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(mGlcT-1) ( 1 ),  Drosophila  GlcT-1 (dGlcT-1) ( 3 ), and  Caeno-
rhabditis elegans  GlcT-1 (CGT1 � 3) ( 4, 5 ). To date, GlcT-1 
from mammals, fi sh, fungi, plants, and bacteria have been 
either cloned or identifi ed ( 3 ). The fact that GlcT-1 is evo-
lutionarily conserved (e.g., dGlcT-1 shares 47% identity 
with hGlcT-1) and that GlcCer is distributed widely in eu-
karyotes suggests that GlcCer synthesis plays some basic 
roles in the cellular machinery. 

 GlcT-1 has been thought to have at least two distinct 
functions. First, GlcT-1 can act as a negative regulator of 
ceramide-mediated reactions by modifying ceramide with 
glucose. Increased basal levels of ceramide cause apoptosis 
( 6 ). In  Drosophila  and mice, ceramide-mediated apoptosis 
could be regulated by upregulating or downregulating 
GlcT-1 activities ( 3, 7 ). Second, GlcT-1 can catalyze the 
synthesis of the precursor lipid GlcCer for most GSLs. 
GSLs are major membrane components in lipid microdo-
mains or lipid rafts, which have been implicated in various 
important cellular processes, such as differentiation, ad-
hesion, proliferation, and cell-cell interactions ( 8 ). Thus, 
GlcT-1 is expected to play signifi cant roles in a variety of 
biological processes by regulating both intracellular cer-
amide levels and the overall synthesis of GSLs. However, 
the physiological functions of GlcT-1 in vivo are not yet 
fully understood. 

 Recent analysis of GSLs in obese rodents revealed that 
the concentration of GlcCer in plasma is higher in obese 
animals than in control wild-type animals, although cer-
amide concentrations are similar ( 9 ). Treatment of rodent 
obesity models with a GlcT-1 inhibitor reverses the insulin 
resistance syndrome ( 10, 11 ). Reducing GSLs on adipose 
tissue by means of a GlcT-1 inhibitor improves adipogen-
esis and adiponectin expression, implicating the role of 

       Abstract   Glucosylceramide synthase (GlcT-1) catalyzes the 
synthesis of glucosylceramide (GlcCer), the core structure 
of major glycosphingolipids (GSLs). Obesity is a metabolic 
disorder caused by an imbalance between energy uptake 
and expenditure, resulting in excess stored body fat. Recent 
studies have shown that GSL levels are increased in obese 
rodents and that pharmacologically reducing GSL levels by 
inhibiting GlcCer synthesis improves adipocyte function. 
However, the molecular mechanism underlying these pro-
cesses is still not clearly understood. Using  Drosophila  as a 
model animal, we report that GlcT-1 expression in the fat 
body, which is equivalent to mammalian adipose tissue, reg-
ulates energy metabolism. Overexpression of GlcT-1 in-
creases stored nutrition (triacylglycerol and carbohydrate) 
levels. Conversely, reduced expression of GlcT-1 in the fat 
body causes a reduction of fat storage. This regulation oc-
curs, at least in part, through the activation of p38-ATF2 sig-
naling. Furthermore, we found that GlcCer is the sole GSL 
of the fat body, indicating that regulation of GlcCer synthe-
sis by GlcT-1 in the fat body is responsible for regulating 
energy homeostasis.   Both GlcT-1 and p38-ATF2 signaling 
are evolutionarily conserved, leading us to propose an evo-
lutionary perspective in which GlcT-1 appears to be one 
of the key factors that control fat metabolism.  —Kohyama-
Koganeya, A., T. Nabetani, M. Miura, and Y. Hirabayashi.   
Glucosylceramide synthase in the fat body controls energy 
metabolism in  Drosophila .  J. Lipid Res . 2011.  52:  1392–1399.   

