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Skeletal muscle plays a major role in glucose and lipidmetab-
olism. Active hepatocyte growth factor (HGF) is present in the
extracellular matrix in skeletal muscle. However, the effects of
HGF on glucose and lipid metabolism in skeletal muscle are
completely unknown. We therefore examined the effects of
HGF on deoxyglucose uptake (DOGU), glucose utilization, and
fatty acid oxidation (FAO) in skeletal muscle cells. HGF signifi-
cantly enhanced DOGU in mouse soleus muscles in vitro. Fur-
thermore, HGF significantly increased: (i) DOGU in a time- and
dose-dependentmanner; (ii) glucose utilization; and (iii) plasma
membrane expression of Glut-1 and Glut-4 in the rat skeletal
muscle model of L6 myotubes. HGF-mediated effect on DOGU
was dependent on the activation of phosphatidylinositol 3-ki-
nase signaling pathway. On the other hand, HGF markedly and
significantly decreased FAO in L6 myotubes without affecting
the activities of carnitine palmitoyltransferase I and II. Collec-
tively, these results indicate that HGF is a potent activator of
glucose transport andmetabolism and also a strong inhibitor of
FAO in rodent myotubes. HGF, through its ability to stimulate
glucose transport andmetabolism and to impair FAO, may par-
ticipate in the regulation of glucose disposal in skeletal muscle.

Hepatocyte growth factor (HGF),5 originally identified as a
circulating factor that promotes hepatic regeneration after liver
injury (1), displays pleiotropic cellular activities, including
angiogenesis, anti-apoptosis, andmitogenesis, in a wide variety
of cell types expressing the HGF receptor c-Met (2). HGF over-
expression in mouse pancreatic beta cells in vivo increases

Glut-2 and glucokinase mRNA expression and enhances glu-
cose transport and metabolism in these cells (3). Conversely,
adult knock-out mice in which HGF/c-Met signaling has been
deleted from the beta cell display markedly decreased Glut-2
expression, impaired glucose tolerance, and reduced glucose-
stimulated insulin secretion (4). HGF has also been shown to
up-regulate the Na�/glucose co-transporter SGLT1 and the
facilitative glucose transporter Glut-5 in rat intestine epithelial
cells (5). Furthermore, HGF promotes Glut-4 translocation to
the cellular membrane and enhances glucose uptake through
phosphatidylinositol 3-kinase (PI3K) activation in 3T3-L1 adi-
pocytes (6). Taken together, these studies demonstrate HGF-
mediated regulatory effects on glucose transport in three differ-
ent cells types: beta cells, intestinal epithelial cells, and
adipocytes.
Skeletal muscle plays a major role in carbohydrate and lipid

metabolism at rest and during exercise (7). Muscle metabolism
is profoundly altered by obesity. It has been proposed that the
elevated plasma free fatty acid (FFA) levels in obesity lead to
increasedmuscle lipid accumulation and decreased insulin sen-
sitivity, the so-called “lipotoxic” model of insulin resistance in
skeletal muscle (8–10). HGF is present in adult mature muscle
fibers, where it participates in skeletal muscle development and
regeneration after injury (11–14). However, whether HGF can
affect glucose transport, glucosemetabolism, and fatty acid oxi-
dation (FAO) in differentiated skeletal muscle myotubes is
unknown.
In the present study, we have found that HGF substantially

enhances glucose transport and metabolism in skeletal muscle
myotubes. This effect ismediated byPI3K/Akt andby increased
presence ofGlut-1 andGlut-4 in the plasmamembrane of these
cells. In addition, HGF potently inhibits FAO in skeletal muscle
cells. Taken together, these results suggest that circulating or
endogenous HGF may participate in the regulation of glucose
uptake and metabolism in skeletal muscle.

