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cose uptake and metabolism such as 2-deoxy-D-glucose
(
g
h
e
b
u
h
i
r
e
r
l
l
g
a
i
g

s
t
s
i
r
2
t
i
i
(
n
s
l
r
b
z
e
s
p
m

Insulin-stimulated glucose metabolism plays a key
ole in the regulation of leptin mRNA expression and
rotein secretion. However, it is not known whether
timulation of leptin production by glucose metabo-
ism is regulated at the level of promoter activation or
t a step distal to the promoter. Therefore, in order to
nvestigate the transcriptional regulation of the leptin
romoter by insulin-stimulated glucose metabolism,
T3-L1 cells were transfected with a plasmid contain-
ng the leptin promoter driving a luciferase reporter
ene. Leptin promoter activity was increased after 48
ours of treatment by 219 6 64 (p 5 0.028) and 225 6
9% (p 5 0.046) at insulin concentrations of 16 and 160
M, respectively. The activation of the leptin promoter

nduced by insulin (16 nM) was markedly inhibited by
-deoxy-D-glucose (2-DG, 50 mg/dl), a competitive in-
ibitor of glucose metabolism. The increment of

nsulin-stimulated leptin promoter activation was re-
uced by 52 6 11% (p 5 0.028 vs insulin alone). The
ctivity of a control plasmid (pGL2-Control) was unaf-
ected by insulin or 2-DG. These results provide strong
vidence that insulin-stimulated glucose metabolism,
nd not insulin per se, mediates the effects of insulin to
ncrease the transcriptional activity of the leptin
romoter. © 2001 Academic Press

Key Words: glucose metabolism; insulin; leptin pro-
oter; 2-deoxy-D-glucose.

The adipocyte hormone leptin is a key regulator of
nergy balance in animals and in humans (1). Our
revious experiments suggest that increased glucose
etabolism mediates the effect of insulin to stimulate

eptin gene expression and leptin secretion (2). Leptin
ecretion by cultured adipocytes is more closely related
o the amount of glucose metabolized than to the ex-
racellular insulin concentration (2). Inhibitors of glu-
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544006-291X/01 $35.00
opyright © 2001 by Academic Press
ll rights of reproduction in any form reserved.
2-DG), phloretin and cytochalasin-B, or inhibitors of
lycolysis such as sodium fluoride and iodoacetate, in-
ibit insulin-stimulated leptin secretion (2). Thus, the
ffect of insulin to increase leptin secretion is likely to
e related to its effects to increase adipocyte glucose
tilization. A recently published study using cultured
uman adipose tissue (3) supports our previous find-

ngs in rat adipocytes (2). In addition, the results of a
ecent study conducted in human subjects (4) provides
vidence that insulin-stimulated glucose metabolism
ather than insulin per se is a major determinant of
eptin secretion in vivo. More recent studies from our
aboratory indicate that the anaerobic metabolism of
lucose to lactate does not increase leptin secretion (5),
nd suggest that mitochondrial substrate oxidation is
nvolved in the stimulation of leptin production by
lucose metabolism (6).
The mechanism(s) underlying the effects of insulin-

timulated glucose metabolism to increase leptin secre-
ion remain unknown. Our previous studies have
hown that insulin increases leptin mRNA expression
n isolated rat adipocytes, and that this increase was
eversed by blocking glucose utilization with either
-DG or sodium fluoride. These results suggest that a
ranscriptional regulatory mechanism is likely to be
nvolved in the regulation of leptin gene expression by
nsulin-stimulated glucose metabolism. Fukuda et al.
7) showed that insulin in the presence of glucose sig-
ificantly increased leptin promoter activity. This
tudy did not, however, determine whether the stimu-
ation of promoter activity induced by insulin was the
esult of a direct effect of insulin or if it was mediated
y insulin’s effects to increase adipocyte glucose utili-
ation. The aim of the present study was, therefore, to
xamine the effects of glucose metabolism on the tran-
criptional regulation on the leptin gene. For this pur-
ose, 3T3-L1 adipocytes were transfected with a plas-
id containing 762 bp construct of the leptin promoter



and the promoter activity was evaluated after treat-
m
e
t

M

f
3
m
c
i
d
f
c
I

b
g
R
g
d
c
c
(
m
T
a
P
t
m
e
a

t
p
p
i
t
D
b
w
m
e
o
e
b
a

f
b
t
c
t
w

u
r
u
W
s
t

w
t

R

f
c
b
g
m

c
m
t
r
c
N
e
e
p
t
c
s
f
w
m
s
C
m
;

e
b
i
l
a
c
c
i
n

C
s
a
o

Vol. 283, No. 3, 2001 BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS
ent with glucose and insulin in the absence or pres-
nce of 2-DG, an inhibitor of glucose uptake and me-
abolism.