 Supplementary key words glycosphingolipid • ceramide • P38 mitogen-
activated protein kinase • activating transcription factor 2 • adipocyte 

 Glucosylceramide synthase (GlcT-1) catalyzes the for-
mation of glucosylceramide (GlcCer), the core structure 
of major glycosphingolipids (GSLs), from ceramide and 
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 Nutrient measurements 
 Nutrient measurements were performed as described previ-

ously ( 16 ). Data are averages ± SEM from at least three indepen-
dent experiments.  P  values presented are from Student’s  t -tests. 
To measure total body TAG, we extracted lipids from the sample 
(fi ve fl ies or larvae) with 0.5 ml of chloroform-methanol (2:1, 
v/v). Aliquots of the extract (2  � l) were analyzed by TLC (Silica 
gel 60 plate; Merck, Darmstadt, Germany) and a solvent system 
consisting of chloroform-methanol-acetic acid (98:1:1, v/v/v). 
TAG was visualized with charring reagent (Ceric ammonium 
nitrate/H 2 SO 4  solution), and TAG levels were estimated with an 
LAS 3000 (Fujifi lm; Tokyo, Japan) set to digitized mode. TAG 
purifi ed from  Drosophila  larvae was used as a TAG standard. 

 To measure the levels of carbohydrates (glucose, trehalose, 
and glycogen), 10 fl ies were homogenized in 100  � l of 0.1% 
Tween-20 on ice, heated at 70°C for 5 min to inactivate endoge-
nous enzymes, and centrifuged. Five microliters of homogenate 
were used in each of the assays. Glucose (HK) assay kit (Sigma) 
and trehalase (Sigma) were used to determine glucose and treha-
lose levels. The Starch UV method (Roche) was used to deter-
mine glycogen levels. 

 Quantitative RT-PCR 
 Total RNAs were extracted from the fat bodies of L3 larvae 

and analyzed with SYBR Green (Power SYBR Green PCR Master 
Mix; Applied Biosystems) and an Applied Biosystems 7900HT 
fast real-time PCR System, as described previously ( 16 ). See sup-
plementary experimental procedures online for primers used. 

 TLC analysis 
 Total GSLs were extracted from the fat bodies of L3 larvae and 

analyzed by TLC. Total lipid extracts corresponding to two larvae 
were applied on a TLC plate (Merck), and the plate was developed 
with a solvent system of chloroform-methanol-water (65:35:4, v/v/v). 
GSLs were visualized with orcinol/H 2 SO 4  reagent. 

 MS 
 Total lipids were extracted from the fat bodies of 30 larvae, as 

described previously ( 13 ), and treated with 0.1 M KOH solution 
(chloroform-methanol [2:1, v/v]) to cleave potentially interfer-
ing glycerolipids. LC-MS was performed with a Nanofrontier LD 
system (Hitachi High Technologies; Tokyo, Japan). GSL was re-
constituted in 40  � l of chloroform-methanol (9:1). One hundred 
nanoliters of sample solution was injected onto an Si column (In-
ertsil SIL-100A, 3 µm, 0.075 mm inner diameter and 150 mm 
length; GL Science, Tokyo, Japan) at 200 nL/min. Solvent A 
consisted of 5 mM ammonium formate (pH 7) in chloroform-
methanol-2-propanol-water (80:12.5:7:0.5, v/v/v/v), and solvent 
B consisted of 5 mM ammonium formate (pH 7) in methanol-
2-propanol-water (92.5:7:0.5, v/v/v). The sample was eluted 
through a 20 min gradient: 0–100% solvent B over 20 min, and 
maintained for 10 min. The instrument was run in the negative-
ion mode and cycled through the full scan ( m/z  200–2,000), fol-
lowed by data-dependent MS/MS scanning. 

 RESULTS 

 dGlcT-1 controls stored nutrient levels 
 To characterize the function of dGlcT-1 in the fat body, 

we fi rst manipulated dGlcT-1 expression in the fat body 
using a fat body-specifi c driver, FB-GAL4 (see supplemen-
tary Fig. I). This driver enabled us to generate dGlcT-1 
transgenic fl ies that overexpress dGlcT-1 in the fat body 

GSLs in the pathogenesis of obesity ( 9 ). Although all of 
these observations point to the important role of GlcT-1 in 
fat metabolism in adipocytes, it is diffi cult to understand 
the effects of adipocyte GlcT-1, since GlcT-1 inhibitor was 
administered orally. 

 GlcT-1 is involved also in the production of most com-
plex GSLs such as gangliosides. For example, ganglioside 
GM3 plays a role in the pathogenesis of type 2 diabetes. 
Obesity increases GM3 levels, resulting in the exclusion of 
insulin receptor from lipid rafts or caveolae but the reten-
tion of caveolin and fl otillin ( 12 ). Membrane structural 
changes lead to the inhibition of insulin metabolic signal-
ing ( 12 ). Thus, it is diffi cult to know whether the effect of 
GlcT-1 in fat metabolism is caused by GlcCer or by complex 
GSLs. 