EXPERIMENTAL PROCEDURES

Materials—Cell culture reagents were fromMediatech, Inc.,
(Herndon, VA). [9,10-3H]Palmitic acid, [3H]H2O, and
2-[3H]deoxyglucose were from PerkinElmer Life Sciences.
L-[N-methyl-14C]Carnitine and D-[1-14C]mannitol were from
American Radiolabeled Chemicals, Inc. (St. Louis, MO). D-[5-
3H]Glucose and D-[U-14C]glucose were from Amersham Bio-
sciences. Recombinant human HGF was from Research Diag-
nostics, Inc. (Flanders, NJ) and bovine insulin from Sigma.
Antibodies against Akt, Akt-(pS473), ERK1/2, ERK1/2-(pThr-
202/Tyr-204), p38 MAPK, p38 MAPK-(pThr-180/Tyr-182),
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Gab-1, phospho-acetyl-CoA carboxylase (Ser-79) were from
Cell Signaling (Beverly, MA); against c-Met and actin from
Sigma; against IRS-1 and PI3K from Santa Cruz Biotechnology
(Santa Cruz, CA); against the �1-subunit of Na�/K�-ATPase
from Abcam (Cambridge, MA); and against HGF from R&D
Systems (Minneapolis, MN). Wortmannin was from Sigma,
and SB202190 and PD98059 were from Calbiochem (La Jolla,
CA).
2-[3H]Deoxyglucose Uptake in Mouse Soleus Muscle—Fol-

lowing an overnight fast,maleC57BL/6Jmice (2–3months old)
were anesthetized and soleus muscles were quickly excised. All
studies were performedwith the approval of, and in accordance
with guidelines established by, the University of Pittsburgh
Institutional Animal Care and Use Committee.
Analysis of HGF effects on glucose uptake in soleus muscles

ex vivowas performed as previously reported (15). Briefly, mus-
cles were preincubated for 30 min with gentle agitation in con-
tinuously gassed (95% O2-5% CO2) Krebs-Ringer-Henseleit
buffer (KRHB) containing 0.1% bovine serum albumin, 32 mM
mannitol, and 8 mM glucose, with or without HGF. Next, mus-
cles were placed in fresh KRHB containing 40 mM mannitol
with or without HGF for 10 min. For determining 2-deoxyglu-
cose uptake (DOGU), soleusmuscleswere incubatedwith 1mM
2-[3H]deoxyglucose (25 Ci/mmol) and 39 mM [14C]mannitol
(53 Ci/mmol) in the presence or absence of HGF and/or insulin
for 30 min. Muscles were removed rapidly, rinsed, blotted,
digested in 1N NaOH, and analyzed for 14C and 3H.
L6 Cell Culture—L6 cells, kindly provided by Dr. A. Klip

(Hospital for SickChildren, Toronto,ON,Canada), were grown
in �-minimum Eagle’s medium (�-MEM) containing 10% fetal
bovine serum, 100 units/ml penicillin, and 100 �g/ml strepto-
mycin (growth medium) and differentiated into myotubes as
previously described elsewhere (16). After 6 days, myotube dif-
ferentiation was complete, and experimental procedures were
initiated.
Glucose Uptake in L6 Cells—Glucose transport in L6 myo-

tubes was performed as previously reported (16, 17). Briefly, L6
myotubes were re-fed with differentiation medium with HGF,
vehicle, and/or inhibitors for different time points. Medium
was changed to serum-free �-MEM with the same additions
and cells cultured for 4 h. Uptake of 2-[3H]deoxyglucose was
determined over 5 min in the presence of 10 �M (0.5 �Ci/ml)
2-deoxyglucose. Protein content was measured by the bicin-
choninic acid method (Pierce).
Glucose Utilization in L6 Cells—Glucose utilization was

determined as previously described with some modifications
(3). Briefly, L6 myotubes were treated with HGF or vehicle for
2 h in differentiationmedium containing 6.5�Ci/ml [5-3H]glu-
cose. Conditioned medium was then collected and [3H]H2O
determined by the vapor-phase equilibration method. Protein
content was measured as above.
[14C]Glucose Incorporation into Glycogen in L6 Cells—Glu-

cose incorporation into glycogen was analyzed as previously
described (16). Briefly, L6 myotubes were treated with HGF or
vehicle in serum-free�-MEMfor 2 h and a further 1 h in serum-
free�-MEMcontaining 2�Ci/ml D-[U-14C]glucose in the pres-
ence or absence of insulin. After incubation with the isotope,
cells were washed with ice-cold phosphate-buffered saline and

