamics may
induce a rise in glutamate in obese adipose tissue, as confirmed
by metabolomics technologies for static and dynamic analyses.
Our results also suggest that high glutamate levels in obese
adipose cells might disturb adiponectin secretion and insulin
sensitivity in adipocytes. This study provides novel insights into
metabolic dysfunction in obesity through comprehensive
application of in vivo metabolic turnover analysis.

Experimental Procedures

Animals and Experimental Protocol—For metabolic pheno-
typing of Epi WAT, liver, and skeletal muscle, 11-week-old
male C57 and ob/ob mice were used for these analyses. The
gastrocnemius muscle was used as the skeletal muscle in all
studies. For studies of DIO mice (42), at 6 weeks of age, C57
male mice were randomly divided into six treatment groups
and fed either a high-fat/high-sucrose diet from 6 weeks of age
for 16 weeks, from 14 weeks of age for 8 weeks, from 18 weeks of
age for 4 weeks, from 20 weeks of age for 2 weeks, and from 21
weeks of age for 1 week to 22 weeks of age, whereas mice of the
control group were fed a regular diet from 6 —22 weeks of age (0
weeks). All mice were used at the age of 22 weeks for these
analyses. After 4-h of fasting, tissues were removed and imme-
diately frozen in liquid nitrogen. For metabolic turnover anal-
ysis of adipose tissue, 11-week-old male C57, 11-week-old
ob/ob mice, and 12 week-old male DIO mice (mice of the DIO
group were fed a high-fat/high-sucrose diet from 8 —12 weeks of
age, whereas control group mice were fed a regular diet) were
injected intraperitoneally with ["*C]glucose (0.2 mg/pl in
saline, 1 mg/g of body weight) after 4-h fasting. Tissues were
dissected out (first, we obtained Epi WAT samples within 15,
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and then we dissected out the liver and skeletal muscle within
15 and 60 s, respectively) and frozen in liquid nitrogen and
stored at —80 °C until use. Each sample of Epi WAT, liver, and
skeletal muscle for metabolome analysis contained about 200
mg, 50 mg, and 75 mg tissue, respectively, for both lean and
obese mice. The mice were housed in rooms set at 22 °C with a
12-12 h dark/light cycle (light cycle, 8 a.m. to 8 p.m.). All exper-
imental protocols described in this study were approved by the
Ethics Review Committee for Animal Experimentation of
Osaka University School of Medicine.

Sample Preparation for Metabolome Analysis and Metabolic
Turnover Analysis—For metabolites extraction of Epi WAT,
liver, and skeletal muscle, the Blye-Dyer method was used with
modifications (43). To extract compounds, 1 ml of mixed sol-
vent (MeOH/H,O/CHCl; = 5:2:2, with 0.01 mg/ml of ribitol
and 0.01 pg/ml of (1S)-(+)-10-camphersulfonic acid as inter-
nal standard) was added to a 2-ml plastic tube containing each
tissue and homogenized. The tube was incubated at 1200 rpm
at 37 °C for 30 min and centrifuged at 16,000 X g at 4 °C for 3
min. For hydrophilic metabolites, 700 ul of the aqueous layer
was transferred to a new plastic tube, mixed with 350 ul of
water, and centrifuged at 16,000 X g at 4°C for 3 min. To
remove lipids, 800 ul of the aqueous layer was transferred to a
new plastic tube, mixed with 400 wl of chloroform, and centri-
fuged at 16,000 X g at 4 °C for 3 min. For the GC/MS and
LC/MS metabolome analysis, 300 ul and 320 ul of the upper
aqueous layer were transferred to new 2-ml plastic tubes,
respectively. For GC/MS analysis, the extract was centrifuge-
dried for 90 min and freeze-dried overnight. The lyophilizate
was suspended in 100 ul of pyridine containing 20 mg/ml
methoxyamine hydrochloride and incubated at 1200 rpm at
30 °C for 90 min. Then the sample was mixed with 50 ul of
N-methyl-N-(trimethylsilyl) trifluoroacetamide and incubated
at 1200 rpm at 37 °C for 30 min. After incubation, the sample
was subjected to GC/MS. For the LC/MS analysis, the extract
was centrifuge-dried for 1 h. Then the solution was applied to a
5000 molecular weight cutoff ultrafiltration membrane and
centrifuged at 16,000 X g until the whole solution was filtered.
The filtrate were then freeze-dried. After suspension in 40 ul of
water, the sample was subjected to LC/MS. The procedure of
metabolic turnover analysis was similar to the one described for
LC/MS analysis.