  Drosophila  shares most of the same basic metabolic func-
tions found in vertebrates ( 13 ). For example, components 
of the insulin/insulin-like growth factor (IGF) pathway, 
which plays a central role in growth and metabolism, are 
conserved ( 14 ).  Drosophila  stores fat in a specialized tissue 
called the fat body. The fat body resembles the adipose 
tissue and liver of mammals, and metabolizes and stores 
nutrients primarily as triacylglycerol (TAG) and glycogen. 
Using  Drosophila  as an in vivo model system, we manipu-
lated dGlcT-1 expression in the fat body and examined 
the resulting effects on fat metabolism. We found that the 
level of dGlcT-1 expression in the fat body regulates fat 
and sugar metabolism. Moreover, GlcCer was shown to be 
the dominant GSL in the fat body. GlcT-1 is highly con-
served throughout evolution. Thus, our results suggest 
that GlcCer itself functions in fat metabolism and that 
manipulating GlcT-1 expression in mammalian adipose 
tissue may constitute a therapeutic way to counteract 
obesity. 

 EXPERIMENTAL PROCEDURES 

  Drosophila  stocks 
 The  Drosophila melanogaster  strains used in this study were w 1118  

(wild-type), UAS-dGlcT-1, USA-dGlcT-1IR (VDRC Stock Center; 
Vienna, Austria); UAS-dATF2 (kind gift from Dr. S. Ishii); 
FB-GAL4 (kind gift from Dr. R. Kuhnlein); and Lsp2-GAL4 and 
hs-GAl4 (Bloomington  Drosophila  Stock Center; Bloomington, 
IN). FB-GAL4 and Lsp2-GAL4 were used to express transgenes in 
the fat body. 

 Fat body analysis by fl uorescence microscopy 
 Larval fat bodies were dissected from third (L3) instar larvae 

and examined. Adult fl ies or dissected larvae were fi xed in 4% 
paraformaldehyde for 25 min at room temperature and washed 
four times in PBS. To visualize lipid droplets, we stained the fi xed 
fat bodies with BODIPY 493/503 (Molecular Probes; Carlsbad, 
CA) or Nile Red (Sigma; St. Louis, MO). BODIPY 493/503 was 
dissolved in ethanol at 1 mg/ml, and Nile Red was dissolved in 
acetone at 10 mg/ml. Then BODIPY 493/503 or Nile Red was 
diluted (BODIPY 493/503, 1:100,000; Nile Red, 1:2,500) in PBS 
and applied to tissue samples. After incubation for 1 h, tissues 
were washed three times with PBS. Mitotic clones of dGlcT-1 
knockdown cells were generated by heat shock using the fol-
lowing genotypes: hs-fl p UAS-GFP; tub-Gal4/UAS-dGlcT-1 IR; 
FRT82B/FRT82B Gal80 ( 15 ). 
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ing that dGlcT-1 affects lipid droplet formation in a 
cell-autonomous manner. 

 Fat body TAG levels were  � 18% higher in dGlcT-1-
overexpressing fl ies and  � 19% lower in dGlcT-1 knock-
down fl ies than in wild-type fl ies ( Fig. 1C  and supplementary 
Fig. III). We observed similar results when we manipulated 
dGlcT-1 expression using another fat body-specifi c driver, 
Lsp2-Gal4 (see supplementary Figs. I, IV). 

  Drosophila  fl ies store nutrients not only in the form of 
lipids (TAG), but also in the form of carbohydrates (glu-
cose, trehalose, and glycogen). Because carbohydrates are 
tightly regulated, we also measured stored carbohydrate 
levels in whole-fl y homogenates. Flies overexpressing 
dGlcT-1 stored signifi cantly more carbohydrates than did 
control fl ies ( Fig. 1D–1F ). However, dGlcT-1 knockdown 
fl ies displayed markedly decreased levels of trehalose com-

and those that downregulate dGlcT-1 expression in the fat 
body (see supplementary Fig. II).  Drosophila  stores energy 
predominantly as triglycerides (TAGs) in the fat body. 
Thus, to evaluate intracellular TAG content, we stained 
the fat body with lipophilic dyes that detect lipid droplets. 
Lipid droplet formation was enhanced in fat bodies over-
expressing dGlcT-1 (FB>dGlcT-1) compared with controls 
 (  Fig. 1A  ). By contrast, lipid droplet formation was re-
duced in fat bodies in which dGlcT-1 was knocked down 
(FB>dGlcT-1 IR) compared with controls ( Fig. 1A ). 