solubilized in 1N NaOH at 50 °C for 1 h. An aliquot was then
collected and unlabeled glycogen added as carrier. Glycogen
was precipitated by the addition of pre-chilled ethanol and
incubation at �20 °C for 30 min. Samples were centrifuged at
18,000 � g for 10 min at 4 °C, the pellets digested in 1N NaOH
at 60 °C for 30 min, and an aliquot counted in a liquid scintilla-
tion counter. Protein content was measured as above.
FAO in L6 Cells—FAOwasmeasured as described elsewhere

(16). Briefly, L6 myotubes were incubated for 3 h with HGF or
vehicle in differentiation medium containing 0.5 �Ci/ml [9,10-
3H]palmitic acid and 0.1 mM palmitate preconjugated with
0.625% (w/v) essentially fatty acid-free bovine serum albumin.
FAO was determined by determining the [3H]H2O content in
the conditioned medium by vapor-phase equilibration. Protein
content was measured as above.

3H-FattyAcid Incorporation into Total Lipids in L6Cells—L6
myotubes were incubated for 3 h with HGF or vehicle in differ-
entiation medium containing 0.5 �Ci/ml [9,10-3H]palmitic
acid and 0.1 mM palmitate pre-conjugated with 0.625% (w/v)
essentially fatty acid-free bovine serum albumin. Total lipids
were extracted as previously reported (16). Briefly, cell mono-
layers were harvested by scraping. After centrifugation, pellets
were resuspended in phosphate-buffered saline and an aliquot
was removed for protein assay. Methanol:chloroform (2:1) was
added to the remaining material and vortexed. After centrifu-
gation, chloroform:water (1:1) was added to supernatant and
vortexed again. Phases were separated by centrifugation at
18,000 � g at room temperature, and the lower phase was col-
lected. Samples were then dried and the pellets dissolved in
chloroform and taken for liquid scintillation counting.
Carnitine Palmitoyltransferase (CPT) Assay in L6 Cells—Ac-

tivities of CPT-I and CPT-II were determined by a radiochem-
ical assay in the direction of acylcarnitine formation as
described previously (18). Briefly, L6 myotubes, incubated for
3 h with HGF or vehicle, were harvested in a buffer containing
150 mM KCl, 5 mM Tris-HCl, pH 7.2, and broken with a glass
homogenizer. Cell homogenates were used for CPT-I assays.
For CPT-II assays, a portion of the homogenate was incubated
for 5min at 4 °Cwith 1% (w/v) octylglucoside, which inactivates
CPT-I and releases CPT-II from themitochondrialmatrix in an
active form.
Immunoblot Analysis—Soleus muscles obtained from

3-month-old C57BL/6J male mice and L6 myotubes incubated
with HGF or vehicle for different time points in serum-free
�-MEMwere homogenized in lysis buffer (20mMTris-HCl, pH
7.5, 150 mM NaCl, 1 mM EDTA, 1 mM EGTA, 1% (v/v) Triton
X-100, 2.5 mM sodium pyrophosphate, 1 mM �-glycerophos-
phate, 1 mM Na3VO4, 1 �g/ml leupeptin, 1 mM phenylmethyl-
sulfonyl fluoride). After 10 min on ice, extracts were sonicated
and centrifuged at 18,000 � g for 10 min at 4 °C. Pellets were
discarded, and the solubilized proteins (�20 �g/sample) were
resolved by SDS-PAGE and electrotransferred onto polyvinyli-
dene difluoride filters for immunoblotting by conventional
means. Signals were detected by chemiluminescence (ECL Plus
detection system;AmershamBiosciences), and band densitom-
etry was quantitated with the NIH Image software. Immuno-
precipitation experiments were performed with 1-mg protein
extracts incubated overnight at 4 °C with the appropriate anti-
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body and then with protein-G-agarose (Invitrogen) for 4 h
before resuspension in Laemmli buffer and separation by
SDS-PAGE.
Total membranes from L6 myotubes were prepared as

described before (19). Briefly, cells were harvested by scraping.
After centrifugation, pellets were resuspended in homogeniza-
tion buffer (255 mM sucrose, 20 mM HEPES, pH 7.4, 2 mM

