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A pathway sensitive to rapamycin, a selective inhibitor of mammalian target of rapamycin (mTOR),
down-regulates effects of insulin such as activation of Akt (protein kinase B) via proteasomal degradation of
insulin receptor substrate 1 (IRS-1). We report here that the pathway also plays an important role in
insulin-induced subcellular redistribution of IRS-1 from the low-density microsomes (LDM) to the cytosol.
After prolonged insulin stimulation, inhibition of the redistribution of IRS-1 by rapamycin resulted in in-
creased levels of IRS-1 and the associated phosphatidylinositol (PI) 3-kinase in both the LDM and cytosol,
whereas the proteasome inhibitor lactacystin increased the levels only in the cytosol. Since rapamycin but not
lactacystin enhances insulin-stimulated 2-deoxyglucose (2-DOG) uptake, IRS-1-associated PI 3-kinase local-
ized at the LDM was suggested to be important in the regulation of glucose transport. The amino acid
deprivation attenuated and the amino acid excess enhanced insulin-induced Ser/Thr phosphorylation and
subcellular redistribution and degradation of IRS-1 in parallel with the effects on phosphorylation of p70 S6
kinase and 4E-BP1. Accordingly, the amino acid deprivation increased and the amino acid excess decreased
insulin-stimulated activation of Akt and 2-DOG uptake. Furthermore, 2-DOG uptake was affected by amino
acid availability even when the degradation of IRS-1 was inhibited by lactacystin. We propose that subcellular
redistribution of IRS-1, regulated by the mTOR-dependent pathway, facilitates proteasomal degradation of
IRS-1, thereby down-regulating Akt, and that the pathway also negatively regulates insulin-stimulated glucose
transport, probably through the redistribution of IRS-1. This work identifies a novel function of mTOR that
integrates nutritional signals and metabolic signals of insulin.

Insulin stimulation initiates intracellular signaling by activa-
tion of insulin receptor tyrosine kinase, which phosphorylates
tyrosine residues of endogenous substrates such as insulin re-
ceptor substrate 1 (IRS-1) and IRS-2 (5, 8, 18, 31). Signaling
molecules containing a Src homology 2 (SH2) domain, includ-
ing the p85 subunit of phosphatidylinositol (PI) 3-kinase, Grb2,
SHP2, and others, are recruited to the tyrosine-phosphorylated
substrate proteins and transmit a cascade of signals, which
consists of two major elements, i.e., ras/MAP (mitogen-acti-
vated protein) kinase and PI 3-kinase pathways (5, 8, 18, 31).

The PI 3-kinase pathway mediates most of the metabolic
actions of insulin, including glucose transport, glycogen syn-
thesis, antilipolysis, and protein synthesis (8, 18, 36). PI 3-ki-
nase phosphorylates the 39-OH position of the inositol ring in
inositol phospholipids, generating 39-phosphoinositides, such
as PI 3,4-bisphosphate [PI(3,4)P2] and PI 3,4,5-trisphosphate
[PI(3,4,5)P3] [PI(28, 42). Production of 39 phosphoinositides by
the activation of PI 3-kinase results in recruitment of down-
stream signaling molecules including Ser/Thr protein kinase
Akt (also known as protein kinase B [PKB]) to membranes,
which facilitates phosphorylation of regulatory sites of the ki-
nase by upstream regulators including the Ser kinase, 39-phos-
phoinositide-dependent kinase 1 (1, 2, 7, 11). Activation of Akt

has been shown to mediate many of the cellular effects of
insulin (11, 18, 42).

Although there is considerable evidence that PI 3-kinase
plays a critical role in insulin-stimulated glucose transport,
which is achieved by translocation of GLUT4 from the intra-
cellular pool to the plasma membrane (PM) in insulin target
cells, the precise molecular mechanism of insulin-stimulated
glucose transport remains unknown. For example, activation of
Akt has been reported to be necessary and sufficient to elicit
GLUT4 translocation (24, 25, 44), whereas other studies indi-
cated that atypical protein kinase C isoforms z and l are the
targets of PI 3-kinase, which mediate GLUT4 translocation
(23, 26, 37). Moreover, recent studies suggest that other path-
way(s) that may be independent of PI 3-kinase or IRS-1 might
have a major role in GLUT4 translocation (3, 20, 35). Another
confounding observation is that other growth factors such as
platelet-derived growth factor (PDGF) that are equally effec-
tive in activating PI 3-kinase do not significantly stimulate
glucose transport. Since the majority of insulin-stimulated IRS-
associated PI 3-kinase activity resides in the low-density mi-
crosomes (LDM), whereas PDGF activates PI 3-kinase re-
cruited to the PDGF receptors in the PM, it has been proposed
that IRS-associated PI 3-kinase targeted to a particular intra-
cellular membrane compartment may be important for elicit-
ing GLUT4 translocation (30, 33, 45).

Mammalian target of rapamycin (mTOR) (also known as
FRAP, RAFT, and RAPT) is the mammalian counterpart of
Saccharomyces cerevisiae TOR1 and TOR2 and is a member of
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the PI kinase-related kinase family, which includes MEC1,
TEL1, RAD3, MEI-41, DNA-PK, ATM, ATR, and TRRAP
(9, 41). Although these proteins contain a C-terminal PI kinase
homology domain, none of these proteins has been demon-
strated to have lipid kinase activity, and both yeast and mam-
malian TOR are Ser/Thr protein kinases. As part of a complex
with cellular protein FKBP, a macrolide immunosuppressant,
rapamycin, specifically inhibits TOR function by interacting
with the FKBP-rapamycin binding domain in TOR, adjacent to
the catalytic kinase domain (9, 41). TORs regulate diverse
cellular effects, such as translation, transcription, and autoph-
agy, thereby controlling cell growth and ultimately cell prolif-
eration (9, 41). mTOR controls the mammalian translation
machinery via activation of p70 S6 kinase and via inhibition of
the eIF-4E inhibitor, 4E-BP1 (also known as PHAS-I) (9).
Activation of p70 S6 kinase increases translation of 59-terminal
oligopyrimidine tract mRNAs, which largely encode ribosomal
proteins and components of the translational apparatus. Phos-
phorylated 4E-BP1 dissociates from eIF-4E, thereby allowing
cap-dependent translation of mRNAs containing a highly
structured 59 untranslated region. mTOR appears to be regu-
lated downstream of PI 3-kinase/Akt upon stimulation with
growth factors including insulin, although the direct link be-
tween Akt and mTOR remains to be proven (9, 40). Recent
evidence indicates that p70 S6 kinase and 4E-BP1 phosphor-
ylation are dependent on the availability of amino acids, in
addition to a growth factor. Thus, mTOR acts as a sensor for
amino acids, balancing the availability of nutrients and cell
growth (9, 15, 19).

Insulin stimulation induces Ser/Thr phosphorylation of
IRS-1, which is seen as a decrease in electrophoretic mobility
on sodium dodecyl sulfate (SDS)-polyacrylamide gels (39). In
addition, prolonged insulin stimulation causes gradual loss of
IRS-1, which we and others have recently reported to be due to
degradation by the proteasome (16, 38). We have further
shown that a pathway sensitive to rapamycin regulates insulin-
induced Ser/Thr phosphorylation and proteasomal degrada-
tion of IRS-1 (16). The insulin-induced degradation of IRS-1
plays a major role in down-regulation of insulin signaling, be-
cause either inhibition of mTOR with rapamycin or inhibition
of the proteasome with the highly specific inhibitor lactacystin
(14) enhances insulin-stimulated activation of Akt during pro-
longed insulin stimulation in parallel with the blockade of
insulin-induced degradation of IRS-1 (16). Interestingly, how-
ever, rapamycin but not lactacystin enhanced insulin-stimu-
lated 2-deoxyglucose (2-DOG) uptake (16), raising the possi-
bility that glucose transport is negatively regulated after insulin
stimulation by a mechanism different from that which down-
regulates Akt activation. Insulin stimulation also induces sub-
cellular redistribution of IRS-1 and IRS-2 from the LDM to
the cytosol (17, 21). Ser/Thr phosphorylation of IRS proteins
(17) or of other component(s) in the intracellular membranes
(21) has been suggested to be involved in this phenomenon.
However, the molecular mechanism and the functional role of
the subcellular redistribution of IRS proteins are not well un-
derstood.