ATERIALS AND METHODS

Cell culture and differentiation. 3T3-L1 cells (8) were obtained
rom American Type Culture Collection (Rockville, MD). Passages
–9 were used in all studies. Cells were cultured in Dulbecco’s
odified Eagle medium (DMEM) containing 25 mM glucose and 10%

alf bovine serum. Confluent cells were induced to differentiate by
ncubating for 72 h with differentiation medium containing 1 mM
examethasone, 0.5 mM isobutylmethylxanthine (IBMX) and 10%
etal bovine serum in DMEM. Cells were then maintained in DMEM
ontaining 10% fetal bovine serum, but without dexamethasone or
BMX (post-differentiation medium), for 48 h prior transfection.

Plasmids. Cells were transfected with a plasmid containing 762
p construct of the mouse leptin promoter with a luciferase reporter
ene [p(2762)lep-luc] (9, 10), which was kindly provided by Dr.
eitman (Diabetes Branch, National Institute of Diabetes and Di-
estive and Kidney Diseases, NIH). This firefly luciferase reporter is
erivative of pGL2-Basic. pGL2-Control and pGL2-basic were pur-
hased from Promega (Madison, WI). pRL-SV40, a renilla luciferase
ontrol reporter plasmid, was kindly provided from Dr. De Miguel
Department of Biochemistry, University of Navarra, Spain). Plas-
id DNA was transformed into One Shot competent cells (Original
A Cloning Kit, Invitrogen, Carlsbad, CA). Milligram quantities of
ll of these plasmid DNA vectors were prepared using EndoFree
lasmid Maxi kit (Quiagen Inc., Santa Clarita, CA). The concentra-
ion of plasmid DNA has been determined by both spectrophoto-
etric assay and by comparison to known DNA markers using

thidium bromide staining of restriction-digested plasmid run on an
garose gel.

Transient transfections. On day 5 after the induction of differen-
iation, 3T3-L1 adipocytes were transfected with 6 mg of the plasmid
(2762)lep-luc by the calcium phosphate method (11). pRL-SV40
lasmid (4 ng) was transfected at the same time and used as an
nternal control for transfection efficiency. After 16–20 h of incuba-
ion, the culture medium was removed and cells were washed with
ulbecco’s phosphate-buffered saline (PBS). Cells were then incu-
ated in the absence or presence of insulin (0.16–1600 nM) for 48 h
ith 25 mM glucose. The effects of 2-DG (50 mg/dl) on leptin pro-
oter activity in the absence or presence of insulin (16 nM) were also

xamined. We have previously demonstrated that this concentration
f 2-DG induced a marked (.90%) suppression of leptin mRNA
xpression and leptin secretion in primary cultured rat adipocytes,
ut did not induce cytotoxic effects since 18S RNA was unaffected
nd lipoprotein lipase activity was only modestly reduced (2).
To exclude the possibility of a false positive finding in the trans-

ection efficiency, some cells were also transfected with the pGL2-
asic plasmid (a promoterless vector that serves as a negative con-
rol). A pGL2-control was also transfected and used as a positive
ontrol. Cells transfected with this positive control were treated at
he same time and under the same conditions as cells transfected
ith the plasmid containing the leptin promoter.

Dual luciferase assay. After 48 h of treatment, cells were lysed
sing 13 Passive Lysis Buffer (Promega, Madison, WI). Firefly and
enilla luciferase activities were then determined in the cell lysates
sing a Dual-Luciferase Reporter Assay System (Promega, Madison,
I), which allows sequential measurement of both luciferases in the

ame sample. Data of firefly luciferase activity were normalized with
he data of renilla luciferase activity.