EDTAwith protease inhibitors), homogenized with 15 strokes,
and then centrifuged at 700 � g for 5 min at 4 °C to remove
nuclei and unbroken cells. The supernatant from this low speed
spin was then centrifuged at 195,000 � g for 75 min at 4 °C to
obtain total membranes. The final pellet was resuspended in
homogenization buffer and used in Western blot analysis with
specific antibodies against Glut-1 and Glut-4, kindly provided
by Dr. A. Klip (Hospital for Sick Children, Toronto, ON,
Canada).
Statistical Analysis—Data are expressed as means � S.E.

Unpaired two-tailed Student’s t-tests or one-way analysis of
variance followed by all pairwise multiple comparison proce-
dures (Student-Newman-Keuls method) were used to deter-
mine statistical significance. Differences were considered sig-
nificant at p � 0.05.

RESULTS

HGF Increases DOGU in Mouse Soleus Muscle—Western
blot analysis of c-Met and HGF expression revealed that both
receptor and ligand are present in mouse soleus muscle (Fig.
1A). Importantly, acute incubation of mouse soleus muscle ex
vivo with HGF significantly increased DOGU, and this effect
was similar and not significantly different from the effect of
insulin (Fig. 1B). HGF and insulin combined significantly
increased DOGU compared with the effect of these peptides
alone (Fig. 1B). These results indicate that HGF can increase
glucose transport in mouse soleus muscle ex vivo.
HGF Increases DOGU and Glucose Metabolism in L6

Myotubes—To analyze whether the HGF effect on DOGU was
observed in differentiated skeletal muscle cells and to elucidate
the mechanisms employed by HGF for this effect, we used rat
L6myotubes, amuscle-derived cell line known to be responsive
to insulin (20). Analysis of c-Met and HGF expression in L6
myoblast and L6 myotubes indicated that both receptor and
ligand are expressed in these cells (Fig. 2A). Interestingly, c-Met
expression was increased, whereas HGF expression was
decreased, in myotubes compared with their expression in
undifferentiated myoblasts (Fig. 2A).
HGF significantly increased DOGU in a time-dependent

manner in L6 myotubes (Fig. 2B). DOGU significantly
increased within 1 h of incubation (40–50%), and the effect was
maximal at 9–24 h (�4-fold) (Fig. 2B). Moreover, HGF
increased DOGU dose dependently in L6 myotubes (Fig. 2C).
Importantly, 2.5 ng/ml HGF, a dose similar to that present in
the circulation of obese subjects (21), significantly increased
(�2-fold) glucose uptake in skeletal muscle cells, an effect not
significantly enhanced by a higher HGF concentration (25
ng/ml) (Fig. 2C). HGF effect on DOGUwas specific of L6 myo-
tubes because no effect was observed in L6 myoblasts (not
shown).

HGF-mediated increase inDOGUwas accompanied by a sig-
nificant augmentation in glucose utilization in L6 myotubes
(Fig. 2D). On the other hand, HGF did not significantly alter
lactate production (not shown) or glycogen synthesis in basal or
insulin-stimulated conditions in these cells (Fig. 2E). Collec-
tively, these results indicate that HGF is a potent stimulator of
glucose transport and metabolism, but not storage, in skeletal
muscle myotubes.
HGF Increases Glut-1 and Glut-4 Levels in Plasma Mem-

branes of L6 Myotubes—To determine whether HGF-induced
increase in DOGU correlated with an increase in the presence
of glucose transporters in the plasma membrane of L6 myo-
tubes, we analyzed Glut-1 and Glut-4 levels in membrane pro-
tein extracts prepared from these cells after treatment with
HGF or insulin (Fig. 3,A–C). As shown in Fig. 3A, Glut-4 levels
in L6myotubemembranes were increased following acute (1 h)
or chronic (24 h) treatment with HGF, and this increase was
similar to that induced by insulin.Quantitation of four different
experiments revealed that Glut-4 levels in L6 myotube mem-
branes were 2- to 3-fold increased by HGF treatment (Fig. 3C).