In this study, we show that the mTOR-dependent pathway
that regulates insulin-induced Ser/Thr phosphorylation and
degradation of IRS-1 also plays an important role in insulin-
induced subcellular redistribution of IRS proteins. We further

provide evidence for distinct mechanisms that are involved in
negative regulation of insulin-stimulated glucose transport and
Akt activation. We also identify mTOR as an important me-
diator for cross talk between nutritional signals and metabolic
signals of insulin.

MATERIALS AND METHODS

Antibodies. Anti-IRS-1 and anti-IRS-2 antibodies were purchased from Up-
state Biotechnology (Lake Placid, N.Y.). Horseradish peroxidase (HRP)-conju-
gated monoclonal antiphosphotyrosine (PY20H) and anti-p85 antibodies were
obtained from Transduction Laboratories (Lexington, Ky.). Phosphospecific and
nonphosphospecific antibodies against Akt, p70 S6 kinase, and p44/42 MAP
kinase were from New England Biolabs (Beverly, Mass.). Anti-4E-BP1 and
anti-mTOR antibodies were from Zymed Laboratories (San Francisco, Calif.).
HRP-conjugated anti-mouse and rabbit immunoglobulin G secondary antibodies
were purchased from Santa Cruz Biotechnology (Santa Cruz, Calif.).

Reagents. Rapamycin, wortmannin, and LY294002 were purchased from
Sigma (St. Louis, Mo.). Lactacystin was obtained from Calbiochem (La Jolla,
Calif.). PD98059 was obtained from New England Biolabs. Porcine insulin was
kindly provided by the Lilly Research Laboratories (Indianapolis, Ind.). Dul-
becco modified Eagle medium (DMEM), minimal essential medium (MEM),
MEM Select-amine kit, and fetal calf serum (FCS) were purchased from Gib-
coBRL Life Technologies (Gaithersburg, Md.). Electrophoresis reagents were
from Bio-Rad Laboratories (Hercules, Calif.). [1,2-3H]2-DOG was from NEN
Life Science Products (Boston, Mass.). All other reagents and chemicals were
from standard suppliers.

Cell culture. 3T3-L1 cells were obtained from the American Type Culture
Collection and were cultured, maintained, and differentiated essentially as pre-
viously described (16). Briefly, cells were plated and grown for 2 days postcon-
fluence in DMEM containing 25 mM glucoase supplemented with 100 U of
penicillin per ml, 100 mg of streptomycin per ml, and 10% FCS in a 10% CO2

environment. Differentiation was then induced by changing the medium to the
same medium but with 0.5 mM 3-isobutyl-1-methylxanthine, 1 mM dexametha-
sone, and 1 mM insulin for 3 days and the medium containing 0.8 mM insulin for
another 3 days. The medium was then changed every 3 days. 3T3-L1 adipocytes
were used for experiments between 13 and 16 days after initiation of differen-
tiation, when more than 95% of the cells exhibited an adipocyte-like phenotype.

Human embryonic kidney 293 cells obtained from the American Type Culture
Collection were cultured in DMEM containing 10% FCS in an atmosphere of
5% CO2.

Infection of recombinant adenovirus vectors. The recombinant adenoviruses,
adenovirus type 5 (Ad5)-p110CAAX containing bovine p110a cDNA with the
CAAX motif at the COOH terminus and Ad5-CT that has no insert (12), were
amplified in 293 cells, and viral stock solutions with a viral titer of .108 PFU/ml
were prepared. 3T3-L1 adipocytes were infected with the vectors by incubating
the cells at a multiplicity of infection of 50 PFU/cell, as described previously (16).

Amino acid treatment. Amino acid-free MEM (03) and MEM containing
fourfold concentration of amino acids (43) were prepared using MEM Select-
amine kit according to the manufacturer’s protocol (GibcoBRL Life Technolo-
gies). The amino acids and their concentrations in the standard MEM (13) are
as follows: arginine, 600 mM; cystine, 100 mM; glutamine, 2 mM; histidine, 200
mM; isoleucine, 400 mM; leucine, 400 mM; lysine, 397 mM; methionine, 101 mM;
phenylalanine, 194 mM; threonine, 403 mM; tryptophan, 49 mM; tyrosine, 199
mM; and valine, 393 mM.

Subcellular fractionation. 3T3-L1 adipocytes were rinsed twice with phos-
phate-buffered saline and once with HES buffer (255 mM sucrose, 20 mM
HEPES [pH 7.4], 1 mM EDTA, 1 mM phenylmethylsulfonyl fluoride, 1 mM
Na3VO4, 2 mg of aprotinin per ml, 50 ng of okadaic acid per ml) and immediately
homogenized by 20 strokes with a motor-driven homogenizer in HES buffer at
4°C. The homogenates (two 10-cm-diameter dishes per condition) were sub-
jected to subcellular fractionation as described previously (17, 21) to isolate PM,
high-density microsomes (HDM), LDM, and cytosol with some modifications.
Briefly, the homogenate was centrifuged at 19,000 3 g for 20 min. The resulting
supernatant was centrifuged at 41,000 3 g for 20 min, yielding a pellet of HDM.
The supernatant from this spin was centrifuged at 250,000 3 g for 90 min,
yielding a pellet of LDM. Remaining supernatant was concentrated by Centri-
con-30 (Amicon Inc., Beverly, Mass.) and used as cytosol. The pellet obtained
from the initial spin was resuspended in HES buffer, layered onto a 1.12 M
sucrose cushion, and centrifuged at 100,000 3 g in a swing rotor for 60 min. A
white fluffy band at the interface was collected and resuspended in HES buffer
and centrifuged at 40,000 3 g for 20 min, yielding a pellet of PM. All fractions
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were adjusted to a final protein concentration of 1 to 3 mg/ml and stored at
280°C. The protein concentrations of these fractions were measured by the
Bradford method.

Immunoprecipitation and immunoblotting. 3T3-L1 adipocytes were solubi-
lized in cell lysis buffer containing 20 mM Tris (pH 7.5), 140 mM NaCl, 1%
Nonidet P-40, 1 mM EDTA, 1 mM EGTA, 2.5 mM sodium pyrophosphate, 1
mM b-glycerophosphate, 2 mM Na3VO4, 50 mM sodium fluoride, 10 mg of
aprotinin per ml, and 1 mM phenylmethylsulfonyl fluoride on ice. In some
experiments, each subcellular fraction was solubilized in homogenization buffer
supplemented with 1% Nonidet P-40. Immunoprecipitation with anti-IRS-1 an-
tibody was performed by incubating the lysates with the antibody at 4°C over-
night. The immune complexes were collected on protein G-Sepharose for 2 h at
4°C, washed three times with the lysis buffer, and boiled in Laemmli buffer.
Samples were electrophoresed on SDS-7.5 or 12% polyacrylamide gels and
transferred to a polyvinylidene difluoride membrane. The membrane was
blocked with TBS-T (10 mM Tris [pH 7.6], 150 mM NaCl, 0.1% Tween 20)
containing 5% nonfat dry milk for immunoblotting with an anti-IRS-1, anti-
IRS-2, or anti-mTOR antibody or with TBS-T containing 4% BSA for immuno-
blotting with anti-4E-BP1 antibody, incubated with the indicated antibodies for
1 h at room temperature, and then incubated with HRP-conjugated secondary
antibody. For antiphosphotyrosine immunoblotting, the membrane was blocked
in TBS-T containing 4% BSA overnight at 4°C and incubated with HRP-conju-
gated antiphosphotyrosine antibody (PY20H) for 1 h at room temperature. For
detection of phosphorylated or nonphosphorylated Akt, p70 S6 kinase or p44/42
MAP kinase, the membrane was blocked with TBS-T containing 5% nonfat dry
milk, incubated with the indicated antibody at 4°C overnight, and then incubated
with HRP-conjugated secondary antibody. The proteins were visualized with
enhanced chemiluminescence reagents according to the manufacturer’s protocol
(Amersham Pharmacia Biotech). In some experiments, the intensities of blots
were quantitated with a scanning densitometer.

