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Obesity is a major risk factor for the development of insulin
resistance, characterized by impaired stimulation of glucose
disposal into muscle. The mechanisms underlying insulin re-
sistance are unknown. Here we examine the direct effect of
leptin, the product of the obesity gene, on insulin-stimulated
glucose uptake in cultured rat skeletal muscle cells. Preincu-
bation of L6 myotubes with leptin (2 or 100 nM, 30 min) had no
effect on basal glucose uptake but reduced insulin-stimulated
glucose uptake. However, leptin had no effect on the insulin-
induced gain in myc-tagged glucose transporter 4 (GLUT4)
appearance at the cell surface of L6 myotubes. Preincubation
of cells with leptin also had no effect on insulin-stimulated
tyrosine phosphorylation of insulin receptor, IRS-1 and IRS-2,

phosphatidylinositol 3-kinase activity, or Akt phosphoryla-
tion. We have previously shown that insulin regulates glucose
uptake via a signaling pathway sensitive to inhibitors of p38
MAP kinase. Here, leptin pretreatment reduced the extent of
insulin-stimulated p38 MAP kinase phosphorylation and
phosphorylation of cAMP response element binder, a down-
stream effector of p38 MAP kinase. These results show that
high leptin levels can directly reduce insulin-stimulated glu-
cose uptake in L6 muscle cells despite normal GLUT4 trans-
location. The mechanism of this effect could involve inhibi-
tion of insulin-stimulated p38 MAP kinase and GLUT4
activation. (Endocrinology 142: 4806-4812, 2001)

HE PRODUCT OF the obesity (ob) gene, leptin, (1), is
synthesized and secreted primarily by adipocytes and
has been shown to play an important role in the central
regulation of body weight (2). It is now apparent that leptin
also has important functions as a metabolic and neuroendo-
crine hormone (3). One significant endocrine consequence of
obesity is the development of insulin resistance (4). This can
lead to type 2 diabetes, which is characterized by insulin
resistance and an inability of increased pancreatic insulin
secretion to compensate for this defect. Interestingly, plasma
leptin levels correlate positively with body weight (5), and it
has been proposed that hyperleptinemia may be important
in the development of insulin resistance associated with type
2 (4) and gestational (6) diabetes.

Insulin regulates blood glucose levels principally by stim-
ulating the uptake of glucose into muscle and fat cells and
curbing hepatic glucose output (7, 8). Glucose transport oc-
curs via a family of glucose transporter proteins (GLUTs), of
which GLUT4 is the major insulin responsive isoform in
muscle and fat tissues. Intracellular GLUT4 is translocated to
the cell surface in response to insulin, by a mechanism re-
quiring the activation of PI3K (9, 10). However, we have
shown that a membrane permeable acetoxymethylester de-
rivative of the PI3K product PI (3, 4, 5) P5 caused translo-
cation of GLUT4 (Sweeney, G., R. Somwar, L. Foster, T. Jiang,
G. Prestwich, P. Nielsen, and A. Klip, submitted work) with-
out increasing glucose uptake (11). Moreover, activation of
PI3K via stimuli other than insulin does not lead to elevations
in glucose uptake (12). Collectively, these results suggest that

Abbreviations: CREB, cAMP response element binding protein;
GLUT, glucose transporter; IRS-1 or -2, insulin receptor substrates.

PI3K activation is necessary but not sufficient to stimulate
glucose uptake.

We have also shown that several inhibitors of p38 MAP
kinase reduce insulin-stimulated glucose uptake without al-
tering GLUT4 arrival at the cell surface (13, 14). Therefore, it
is possible that insulin stimulates glucose uptake by increas-
ing both the amount of glucose transporters at the cell surface
and their activity. The above studies raise the hypothesis that
the pathophysiology of insulin resistance may involve alter-
ations in the ability of insulin to stimulate p38 MAP kinase
and thus activate glucose transporters. Here we examine the
ability of leptin to directly reduce insulin-stimulated glucose
uptake and GLUT4 translocation in skeletal muscle cells and
explore the molecular mechanisms underlying this effect.