FIGURE 1. HGF stimulates glucose uptake in mouse soleus muscle.
A, Western blot analysis of HGF and c-Met expression in soleus muscle from two
C57BL/6J male mice (M1 and M2). Actin expression was determined to ensure
similar protein loading. B, effect of 25 ng/ml HGF and/or 1 milliunit/ml insulin
on 2-[3H]deoxyglucose (DOG) uptake in mouse soleus muscle. Values are
means � S.E. of 6 – 8 muscles per condition. *, p � 0.05 versus control uptake;
#, p � 0.05 versus uptake in muscles stimulated with HGF or insulin alone.
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On the other hand, Glut-1 levels
were not significantly increased by
insulin or acute treatment with
HGF (Fig. 3B). Equally, acute treat-
ment with HGF did not alter the
expression of caveolin-3, another
membrane marker, in L6 myotube
membranes (not shown). However,
chronic treatment with HGF signif-
icantly enhanced Glut-1 levels in L6
myotube membranes (Fig. 3B).
Taken together, these results sug-
gest that chronic HGF exposure
enhances glucose transport in skel-
etal muscle cells by increasing the
abundance of both Glut-1 and
Glut-4 in the membrane of these
cells. The increase inmembrane-as-
sociated Glut-1 induced by chronic
HGF treatment correlated with an
up-regulation in Glut-1 total pro-
tein levels (Fig. 3D). However, total
Glut-4 protein levels did not signif-
icantly increase following chronic
HGF treatment (Fig. 3E), suggesting
that the augmentation in mem-
brane-associated Glut-4 protein is
due to protein translocation and
not to increased total protein
expression.
HGF-mediated DOGU in L6

Myotubes Is PI3K- and ERK1/
2-dependent—We next explored
signaling pathways downstream of
c-Met in L6 myotubes (Fig. 4A).
HGF rapidly, potently, and time
dependently stimulated Akt phos-
phorylation in these cells (Fig. 4, A
and B). Similarly, HGF also
increased the phosphorylation of
ERK1/2 in a time-dependent man-
ner (Fig. 4, A and C). In contrast,
HGF did not increase p38 MAPK
phosphorylation in L6 myotubes
(Fig. 4, A and D). As previously
shown in adipocytes (6), HGF
increased the association of PI3K
to Gab-1 but not to IRS-1 (Fig. 4, E
and F).
To analyze whether the inhibi-

tion of these signaling pathways
could affect HGF-mediated DOGU
in L6 myotubes, we incubated these
cellswith 100nMwortmannin (PI3K
inhibitor), 10 �M PD98059 (ERK1/2
inhibitor), or 10 �M SB202190 (p38
MAPK inhibitor) for 30 min before
and during chronic incubation with

FIGURE 2. HGF stimulates glucose uptake and utilization but does not alter glucose incorporation into
glycogen in L6 myotubes. A, Western blot analysis of HGF and c-Met expression in two different cultures of L6
myoblasts before (left two lanes) and after differentiation into L6 myotubes (right two lanes). Actin expression
was determined to ensure similar protein loading. HGF time (B) and dose (C) dependently stimulated glucose
transport in L6 myotubes. Cells were incubated with HGF (25 ng/ml) for several time periods and with various
concentrations for 24 h as indicated in the figure. Uptake of 2-[3H]deoxyglucose (DOG) was measured during a
5-min period as described under “Experimental Procedures.” D, HGF (25 ng/ml) increased glucose utilization in
L6 myotubes. E, effect of HGF (25 ng/ml) and/or 100 nM insulin on [U-14C]glucose incorporation into glycogen
in L6 myotubes. Values are means � S.E. of at least four experiments performed in triplicate. *, p � 0.025 and **,
p � 0.01 versus control or 0 value; �, p � 0.05 versus uptake in the previous time point or concentration.