2-DOG uptake. After serum starvation for 3 h, 3T3-L1 adipocytes were stim-
ulated with 20 nM insulin for the periods of time indicated in the figures and
figure legends. Unlabeled and labeled 2-DOG (0.1 mM, 0.74 kBq/well) were
added to the cells in the KRP-HEPES buffer (10 mM HEPES [pH 7.4], 131.2
mM NaCl, 4.7 mM KCl, 1.2 mM MgSO4, 2.5 mM CaCl2, 2.5 mM NaH2PO4) with
1% BSA at 37°C and incubated for 4 min. The reaction was stopped by adding
10 mM cytochalasin B and washing the cells with ice-cold phosphate-buffered
saline three times. The cells were solubilized in 1 ml of a solution of 0.2 N NaOH
and 0.2% SDS. The radioactivity was quantitated in a liquid scintillation counter.
The nonspecific uptake and absorption values were determined by [3H]2DOG
uptake in the presence of 10 mM cytochalasin B, and the results were corrected
for these values. Nonspecific uptake and absorption were always less than 10%
of total uptake.

Statistical analysis. Data were analyzed by Student’s t test. P values of ,0.05
were considered statistically significant.

RESULTS

Insulin-induced subcellular redistribution of IRS-1 is inhib-
ited by rapamycin and the PI 3-kinase inhibitors. Our previous
finding that prolonged insulin stimulation results in degrada-
tion of IRS-1 by the proteasome by a mechanism sensitive to
rapamycin (16), together with the fact that insulin stimulation
induces subcellular redistribution of IRS-1 from the LDM to
the cytosol, led us to postulate that the insulin-induced redis-
tribution of IRS-1 may be regulated by the mTOR pathway
and facilitate the degradation of IRS-1 by the proteasome. To
test this possibility, we first examined the role of mTOR path-
way in the subcellular redistribution of IRS-1. Fully differen-
tiated 3T3-L1 adipocytes were pretreated with the indicated
concentrations of rapamycin, stimulated with insulin for 1 h,
and then subjected to subcellular fractionation and immuno-
blotting with anti-IRS-1 antibody (Fig. 1A). As reported pre-
viously (6, 17, 21), IRS-1 was distributed in the LDM and
cytosol, and insulin stimulation for 1 h resulted in a decrease in
IRS-1 in the LDM and an increase in IRS-1 in the cytosol, as
a result of insulin-induced redistribution of IRS-1 from the
LDM to the cytosol (Fig. 1). IRS-1 was not detected in the PM

or HDM either in the basal or insulin-stimulated state (data
not shown). Rapamycin inhibited the insulin-induced redistri-
bution of IRS-1 in a dose-dependent manner, reducing both
the insulin-induced decrease in IRS-1 in the LDM and the
increase in IRS-1 in the cytosol (Fig. 1A). To monitor the
effectiveness of the inhibitor, the phosphorylation status of p70
S6 kinase and 4E-BP1, which are well-documented down-
stream elements of the mTOR signaling pathway, as well as
that of Akt, which is immediately downstream of PI 3-kinase,
were determined (Fig. 1). Insulin stimulation increased phos-
phorylation of p70 S6 kinase, as assessed by immunoblotting
with anti-phospho-Thr389 p70 S6 kinase antibody (antibody
against p70 S6 kinase phosphorylated at Thr389) and phos-
phorylation of 4E-BP1, which was shown by increased intensi-
ties of the upper bands and decreased intensities of the lower
bands among the multiple bands detected by anti-4E-BP1 an-
tibody immunoblotting (Fig. 1). Insulin stimulation also in-
creased phosphorylation of Akt, as shown by immunoblotting
with anti-phospho-Thr308 Akt antibody (Fig. 1). As expected,
rapamycin inhibited the insulin-stimulated phosphorylation of
p70 S6 kinase and 4E-BP1, but not Akt, in a dose-dependent
manner (Fig. 1A). Thus, rapamycin inhibited insulin-stimu-
lated redistribution of IRS-1 in parallel with the inhibition of
insulin-stimulated activation of the mTOR pathway.

Since insulin-stimulated activation of the mTOR pathway
has been reported to be regulated, at least in part, via the PI
3-kinase pathway, we next examined the effects of PI 3-kinase
inhibitors wortmannin and LY294002 on the insulin-induced
subcellular redistribution of IRS-1. The insulin-induced redis-
tribution of IRS-1 was inhibited by either wortmannin or
LY294002 in a dose-dependent manner, with concomitant
dose-dependent inhibition of phosphorylation of p70 S6 kinase
and 4E-BP1 as well as that of Akt (Fig. 1B and C). The
inhibition of the insulin-induced redistribution of IRS-1 by
rapamycin and the PI 3-kinase inhibitors was accompanied by
inhibition of the insulin-induced mobility shift of IRS-1 (Fig.
1).

The MEK inhibitor PD98059 did not affect the insulin-stim-
ulated redistribution or mobility shift of IRS-1 at the concen-
tration that inhibited insulin-stimulated activation of p44/42
MAP kinase, as assessed by immunoblotting with anti-phos-
pho-Thr202/Tyr204 p44/42 MAP kinase antibody (Fig. 1D).
The proteasome inhibitor lactacystin also had no effect on the
insulin-induced redistribution of IRS-1 (data not shown).
None of these compounds affected the basal distribution of
IRS-1 (data not shown). These results indicated that the insu-
lin-induced subcellular redistribution of IRS-1 is regulated by
the PI 3-kinase and mTOR-dependent pathway.

Rapamycin increases IRS-1 in both the LDM and cytosol,
whereas lactacystin increases it only in the cytosol after pro-
longed insulin stimulation. To evaluate the role of the insulin-
induced subcellular redistribution of IRS-1 in its degradation
by the proteasome, we next determined the effects of rapamy-
cin and lactacystin on the subcellular distribution of IRS-1
after prolonged insulin stimulation (Fig. 2A). As we have pre-
viously reported (16), the total amount of IRS-1 in the whole-
cell lysates was markedly decreased after 4 h of insulin stimu-
lation (Fig. 2A, upper panel, lane 2), and rapamycin (Fig. 2A,
upper panel, lane 4) and lactacystin (Fig. 2A, upper panel, lane
6) inhibited the insulin-induced decrease of IRS-1. The mobil-
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ity shift of IRS-1 was increased by lactacystin (Fig. 2A, upper
panel, lane 6). Subcellular fractionation of the cells showed
that IRS-1 levels were decreased not only in the LDM (Fig. 2A,
lower panel, lane 2) but also in the cytosol (Fig. 2A, lower
panel, lane 6) from the basal levels of IRS-1 in each fraction,
indicating that a large amount of IRS-1 translocated from the
LDM to the cytosol was degraded after 4 h of insulin stimula-
tion. The mobility shift of IRS-1 in the cytosol (Fig. 2A, lower
panel, lane 6) was greater than that in the LDM (Fig. 2A, lower
panel, lane 2). Rapamycin inhibited the mobility shift of IRS-1

and increased the IRS-1 level both in the LDM (Fig. 2A, lower
panel, lane 3) and in the cytosol (Fig. 2A, lower panel, lane 7).
In contrast, lactacystin did not significantly affect the insulin-
induced decrease of IRS-1 in the LDM (Fig. 2A, lower panel,
lane 4) but markedly increased the IRS-1 level in the cytosol to
a level greater than that prior to insulin stimulation (Fig. 2A,
lower panel, lane 8). These results indicated that inhibition of
Ser/Thr phosphorylation and subcellular redistribution of
IRS-1 by rapamycin results in inhibition of proteasomal deg-
radation of IRS-1 in the cytosol and that lactacystin inhibits

FIG. 1. Effects of rapamycin, the PI 3-kinase inhibitors, and the MEK inhibitor on insulin-induced subcellular redistribution of IRS-1. 3T3-L1
adipocytes were serum starved for 16 h, incubated with the indicated concentration of rapamycin (A), wortmannin (B), LY294002 (C), or PD98059
(D) for 30 min, and then stimulated with 20 nM insulin for 1 h (1). The cells were homogenized and subjected to subcellular fractionation to yield
the LDM and cytosol fractions. Proteins in each fraction were separated by SDS-PAGE and immunoblotted (IB) with anti-IRS-1 antibody (a
IRS-1) (upper panels). Proteins in the whole-cell lysates were separated by SDS-PAGE and immunoblotted with anti-phospho-Thr389-p70 S6
kinase [a p-p70 S6K (Thr389)], anti-4E-BP1 [a 4E-BP1], anti-phospho-Thr308-Akt [a p-Akt (Thr308)], or anti-phospho-Thr202/Thr204-p44/42
MAP kinase antibody [a p-p44/42 MAPK (Thr202/Tyr204)2] (lower panels).