Statistical analysis. Results are presented as mean 6 SEM. Data
ere analyzed with a Wilcoxon signed rank test (Statview for Macin-

osh, Abacus, Inc., Berkeley, CA).
545
ESULTS AND DISCUSSION

3T3-L1 cells are a useful cell culture model system
or investigation of adipose differentiation and adipo-
yte function in vitro. For example, 3T3-L1 cells have
een used to study the regulation of leptin promoter by
lucocorticoids (12) and the regulation of FAS pro-
oter by insulin (13, 14).
The promoter of the mouse leptin gene has been

loned and characterized. Four elements in the proxi-
al 109-bp contribute to the leptin promoter activity:

he TATA box at 230, a C/EBP motif at 253, a LP1
egion at 287, and an Sp1 motif at 297. These sites are
onserved among species, including mouse and human.
o distant elements with a large effect on adipose

xpression have been identified, although a placental
nhancer was found upstream of the human leptin
romoter (9, 10, 15–17). In the present study transient
ransfection of 3T3-L1 cells with the p(2762)lep-luc
onstruct, containing 762 bp of the leptin promoter
equence, increased reporter activity to a level ;180-
old greater than background. As expected, when cells
ere transfected with the pGL2-basic construct, a pro-
oterless vector, only background activity was ob-

erved. In contrast the level of expression of pGL2-
ontrol, a plasmid with strong luciferase expression in
any types of mammalian cells, was increased to
300-fold over background levels (Fig. 1).
Several studies have previously reported that leptin

xpression in mature 3T3-L1 adipocytes is increased
y insulin (18). In the present study, we found that
nsulin induced a concentration-dependent increase of
eptin promoter activity. Thus, no increase in promoter
ctivity was found with 0.16 nM insulin (103 6 38% of
ontrol). Treatment with 1.6 nM insulin, a physiologi-
al concentration of insulin, may have caused a slight
ncrease (126 6 27%) of promoter activity, while sig-
ificant stimulatory effects (220 6 64, 225 6 69, 240 6

FIG. 1. Activity of the pGL2-Basic (a promoterless vector), pGL2-
ontrol, and p(2762)lep-luc on 3T3-L1 adipocytes. Transient expres-
ion was performed as described under Materials and Methods. Data
re presented as relative luciferase units. Bars are the means 6 SE
f at least 3 independent experiments.
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3%) were observed at 16, 160 and 1600 nM insulin
Fig. 2). Although, the differences in promoter activa-
ion were small between 16 and 1600 nM, overall, the
ercent increase of leptin promoter activity induced by
nsulin was concentration-dependent (p , 0.02). Kim et
l. (18) have reported also a similar degree of stimula-
ion of leptin expression by insulin in 3T3-L1 adipo-
ytes at concentrations between 10 and 1000 nM, sug-
esting that in this cell line both transcriptional
ctivation of the promoter and leptin gene expression
re maximal at moderate and at high insulin concen-
rations. In previous studies in primary rat adipocytes,
hich are substantially more sensitive to insulin than
T3-L1 adipocytes, we have observed concentration-
ependent increases of leptin secretion in presence of
.16 to 1.6 nM insulin. In one previous study, Fukuda
t al. (7) reported that insulin at a high concentration
f 100 nM increased leptin promoter activity by 1.5-fold
n primary rat adipocytes.

In the experiment by Fukuda et al. (7), the culture
edia contained both glucose and insulin. Therefore, it
as not possible to differentiate between the direct
ffects of insulin per se and insulin’s actions to stimu-
ate cellular glucose metabolism in the stimulation of
he transcriptional activity of the leptin promoter in
hat study. Our previous published results provided
vidence that insulin-stimulated glucose metabolism
ediates the effects of insulin to increase leptin mRNA

xpression and secretion in isolated rat adipocytes (2).
n order to determine if glucose metabolism could reg-
late leptin production at the level of promoter activa-
ion, we incubated 3T3-L1 adipocytes with glucose and
nsulin in the absence and the presence of 2-DG, an

FIG. 2. Dose-response effects of insulin on the transcriptional
ctivity of leptin promoter. A plasmid containing 762 bp construct of
he leptin promoter with a luciferase reporter gene p(2762)lep-luc
as introduced into 3T3-L1 adipocytes. Cells were then cultured for
8 h in DMEM containing 25 mM glucose without or with insulin
anging from 0.16–1600 nM. A pRL-SV40 plasmid was also cotrans-
ected and used to normalize the leptin promoter activity data. Data
re expressed as percentage of the activity in the absence of insulin.
ars are the mean 6 SE of several independent experiments per-

ormed in triplicates. The number above each bar is the number of
ndependent experiments. * p , 0.05 compared with control group.
546
essed the activity of a transfected construct of the
eptin promoter. As shown in Fig. 3, the increase in the
eptin promoter activity induced by insulin (16 nM)
as completely abolished in the presence of 2-DG (50
g/dL) indicating that activation of the insulin signal