FIGURE 3. HGF increases the presence of glucose transporters in the plasma membrane of L6 myotubes.
A, Western blot analysis of Glut-1 and Glut-4 expression in membrane protein extracts from L6 myotubes treated
with 25 ng/ml HGF for 1 h (Acute) or 24 h (Chronic) and with 100 nM insulin for 30 min. Expression of the �1-subunit
Na�/K� ATPase was determined to ensure similar membrane protein loading. Densitometric analysis of Glut-1 (B)
and Glut-4 (C) in four different experiments. Western blot analysis of Glut-1 (D) and Glut-4 (E) expression in total
protein extracts from L6 myotubes treated with 25 ng/ml HGF for 24 h. Expression of tubulin was determined to ensure
similar protein loading. The y-axis represents arbitrary units. Results are means � S.E. *, p � 0.05 versus control (C).
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HGF. As shown in Fig. 4, G and H, wortmannin and PD98059,
but not SB202190, significantly inhibited the net increase in
DOGU induced by HGF in L6 myotubes. However, the results
with the ERK1/2 inhibitor should be takenwith caution because
basal glucose uptake was increased by the inhibitor, reducing
the net glucose uptake induced by HGF. Collectively, these
results indicate thatHGF-induced activation ofAkt, and poten-
tially ERK1/2, is involved in HGF-mediated DOGU in skeletal
muscle cells.
HGFDecreases FAO in L6Myotubes—Todeterminewhether

HGF has any effect on FFAmetabolism in skeletal muscle cells,
we analyzed FAO rates in L6myotubes incubatedwithHGF. As
shown in Fig. 5A, HGF strongly and significantly inhibited FAO
in L6 myotubes. HGF-induced inhibition in FAO was not the

result of alterations in the intrinsic
activity of the enzymes CPT-I and
CPT-II (Fig. 5B), suggesting that the
increase in glucose metabolism and
potential malonyl-CoA formation
could mediate the FAO inhibitory
effect. Indeed, phosphorylation
of acetyl-CoA carboxylase, the
enzyme that catalyzes the ATP-de-
pendent carboxylation of acetyl-
CoA to formmalonyl-CoA, was sig-
nificantly diminished (�50%) by
HGF (Fig. 5C). Because phosphoryl-
ation of acetyl-CoA carboxylase
inhibits its enzymatic activity, these
results support the hypothesis that
FAO is diminished by HGF through
decreased acetyl-CoA carboxylase
phosphorylation and enhanced
malonyl-CoA levels in L6myotubes.
Interestingly, HGF-mediated inhi-
bition of FAO did not result in
detectable changes in total lipid for-
mation in these cells (Fig. 5D).

DISCUSSION

These studies clearly demon-
strate a novel role for physiological
or pathophysiological levels of HGF
in modulating glucose transport,
glucose metabolism, and FFA oxi-
dation in skeletal muscle cells.
Because HGF is locally produced
and stored in skeletal muscle fibers
(11, 13) and because HGF circulat-
ing levels are increased in obese sub-
jects (21), it is possible that HGF
participates in skeletal muscle glu-
cose disposal in normal and obese
conditions.
Although it has been known for

many years that HGF/c-Met axis is
active in skeletal muscle, where it
participates in muscle development

and regeneration after damage (11–14), no study has addressed
whether HGF might have metabolic actions on differentiated
mature skeletal muscle cells. It has recently been reported that
HGF enhances glucose transport in pancreatic beta cells and
adipocytes (3, 6). The current studies demonstrate for the first
time that HGF also acutely increases glucose uptake in mouse
soleus muscle ex vivo and rat L6 myotubes in vitro and that this
effect is translated into an augmentation of glucose utilization,
but not storage, in L6myotubes. Furthermore, prolonged incu-
bation with HGF leads to a severalfold enhancement in glucose
transport activity in L6myotubes. Taken together, these studies
demonstrate that, in addition to behaving as a growth factor,
HGF has additional biological features as a modulator of glu-