Materials and Methods
Materials

Monoclonal antibody (9E10) to the myc epitope, the insulin receptor
B-subunit, leptin receptor antibody (K-20) and antiphosphotyrosine an-
tibody (PY99) were purchased from Santa Cruz Biotechnology, Inc.
(Santa Cruz, CA). Polyclonal anti-IRS-1 and IRS-2 antibody was pur-
chased from Upstate Biotechnology, Inc. (Lake Placid, NY). Polyclonal
phosphospecific antibodies to p38 MAP kinase, Akt (T308), Akt (S473)
and ERK were from New England Biolabs, Inc. (Beverley, MA) and to
cAMP response element binding protein (CREB) was from Calbiochem
(San Diego, CA). Recombinant mouse leptin was from Calbiochem (LA
Jolla, CA) and human insulin (humulin) was from Eli Lilly & Co. (To-
ronto, Ontario, Canada).

Determination of 2-deoxyglucose uptake

L6 myotubes transfected with myc-tagged GLUT4 (L6-GLUT4myc)
were grown and differentiated as previously characterized (15). Myo-
tubes (12-well plates) were deprived of serum for 5 h with a-MEM and
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25 mm glucose before experimental manipulations. 2-Deoxyglucose up-
take measurements were carried out for 5 min as described previously
(16).

Measurement of GLUT4myc translocation in L6 myotubes

The content of myc-tagged GLUT4 at the cell surface was measured
by an antibody-coupled densitometric assay (15) as follows: Quiescent
L6 GLUT4myc myotubes, after treatment with insulin and/or leptin,
were washed once with PBS then fixed with 3% paraformaldehyde in
PBS for 3 min at room temperature. The fixative was immediately neu-
tralized by incubation with 1% (wt/vol) glycine in PBS at 4 C for 10 min.
The cell monolayer was then blocked with 10% (wt/vol) goat serum and
3% (wt/vol) BSA in PBS at 4 C for at least 30 min. Primary antibody
(anti-c-myc, 9E10) was then added into the cultures at a dilution of 1:100
and maintained for 30 min at 4 C. The cells were washed with PBS before
introducing peroxidase-conjugated rabbit antimouse IgG (1:1000). After
30 min at 4 C, the cells were washed and 1 ml OPD reagent (0.4 mg/ml
O-phenylenediamine dihydrochloride and 0.4 mg/ml urea hydrogen
peroxide in 0.05 M phosphate-citrate buffer) was added to each well for
10 min at room temperature. The reaction was stopped by addition of
0.25 ml of 3 N HCl. The supernatant was collected and the optical
absorbance was measured at 492 nm.

Detection of tyrosine phosphorylation of insulin receptor -
subunit, IRS-1, IRS-2, and PI3K activity associated with
antiphosphotyrosine

Myotubes were incubated in the presence or absence of leptin (100
nM, 30 min) then treated with 100 nm insulin for 5 min and immuno-
precipitation using antiphosphotyrosine antibody performed essentially
as described previously (16). Immunoprecipitated proteins were re-
solved by 7.5% SDS-PAGE and then electrotransferred onto polyvinyli-
denedifluoride membranes and immunoblotted with antiinsulin recep-
tor B-subunit antibody (1:500) or anti-IRS-1 or -IRS-2 antibodies (1:500).
Detection was by the enhanced chemiluminescence method. To deter-
mine PI3K activity, cell extracts were prepared as above for immuno-
precipitation with antiphosphotyrosine antibody (16), and PI3K activity
was measured as described previously (13).