ransduction pathway per se, in the absence of insulin’s
ffects to stimulate glucose utilization, does not acti-
ate the promoter. However, 2-DG did not induce any
ignificant change on leptin promoter activity in the
bsence of insulin (data not shown). In addition, the
ctivity of the pGL2-control plasmid was unaffected
ither by insulin or 2-DG treatment, suggesting that
nsulin-mediated glucose metabolism specifically acti-
ates the transcriptional activity of this promoter, and
hat the metabolic block produced by 2-DG does not
nduce a generalized inhibition of gene transcription
Fig. 3).

Insulin-stimulated glucose metabolism has been pre-
iously demonstrated to regulate the expression of a
umber of genes involved in the storage of energy, such
s lipogenic and glycolytic enzymes in liver and adipose
issue, at the level of transcription (19, 20). Rutter et al.
21) has referred to these genes as GIR (Glucose and
nsulin Responsive) genes because of their responsive-
ess to both glucose and insulin, with the aim to dif-
erentiate them from the “purely insulin-responsive”
pIR) genes. These GIR genes include fatty acid syn-
hase (FAS), the liver isoform of pyruvate kinase (L-
K) and acetyl-CoAcarboxylase (ACC) and Spot-14

S14). It has been suggested that in order for glucose
etabolism to exert its effect on the expression of these

enes, insulin is required to stimulate the glucose up-
ake and/or metabolism (21). Our previous data dem-
nstrated that insulin-stimulated glucose metabolism

FIG. 3. Effects of 2-DG on the action of insulin on leptin and
V40 (pGL2-Control) promoter activity. Cells were transfected with
he p(2762)lep-luc or pGL2-Control plasmids and treated for 48 h
ithout or with insulin (16 nM) in the absence or presence of 2-DG

50 mg/dl). A pRL-SV40 plasmid was also cotransfected and used to
ormalize the data. Data are expressed as percentage of the activity

n the absence of insulin. Bars are the mean 6 SE of six independent
xperiments. * p , 0.05 compared with the control cells. a, p , 0.05
ompared with the insulin-treated group.
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ecretion (2). Wellhoener et al. (4) provided in vivo
upport that glucose metabolism rather than insulin is
major determinant of leptin production in humans.

hese studies, along with our present data, suggest
hat leptin gene may be considered as a GIR gene.

Nutrient regulation of gene expression is likely to
epresent an important mechanism by which organ-
sms adapt to their nutritional environment (20). We
ave reported that the consumption of high carbohy-
rate, low fat meals increases circulating leptin con-
entrations over 24 h in women compared to a high fat,
ow carbohydrate meal (22). A similar pattern in the
egulation of some of the lipogenic GIR genes by di-
tary macronutrient content has been described (23).
The mechanisms linking glucose metabolism to the

lucose-responsive transcription complex are largely
nknown. Glucose response elements (GlREs), which
ave a common sequence 59-CACGTG-39 termed E box,
ave been identified for the L-PK, the S14 and the FAS
enes (24–26). Our present data have shown the re-
ponsiveness of leptin promoter to insulin-mediated
lucose metabolism, which raises the possibility, that
eptin promoter may have a cis-acting DNA element
nvolved in the response to glucose metabolism. Two E
ox motifs (CannTG) overlapping the C/EBP site has
een identified in the leptin promoter. However, mu-
ations of these E boxes (m47 and m59) did not affect
romoter activity (10). The studies of Fukuda et al. (7)
ave suggested that the region from 2101 to 283 of the

eptin gene is responsible for glucose/insulin stimula-
ion of transcription, and that the transcription factor
p1 is somehow involved in this regulation.
In conclusion, the results of the present study sug-

est that it is insulin-stimulated glucose metabolism
nd not insulin per se which regulates the transcrip-
ional activity of the leptin gene. These data along with
revious in vitro and in vivo studies (2, 4, 5, 22) suggest
hat leptin is likely to be a GIR gene. Further experi-
ents are necessary to more fully characterize the
olecular mechanisms by which insulin-stimulated

lucose metabolism regulates transcription of leptin
ene. This will include the more precise identification
f cis-acting DNA sequences as well as the trans-acting
actors involved in the regulation of leptin gene by
lucose metabolism.
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