VOL. 21, 2001 mTOR-MEDIATED REGULATION OF INSULIN SIGNALING 5053



proteasomal degradation of IRS-1 in the cytosol without af-
fecting the subcellular redistribution of IRS-1.

Rapamycin inhibits the mobility shift and subcellular redis-
tribution of IRS-2 after prolonged insulin stimulation. It has
been reported that insulin stimulation also induces a mobility
shift and subcellular redistribution of IRS-2 but does not sig-
nificantly reduce its protein level (38). To evaluate the role of
mTOR pathway in insulin-induced Ser/Thr phosphorylation
and subcellular redistribution of IRS-2, we next determined
the effects of rapamycin and lactacystin on the subcellular
distribution of IRS-2 after prolonged insulin stimulation (Fig.
2B). Insulin stimulation for 4 h produced a mobility shift of
IRS-2, which was greater than that of IRS-1, but did not sig-
nificantly decrease IRS-2 levels in the cell lysates (Fig. 2B,
upper panel, lane 2). However, insulin stimulation for a longer
period (16 h) clearly decreased IRS-2 level (data not shown),
indicating that the rate of insulin-induced degradation of
IRS-2 is much less than that of IRS-1. The mobility shift of
IRS-2 was decreased by rapamycin (Fig. 2B, upper panel, lane
4) but was not significantly affected by lactacystin (Fig. 2B,
upper panel, lane 6). Neither rapamycin (Fig. 2B, upper panel,
lane 4) nor lactacystin (Fig. 2B, upper panel, lane 6) signifi-
cantly affected IRS-2 levels in the cell lysates. Subcellular frac-
tionation revealed that the IRS-2 levels were decreased in the
LDM (Fig. 2B, lower panel, lane 2) and slightly increased in
the cytosol (Fig. 2B, lower panel, lane 6) after 4 h of insulin
stimulation, indicating that IRS-2 was translocated from the
LDM to the cytosol without significant degradation. Rapamy-
cin inhibited the insulin-induced decrease of IRS-2 in the
LDM (Fig. 2B, lower panel, lane 3) and did not significantly
affect the IRS-2 level in the cytosol (Fig. 2B, lower panel, lane
7). Lactacystin did not affect the distribution of IRS-2 (Fig. 2B,
lower panel, lanes 4 and 8). These results indicated that the
mTOR-dependent pathway regulates insulin-induced Ser/Thr
phosphorylation and subcellular redistribution but causes
much less degradation of IRS-2.

We also determined the protein levels of mTOR and Akt in
the subcellular fractions as controls for LDM-associated and
cytosolic proteins, respectively (Fig. 2C). It has been reported
that mTOR is enriched in cellular membranes (34) and is
specifically localized to microsomal membranes in 3T3-L1 adi-
pocytes (46). Consistent with these previous reports, mTOR
was found exclusively in the LDM fraction, and the level of
mTOR was not significantly affected by insulin or treatment
with either rapamycin or lactacystin (Fig. 2C). As previously

FIG. 2. Effects of rapamycin and lactacystin on subcellular distri-
bution of IRS-1 and IRS-2 after prolonged insulin stimulation. 3T3-L1
adipocytes were serum starved for 16 h, incubated with vehicle (0.1%
dimethyl sulfoxide [DMSO]), 20 nM rapamycin, or 10 mM lactacystin
for 30 min, and stimulated with 20 nM insulin for 4 h (1). Cells were
homogenized and subjected to subcellular fractionation to yield the
LDM and cytosol fractions. Proteins in the whole-cell lysates or each
fraction were separated by SDS-PAGE and immunoblotted (IB) with
anti-IRS-1 (a IRS-1) (A) or IRS-2 (a IRS-2) (B) antibody. Data were
analyzed by densitometry and expressed as fold increase compared
with the values for each fraction in control cells. Results are means 6
standard errors for four independent experiments. Proteins in each
fraction were separated by SDS-PAGE and immunoblotted with anti-
mTOR (a mTOR) or anti-Akt (a Akt) antibody (C).
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reported (21), most of the Akt was localized in the cytosol (Fig.
2C). Although insulin stimulation translocates a fraction of
Akt to the PM, the level of Akt in the cytosol was not detect-
ably affected by insulin as has been reported previously (21),
and treatment with either rapamycin or lactacystin did not
affect the level of Akt in the cytosol (Fig. 2C). These data
provided evidence for the specificity of subcellular fractions
and indicated that the treatment does not affect the level of
protein in each fraction other than IRS-1 and IRS-2.

Rapamycin increases IRS-1 in both the LDM and cytosol,
whereas lactacystin increases it only in the cytosol in cells
expressing p110CAAX. In a previous study (16), we reported
that constitutive activation of the PI 3-kinase pathway by ex-
pression of p110CAAX, a membrane-targeted form of the p110
subunit of PI 3-kinase, is sufficient to induce Ser/Thr phosphor-
ylation and degradation of IRS-1 and that these effects are
regulated by a mechanism sensitive to rapamycin. To test
whether activation of PI 3-kinase pathway is also sufficient to
induce subcellular redistribution of IRS-1, we examined the
effects of rapamycin and lactacystin on the subcellular distri-
bution of IRS-1 in cells expressing p110CAAX (Fig. 3A). Forty-
eight hours after infection of 3T3-L1 adipocytes with Ad5-
p110CAAX, cells were treated with either rapamycin or
lactacystin for another 16 h and then analyzed by immunoblot-
ting of the total cell lysates and the subcellular fractions. As we
have previously reported (16), IRS-1 levels in the cell lysates
were lower in cells expressing p110CAAX (Fig. 3A, upper panel,
lane 2) than those in cells infected with control adenovirus
(Fig. 3A, upper panel, lane 1). Rapamycin partially restored
the decrease of IRS-1 (Fig. 3A, upper panel, lane 4), confirm-
ing our previous finding (16). Lactacystin also partially re-
stored the total IRS-1 levels and resulted in an appearance of
IRS-1 with a marked retardation of the mobility (Fig. 3A,
upper panel, lane 6). Subcellular fractionation of the
p110CAAX-expressing cells showed that IRS-1 levels were de-
creased both in the LDM (Fig. 3A, lower panel, lane 2) and in
the cytosol (Fig. 3A, lower panel, lane 6) compared to those in
cells infected with control adenovirus. The mobility shift of
IRS-1 in the cytosol (Fig. 3A, lower panel, lane 6) was greater
than that in the LDM (Fig. 3A, lower panel, lane 2). Rapamy-
cin inhibited the mobility shift and partially restored IRS-1
levels both in the LDM (Fig. 3A, lower panel, lane 3) and in
the cytosol (Fig, 3A, lower panel, lane 7). In contrast, lacta-
cystin increased the IRS-1 level and its mobility shift in the
cytosol (Fig. 3A, lower panel, lane 8) but did not significantly
affect them in the LDM (Fig. 3A, lower panel, lane 4). These
results are similar to what we have seen for the cells treated
with insulin for a prolonged period and indicated that activa-
tion of the PI 3-kinase pathway is sufficient to induce subcel-
lular redistribution of IRS-1 and degradation of the IRS-1 by a
mechanism sensitive to rapamycin.