 To determine whether the regulatory function of GlcT-1 
in lipid metabolism is cell autonomous, we generated mi-
totic clones of dGlcT-1 knockdown cells and examined 
lipid droplet formation. We observed that the dGlcT-1 
knockdown clones contained fewer and smaller lipid drop-
lets than the neighboring control cells ( Fig. 1B ), confi rm-

  Fig.   1.  Altered dGlcT-1 expression in the fat body results in impaired energy homeostasis. A: Staining of lipid droplets that store TAG 
in the fat bodies of adult fl ies. Scale bar, 50  � m. Genotypes were as follows: control (FB-Gal4/+;  +/+ ), UAS-dGlcT-1 (FB-Gal4/+; UAS-
dGlcT-1/+), UAS-dGlcT-1 IR (FB-Gal4/+; UAS-dGlcT-1 IR/+). B:  Drosophila  GlcT-1 (dGlcT-1) knockdown clones (GFP-positive) harbored 
fewer and smaller lipid droplets (red) than controls (GFP negative). The Flp/FRT system was used to make dGlcT-1 knockdown clones in 
the fat body. dGlcT-1 knockdown clones were marked with GFP (hs-fl p, UAS-GFP; tub-Gal4/UAS-dGlcT-1 IR; FRT82B Gal80/FRT82B). 
Scale bar, 50  � m. C: Measurement of whole-body TAG levels of 6 day-old male fl ies; n = 5 for each genotype. D, E, F: Stored carbohydrate 
levels were measured: glucose (D), trehalose (E), and glycogen (F); n = 8 for each genotype. The error bars represent SD.   
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 dGlcT-1 interacts with the p38-ATF2 signaling pathway 
 The  Drosophila  p38-ATF2 signaling pathway mediates fat 

metabolism through the activation of PEPCK transcription 
 (  Fig. 3B  ) ( 17 ). Increased FAS and decreased PEPCK mRNA 
expression phenotypes observed in dGlcT-1 knockdown 
fl ies were similar to that in dATF2 knockdown fl ies. Thus, 
GlcT-1 might regulate energy metabolism by regulating the 
p38-ATF2 signaling pathway. To examine this possibility, we 
fi rst assessed the level of dp38 phosphorylation in the fat 
body. Phosphorylation of dp38 in the fat body increased 
when dGlcT-1 was overexpressed but decreased when 
GlcT-1 expression was reduced ( Fig. 3A  and supplementary 
Fig. VA). To confi rm that dGlcT-1 does indeed regulate the 
p38-ATF2 signaling pathway, we also assessed the genetic 
interaction between dGlcT-1 and dATF2 in the wing, a site 
where the p38-ATF2 signaling pathway affects wing pattern 
formation. We found that dGlcT-1 did indeed regulate this 
signaling pathway such that dGlcT-1 overexpression or un-
derexpression enhanced or suppressed, respectively, aber-
rant wing phenotypes (see supplementary Fig. VB). These 
results support the notion that dGlcT-1 activates the p38-
ATF2 signaling pathway in  Drosophila . 

 Given that dGlcT-1 activates the p38-ATF2 signaling path-
way in the fat body, it logically follows that dGlcT-1 expres-
sion may also affect ATF2 function in fat metabolism in the 
fat body. To test this possibility, we manipulated dGlcT-1 
expression in dATF2-overexpressing fat bodies and assessed 
PEPCK mRNA levels by collecting mRNAs from fat bodies 
and performing qRT-PCR. As expected, we observed in-
creased dPEPCK mRNA levels when dGlcT-1 and dATF2 

pared with control fl ies, even though glucose and gly cogen 
levels remained comparable. These observations suggest 
that dGlcT-1 expression in the fat body affects stored en-
ergy levels. 

