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THE MOVEMENT OF GLUCOSE in and out of cells is mediated by
facilitative glucose transporters (GLUTs) in almost all mammalian cells. There are at least 13 glucose transporter isoforms
differentially expressed in mammalian tissues (26), eight of
which have been found to participate in glucose uptake. The
first member of this family, GLUT1, is expressed in most cells
and plays a role in basal glucose uptake in many tissues (19),
but it may be regulated by insulin and other hormonal factors

(16, 27). Glucose transporter expression and localization is
regulated in a variety of ways depending on the cell type and
the stimulus involved. The signaling pathways involved in
acute insulin-stimulated GLUT4 translocation have been the
subject of many studies over the past two decades. However,
relatively few studies have examined the signaling systems
involved in long-term regulation of GLUT1 mediated glucose
uptake in noninsulin responsive tissues (4, 5, 11, 18, 36), and
none of these previous reports have investigated the role of a
signaling pathway that is an important regulator of cellular
growth and metabolism, namely, the pathway that includes
glycogen synthase kinase-3 (GSK-3), tuberous sclerosis complex (TSC), and mammalian target of rapamycin (mTOR).
GSK-3 is an important signaling molecule that is ubiquitously
expressed and has been implicated in the regulation of glucose
transport and metabolism. Originally identified as a key regulator
of glycogen synthase activity, GSK-3 is now known to function as
an important signaling molecule in several pathways and is
involved in regulating gene transcription, protein translation, and
apoptosis, as well as hexose metabolism (12). Two distinct isoforms of GSK-3 (␣/␤-isoforms) that are products of two independent genes (10) have been identified. GSK-3 is known to
function downstream of phosphatidylinositol 3-kinase (PI3K)
and Akt (41). There is a paucity of reports about regulation of
GLUT1 mediated glucose uptake by GSK-3, and the few
studies that have been performed have produced different
findings in different cell systems (37, 42).
Recently, the TSC/mTOR signaling pathway has been
shown to be downstream of GSK-3 (23). The TSC comprises
two subunits, TSC1 and TSC2. Normal copies of each protein
are needed for proper function of the complex (29), and
mutations in either of the genes encoding the proteins have
been found to cause tuberous sclerosis (17, 43). Various studies
have implicated TSC in several different cellular functions, the
most important of which seems to be growth regulation (24).
Studies in Drosophila melanogaster have shown that mutations
in the dTSC1 and dTSC2 genes lead to increased cell size.
Mutations in TSC genes result in the constitutive activation of
S6 kinase (S6K), which subsequently enhances protein translation (1, 6 –9, 13, 14, 20, 22). The carboxyl terminus of TSC2
displays GTPase-activating protein (GAP) activity and has
been shown to interact with the GTPase Rheb directly (21, 30,
31). Inactivation of TSC2 represses GAP activity and allows
Rheb-GTP to accumulate. Rheb-GTP activates the protein
kinase activity of mTOR, which in turn phosphorylates and
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Am J Physiol Cell Physiol 295: C836 –C843, 2008. First published
July 23, 2008; doi:10.1152/ajpcell.00554.2007.— Glucose transport
is a highly regulated process and is dependent on a variety of signaling
events. Glycogen synthase kinase-3 (GSK-3) has been implicated in
various aspects of the regulation of glucose transport, but the mechanisms by which GSK-3 activity affects glucose uptake have not been
well defined. We report that basal glycogen synthase kinase-3
(GSK-3) activity regulates glucose transport in several cell types.
Chronic inhibition of basal GSK-3 activity (8 –24 h) in several cell
types, including vascular smooth muscle cells, resulted in an approximately twofold increase in glucose uptake due to a similar increase in
protein expression of the facilitative glucose transporter 1 (GLUT1).
Conversely, expression of a constitutively active form of GSK-3␤
resulted in at least a twofold decrease in GLUT1 expression and
glucose uptake. Since GSK-3 can inhibit mammalian target of rapamycin (mTOR) signaling via phosphorylation of the tuberous sclerosis complex subunit 2 (TSC2) tumor suppressor, we investigated
whether chronic GSK-3 effects on glucose uptake and GLUT1 expression depended on TSC2 phosphorylation and TSC inhibition of
mTOR. We found that absence of functional TSC2 resulted in a 1.5-to
3-fold increase in glucose uptake and GLUT1 expression in multiple
cell types. These increases in glucose uptake and GLUT1 levels were
prevented by inhibition of mTOR with rapamycin. GSK-3 inhibition had
no effect on glucose uptake or GLUT1 expression in TSC2 mutant cells,
indicating that GSK-3 effects on GLUT1 and glucose uptake were
mediated by a TSC2/mTOR-dependent pathway. The effect of GSK-3
inhibition on GLUT1 expression and glucose uptake was restored in
TSC2 mutant cells by transfection of a wild-type TSC2 vector, but not by
a TSC2 construct with mutated GSK-3 phosphorylation sites. Thus,
TSC2 and rapamycin-sensitive mTOR function downstream of GSK-3 to
modulate effects of GSK-3 on glucose uptake and GLUT1 expression.
GSK-3 therefore suppresses glucose uptake via TSC2 and mTOR and
may serve to match energy substrate utilization to cellular growth.
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activates S6K, leading to enhanced translation (21, 30, 31).
Conversely, active TSC2 reduces Rheb-GTP accumulation (21,
30, 31) and reduces downstream mTOR and S6K activation.
Since the tuberous sclerosis complex (TSC) is implicated in
both the insulin signaling pathway as a substrate for Akt and in
the growth regulation pathway as an upstream regulator of
mTOR and S6K, we hypothesized that GSK-3 acts via TSC2,
as a negative growth regulator, to reduce glucose uptake by
suppressing expression of GLUT1. In this report we present
data showing that GSK-3 is a negative regulator of basal
glucose uptake and GLUT1 expression and that GSK-3 exerts
its inhibitory effects through a TSC2- and mTOR-dependent
pathway.
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as nmol 䡠 min⫺1 䡠 mg protein⫺1 after correction for nonspecific uptake
in the presence of cytochalasin B.
Infection studies. Retroviral infections were performed as previously described (22, 23). Human embryonic kidney (HEK)-293 cells
at ⬃50 – 80% confluence were transfected with a retroviral vector
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MATERIALS AND METHODS