Detection of Akt, p38 MAPK, ERK, and CREB
phosphorylation using phosphospecific antibodies

To detect phosphorylation of Akt, p38 MAPK, ERK, and CREB using
phosphospecific antibodies, cell lysates were prepared from myotubes
grown on 6-well plates using 300 ul 2X Laemmli sample buffer con-
taining 1 mm Naz;VO,, 100 nm okadaic acid, protease inhibitors (1 mm
benzamidine, 10 um E-64, 1 um leupeptin, 1 um pepstatin A, 0.2 mm
phenylmethylsulfonyl fluoride), and 7.5% B-mercaptoethanol. Samples
were vortexed for 1 min, passed 5 times through a 25-gauge syringe and
heated for 15 min at 65 C. Lysates were then centrifuged for 5 min at 1,000
rpm. Approximately 60 ug (30 ul) were resolved by 10% SDS-PAGE then
immunoblotted with phospho-antibodies (1:500 dilution). HRP-coupled
goat antirabbit secondary (1:7500) was used in each case and detected
by the enhanced chemiluminescence method.

Statistical analysis

Statistical analysis was performed using either paired f test or
ANOVA test (Fischer, multiple comparisons) where appropriate.

Results

Analysis of leptin receptor expression in skeletal muscle to
date has been limited to examination of mRNA. An overview
of the existing literature indicates that skeletal muscle and
C2C12 muscle cells express mRNA for both the long (ob.R;)
and short (ob.R,) forms of the receptor (17-19). In addition,
two studies detected the long form but did not test for ex-
pression of the short form (20, 21), and one study failed to
detect the long form (22). To the best of our knowledge, there
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were no studies showing expression of the leptin receptor(s)
protein in muscle or muscle cells. We immunoblotted L6
muscle cell lysates and total membranes and rat skeletal
muscle total membranes with an antibody recognizing the
extracellular domain of the leptin receptor (Fig. 1A). The
results shown confirm that leptin receptor polypeptide is
expressed in these cells. Based upon observations on the
apparent molecular weight of leptin receptor isoforms in
other tissues (23, 24) our results suggest the presence of both
long (~200 kDa) and short (100-120 kDa) leptin receptor
isoforms in these cells. Furthermore, since the antibody used
recognizes an epitope common to all isoforms and should
therefore recognize all isoforms equally, the results also sug-
gest that the short leptin receptor isoform(s) is the predom-
inant form expressed in these cells. This contrasts with the
ratio of leptin receptor isoforms seen in hypothalamus and
macrophages (23, 25) and is suggestive of potential direct
effects of leptin in muscle tissue that may not be seen in other
tissues. Figure 1B shows that pretreatment of L6 myotubes
for 30 min with leptin (100 nM) reduced the stimulation of
2-deoxyglucose uptake by insulin. The maximum inhibition
produced was approximately 50-60% of the normal insulin-
stimulated response. A leptin preincubation time of 5 min
was not sufficient for the inhibitory action to develop. This
observation suggests that intracellular changes induced by
leptin which result in inhibition of insulin action require
longer than 5 min to be established. Therefore, in subsequent
experiments examining the mechanism of leptin action a
preincubation time of 30 min was used. Figure 1C shows that
the stimulation of 2-deoxyglucose uptake was dependent on
the concentration of leptin in the preincubation period. A
leptin concentration of 0.1 nm had no significant effect, while
at 2 nm (32 ng/ml) and 100 nm (1600 ng/ml) significant
inhibition of 40—60% of the insulin response was observed.

Translocation of GLUT4 to the cell surface is required to
allow stimulation of glucose uptake by insulin. Using muscle
cells stably transfected with GLUT4 harboring a myc epitope
tag on the first extracellular loop of the protein allowed us
to examine the effect of leptin on insulin-stimulated trans-
location of GLUT4 to the surface of intact cells. This system
yields accurate quantitative analysis of GLUT4 translocation
from measurements of myc epitope exposure on a monolayer
of differentiated myotubes (15). As shown in Fig. 2, although
leptin reduced insulin-stimulated glucose uptake, it had no
effect on the 2-fold increase in cell surface GLUT4myc in-
duced by insulin. This result suggests that inhibition of
GLUT#4 translocation is not the mechanism whereby leptin
inhibits insulin-stimulated 2-deoxyglucose uptake.