Metabolome Analysis and Metabolic Turnover Analysis—
The GC/MS analysis was performed based on previous
research using GCMS-QP2010 Ultra (Shimadzu, Kyoto, Japan)
(44). For data analysis, metabolites were identified based on
retention index and mass spectrum library. Each peak area was
expressed relative to the peak area of the internal standard,
ribitol, and is described in the text as relative quantity. The
absolute quantity of each metabolite was determined using stan-
dard curves prepared in the same analytical batch. We used the
modified LC/MS method described in detail previously (45).
Metabolites were separated by reverse-phase ion pair LC and
detected by multiple reaction monitoring by the MS. The con-
ditions were set as follows: instrument, Nexera ultra high per-
formance liquid chromatography (UHPLC) system-equipped
LCMS 8030 Plus (Shimadzu); column, Mastro (150 mm
length X 2.1 mm inner diameter, 3-um particle size, Shimadzu
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GLC, Tokyo, Japan); mobile phase, 10 mM tributylamine and 15
mM acetic acid in water (A) and methanol (B); flow rate, 0.2
ml/min; gradient curve, 0% B at 0—1 min, 0—16% B at 1-2 min,
16-43% B at 4—17 min, 43-100% B at 17-21.5 min, 100—-0% B
at 23.5-24.5 min and 100-0% B at 13-13.5 min, and 0% B at
24.5-29 min. In the metabolic turnover analysis, LC conditions
were similar to those of the metabolome analysis. The MS con-
ditions were described previously (20). In the static metabolic
analysis, the final result for each sample was normalized to the
respective protein content. In the metabolic turnover analysis,
the M +2 isotopomer level of each metabolite in control mice
was set at 1 after adjustment for the respective protein content.

Organ Culture of Mouse Adipose Tissue—The adipose tissue
organ culture was prepared as described previously (46, 47).
Briefly, Epi WAT was obtained from 11-week-old C57 and
ob/ob male mice (n = 6 each) and 22-week-old control and DIO
male mice (DIO group mice were fed a high-fat/high-sucrose
diet from 622 weeks of age (16 weeks), whereas mice of the
control group were fed a regular diet from 622 weeks of age)
(n = 5 each) after 4-h fasting. After the whole tissues were
minced into small pieces and washed with 6 ml of calcium- and
magnesium-free PBS, each tissue was placed onto a 6-well plate
filled with 6 ml of DMEM containing 4.5 g/liter glucose and 10%
FBS. After 0-2 h, 0—4 h, or 0—6 h culture, the culture media
were collected and used for measurement of the glutamate
level.