Materials and cell lines. Rat LEF cell lines were derived from
spontaneous renal tubular tumors in Long Evans Eker rats (17). Cells
from these rats have an inactivating germline mutation in the TSC2
gene (28, 45). The embryonic fibroblast cells, EEF4 (EEF126-4) and
EEF8 (EEF126-8), were derived from passages 12 to 14 of primary
explants of embryos from a single heterozygous mating of Eker rats
(25, 43). The retrovirus constructs containing TSC2 and enhanced
green fluorescent protein (EGFP) genes were previously reported (22).
TSC2-3A is a TSC2 mutant in which three of the four putative GSK-3
activating phosphorylation sites, S1337, S1341, and S1345, have been
changed to alanines (23). The A7r5 rat vascular smooth muscle cell
line was obtained from the American Type Culture Collection (CRL1444). The GLUT1 antibody was a gift from Dr. Christin Carter-Su
(University of Michigan). The anti-␤-tubulin antibody was obtained
from Upstate Biotechnology (Lake Placid, NY). Polyclonal antibodies
for phosphorylated GSK-3␣/␤Ser21/9, and total Akt were obtained
from Cell Signaling Technology (Beverly, MA). Rapamycin, a mTOR
inhibitor, was obtained from Sigma (St. Louis, MO). The GSK-3
inhibitor, SB-216763, was from BIOMOL International (Plymouth
Meeting, PA). The GSK-3␤ inhibitor, Glycogen Synthase Kinase-3␤
Inhibitor II, was obtained from Calbiochem (San Diego, CA).
[3H]-2-deoxy-glucose (2-DOG) and [3H]-3-O-methyl-glucose
(3-OMG) uptakes. EEF or LEF cells were plated in six-well plates in
Dulbecco’s modified Eagle’s medium (DMEM)/F12 medium with
10% fetal calf serum (FCS). A7r5 cells were plated on 60-mm plates
in DMEM with 10% FCS. Cells were grown to ⬃80% confluence
before treatment and 2-DOG uptake analysis. 2-DOG uptakes were
performed as previously described (32, 34). Slight protocol modifications were made in the 2-DOG protocol to accommodate rapid
equilibration when using 3-OMG. Briefly, plates were washed once
with Krebs-Ringer phosphate buffer (KRP) (in mmol/l: 128 NaCl, 5.2
KCl, 1.3 CaCl2, 2.6 MgSO4, and 10 Na2HPO4) and were then
incubated with KRP buffer supplemented with 1% BSA for 10 min to
1 h at 37°C. Drugs were added to the KRP buffer during the 1-h
incubation period for various time points as noted. The KRP buffer
was removed and replaced with 0.1 mM unlabeled 2-DOG (Sigma)
and 0.5 Ci/ml [3H]-2-DOG (Perkin Elmer, Waltham, MA) or [3H]3-OMG (Sigma Aldrich) in KRP buffer ⫹ 1% (wt/vol) BSA ⫾ 20 nM
cytochalasin B, an inhibitor of glucose transport, at 37°C for 5 min, or
room temperature for 6 s, respectively. We have found that 2-DOG
uptake is linear for at least 10 min in EEF, LEF (data not shown), and
A7r5 cell lines (32). The plates were subsequently washed twice for
5 min each time with cold KRP solution containing 200 M phloretin
to quench 2-DOG uptake. The samples were then lysed in buffer (EEF
and LEF cell lines in 10 mM Tris 䡠 HCl, pH 7.0, 150 mM NaCl, 1%
Triton X-100, and 1% SDS, and the A7r5 cell line in 0.1% SDS). A
portion of each sample was used for determination of protein concentration by a bicinchoninic acid assay (Pierce, Rockford, IL), and the
rest was used for scintillation counting. 2-DOG uptake was expressed
AJP-Cell Physiol • VOL