Rapamycin inhibits the mobility shift and subcellular redis-
tribution of IRS-2 in cells expressing p110CAAX. On the other
hand, expression of p110CAAX did not significantly affect IRS-2
levels in the whole-cell lysates, while it induced a mobility shift
of IRS-2 (Fig. 3B, upper panel, lane 2) which was greater than
that of IRS-1. In some experiments, however, the IRS-2 level
was slightly decreased in p110CAAX-expressing cells (data not
shown), which was consistent with the previous report (13) and
the observation that 16 h of insulin stimulation clearly de-

creased the IRS-2 level, indicating that expression of
p110CAAX induces degradation of IRS-2, the rate of which is
much lower than that for IRS-1. Rapamycin inhibited the
p110CAAX-induced mobility shift of IRS-2 but did not signifi-
cantly affect its protein level (Fig. 3B, upper panel, lane 4).
Lactacystin did not significantly affect the mobility shift or the
protein level of IRS-2 (Fig. 3B, upper panel, lane 6). Subcel-
lular fractionation indicated that expression of p110CAAX de-
creased the IRS-2 level in the LDM (Fig. 3B, lower panel, lane
2) but did not significantly affect it in the cytosol (Fig. 3B, lower
panel, lane 6), indicating that IRS-2 was translocated from the
LDM into the cytosol without significant degradation. The
mobility shift of IRS-2 in the cytosol (Fig. 3B, lower panel, lane
6) was greater than that in the LDM (Fig. 3B, lower panel, lane
2). Rapamycin inhibited the mobility shift and the decrease of
IRS-2 level in the LDM (Fig. 3B, lower panel, lane 3) but did
not affect the IRS-2 level in the cytosol (Fig. 3B, lower panel,
lane 7). Lactacystin did not affect the distribution and the
mobility shift of IRS-2 (Fig. 3B, lower panel, lanes 4 and 8).
These results indicated that activation of PI 3-kinase pathway
is sufficient to induce Ser/Thr phosphorylation and subcellular
redistribution but causes much less degradation of IRS-2 by a
mechanism sensitive to rapamycin.

The levels of mTOR and Akt in each fraction were not
affected by the expression of p110CAAX or treatment with
either rapamycin or lactacystin, confirming the specificity of
the subcellular fraction and the specific effect of the treatment
on IRS-1 and IRS-2 (Fig. 3C).

Rapamycin increases tyrosine-phosphorylated IRS-1 and
the p85 subunit of PI 3-kinase associated with IRS-1 in both
the LDM and cytosol, whereas lactacystin increases them only
in the cytosol after prolonged insulin stimulation. We have
previously reported that rapamycin but not lactacystin en-
hances insulin-stimulated 2-DOG uptake, whereas both rapa-
mycin and lactacystin increase activation of Akt during pro-
longed insulin stimulation (16). The above result that
treatment with either rapamycin or lactacystin during pro-
longed insulin stimulation resulted in different subcellular lo-
calizations of IRS-1 suggested that the differential effects of
rapamycin and lactacystin may result from the different local-
izations of IRS-1-associated signaling components in the cell.
To substantiate this hypothesis, we next determined subcellu-
lar distribution of tyrosine-phosphorylated IRS-1 and the p85
subunit of PI 3-kinase associated with IRS-1 after treatment
with either rapamycin or lactacystin during prolonged insulin
stimulation. Proteins in each fraction were immunoprecipi-
tated with anti-IRS-1 antibody and analyzed by immunoblot-
ting with antiphosphotyrosine or anti-p85 antibody (Fig. 4).
After 4 h of insulin stimulation, rapamycin increased tyrosine-
phosphorylated IRS-1 both in the LDM (Fig. 4A, lane 3) and
in the cytosol (Fig. 4A, lane 7), whereas lactacystin increased it
mostly in the cytosol (Fig. 4A, lane 8). Similarly, rapamycin
increased p85 associated with IRS-1 both in the LDM (Fig. 4B,
lane 3) and in the cytosol (Fig. 4B, lane 7), whereas lactacystin
increased it only in the cytosol (Fig. 4B, lane 8). Therefore, the
levels of tyrosine-phosphorylated IRS-1 and IRS-1-associated
PI 3-kinase were affected by rapamycin and lactacystin, appar-
ently in parallel with the level of IRS-1 in each fraction.

The amino acid deprivation reduces and the amino acid
excess enhances insulin-stimulated phosphorylation of p70 S6
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kinase and 4E-BP1. Recent evidence indicates that, in addition
to mitogenic signals by various growth factors, amino acid
availability regulates the mTOR signaling pathway (9, 15, 19).
Therefore, amino acid availability may influence the insulin-
stimulated mTOR signaling pathway, thereby modulating in-
sulin-induced Ser/Thr phosphorylation and the subcellular re-
distribution and degradation of IRS-1, and ultimately control
insulin action. To address this possibility, we first tested
whether amino acid availability affects insulin-stimulated acti-
vation of the mTOR pathway by examining the effects of the
deprivation or excess of amino acids on the insulin-stimulated
phosphorylation of p70 S6 kinase and 4E-BP1 (Fig. 5A). Ac-
tivation of p70 S6 kinase, as shown by the retardation of its
electrophoretic mobility and by phosphorylation of Thr389 and
Ser411, was stimulated by insulin and gradually declined dur-
ing prolonged insulin stimulation (Fig. 5A). Similarly, phos-
phorylation of 4E-BP1, as assessed by the relative intensities of
the multiple immunoreactive bands, was stimulated by insulin
and gradually returned to the basal state during prolonged
insulin stimulation (Fig. 5A). The deprivation of amino acids
attenuated the insulin-stimulated phosphorylation of p70 S6
kinase and 4E-BP1 (Fig. 5A). Conversely, fourfold excess
amino acids augmented them (Fig. 5A). The amino acid excess
in the absence of insulin only slightly increased phosphoryla-
tion of p70 S6 kinase and 4E-BP1 (data not shown). These
results indicated that the amino acid deprivation attenuates
and amino acid excess enhances insulin-stimulated activation
of the mTOR pathway.

The amino acid deprivation reduces and amino acid excess
enhances insulin-induced mobility shift, degradation, and re-
distribution of IRS-1. We next examined whether the alter-
ations in the insulin-stimulated activation of the mTOR path-
way by the deprivation or excess of amino acids influence
insulin-induced Ser/Thr phosphorylation and proteasomal deg-
radation and subcellular redistribution of IRS-1. As shown in
Fig. 5A, the insulin-induced mobility shift of IRS-1, maximally
induced at 1 h after insulin stimulation (16), was diminished by
the amino acid deprivation and augmented by the amino acid
excess. Similarly, IRS-1 degradation, clearly observed after 4
and 12 h of insulin stimulation (16), was slowed by the amino
acid deprivation and was accelerated by excess amino acids
(Fig. 5A). Subcellular fractionation of the cells showed that the
insulin-induced redistribution of IRS-1 after 1 h of insulin
stimulation, which was seen as the decrease in IRS-1 in the

FIG. 3. Effects of rapamycin and lactacystin on subcellular distri-
bution of IRS-1 and IRS-2 in p110CAAX-expressing cells. 3T3-L1 adi-
pocytes were infected with either Ad5-CT or Ad5-p110CAAX at a
multiplicity of infection of 50 PFU/cell. At 48 h after infection, cells
were incubated in serum-free medium with vehicle (0.1% dimethyl
sulfoxide [DMSO]), 20 nM rapamycin, or 10 mM lactacystin for an-
other 16 h. Cells were homogenized and subjected to subcellular frac-
tionation to yield the LDM and cytosol fractions. Proteins in the
whole-cell lysates or each fraction were separated by SDS-PAGE and
immunoblotted (IB) with anti-IRS-1 (a IRS-1) (A) or IRS-2 (a IRS-2)
(B) antibody. Data were analyzed by densitometry and expressed as
fold increase compared with the values for each fraction in control
cells infected with Ad5-CT. Results are means 6 standard errors for
three independent experiments. Proteins in each fraction were sepa-
rated by SDS-PAGE and immunoblotted with anti-mTOR (a mTOR)
or anti-Akt (a Akt) antibody (C).
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LDM and the increase in IRS-1 in the cytosol, was partially
inhibited by the amino acid deprivation and was enhanced by
excess amino acids (Fig. 5B).