In Fig. 3 we examine the effect of leptin on early insulin
signaling. The earliest detectable event subsequent to insulin
binding is autophosphorylation of its receptor B-subunit. The
increase in tyrosine phosphorylation of the insulin receptor
after 5 min of insulin stimulation was not altered after 30 min
preincubation with leptin (Fig. 3A). Insulin-stimulated ty-
rosine phosphorylation of two immediate insulin receptor
substrates, IRS-1 and IRS-2, was also unaffected by leptin
(Fig. 3A). PI3K has been shown to play a necessary, albeit
insufficient role, in the stimulation of glucose uptake (10, 11).
We examined the activity of PI3K associated with phospho-
tyrosine immunoprecipitates from control and insulin-stim-
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F1G. 1. Inhibition of insulin-stimulated 2-deoxyglucose uptake by
leptin. A, L6 muscle cell lysates (Lys) or total membrane (TM) prep-
arations (40 pg) and rat skeletal muscle total membranes were an-
alyzed by Western blotting with an antibody to the extracellular
domain of leptin receptor. B, Effect of either 5 min or 30 min prein-
cubation with leptin (100 nM) on basal or insulin-stimulated 2-
deoxyglucose uptake. Basal glucose uptake (average = 8.02 = 0.13
pmol/min‘mg) is expressed as 1 and the effect of insulin as fold above
this value. C, Effect of 30 min preincubation of L6 myotubes with
increasing concentrations of leptin (0.1 nM, 2 nM, and 100 nM) on
insulin-stimulated glucose uptake (time-course). Insulin-stimulated
glucose uptake in the absence of leptin is expressed as 100% and other
values expressed relative to it. Results are mean of at least three
experiments where each condition was assayed in triplicate. *, Sig-
nificant difference (P < 0.05) compared with the insulin response in
cells not pretreated with leptin.
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FiG. 2. Leptin has no effect on insulin-stimulated GLUT4myc trans-
location. Cells stably transfected with GLUT4 harboring a myc
epitope tag on the first extracellular loop of the protein allow accurate
quantitative analysis of GLUT4 translocation by measurement of myc
epitope exposure on a monolayer of cells. A comparison of the ability
of leptin (100 nM, 30 min) to affect basal and insulin-stimulated (100
nM, 20 min) GLUT4myec translocation (filled bars) and 2-deoxyglucose
uptake (open bars) is shown here. Basal glucose uptake (average =
8.02 * 0.13 pmol/min‘mg or basal GLUT4 levels at the cell surface
(arbitrary units) are expressed as 1 and the effect of insulin as fold
above this value. Results are mean of at least three experiments
where each condition was assayed in triplicate. *, Significant differ-
ence (P < 0.05) compared with the insulin response in cells not pre-
treated with leptin.

ulated cells and found an increase of approximately 7-fold.
Neither this response to insulin nor basal PI3K activity were
affected by preincubation with leptin for 30 min (Fig. 3B). An
important downstream target of PI3K products contributing
to GLUT4 translocation is the serine/threonine kinase Akt/
PKB (9). The mechanism of activation of Akt involves phos-
phorylation of the kinase on two residues, Thr308 and Ser473.
Insulin caused a robust phosphorylation of Akt on both
Thr308 and Ser473 after 10 min that was not altered by
preincubation with leptin (Fig. 3C). These results are con-
sistent with the observation that similar conditions had no
effect on the ability of insulin to induce GLUT4myc trans-
location (Fig. 2).