Quantification of mRNA Levels—Total RNA was isolated
from mouse tissues as described previously (10) using the RNA
STAT-60 (Tel-Test, Inc., Friendswood, TX) according to the
protocol supplied by the manufacturer. The quality and quan-
tity of total RNA were determined by using an ND-1000 spec-
trophotometer (Nano Drop Technologies, Wilmington, DE).
First-strand cDNA was synthesized from 160 ng of total RNA
using the Transcriptor First Strand cDNA Synthesis Kit (Roche
Applied Science). Real-time quantitative PCR amplification
was conducted with the LightCycler 1.5 (Roche Applied Sci-
ence) using Light Cycler-FastStart DNA Master SYBR Green I
(Roche Applied Science) according to the protocol recom-
mended by the manufacturer. The sequences of primers used
for real-time PCR were as follows: EAACI, 5'-AGCCAGA-
AATCGTGCCAAAG-3"and 5'-ACGGTCAGTCGGTAGCT-
TTC-3"; GLTI, 5'-TCTGAGGAGGCCAATACCAC-3’ and
5"-TTCATCCCGTCCTTGAACTC-3"; GLAST, 5'-CTGT-
TTCGGAATGCCTTCGTT-3" and 5'-TCACCTCCCGG-
TAGCTCATTT-3'; ASCT2, 5'-CCAGGTGAAGAACGAGG-
TGT-3' and 5'-CCAGTCCATTTCTCCAGCTC-3'; EAATH4,
5'-GGTCATTGGTGGCATGAAGC-3' and 5'-AGATGATG-
ATGCCCACCAGC-3'; EAATS, 5'-TCATAGCTGTAGAC-
TGGGCAC-3" and 5-AATCCTTCCGGCAGATGTGG-3';
adiponectin, 5'-GATGGCAGAGATGGCACTCC-3" and 5'-
CTTGCCAGTGCTGCCGTCAT-3'; xCT, 5'-CCTGGCATT-
TGGACGCTACAT-3" and 5'-TCAGAATTGCTGTGAGCT-
TGCA-3" and 36B4, 5'-GGCCAATAAGGTGCCAGCT-3’
and 5'-TGATCAGCCCGAAGGAGAAG-3’; Cs, 5'-AGGCT-
AGACTGGTCACACAAT-3" and 5'-AGGACAGGTAAG-
GGTCTGAAAG-3'; IDH2, 5'-ACGAGCACTTCCTGAA-
CACC-3" and 5'-GCCATGTACAGAGTACCCACTG-3;
Ogdh, 5'-TCTGAGCCTTCAAGACAATGG-3" and 5'-ATG-
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CTTAGCTGCCCAAGATG-3'; GOT1, 5'-GCGCCTCCA-
TCAGTCTTTG-3" and 5'-ATTCATCTGTGCGGTACG-
CTC-3'; GOT2, 5'-GGACCTCCAGATCCCATCCT-3" and
5-GGTTTTCCGTTATCATCCCGGTA-3'; GPT, 5'-TCCA-
GGCTTCAAGGAATGGAC-3' and 5'-CAAGGCACGTTG-
CACGATG-3'; and GDH, 5'-CTGGGATTGGACCTGAG-
AAC-3"and 5'-TCGGCTGTGAGCTGTCTATG-3'. The final
result for each sample was normalized to the respective 36B4
value.

Preparation of Membrane Fractions for Targeted Proteomics
and Western Blotting Analysis—Epi WAT was homogenized at
33 mg of wet tissue/ml in a homogenization buffer (20 mm
Tris-HCI (pH 7.6), 250 mm sucrose, 1 mm EDTA, and protease
inhibitor mixture (Roche Diagnostics) using Hyscotron
(Microtec, Chiba, Japan). The sample was further homogenized
by using a Potter-Elvehjem homogenizer and centrifuged at
1000 X g for 5 min at 4 °C. The supernatant was centrifuged at
8000 X g for 5 min at 4 °C. Subsequently, the supernatant was
centrifuged at 438,000 X g for 15 min at 4 °C. After ultracentrif-
ugation, the membrane fraction was obtained as a pellet. The
pellet of the membrane fraction was suspended in 50 ml of
buffer containing 20 mm Tris-HCl (pH 7.6) and 250 mm
sucrose. Protein levels were assayed using the BCA protein
assay reagent kit (Thermo Fisher Scientific, Waltham, MA).

The membrane fraction was prepared for LC/MS measure-
ment as described previously (48). Briefly, the membrane frac-
tion was washed with 8 M urea and then dissolved in dissolution
buffer (6 M urea, 0.1 M Na,COj,, and 0.5% sodium deoxycholate).
A 10-pg protein was reduced with 2 mm tris(2-carboxyethyl)
phosphine, alkylated with 55 mm iodoacetamide, and diluted
with 0.1 M triethylammonium bicarbonate buffer (pH 8.5), fol-
lowed by digestion with trypsin (trypsin-to-sample ratio = 1:40,
Roche) for 3 h at 37 °C. After digestion, 100 fmol of protein
digestion standard mixture (Waters, Milford, MA) was added
as the internal standard of the sample. Then sodium deoxy-
cholate was removed using the partial transmit sequence
method (49). The digested sample was desalted by C18-Stag-
eTip (50). The desalted fractions were dried up under a vacuum
and dissolved in 20 pl of a measurement buffer (3% acetonitrile
and 0.1% formic acid).