The amino acid deprivation enhances and excess of amino
acids attenuates insulin-stimulated activation of Akt after pro-
longed insulin stimulation. We have previously shown that

degradation of IRS-1 by the proteasome down-regulates acti-
vation of Akt during prolonged insulin stimulation (16). There-
fore, we next examined whether the alterations of the insulin-
induced degradation of IRS-1 by the deprivation or excess of
amino acids affect insulin-stimulated activation of Akt (Fig. 6).
Activation of Akt, as assessed by phosphorylation of the two
regulatory sites of Akt, Ser473 and Thr308, after 4 h of insulin
stimulation was increased by amino acid deprivation (Fig. 6,
lane 2) and was reduced by excess amino acids (Fig. 6, lane 4),
apparently in parallel with the effects on IRS-1 protein levels.
The protein levels of Akt were not affected by the chronic
insulin treatment or differences in amino acid concentration
(data not shown). We also determined the effects of amino acid
availability on the phosphorylation of Akt in the presence of

FIG. 4. Effects of rapamycin and lactacystin on subcellular distri-
bution of tyrosine-phosphorylated IRS-1 and IRS-1-associated p85
after prolonged insulin stimulation. 3T3-L1 adipocytes were serum
starved for 16 h, incubated with vehicle (0.1% dimethyl sulfoxide
[DMSO]), 20 nM rapamycin, or 10 mM lactacystin for 30 min, and
stimulated with 20 nM insulin for 4 h (1). The cells were homogenized
and subjected to subcellular fractionation to yield the LDM and cy-
tosol fractions. Proteins in each fraction were immunoprecipitated (IP)
with anti-IRS-1 antibody (a IRS-1), separated by SDS-PAGE, and
immunoblotted (IB) with antiphosphotyrosine antibody (a PY) (A) or
anti-p85 antibody (a p85) (B). Data were analyzed by densitometry
and expressed as fold increase compared with the values for each
fraction in the cells stimulated with insulin in the presence of vehicle
only. Results are means 6 standard errors for three independent
experiments.

FIG. 5. Effects of amino acid availability on the insulin-induced
phosphorylation of p70 S6 kinase and 4E-BP1 and on electrophoretic
mobility shift, proteasomal degradation, and subcellular redistribution
of IRS-1. 3T3-L1 adipocytes were serum starved for 16 h, incubated in
serum-free MEM without amino acids (0) or with standard concentra-
tions of amino acids (1X) or with fourfold excess (4X) of amino acids
for 1 h, and stimulated with 20 nM insulin for the times indicated in the
figure. (A) Proteins in the whole-cell lysates were separated by SDS-
PAGE and analyzed by immunoblotting (IB) with antibody against
nonphosphospecific p70 S6 kinase [a p70 S6K], p70 S6 kinase with
Thr389 or Ser411 phosphorylated [a p70 S6K(Thr389) or (Ser411)],
4E-BP1 [a 4E-BP1], or IRS-1 [a IRS-1]. (B) Cells were homogenized
and subjected to subcellular fractionation to yield the LDM and cy-
tosol fractions. Proteins in each fraction were separated by SDS-PAGE
and immunoblotted with anti-IRS-1 antibody. Representative immu-
noblots for three independent experiments are shown.
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either rapamycin or lactacystin (Fig. 6). As we have previously
described (16), rapamycin and lactacystin enhanced activation
of Akt to comparable extents, in parallel with the comparable
inhibition of the insulin-induced degradation of IRS-1 (Fig. 6,
lanes 6 and 9). In the presence of either rapamycin or lacta-
cystin, the deprivation or excess of amino acids did not further
affect phosphorylation of Akt, and they did not affect protein
levels of IRS-1 (Fig. 6), while in the presence of lactacystin, the
amino acid deprivation reduced and the amino acid excess
augmented the mobility shift of IRS-1 (Fig. 6, lanes 8 and 10).
These results indicated that amino acid availability affects in-
sulin-stimulated activation of Akt via the mTOR pathway in
parallel with the effects on IRS-1 degradation.

Rapamycin and lactacystin increase the amount of Akt in
the PM to comparable extents after prolonged insulin stimu-
lation. We next examined whether the different subcellular
distributions of IRS-1-associated PI 3-kinase after treatment
with either rapamycin or lactacystin during prolonged insulin
stimulation affect insulin-induced translocation of Akt to the
PM, which has been suggested to be one of the necessary
processes for activation of Akt (1, 2, 7, 11). In the basal state,
Akt was located mostly in the cytosol (Fig. 2C). Insulin stim-
ulation for 4 h increased the amount of Akt in the PM (Fig. 7),
indicating that Akt was translocated to the PM. Rapamycin
and lactacystin increased the levels of Akt localized in the PM
to comparable extents (Fig. 7, lanes 3 and 4).

The amino acid deprivation increases and the amino acid
excess decreases insulin-stimulated 2-DOG uptake. Finally,
the effect of amino acid availability on the insulin-stimulated

2-DOG uptake in the absence or presence of either rapamycin
or lactacystin was determined (Fig. 8). Without treatment with
rapamycin or lactacystin, the amino acid deprivation increased
and the amino acid excess decreased 2-DOG uptake at 1 or 4 h
after insulin stimulation (Fig. 8). As we have previously re-
ported (16), rapamycin but not lactacystin enhanced insulin-
stimulated 2-DOG uptake (Fig. 8). In the presence of rapamy-
cin, insulin-stimulated 2-DOG uptake was not further affected
by the deprivation or excess of amino acids (Fig. 8). However,
in the presence of lactacystin, the levels of insulin-stimulated
2-DOG uptake at 1 or 4 h after insulin stimulation were
greater when the cells were deprived of amino acids and were
smaller when they were treated with excess amino acids (Fig.
8). The basal levels of 2-DOG uptake were not affected by the
deprivation or excess of amino acids either in the absence or
presence of rapamycin or lactacystin (Fig. 8). These results
indicated that amino acid availability affects insulin-stimulated
2-DOG uptake via the mTOR pathway in parallel with the
effects on IRS-1 redistribution rather than its degradation.

DISCUSSION

We demonstrated in this study that the mTOR-dependent
pathway that regulates insulin-induced Ser/Thr phosphoryla-
tion and degradation of IRS-1 (16) also plays an important role
in modulating the subcellular distribution of IRS-1 upon insu-
lin stimulation. Thus, rapamycin as well as the two structurally

FIG. 6. Effect of amino acid availability on insulin-stimulated phos-
phorylation of Akt. 3T3-L1 adipocytes were serum starved for 16 h,
incubated in serum-free MEM without amino acids (0) or with stan-
dard concentrations of amino acids (1X) or with 4-fold excess of amino
acids (4X) for 1 h, and stimulated with 20 nM insulin for 4 h (1). Cells
were pretreated with vehicle (0.1% dimethyl sulfoxide [DMSO]), 20
nM rapamycin, or 10 mM lactacystin for 30 min prior to the insulin
stimulation. Proteins in the whole-cell lysates were separated by SDS-
PAGE and analyzed by immunoblotting (IB) with anti-IRS-1 antibody
(a IRS-1) or antibody against Akt (Akt phosphorylated at Ser473 or
Thr308) [a p-Akt (Ser473) or (Thr308)]. Representative immunoblots
for three independent experiments are shown.