We recently proposed that insulin might regulate the ac-
tivity of GLUT4 via a p38 MAP kinase-dependent signaling
pathway (13, 14). The p38 MAP kinases are activated by dual
phosphorylation on threonine and tyrosine residues ina TGY
motif. Phosphorylation of p38 MAP kinase can be deter-
mined by immunoblotting cell lysates with an antibody that
specifically recognizes only the dual phosphorylated form of
the enzyme. Here we examined the effect of insulin (100 nw,
10 min) on p38 MAP kinase phosphorylation in cells pre-
treated with leptin. Figure 4 shows that insulin caused a
significant increase in p38 MAP kinase phosphorylation.
However, a similar increase was not detected in lysates pre-
pared from cells which had been pretreated with leptin be-
fore stimulation with insulin. Leptin alone had no effect on
p38 MAP kinase phosphorylation. We also examined the
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Fic. 3. Effect of leptin on insulin receptor p-subunit, IRS-1, IRS-2
and Akt phosphorylation and PI3K activity. Tyrosine phosphoryla-
tion of the insulin receptor B-subunit, IRS-1 and IRS-2 are shown in
A. Cells were incubated in the absence (B: basal) or presence of leptin
(L: 100 nM, 30 min) before insulin stimulation (I: 100 nM, 5 min). B,
PI3K activity associated with phosphotyrosine immunoprecipitates
from untreated cells (B) or cells treated with leptin (L: 100 nM, 30 min)
or insulin (I: 100 nM, 10 min). C, Phosphorylation of Akt on threonine
308 (T308) and serine 473 (S473), examined by immunoblotting cell
lysates prepared from basal untreated cells (B) and cells treated with
leptin (L: 100 nM, 30 min) or insulin (I: 100 nM, 10 min) with phos-
phospecific antibodies. All results shown are representative of exper-
iments performed three times.

activity of p38 MAP kinase in muscle cells by measuring
phosphorylation of CREB, a known downstream effector of
P38 MAP kinase. Treatment of cells with insulin resulted in
increased phosphorylation of CREB, assessed using a phos-
phospecific antibody (Fig. 4). This increase in response to
insulin was no longer evident when cells were pretreated
with leptin, again reflecting an ability of leptin to prevent
insulin-stimulated p38 MAP kinase activity. Finally, to ex-
plore any possible generalized effects of leptin we examined
the effect of insulin on another member of the MAP kinase
family (ERK) under similar conditions. As shown in Fig. 4,
and in contrast to p38 MAPK, the increased phosphorylation
of ERK in response to insulin remained intact when cells
were pretreated with leptin.
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Discussion
Physiological and pathophysiological actions of leptin

Obesity and its associated complications have become a
health issue of epidemic proportions (26). In particular, obe-
sity is now a well characterized major risk factor for the
development of insulin resistance and type 2 diabetes (4).
Despite an acute need for a detailed understanding of how
increased adipose tissue mass causes insulin resistance, the
underlying molecular mechanisms remain largely unknown.
It has been suggested that various factors secreted by adi-
pocytes, including leptin (4), TNF-a (27), FFA (28) and re-
sistin (29) influence the insulin sensitivity of muscle and
possibly other tissues. Here we focus on the role of leptin, the
product of the obesity gene, the plasma levels of which cor-
relate positively with body mass index (5).

Physiological control of blood glucose levels is primarily
regulated by increased glucose clearance in response to in-
sulin (7). Skeletal muscle, and to a lesser extent fat tissue, are
quantitatively the most important target tissues for insulin-
stimulated glucose disposal (7). Given the established asso-
ciation between obesity and type 2 diabetes, an important
question to address is whether leptin may have a direct effect
to modulate basal or insulin-stimulated glucose uptake. The
detection of leptin receptor mRNAs in skeletal muscle and
adipocytes suggested such a possibility (17). Here we con-
firmed leptin receptor protein expression (long and short
forms) in L6 myotubes by Western blot analysis. It has been
reported previously that leptin has no effect on basal glucose
uptake in human (30), rat (31), or mouse (31, 32) skeletal
muscle nor in rat (30, 32, 33) and mouse (30) adipocytes. In
accordance with these reports, we show here that leptin does
not alter basal glucose uptake in L6 myotubes. However,
long-term leptin treatment of rodents increased 2-deoxyglu-
cose uptake in EDL and soleus muscles, albeit to a smaller
extent than that seen with insulin (34).