FIGURE 4. Activation of PI3K and ERK1/2 is essential for HGF-induced stimulation on glucose trans-
port in L6 myotubes. A, representative Western blot depicting the effects of HGF (25 ng/ml) on Ser-473-
Akt, ERK1/2, and p38 MAPK phosphorylation in L6 myotubes. Densitometric analysis of Ser-473-Akt (B),
ERK1/2 (C), and p38 MAPK (D) phosphorylation in four different experiments. The y-axis represents the
ratio of phosphorylated versus total protein in arbitrary units. Results are means � S.E. *, p � 0.05 and **,
p � 0.01 versus time 0. Gab-1, in response to 25 ng/ml HGF (E), and IRS-1, in response to 100 nM insulin (20
min) (F), recruit the p85 subunit of PI3K. Representative autoradiographs of two independent experiments
with identical results. G, uptake of 2-[3H]deoxyglucose (DOG) in L6 myotubes incubated for 24 h with 25
ng/ml HGF with or without 100 nM wortmannin (W), 10 �M PD98059 (PD), or 10 �M SB202190 (SB). H, net
DOG uptake was calculated subtracting the corresponding basal from the HGF-stimulated uptake. Values
are means � S.E. of four different experiments in triplicate. *, p � 0.05 and **, p � 0.01 versus correspond-
ing control. #, p � 0.05 versus HGF.
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cose metabolic flux in at least three different cell types (beta
cells, adipocytes, and skeletal muscle cells) engaged in glucose
homeostasis control.
We have also shown that HGF increases the association of

PI3K to Gab-1, but not to IRS-1, and activates Akt and ERK1/2,
but not p38 MAPK, signaling pathways in L6 myotubes. The
activation of PI3K/Akt, and potentially ERK1/2, signaling path-
way contributes to amaximal HGF-mediated glucose uptake in
these cells. It is widely known that activation of the PI3K/Akt
signaling pathway is essential for insulin-mediated Glut-4 traf-
ficking to the plasma membrane and glucose uptake in skeletal
muscle cells (22). Importantly, HGF increases the level of
Glut-4 expression in L6 myotube plasma membranes without
altering total Glut-4 expression levels and with potency similar
to that of insulin. Therefore, it is likely that HGF-induced acti-
vation of Aktmay contribute to the increase in Glut-4 presence
in the membrane of skeletal muscle cells exposed acutely or
chronically to this growth factor. However, HGF-mediated glu-
cose transport in L6 myotubes is not completely abolished by
wortmannin, suggesting that other pathways and glucose trans-
portersmight be involved inHGF-mediated effect in these cells.
In contrast to Glut-4, which moves to the cell surface in
response to stimulation by insulin and other factors, Glut-1 is
stably located on the cell surface irrespective of stimulation and
it is principally considered to be involved in basal glucose
uptake (23). Acute incubation with HGF or insulin did not sig-

nificantly alter the level of expres-
sion ofGlut-1 in L6myotube plasma
membranes. Interestingly, however,
chronic incubation with HGF sig-
nificantly enhanced total Glut-1
expression and Glut-1 presence in
the plasmamembrane of these cells.
Activation of ERK has been
reported to up-regulate Glut-1
expression, thereby augmenting
glucose transport (24, 25). There-
fore, it is likely that HGF-mediated
activation of ERK1/2 can contribute
to the increased expression of
Glut-1 in the plasma membrane of
L6 cells. Collectively, these and pre-
vious results indicate that HGF reg-
ulates the expression and/or mem-
brane localization of four isoforms
encoded by the glucose transporter
gene family: Glut-1 (skeletal muscle
cells), Glut-2 (pancreatic beta cells)
(3), Glut-4 (adipocytes and skeletal
muscle cells) (6), and Glut-5 (intes-
tinal epithelial cells) (5), highlight-
ing a broad and underappreciated
physiological role for HGF in the
control of glucose transporter
function.
Exercise increases glucose uptake

and the expression and/or mem-
brane localization of Glut-4 in skel-

etal muscle cells (22, 26). However, whether extrinsic local fac-
tors participate in the regulation of these events has not been
explored in detail. Recent studies have shown that neuregu-
lin-1, a member of the epidermal growth factor family of pro-
teins, is a glucose transport activator present in myocytes as an
inactive form (27). Interestingly, muscle contraction triggers
the proteolytic activation of neuregulin-1 inmuscle cells, where
its binding to Erb-4 is important for muscle contraction-in-
duced glucose transport (28). HGF is present in the extracellu-
lar matrix of skeletal muscle fibers in an active form, whence it
is released following mechanical stretch (11–13). Therefore, it
is possible that HGF might also participate in the increased
Glut-4 expression and glucose uptake that occur in skeletal
muscle following exercise.
Obesity is associated with insulin resistance. Several studies