LC/MS-MS for Targeted Proteomics—LC/MS measurement
was performed using Q Exactive (Thermo Fisher Scientific)
with Advance UHPLC (Michrom Bioresources, Auburn, CA)
equipped with a trap column (L-column octadecylsilyl, 0.3 X 5
mm, CERI, Tokyo, Japan) and C18 packed tip column (100 um
inner diameter, Nikkyo Technos, Tokyo, Japan). The injection
volume was 2 ul, and the flow rate was 400 nl/min. The column
temperature was controlled at 60 °C using an ESCO column
oven (AMR, Gifu, Japan). The mobile phases were composed of
buffer A (0.1% formic acid) and buffer B (100% acetonitrile).
The gradient condition was configured as follows: 5-40%
buffer B in 100 min. The spray voltage was 2000 V, and the
capillary temperature was 275 °C. The targeted MS (49) (paral-
lel reaction monitoring) method was used with the following
settings: resolution, 17,500; automatic gain control target, 1 X
105 ions; maximum IT, 200 ms; isolation window, 2.0 m1/z; nor-
malized collision energy, 27%. Peptides for the protein of inter-
est in an inclusion list were selected from peptides detected by
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preliminary comprehensive proteomics. The inclusion list was
developed using Pinpoint 1.3 (Thermo Fisher Scientific). All
samples were subjected to triplicate analysis.

All raw data obtained by the parallel reaction monitoring
method were analyzed using Pinpoint 1.3 (Thermo Fisher Sci-
entific). At least two transitions per peptide from the protein of
interest were selected for quantification, and then the quanti-
tative value of the peptide was estimated based on peak areas of
selected transitions. The reliability of the quantitative value was
confirmed by peak features as described previously (51). The
quantitative value was normalized by areas of peptides esti-
mated using internal standard proteins. The quantitative value
of the protein represented the mean of the peptide values.

Western Blotting Analysis—Protein extracts from cells were
prepared as described previously (52). Preparation of protein
extracts from adipose tissue is described under “Preparation of
Membrane Fractions for Targeted Proteomics and Western
Blotting Analysis.” For measurement of insulin-induced Akt
phosphorylation in 3T3-L1 mature adipocytes, 3.3 ug of pro-
tein was subjected to a 4 —20% gradient SDS-PAGE gel and then
transferred onto a nitrocellulose membrane (GE Healthcare).
The Western blotting analysis was performed first with anti-
Akt and anti-phospho-Akt (Ser-473) antibodies (Cell Signaling
Technology, Danvers, MA), followed by incubation with
secondary antibody conjugated with horseradish peroxidase.
Detection was achieved using the enhanced chemilumines-
cence kit (GE Healthcare).

For measurement of GLAST in adipose tissue, 30 ug of pro-
tein was subjected to 10% SDS-PAGE gel and then transferred
onto a PVDF membrane (GE Healthcare). Western blotting
analysis was performed first with anti-GLAST antibody (Santa
Cruz Biotechnology, Santa Cruz, CA), followed by incubation
with secondary antibody conjugated with horseradish peroxi-
dase. Detection was achieved using the enhanced chemilumi-
nescence kit (GE Healthcare).

Fractionation of Mouse Adipose Tissue—Epi WAT from
16-week-old C57 male mice was fractionated using a method
described previously (53). Adipose tissues were minced in
Krebs-Ringer bicarbonate HEPES buffer containing 120 mmol/
liter NaCl, 4 mmol/liter KH,PO,, 1 mmol/liter MgSO,, 1
mmol/liter CaCl,, 10 mmol/liter NaHCO,, 30 mmol/liter
HEPES, 20 wmol/liter adenosine, and 4% bovine serum albu-
min. Tissue suspensions were centrifuged at 500 X g for 5 min
to remove erythrocytes and free leukocytes. Collagenase was
added to a final concentration of 2 mg/ml, followed by incuba-
tion at 37 °C for 30 min under continuous shaking. The cell
suspension was filtered through a 250-um filter and then spun
at 300 X g for 1 min to separate the floating MAF from the
SVF pellet. The fractionation and washing procedures were
repeated twice with Krebs-Ringer bicarbonate HEPES buffer.
Finally, both fractions were washed with PBS and used for
mRNA analysis.