Importantly, we show that acute preincubation of L6 myo-
tubes with 2 nm or 100 nM leptin reduces the ability of insulin
to increase glucose uptake by up to 60%. This direct inhib-
itory effect of leptin required preincubation of cells with
leptin for 30 min. Consistent with our observations, Fried-
man and colleagues (17) have shown that 1 h preincubation
with leptin, again in the nanomolar range, directly sup-
pressed insulin-stimulated glucose uptake (by 50%) in rat
skeletal muscle in vitro. Interestingly, that study also re-
ported that leptin could not affect insulin action in muscle
from leptin-resistant obese Koletsky rats (17). Similar results
to ours have also been reported for cultured rat adipocytes
where 16 h preincubation with 2 nm leptin reduced insulin-
stimulated glucose uptake, whereas lower leptin concentra-
tions reduced insulin sensitivity (35). The effect of leptin is
reversible as the normal response to insulin returns after
leptin removal. Leptin also has inhibitory effects on other
insulin-stimulated responses in vitro, such as conversion of
fatty acids to triglycerides (36). Therefore, our studies and
others suggest that leptin has a potential capacity to reduce
insulin action. The concentrations of hormones used in in
vitro studies preclude direct correlation to physiologically
relevant responses, yet it is tantalizing to propose that under
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FI1G. 4. Insulin-stimulated p38 MAPK and CREB, but not ERK, phosphorylation are inhibited by leptin. Phosphorylation of p38 MAP kinase,
CREB, and ERK were examined by immunoblotting cell lysates prepared from basal untreated cells (B) and cells treated with leptin (L: 100
nM, 30 min) or insulin (I: 100 nM, 10 min) with phosphospecific antibodies for each respective protein. Immunoblots shown are representative
of an experiment performed at least 3 times. The summary of all experiments performed (at least 3) are presented in the respective graphs
as mean * SEM. ¥, Significant difference (P < 0.05) compared with the insulin response in cells not pretreated with leptin.

certain circumstances there is potential for leptin to be an
insulin resistance-inducing agent in obese individuals.

The physiological role of leptin in controlling insulin-stim-
ulated glucose uptake and metabolism remains controversial
as other studies have shown that leptin may also improve
insulin sensitivity (4). Thus, there are paradoxical reports
that sustained excess or lack of leptin can both cause insulin
resistance (37-40). In C,C,, muscle cells leptin (30 min, 100
ng/ml) caused a small increase in glucose uptake and move-
ment of GLUT4 to the plasma membrane (19, 41). Increased
glucose metabolism and insulin sensitivity were observed in
transgenic skinny mice overexpressing leptin to levels sim-
ilar to those observed in obese individuals (37). In addition,
leptin infusion into rats for 48 h resulted in a 30% increase
in insulin sensitivity as determined by whole body glucose
utilization during hyperinsulinemic glucose clamps (38).
Conversely, lipodystrophy and leptin deficiency cause hy-
perinsulinemia and insulin resistance in mice (40), and it has
been proposed that leptin could act as an antidiabetic hor-
mone in these animals (39). Furthermore, treatment of strep-
tozotocin-diabetic rats with leptin for 12-14 d normalized
blood glucose levels and improve insulin sensitivity (42).
Clearly, the effect of leptin in vivo is complex, and it has been
proposed that the effects of leptin on glucose metabolism in
vivo are heavily dependent on a central nervous system-
regulated (43, 44). Indeed, microinjection of leptin into the
ventromedial hypothalamus increased glucose uptake in pe-
ripheral tissues in rats (45). Subcutaneous infusion of leptin
(4 mg/kg/d) for 7 d caused tissue-specific effects with a
stimulation of glucose uptake in rat skeletal muscle and
brown adipose tissue and a decrease in white adipose tissue
(34).

Experimental conditions, including route of administra-
tion and duration of leptin treatment, age of animals/hu-
mans and the use of ex vivo tissue or cell lines may partly
explain the conflicting reports on the effect of leptin on basal
and insulin-stimulated glucose uptake (46, 47). In particular,
the time of leptin treatment before analysis of insulin action
is likely to be of great importance. Indeed, one study that