FIG. 7. Effects of rapamycin and lactacystin on insulin-induced
translocation of Akt to the PM after prolonged insulin stimulation.
3T3-L1 adipocytes were serum starved for 16 h, incubated with vehicle
(0.1% dimethyl sulfoxide [DMSO]), 20 nM rapamycin, or 10 mM
lactacystin for 30 min, and stimulated with 20 nM insulin for 4 h (1).
Cells were homogenized and subjected to subcellular fractionation to
yield the PM fraction. Proteins in the fraction were separated by
SDS-PAGE and immunoblotted (IB) with anti-Akt antibody (a Akt).
Data were analyzed by densitometry and expressed as fold increase
compared with the values in control cells. Results are means 6 stan-
dard errors for three independent experiments.
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different PI 3-kinase inhibitors inhibited insulin-induced redis-
tribution of IRS-1 from the LDM to the cytosol in parallel with
the inhibition of insulin-stimulated phosphorylation of p70 S6
kinase and 4E-BP1, which are well-documented signaling com-
ponents regulated by mTOR. Additionally, the amino acid
deprivation decreased and the amino acid excess increased
insulin-induced subcellular redistribution as well as Ser/Thr
phosphorylation and degradation of IRS-1, also in parallel with
the effects on insulin-stimulated phosphorylation of p70 S6
kinase and 4E-BP1. The mechanism by which amino acid con-
centration regulates phosphorylation of p70 S6 kinase and
4E-BP1 is poorly defined, although tRNA aminoacylation was
suggested to be involved (19). However, a truncation mutant of
p70 S6 kinase that is resistant to inhibition by rapamycin is also
resistant to inhibition by amino acid withdrawal, indicating that
amino acid availability, like rapamycin, may affect p70 S6 ki-
nase and 4E-BP1 via mTOR or an mTOR-controlled down-
stream element (15). Furthermore, the amino acid-dependent
regulation of the mTOR pathway does not seem to involve the
FKBP-rapamycin binding domain of mTOR, since amino acid
supplementation activates p70 S6 kinase in the presence of
rapamycin in cells constitutively expressing a rapamycin-resis-
tant mutant of mTOR, which does not interact with the FKBP-
rapamycin complex (19). Therefore, the present data that
rapamycin and amino acid treatment, the two different ways to
manipulate insulin-stimulated activation of the mTOR path-
way, affected insulin-induced subcellular redistribution as well
as Ser/Thr phosphorylation and degradation of IRS-1 validate

the involvement of the mTOR-dependent pathway in the reg-
ulation of these phenomena.

The mTOR pathway involved in insulin-induced redistribu-
tion of IRS-1 seems to be, at least in part, regulated via the PI
3-kinase pathway but not via the ras/MAP kinase pathway,
because the PI 3-kinase inhibitors inhibited the IRS-1 redistri-
bution with a concomitant inhibition of Akt phosphorylation,
which is immediately downstream of PI 3-kinase, and inhibi-
tion of p44/42 MAP kinase by the MEK inhibitor had no effect
on the IRS-1 redistribution. Furthermore, constitutive activa-
tion of the PI 3-kinase pathway by expression of p110CAAX was
sufficient to induce IRS-1 redistribution through a mechanism
sensitive to rapamycin. However, since relatively high concen-
trations of the PI 3-kinase inhibitors were required to com-
pletely inhibit insulin-induced subcellular redistribution of
IRS-1, the inhibitory effects of the PI 3-kinase inhibitors may
be due in part to direct inhibition of mTOR, as has been
reported previously (4).

The finding that the extent of insulin-induced IRS-2 degra-
dation was markedly less than that of IRS-1 is consistent with
the finding of a previous report (38) and suggests that the
structural difference of IRS-1 and IRS-2 affects the rate of
insulin-induced degradation. However, our results indicate
that the mechanisms governing Ser/Thr phosphorylation and
subcellular redistribution of IRS-1 also apply to IRS-2, because
insulin and p110CAAX induced a mobility shift and subcellular
redistribution of IRS-2, which were inhibited by rapamycin.
The greater mobility shift of IRS-2 compared with that of

FIG. 8. Effect of amino acid availability on insulin-stimulated 2-DOG uptake. 3T3-L1 adipocytes were incubated in serum-free MEM without
amino acids (0) and with standard concentration of amino acids (1X) or with fourfold excess (4X) of amino acids for 3 h and pretreated with vehicle
(0.1% dimethyl sulfoxide [DMSO]), 20 nM rapamycin, or 10 mM lactacystin for 30 min, and stimulated with 20 nM insulin for the indicated times.
[3H]2-DOG uptake was measured as described in Materials and Methods. Results are shown as means 6 standard errors for four independent
experiments. (*, P , 0.05; **, P , 0.01)
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IRS-1 seems to result from the failure of the Ser/Thr-phos-
phorylated IRS-2 to be degraded. Thus, after prolonged insulin
stimulation or in cells expressing p110CAAX, lactacystin did not
further increase the mobility shift of IRS-2, while it increased
the mobility shift of IRS-1 as a result of the inhibition of the
degradation of Ser/Thr-phosphorylated IRS-1. Therefore,
these results indicate that the structural difference of IRS-1
and IRS-2 may affect a process of degradation required after
these proteins are Ser/Thr phosphorylated and translocated
into the cytosol. Because IRS-1 is the major tyrosine-phospho-
rylated IRS protein induced by insulin stimulation in 3T3-L1
adipocytes (39), it seems unlikely that subcellular localization
of IRS-2 has a significant role in the regulation of insulin
signaling in these cells. In support of this, subcellular distribu-
tion of pp185 (which includes tyrosine-phosphorylated IRS-1
and IRS-2 in these cells) was similar to that of tyrosine-phos-
phorylated IRS-1 in cells treated with either rapamycin or
lactacystin during prolonged insulin stimulation (data not
shown). However, in the cell type in which IRS-2 is dominant,
it is possible that the subcellular redistribution of IRS-2 regu-
lated by the mTOR pathway influences insulin signaling.

Since the insulin-induced subcellular redistribution and the
mobility shift of IRS proteins are simultaneously affected by
rapamycin or amino acid availability, these two phenomena
seem to be closely related. The mobility shift of IRS proteins
was greater in the cytosol than in the LDM after prolonged
insulin stimulation or in cells expressing p110CAAX. One pos-
sible explanation for this observation is that the mTOR path-
way plays a role in Ser/Thr phosphorylation of IRS proteins in
the LDM, which in turn facilitates their redistribution into the
cytosol. Alternatively, activation of the mTOR pathway may
result in Ser/Thr phosphorylation of a component(s) in the
LDM other than IRS proteins, as has been suggested previ-
ously (21), which regulates the release of IRS proteins into the
cytosol, where they are Ser/Thr phosphorylated. In either case,
a Ser/Thr kinase regulated by mTOR or a Ser/Thr phospha-
tase, which may be negatively regulated by TORs and involved
in the effect of rapamycin (10, 22, 29, 32), seems to mediate
such phosphorylation events responsible for the redistribution
of IRS proteins.

The present data suggest that insulin-induced subcellular
redistribution of IRS-1 may play an important role in its deg-
radation by the proteasome, because after prolonged insulin
stimulation or in the cells expressing p110CAAX, inhibition of
the subcellular redistribution of IRS-1 by rapamycin resulted
in inhibition of IRS-1 degradation in the cytosol. One study
showed that IRS-1 was ubiquitinated prior to insulin stimula-
tion and that insulin stimulation did not further increase the
ubiquitination of IRS-1 (38). If this were the case, the release
of the already polyubiquitinated IRS-1 into the cytosol would
likely permit interaction with the proteasome in the cytosol
and facilitate subsequent degradation. However, another re-
port showed that, in COS7 cells transfected with epitope-
tagged IRS-1 and ubiquitin, ubiquitination of IRS-1 was in-
creased by stimulation with IGF-1 (27). Similarly, exposure of
prostate epithelial cells to IGF-1 led to an increase in ubiquitin
content of IRS-1, which was accompanied by a reduction in
IRS-1 levels (47). Therefore, in addition to the insulin-induced
redistribution, the increase in ubiquitination of IRS-1, which is
likely to be regulated by the mTOR-dependent Ser/Thr phos-

phorylation of IRS-1, may also be important in the degradation
by the proteasome. Based on calculation of the protein con-
tents in the LDM and cytosol fractions, the percentage of the
LDM-associated IRS-1 was 50 to 65% of the total IRS-1 under
basal conditions, which is consistent with the findings in the
previous reports (17, 21). After 4 h of insulin stimulation, the
total IRS-1 levels in the whole-cell lysates decreased by ap-
proximately 80%, which was greater than the original percent-
age of IRS-1 in the LDM. This suggests that IRS-1 localized in
the cytosol prior to insulin stimulation is also degraded by the
proteasome after insulin stimulation and that the originally
cytosolic IRS-1 may be degraded by the proteasome, presum-
ably through the mTOR-dependent Ser/Thr phosphorylation
and subsequent modification. On the other hand, Ser/Thr
phosphorylation and subcellular redistribution may work to-
gether to facilitate degradation of the LDM-associated IRS-1
by increasing ubiquitination or some other modification and by
allowing the modified IRS-1 to interact with the proteasome,
respectively.