3T3-L1 Cell Cultures—3T3-L1 cells were differentiated as
described previously (54). 3T3-L1 cells were maintained in
DMEM with 4.5 g/liter glucose, 100 units/ml penicillin, 100
g/ml streptomycin, and 10% FBS. On day 8 after differentiation,
3T3-L1 mature adipocytes were incubated in the presence or
absence of 1 or 10 um UCPH-101 (Abcam, Cambridge, UK), a
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GLAST-specific inhibitor (28), dissolved in dimethyl sulfoxide.
The cells were harvested 2 h later, and the culture media were
analyzed for glutamate levels. In glutamate treatment studies,
on day 8 after differentiation, 3T3-L1 mature adipocytes were
incubated in the absence or presence of 1 and 5 mm glutamate,
and cells were harvested 24 h later. In the insulin-induced Akt
phosphorylation study, 3T3-L1 mature adipocytes were stimu-
lated with 0, 0.1, 1, or 10 nm insulin for 5 min after 14 h of FBS
starvation. Before the insulin treatment, 3T3-L1 adipocytes
were incubated with or without 5 mm glutamate for 24 h (the
first 10 h of incubation with FBS, followed by 14 h of incubation
without FBS).

Knockdown of GLAST in 3T3-L1 Mature Adipocytes—On day
7 after induction of differentiation, 3T3-L1 mature adipocytes
were transfected with GLAST siRNA (catalog no. 10620318
Slc1a3MSS237927, Invitrogen) using Lipofectamine RNAIMAX
reagent (Invitrogen) according to the protocol recommended
by the manufacturer. After 48-h incubation of the transfected
cells, the culture medium was replaced with fresh medium, fol-
lowed by incubation for another 2 h. Then the cells were har-
vested, and culture media were collected for measurement of
the glutamate level. Allstars negative control siRNA (Qiagen,
Valencia, CA) was used as a control.

Glucose Uptake—On day 8 after differentiation, 3T3-L1
mature adipocytes were incubated with or without 5 mm gluta-
mate for 24 h (the first 10 h of incubation with FBS, followed by
14 h of incubation without FBS) and then incubated with Krebs
Ringer phosphate HEPES buffer (1.2 mm KH,PO,, 1.2 mm
MgSO,, 1.3 mm CaCl,, 118 mm NaCl, 5 mm KCl, and 30 mm
HEPES (pH 7.5)) containing 2% bovine serum albumin (Merck
Millipore, Darmstadt, Germany) for 30 min with or without 5
mM glutamate. Then cells were treated with insulin solution
(final concentration, 0 or 1 nm) for 20 min. Subsequently, the
cells were treated with 2DG (Wako Pure Chemical, Osaka,
Japan) solution (final concentration, 1 mMm) for 10 min. After
incubation, the cells were treated with 40 um cytochalasin B
(Wako Pure Chemical) and washed twice with PBS. The cells
were lysed with 10 mm Tris-HCl (pH 8.0) and disrupted by
microtip sonicator. The cell lysate was heat-treated at 80 °C
for 15 min and centrifuged at 15,000 X g for 20 min at 4 °C.
Glucose uptake was assayed using a kit (CSR OKP-PMG-
K01, Cosmobio, Tokyo, Japan) and the protocol described by
the manufacturer.

Biochemical Measurements—Plasma glucose and plasma
insulin were measured by glucose CII test (Wako Pure Chemi-
cal) and the insulin measurement ELISA kit (Morinaga, Yoko-
hama, Japan), respectively. Glutamate in culture media and
intracellular glutamate were analyzed using the Amplex Red
glutamic acid/glutamate oxidase assay kit (Invitrogen). Adi-
ponectin in culture media and intracellular adiponectin were
assayed using the adiponectin ELISA kit (Otsuka, Tokushima,
Japan). Tissue and cultured cells were homogenized in 50 mm
Tris-HCI (pH 7.5), 0.1% Triton X-100, and a mixture of com-
plete protease inhibitor (Roche Applied Science) and centri-
fuged at 20,000 X g for 15 min at 4 °C. Protein concentrations
were determined by using the BCA protein assay (Thermo
Fisher Scientific).
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Statistical Analysis—Results are presented as mean = S.E.
The statistical significance of differences between groups was
determined using two-tailed ¢ tests or the Dunnett’s test. In all
cases, differences were considered significant when the p <
0.05. All analyses were performed using JMP Statistical Discov-
ery Software 11.2.1 (SAS Institute, Cary, NC).
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