Fig. 1. Acute inhibition (30 min) of glycogen synthase kinase-3 (GSK-3)
activity with lithium chloride (20 mM) or SB-216763 (10 M) caused
increased [3H]-2-deoxy-glucose (2-DOG) uptake in A7r5 cells (*P ⬍ 0.05 vs.
control) (A). More chronic GSK-3 inhibition (24 h) induced glucose transporter
type 1 (GLUT1) protein expression (n ⫽ 6, *P ⬍ 0.05 vs. control) (B) as well
as 2-DOG uptake (n ⫽ 8, **P ⬍ 0.01) (C).
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pPGS-CMV-CITE-Neo expressing either wild-type TSC2, mutant
TSC2, or EGFP genes. Forty-eight hours after transfection, the media
of transfected cells were harvested and passed through a 0.45-M
filter. Polybrene (5 g/ml) was added to the viral solution before the
mixture was added to the medium of freshly split EEF8 cells. The
infection was repeated two more times at 12 and 24 h. Cells were
ready to assay 16 to 24 h after the final infection.
A nonphosphorylatable GSK-3␤ adenoviral construct (GSK3␤S9A) was a gift from Dr. Morris Birnbaum (University of Pennsylvania School of Medicine). A7r5 cells were cultured at a density of
2 ⫻ 104 cells per dish in OptiMEM media for 2 h at 37°C, and a
multiplicity of infection (MOI) of 1,000 was used to infect the cells.
After a 2-h incubation period, OptiMEM media was replaced with
DMEM ⫹ 10% FCS, and the cells were returned to 37°C for varying
time points.
Immunoblotting. Whole cell lysates were separated by SDS-PAGE
and transferred to nitrocellulose membranes. The membranes were
blocked with TBS-Tween 20 (TBS-T) and 5% milk for 1 h and placed
in primary antibody in TBS-T 5% milk overnight at 4°C (32). After
three 10-min washes in TBS-T, the appropriate horseradish peroxidase-linked secondary antibody was then added in TBS-T 5% milk
and incubated at room temperature for 1 h. Membranes were then
washed three times (10 min each) in TBS-T, subjected to an enhanced
chemiluminescence reaction (ECL), and exposed to autoradiography
film. After autoradiography, the films were scanned and quantified
using NIH ImageJ software.
Animals. Adult male Sprague-Dawley rats were obtained from
Harlan (Indianapolis, IN). Aortic lysates were prepared similarly as
described previously (2).
Statistical analysis. Data are expressed as means ⫾ SE and were
analyzed using one-way analysis of variance, followed by NewmanKeuls post hoc analysis or by Student’s t-test. Data were considered
significant at P ⬍ 0.05.
RESULTS