Our previous observations that insulin-stimulated 2-DOG
uptake is enhanced by rapamycin but not by lactacystin, while
Akt phosphorylation is increased by either rapamycin or lac-
tacystin during prolonged insulin stimulation (16) raised the
possibility that insulin-stimulated glucose transport may be
negatively regulated via the mTOR pathway by a mechanism
other than degradation of IRS-1 which down-regulates Akt
activation. We have previously shown that, in the presence of
lactacystin, the mobility shift of IRS-1 does not change during
prolonged insulin stimulation (16), suggesting that such mod-
ified form of IRS-1 may not target to the intracellular location
appropriate for eliciting GLUT4 translocation. Consistent with
this hypothesis, we found in this study that IRS-1 molecules
that have been Ser/Thr phosphorylated are accumulated in the
cytosol in the presence of lactacystin. On the other hand,
rapamycin inhibited Ser/Thr phosphorylation and subcellular
redistribution of IRS-1 and, as a consequence, degradation of
IRS-1, resulting in increases in IRS-1 levels in both the LDM
and cytosol. Accordingly, rapamycin increased tyrosine-phos-
phorylated IRS-1 and the p85 subunit of PI 3-kinase associated
with IRS-1 in both the LDM and cytosol, while lactacystin
increased them only in the cytosol. Given the ability of rapa-
mycin but not lactacystin to enhance insulin-stimulated
2-DOG uptake, the enhancement of insulin-stimulated 2-DOG
uptake by rapamycin might be explained by the increased level
of IRS-1-associated PI 3-kinase in the LDM. This interpreta-
tion agrees with the hypothesis that insulin-stimulated GLUT4
translocation and, hence, glucose transport may be dependent
on the activation of PI 3-kinase in a particular intracellular
membrane compartment (30, 33).

Additionally, we have shown that the amino acid depriva-
tion, which also inhibits insulin-induced IRS-1 redistribution,
enhances insulin-induced 2-DOG uptake and, conversely, the
amino acid excess, which augments IRS-1 redistribution, de-
creases it. Furthermore, the amino acid deprivation and excess
affected 2-DOG uptake even when IRS-1 degradation was
inhibited by lactacystin, while they did not when the IRS-1
redistribution was inhibited by rapamycin. These findings sug-
gest that amino acid availability may regulate insulin-stimu-
lated glucose transport through the effects on IRS-1 redistri-
bution rather than degradation and are consistent with the idea
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that IRS-1-associated PI 3-kinase localized at the LDM might
be important in the regulation of glucose transport. Taken
together, our data suggest that the mTOR pathway may neg-
atively regulate insulin-stimulated glucose transport by de-
creasing the level of IRS-1-associated PI 3-kinase localized at
the LDM through subcellular redistribution of IRS-1.

However, although rapamycin completely inhibits IRS-1 re-
distribution, whereas lactacystin has no effect, the different
effects of rapamycin and lactacystin on insulin-stimulated
2-DOG uptake were not so great, and the effects of amino acid
availability were small. In this regard, it should be noted that
insulin-stimulated 2-DOG uptake does not significantly de-
crease even after 4 h of insulin stimulation (Fig. 8), despite a
marked decrease in the total IRS-1 level due to degradation
(Fig. 2A). This suggests that a large fraction of IRS-1 mole-
cules either associated with the LDM or present in the cytosol
may not be involved in stimulation of glucose transport and
that it may be only a small fraction of LDM-associated IRS-1
that is required for GLUT4 translocation. This fraction may
decrease to only a small extent during insulin stimulation,
despite a marked decrease in the total LDM-associated IRS-1.
Accordingly, inhibition of IRS-1 redistribution by rapamycin or
amino acid deprivation increases glucose transport to only a
small extent. Another possibility is that insulin-stimulated glu-
cose transport may be regulated by multiple mechanisms, one
of which is dependent on IRS-1-associated PI 3-kinase local-
ized at the LDM, but the other may be independent of IRS-
1-associated PI 3-kinase, as several recent reports (3, 20) have
suggested. It also remains to be tested whether the manipula-
tion of insulin-stimulated activation of the mTOR pathway by
rapamycin or amino acid treatment may affect such an IRS-1-
independent mechanism of glucose transport.

Unlike 2-DOG uptake, activation of Akt does not seem to
be affected by the distribution of IRS-1-associated PI 3-kinase
between the LDM and the cytosol but instead is dependent on
its total levels in both fractions and, therefore, is down-regu-
lated by the degradation of IRS-1 after insulin stimulation.
Thus, when the insulin-induced degradation of IRS-1 was in-
hibited by either rapamycin or lactacystin, insulin-stimulated
phosphorylation of regulatory sites of Akt was increased to a
comparable extent despite different subcellular distributions of
IRS-1 and the associated PI 3-kinase. Furthermore, the amino
acid deprivation increased and the amino acid excess de-
creased phosphorylation of Akt in parallel with the effects on
IRS-1 levels in the cell lysates and amino acid availability did
not further influence Akt phosphorylation in the presence of
either rapamycin or lactacystin. Following activation of PI 3-ki-
nase, Akt is translocated from the cytosol to the PM and binds
39-phosphoinositides produced by PI 3-kinase through its PH
domain, thereby presenting it to an upstream kinase such as
PDK-1 (7, 11). Indeed, the bulk of PI(3,4,5)P3 is synthesized at
the PM in response to insulin (43). The present data showed
that Akt translocated to the PM after prolonged insulin stim-
ulation was increased by rapamycin and lactacystin to a com-
parable extent, suggesting that 39-phosphoinositide production
in the PM may occur to comparable levels after treatment of
these agents during prolonged insulin stimulation.

There is evidence that, in addition to growth factors, amino
acid availability controls activation of the mTOR pathway,
which regulates translation of the subsets of mRNAs important

for cell growth, via phosphorylation of p70 S6 kinase and
4E-BP1 (9, 15, 19). For example, in Chinese hamster ovary
cells overexpressing insulin receptors, amino acid starvation
blocks activation of p70 S6 kinase and 4E-BP1 phosphorylation
in response to insulin, and supplementation of amino acids
restores them (15). This mechanism appears to integrate mi-
togenic and nutritional signals for a cell to grow (9). We have
shown in this study that amino acid availability affects insulin-
stimulated activation of the mTOR pathway in differentiated
3T3-L1 adipocytes and consequently controls the mTOR-me-
diated negative regulation of insulin signaling. Thus, amino
acid deprivation inhibits the mTOR-mediated negative regu-
lation of insulin signaling, thereby enhancing insulin-stimu-
lated glucose transport and activation of Akt, which would
probably increase other metabolic effects of insulin such as
glycogen synthesis, while protein synthesis regulated by the
activation of p70 S6 kinase and phosphorylation of 4E-BP1
would be suppressed. Conversely, an excess of amino acids
augments the negative regulation, resulting in attenuation of
insulin-stimulated glucose transport and other metabolic ac-
tions, while increasing translation and promoting cell growth.
Therefore, this mechanism identifies a novel function of
mTOR that integrates nutritional signals and metabolic signals
of insulin and probably plays a role in adaptation of mamma-
lian cells to the environment with different nutrient availabil-
ities.

In conclusion, these results indicate that the mTOR pathway
plays an important role in insulin-induced subcellular redistri-
bution of IRS-1, which may facilitate its subsequent degrada-
tion by the proteasome. The mTOR pathway negatively regu-
lates insulin-stimulated glucose transport likely through the
redistribution of IRS-1, while the subsequent degradation of
IRS-1 down-regulates insulin-stimulated activation of Akt. The
mTOR-mediated negative regulation of insulin signaling inte-
grates nutritional signals and metabolic signals of insulin.
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