reports no effect of leptin on insulin-stimulated glucose
transport added both hormones together with no preincu-
bation period (32). We have shown in this study that a short
(5 min) preincubation period with leptin is not sufficient to
impinge upon insulin action. Thus, the conclusion of that
study is in accordance with the findings shown here that 5
min preincubation with leptin has no significant effect on
insulin-stimulated glucose uptake. A slightly longer prein-
cubation (30 min) was needed to observe the reduction in
insulin action. Therefore, the variable temporal parameters
employed in published literature may explain the discrep-
ancies regarding the effect of leptin on glucose transport.
However, the acute inhibitory effect of high leptin levels on
insulin action seen by us and others (17, 36) in muscle cells,
in fat cells (35), and liver (48, 49) or liver cells (50) uncovers
an intriguing action of leptin directly on peripheral tissues,
which may have been overlooked by the whole body in vivo
studies quoted above.

Signals engaged by leptin

Our results show that leptin has no direct effect on
GLUT4myc content at the surface of unstimulated L6 myo-
tubes nor on the insulin-stimulated increase in GLUT4myc
translocation. In keeping with this observation, insulin-stim-
ulated signaling events thought to participate in mediating
GLUT#4 translocation were also unaffected. These included
tyrosine phosphorylation of the insulin receptor, IRS-1 and
IRS-2, PI3K activity and phosphorylation of Akt on Thr308
and Ser473. Thus, leptin reduced insulin-stimulated glucose
uptake without any effect on incorporation of GLUT4 to the
plasma membrane or in the signals mediating this event.

Until recently, translocation of GLUT4 to the cell surface
was thought to be sufficient for insulin-stimulated glucose
uptake (51). However, several studies have now suggested
that full stimulation of glucose uptake by insulin requires
both translocation and activation of GLUT4 (11, 13, 14). We
have shown that inhibitors of p38 MAP kinase reduce insu-
lin-stimulated glucose uptake in muscle and fat cells without
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any effect on GLUT4 translocation (13, 14). Because the ef-
fects of leptin on L6 muscle cells resembled those found upon
inhibition of p38 MAP kinase activation, we examined the
possibility that leptin may prevent the increase in insulin-
stimulated p38 MAP kinase and GLUT4 activity in response
to insulin. Insulin-stimulated phosphorylation (activation) of
P38 MAP kinase and of a known effector of p38 MAP kinase,
CREB, were inhibited by leptin pretreatment. Importantly,
whereas insulin-stimulated p38 MAP kinase phosphoryla-
tion was inhibited, leptin had no effect on the phosphory-
lation of another member of the MAP kinase family, ERK, in
response to insulin.

The above results suggest that the reduction in insulin-
stimulated glucose uptake by leptin may be caused by pre-
venting p38 MAP kinase activation and subsequently GLUT4
activation in response to insulin. The precise mechanism
whereby leptin can cross-talk with selective insulin-stimu-
lated signaling events is unknown. Leptin can stimulate a
diverse range of intracellular signaling pathways and recent
studies have begun to demonstrate an ability of leptin to
affect selective insulin signaling pathways. For example, in
Fao cells insulin-stimulated IRS-1 tyrosine phosphorylation
and associated PI3K activity were enhanced by leptin pre-
treatment, whereas signaling via IRS-2 was inhibited (24).
Together with our results, these reports suggest that the
intracellular cross-talk between leptin and insulin is cell type-
specific and requires further investigation.

In summary, preincubation of cultured rat skeletal muscle
cells with leptin can reduce the ability of insulin to increase
glucose uptake. However, insulin-stimulated GLUT4 trans-
location, insulin receptor, IRS-1 and IRS-2 tyrosine phos-
phorylation, PI3-kianase activity and phosphorylation of Akt
on Thr308 and Ser473 were unaffected by leptin. Instead, the
molecular mechanism of reduced glucose uptake may in-
volve decreased insulin-stimulated p38 MAP kinase activa-
tion and consequently reduced activation of GLUT4. These
results suggest that insulin-stimulated GLUT4 activity can be
regulated by another hormone, leptin. While other factors
undoubtedly contribute to the development of insulin-resis-
tance associated with obesity in vivo, this study highlights a
potentially important direct effect of leptin to reduce insulin-
stimulated glucose uptake in muscle cells.
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