GSK-3 regulates acute and long-term GLUT1 expression
and 2-DOG uptake. Acute and 24-h inhibition of GSK-3 with
either LiCl (20 mM) or SB-216763 (10 M) in A7r5 cells resulted
in a progressive increase in GLUT1 expression and 2-DOG
uptake (Fig. 1). Similarly, GSK-3 inhibition for 24 or 48 h in rat
aortic explants resulted in increased GLUT1 protein expression
(Fig. 2). Moreover, adenoviral infection of A7r5 cells with a
AJP-Cell Physiol • VOL

Fig. 3. Adenoviral infection with a constitutively active GSK-3␤ for 48 h
decreased GLUT1 expression (A) and 2-DOG uptake (B) in vascular smooth
muscle cells (n ⫽ 7 each, *P ⬍ 0.05; **P ⬍ 0.01 vs. control).
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Fig. 2. GSK-3 inhibition with 20 mM lithium chloride (A) or 10 M SB216763 (B) in rat aortic explants resulted in increased GLUT1 protein expression. SMA, smooth muscle actin.

constitutively active form of GSK-3␤ (GSK-3␤S9A) for 24 h
resulted in a decrease in GLUT1 expression and 2-DOG uptake
compared with values in cells infected with the vector control
adenovirus (Fig. 3).
Inactivation of the TSC2 gene results in increased 2-DOG
uptake, GLUT1 expression, and S6K phosphorylation. Glucose
uptake in TSC2 mutant cell lines was substantially higher than
in the respective control cells (Fig. 4A). Conversely, 2-DOG
uptake was reduced in mutant cell lines acutely infected with a
wild-type TSC2 expressing retrovirus compared with those
infected with a control virus, consistent with the observation
that wild-type TSC2 constitutively inhibits glucose uptake
(Fig. 4B). To determine whether the increased rate of 2-DOG
uptake corresponded to glucose transporter expression, we
examined the levels of GLUT1 in TSC2 mutant cells. Introduction of the wild-type retroviral TSC2 vector into both TSC2
mutant cell lines caused an approximately twofold reduction in
GLUT1 protein expression (Fig. 5, A and B) and a similar
reduction in GLUT1 mRNA levels in the LEF⫹TSC2 cells
(Fig. 5C). Expression of functional TSC2 in LEF cells also led
to reduced phosphorylation on threonine 389 of S6K (Fig. 6).

GSK-3/TSC2/mTOR REGULATE GLUT1 EXPRESSION

C839

uptake in response to insulin signaling (16), insulin (100 nM)
failed to increase glucose uptake at any time point between 15
min and 2 h in either TSC2-positive or TSC2 mutant cells (data
not shown).

Downloaded from http://ajpcell.physiology.org/ by 10.220.33.3 on October 1, 2016

Fig. 4. 2-DOG uptake was increased in embryonic fibroblast cells (EEF8) and
renal cells (LEF) lacking functional tuberous sclerosis complex subunit 2
(TSC2) compared with wild-type cells (EEF4) or TSC2 mutant cells in which
a wild-type TSC2 construct was stably expressed (LEF⫹TSC2) (n ⫽ 12 each,
*P ⬍ 0.05) (A). Similarly, 2-DOG uptake was increased in TSC2 mutant cells
acutely infected with a retrovirus expressing wild-type TSC2 (EEF8⫹TSC2;
n ⫽ 14) vs. the same cells infected with a control vector (EEF8; n ⫽ 11) for
24 h (*P ⬍ 0.05 vs. TSC2-infected cells) (B).