 dGlcT-1 alters the expression of key energy 
metabolism genes 

 Because dGlcT-1 expression in the fat body affected 
stored energy levels, we assessed the expression of key 
genes involved in energy storage  (  Fig. 2A  ). Acetyl-CoA car-
boxylase (ACC) is one of the rate-limiting enzymes in FA 
synthesis, a source of TAG. We quantifi ed the changes in 
ACC mRNA expression levels in the fat bodies of L3 lar-
vae. We used larval fat bodies for the quantitative RT-PCR 
(qRT-PCR) assay because adult fat body cells are attached 
to the cuticle, and it is diffi cult to isolate the fat body with-
out contamination from other tissues. We found that ACC 
mRNA expression was dramatically decreased in dGlcT-1 
knockdown fat bodies ( Fig. 2B ). Western blot analysis us-
ing anti-ACC antibody revealed that ACC protein expres-
sion was also decreased in dGlcT-1 knockdown fat bodies 
( Fig. 2C ). 

 We also examined other rate-limiting enzymes of 
FA synthesis and found that decreased phosphoenol-
pyruvate carboxykinase (PEPCK) mRNA expression in-
creased fatty acid synthase (FAS) expression in dGlcT-1 
knockdown fat bodies ( Fig. 2B ). Thus, decreased ACC 
and PEPCK expression may, in part, underlie the dimin-
ished energy storage phenotype of dGlcT-1 knockdown 
fl ies. 

  Fig.   2.  ACC, FAS, and PEPCK mRNA expression is altered in dGlcT-1 knockdown fat bodies. A: Schematic 
diagram of the pathway and critical enzymes for TAG and glycerol biosynthesis. B: qRT-PCR was used to 
measure ACC, FAS, and PEPCK mRNAs involved in TAG and glycerol biosynthesis. FB-Gal4 was used to ex-
press UAS-dGlcT-1 IR specifi cally in third instar larval fat body; n = 3 for each genotype. C: Western blot 
analysis using anti-ACC indicated that changes in ACC mRNA expression are in good agreement with the levels 
of ACC enzyme protein. Proteins were collected from third instar larval fat body. The error bars represent SD.   
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 GlcCer is a prominent GSL in the fat body 
 Although we demonstrated that dGlcT-1 expression levels 

affect stored nutrient levels, we needed to clarify whether this 
was due to the amount of GlcCer or due to more-glycosylated 
GSLs such as mactosylceramide (MacCer) (see supplemen-
tary Fig. VIA). Thus, we examined the GSL composition in 
the fat body by TLC and LC/MS of larvae fat bodies. We de-
tected only GlcCer  (  Fig. 4A  ). In the wild-type fat body, how-
ever, GSLs such as MacCer or more-glycosylated GSLs were 
barely detectable. Consistent with this fi nding is that qRT-
PCR detected very low levels of endogenous  egghead  ( egh ) 
mRNA expression in these fat bodies (see supplementary 
Fig. VIB). Egh protein catalyzes the transfer of mannose to 
GlcCer from GDP-mannose to produce MacCer. Further-
more, overexpression or underexpression of  egh  in the fat 
body did not affect stored TAG levels (see supplementary Fig. 
VIC). Therefore, these results strongly indicated that GlcCer 

were coexpressed but decreased dPEPCK mRNA levels 
when dGlcT-1 expression was knocked down ( Fig. 3C ). 

 Overexpression of dATF2 increases TAG levels, whereas 
dATF2 knockdown decreases TAG levels ( 17 ). Thus, we 
also examined whether dGlcT-1 expression affects dATF2-
mediated effects on stored TAG levels by staining fat bodies 
with lipophilic dyes. Lipophilic dye signals were stronger 
when dGlcT-1 was overexpressed with dATF2 in the fat body 
than when only dATF2 was overexpressed in the fat body 
( Fig. 3D ). Furthermore, whole-body TAG levels were  � 45% 
higher in fl ies that overexpressed dGlcT-1 in the fat body 
than in fl ies that overexpressed only dATF2 in the fat body 
( Fig. 3E ). On the other hand, lipophilic dye signals were 
lower when dGlcT-1 expression was reduced ( Fig. 3D ), even 
though whole-body TAG levels were not affected ( Fig. 3E ). 
These results demonstrate that dGlcT-1 expression in the 
fat body regulates p38-ATF2 signaling activity. 