have demonstrated a close relationship between the impair-
ment of insulin-mediated glucose uptake and deregulated lipid
metabolism (7–10). A potential cause for these effects has been
ascribed to the high plasma FFA levels frequently observed in
obese/insulin-resistant conditions and the accumulation of
harmful FFA-derived metabolites that have negative effects on
insulin signaling in skeletal muscle (29–31). Adipose tissue
production ofHGFhas been shown to contribute to remarkably
elevated serum HGF levels in obese subjects (21, 32, 33), and
HGF levels significantly decline with the weight loss and
reduced body fatmass that occurs after gastroplasty (34). Based

FIGURE 5. HGF inhibits fatty acid oxidation in L6 myotubes. A, oxidation of palmitate in L6 myotubes treated
with 25 ng/ml HGF for 3 h. Values are means � S.E. of four different experiments in triplicate. *, p � 0.05 versus
control. B, CPT-I and CPT-II activity in total cellular extracts of L6 myotubes treated with 25 ng/ml HGF for 3 h.
CPT-I activity was equally inhibited by 1 mM malonyl-CoA in protein extracts of L6 myotubes treated with or
without HGF. Values are means � S.E. of three different experiments in triplicate. C, Western blot analysis of
acetyl-CoA carboxylase phosphorylation (Ser-79) in protein extracts from L6 myotubes treated with 25 ng/ml
HGF for 3 h. The y-axis represents the ratio of phosphorylated acetyl-CoA carboxylase versus tubulin in arbitrary
units. Values are means � S.E. of four different experiments. *, p � 0.05 versus control. D, effect of 25 ng/ml HGF
on palmitate-induced lipid accumulation in L6 myotubes. Values are means � S.E. of four different experiments
in triplicate. No significant differences were found following HGF treatment.
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on these data, we wondered whether HGF might have any
impact on FAO in skeletal muscle cells. HGF markedly and
significantly decreased FAO in L6 myotubes. Because HGF
potently increased glucose uptake and glucose utilization with-
out altering glycogen synthesis, because CPT-I and CPT-II
activities were normal, and becauseHGF decreased acetyl-CoA
carboxylase phosphorylation, one potential explanation for
HGF inhibitory effect on FAO could be that malonyl-CoA lev-
els increase in these cells inhibiting CPT-I action (35). How-
ever, a potential decrease in FFA uptake induced by HGF could
also play a role in this effect. Future studies will determine the
exact mechanism/s involved in HGF inhibitory effects on FAO
in skeletal muscle. Interestingly, HGF did notmodify the incor-
poration of [3H]palmitate into total lipids in these cells. This
result suggests thatHGFdid not alter total lipid formation in L6
myotubes. Nevertheless, this result does not rule out the possi-
bility that HGF alters the formation of specific lipid pools
within skeletal muscle cells. Indeed, HGF increases the synthe-
sis of triglycerides, phospholipids, and cholesterol in cultured
rat hepatocytes in vitro and in the liver of rats in vivo (36).
However, these effects were observed only with very high doses
of HGF, 100–1000 ng/ml in vitro and 1 mg/kg per day in vivo
(36). Taken together, these results indicate that HGF affects
FAO, potentially deregulating lipidmetabolism in skeletalmus-
cle cells.
Collectively, these studies indicate that HGF is a novel and

potent stimulator of glucose uptake and an inhibitor of FAO in
muscle cells. These results raise several important questions
such as:What is the role of local HGF in skeletalmuscle glucose
disposal in vivo? What is the role of circulating HGF in skeletal
muscle glucose transport in obesity? Is c-Met expression in
skeletal muscle altered in obesity or exercise situations? Future
in vivo studies will clarify whether HGF participates in glucose
disposal by the skeletal muscle in resting, exercise, and obese
conditions.
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