GSK-3 regulates glucose uptake in TSC2-positive cells.
GSK-3 phosphorylates TSC2 to enhance TSC complex stability and hence TSC inhibition of mTOR (23). Therefore, we
assessed whether GSK-3 is upstream of TSC2 in the regulation
of glucose uptake by testing the effect of a GSK-3 inhibitor on
LEF cells lacking functional TSC2. Uptakes of 3-OMG also
were performed in these cells to ensure that the effects of
GSK-3 and TSC were on GLUT1-mediated transport and not
on hexokinase activity, since 2-DOG is phosphorylated by
hexokinases. Treatment of TSC2 mutant LEF cells with the
GSK-3 inhibitor SB-216763 (10 M) for 24 h did not affect
GLUT1 expression or either 2-DOG or 3-OMG uptake. However, SB-216763 treatment of LEF⫹TSC2 cells led to a significant increase in GLUT1 protein and glucose uptake (Fig. 7).
To confirm that GSK-3 is upstream of TSC2, TSC2 mutant
(EEF8) cells were infected with a wild-type TSC2 construct or
a TSC2 construct mutated at three GSK-3 phosphorylation
sites (23). 2-DOG uptake was reduced in cells infected with the
wild-type, but not with the mutant, TSC2 construct (Fig. 8).
Together, these data indicate that GSK-3 phosphorylation of
TSC2 plays a critical role in stimulating TSC2-mediated suppression of glucose uptake and that essentially all of the GSK-3
effect on glucose uptake is mediated via TSC2 in this cell
system. Despite the role of GSK-3 in glucose uptake in these
cells and the potential role of GSK-3 in mediating glucose
AJP-Cell Physiol • VOL

Fig. 5. GLUT1 protein expression was increased in the absence of functional
TSC2 in LEF cells (n ⫽ 12, **P ⬍ 0.01) (A) and in EEF8 cells (n ⫽ 3, *P ⬍
0.05) (B) when compared with cells with stable (LEF) or transient (EEF8)
expression of a wild-type TSC2 construct. GLUT1 RNA expression was also
increased in cells that do not express functional TSC2 (n ⫽ 6, *P ⬍ 0.05 vs.
LEF⫹TSC2) (C).
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Fig. 6. LEF cells that lack functional TSC2 exhibit increased S6 kinase (SK6)
phosphorylation on mammalian target of rapamycin (mTOR) C1-specific
residue, T389 (n ⫽ 8, *P ⬍ 0.05 vs. LEF⫹TSC2).

Glucose uptake in the absence of TSC2 is partly mediated by
a rapamycin-sensitive mTOR-dependent pathway. TSC inhibits
mTOR through the small G protein Rheb (21, 30, 31). Inactivation
of TSC or deletion of TSC2 is associated with an increase in
mTOR signaling (21, 30, 31). To determine whether mTOR
activation is required for the enhanced GLUT1 expression and
glucose uptake seen in TSC2 mutant cells, we treated cells with
rapamycin to inhibit mTOR signaling. Exposure to rapamycin
was restricted to 8 h instead of 24 h to eliminate possible effects
on mTORC2 activity or other nonspecific effects. After treatment
with 20 nM rapamycin for 8 h, GLUT1 protein expression was
significantly reduced compared with that in vehicle-treated cells,
but it was only slightly and statistically insignificantly reduced in
TSC2-positive cells (Fig. 9A). The effects on 2-DOG uptake
paralleled the changes in GLUT1, with rapamycin reducing uptake only in the TSC2-positive cells (Fig. 9B).
DISCUSSION

In the current report, GSK-3 was found to reduce glucose
uptake by suppressing GLUT1 expression. We also found that
chronic GSK-3 inhibition enhanced glucose uptake and GLUT1
expression in TSC2-expressing cells but not in cells lacking
functional TSC2. In addition, mutation of three GSK-3 phosphorylation sites on TSC2 abrogated the effect of GSK-3 on glucose
uptake. Finally, the increase in GLUT1 expression found in TSC2
mutant cells was prevented by the mTOR inhibitor rapamycin.
Thus the effects of GSK-3 on glucose uptake and GLUT1 were
dependent on TSC2, whereas TSC2 effects on GLUT1 were
mediated by mTOR. The chronic changes in glucose uptake and
GLUT1 expression were independent of acute insulin signaling in
the cells we studied.
In contrast to the literature on participation of GSK-3 in insulin
signaling, there have been few studies on the role of GSK-3 in the
regulation of glucose uptake in noninsulin-stimulated conditions
or in cell types in which glucose uptake is not insulin sensitive. In
one of the few reports, Nikoulina et al. (37) found that inhibition
of GSK-3 for 4 days increased both basal and insulin-stimulated
glucose uptake in skeletal muscle without changing expression of
either GLUT1 or GLUT4. Similarly, Bentley et al. (4) showed
that IL-3 stimulated translocation of GLUT1 to the cell surface of
mast cells, and Wieman et al. (42) found that this IL-3 effect on
AJP-Cell Physiol • VOL