  Fig.   3.  Genetic interaction between dGlcT-1 and the p38-ATF2 signaling pathway. A: Schematic of the p38-ATF2 signaling pathway. B: 
Lsp2-Gal4 was used to overexpress or suppress dGlcT-1 specifi cally in the fat body of larvae, and the level of dp38 phosphorylation was ana-
lyzed by Western blotting with phospho-p38 antibody. C–E: Effect of dGlcT-1 overexpression or knockdown on PEPCK mRNA (C) and on 
stored lipid levels (D, E) in dATF2-overexpressing fat bodies of larvae. As described above, Lsp2-Gal4 was used to express dATF2 specifi cally 
in the fat body. In C, PEPCK mRNA levels were measured by qRT-PCR; n = 3 for each genotype. In E, whole-body TAG levels of third (L3) 
instar larvae were measured; n = 5 for each genotype. The error bars represent SD.   
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 DISCUSSION 

 In this paper, we describe how GlcT-1 functions in en-
ergy storage. First, our data showed that GlcT-1 in the fat 
body regulates energy storage. Overexpression of dGlcT-1 
in the fat body increased the levels of stored lipid (TAG) 
and carbohydrates (glucose, trehalose, and glycogen). 
On the other hand, dGlcT-1 knockdown fl ies displayed 
markedly decreased levels of TAG and trehalose. 

  Drosophila  stores lipid (TAG) as a source of energy, 
mainly in the fat body, and reserves this energy until it is 
required for behavioral activities such as fl ight. In addition 
to TAG, trehalose released from the fat body is a major 
source of energy in the hemolymph and thorax muscles 

itself is responsible for metabolic regulation in the fat body 
(see supplementary Fig. VII). 

 The fat body synthesizes GlcCer having d14:1/20:0 and 
d14:1/22:0 ( Fig. 4C, D ). This is consistent with previous 
studies showing that sphingosine (d14:1)-containing cer-
amide represents the most-abundant ceramide species 
in  Drosophila  ( 18, 19 ). In the present study, however, 
dGlcT-1 overexpression caused additional ceramide species 
[dihydroceramide (GlcCer having d14:0/20:0 and d14:0/
22:0)] to be used ( Fig. 4C, D ). By contrast, phosphoetha-
nolamine ceramide, another ceramide metabolite generated 
in the Golgi complex ( 20 ), contained no dihydrocer-
amide, even in GlcT-1-overexpressing fat bodies (data 
not shown). 

  Fig.   4.  GlcCer is the sole GSL in the fat body. A: TLC analysis of GSLs from the fat body demonstrated that GlcCer is the sole GSL in the 
fat body. Total lipid extracts corresponding to two larvae were assayed (FB). Two micrograms of GlcCer, LacCer, and ganglioside GM3 were 
applied as standard GSLs (STD). B: LC/MS spectra from control (upper panel) and dGlcT-1-overexpressing fat bodies (FB>dGlcT-1; lower 
panel). Scans from  m/z  690 to 710 are shown. Peaks of  m/z  698.6 and 700.6 correspond to GlcCer having d14:1/20:0 and d14:0/20:0 con-
formations, respectively. C: Total GlcCer and MacCer levels in lipid extracts from fat bodies of control, FB>dGlcT-1, and FB>dGlcT-1 IR 
larvae are shown. D: Model showing the effect of overexpressing dGlcT-1 in the fat body. When dGlcT-1 is overexpressed in the fat body, 
dGlcT-1 adds glucose not only to regular ceramide but also to dihydroceramide (dotted line).   
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pendent of its synthetic function ( 25 ). Therefore, it is pos-
sible that GlcT-1 regulates TAG metabolism not through 
GlcCer synthetic activity but through another unidentifi ed 
function. However, because treatment with GlcT-1-specifi c 
inhibitors that block GlcCer synthesis improves the obesity 
phenotype ( 9 ), GlcT-1 may indeed affect TAG metabolism 
mainly through GlcCer synthetic activity. 

 Recent drug and in vitro studies have suggested that 
suppression of GlcT-1 function may present a novel strat-
egy for treating diseases such as obesity ( 9–11 ). In  Drosophila  
and mammals, GlcT-1 function and p38-ATF2 signaling 
are conserved. Thus, we believe that our in vivo data will 
be useful for future studies examining the detailed molecu-
lar mechanisms underlying the GlcT-1-mediated regula-
tion of energy metabolism.  

 The authors thank Y. Shinoda, E. Oshima, and T. Shimizu for 
their technical assistance. 
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