Fig. 7. GSK-3 inhibition (24 h) with SB-216763 (10 M) increased GLUT1
expression (n ⫽ 9, **P ⬍ 0.01 vs. LEF⫹TSC2 control) (A), increased 2-DOG
uptake (n ⫽ 12 *P ⬍ 0.05 vs. LEF⫹TSC2 control) (B), and increased [3H]-3-Omethyl-glucose uptake (n ⫽ 8, **P ⬍ 0.01, *P ⬍ 0.05 vs. LEF⫹TSC2 control)
(C) only in the presence of functional TSC2.
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GLUT1 translocation was via a PI3K/Akt/GSK-3-dependent
mechanism that was not mTOR dependent. Interestingly, however, these latter investigators found that glucose uptake was
reduced by mTOR inhibition without changes in GLUT1 cell
surface levels, suggesting that mTOR enhanced the intrinsic
activity of GLUT1 transporters (42). Our results, in different cells,
under different conditions, and with different time points, contrast
with those of these previous studies. Our findings strongly support
participation of the GSK-3/TSC2/mTOR pathway in the chronic
regulation of basal GLUT1 and glucose uptake in several cell
types. We did not directly examine GSK-3/TSC2/mTOR effects
on cell surface GLUT1 expression, yet the observed effects on
total GLUT1 expression were equal to or greater than the effects
on glucose uptake, suggesting that regulation of translocation, if
present, was modest. Nonetheless, this aspect of GLUT1 regulation was not monitored in our studies and would need to be
confirmed with cell surface localization studies. By comparison,
the study of Wieman et al. (42) evaluated a FLAG-tagged transfected GLUT1, and it did not consider GSK-3 or mTOR effects
on total cellular GLUT1 expression.
Previous studies on GLUT1 regulation have included evidence that cytokines, such as IL-3, can stimulate GLUT1mediated glucose transport in mast cells via a PI3K-dependent
mechanism (4). In addition, a number of investigators have
shown that cellular metabolism and ATP availability play a
significant role in regulating GLUT1 expression and function
through both direct and indirect mechanisms. Another report
suggests that direct interaction of ATP with GLUT1-specific
peptide sequences can lead to conformational changes that
modulate transport of glucose and inhibit degradation of
GLUT1 (18, 35, 36). Moreover, studies in skeletal muscle have
shown that expression of a constitutively active form of AMP
kinase (AMPK) results in increased GLUT1 and GLUT4
protein levels (11). Direct regulation of GLUT1 by availability
of energy substrates has been reported by multiple groups.
Blodgett et al. (5) have identified GLUT1 domains that undergo conformational changes that may prolong protein longevity and alter glucose transport after direct interaction with
ATP. Other investigators have demonstrated that energy de-

Fig. 9. Rapamycin treatment (20 nM, 8 h) resulted in reduced GLUT1
expression (n ⫽ 3, *P ⬍ 0.05, vs. LEF control) (A) and 2-DOG uptake (n ⫽
12, *P ⬍ 0.05 vs. LEF control) (B) only in cells lacking functional TSC2.
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Fig. 8. Wild-type, but not mutant, TSC2 expression resulted in decreased
2-DOG uptake in EEF8 cells infected (24 h) with either a wild-type TSC2
construct (TSC2), empty control vector (Empty), or a TSC2 construct mutated
at three GSK-3 phosphorylation sites (TSC2–3A). GSK-3 inhibition (10 nM
Glycogen Synthase Kinase-3␤ Inhibitor II, 8 h) abrogated the wild-type TSC2
effect (n ⫽ 5, *P ⬍ 0.05, vs. TSC2 control).

pletion and osmotic stress activate AMPK, which, in turn,
leads to concordant increases in glucose transport and GLUT1
expression (3, 11). Further experimentation will be necessary
to ascertain whether AMPK participates in GSK-3/TSC2 regulation of GLUT1.
mTOR functions in one of two protein complexes, the
rapamycin-sensitive mTOR complex 1 (mTORC1) and the
rapamycin insensitive mTOR complex 2 (mTORC2) (20, 39,
40). mTORC1 consists of mTOR, raptor, and mLST8, whereas
mTORC2 consists of mTOR, rictor, mLST8, and Sin-1 (20,
40). Although mTORC2 has been identified as PDK2, responsible for activation of Akt by phosphorylation at serine 473
(39, 40), whether mTORC2 plays a significant role in regulation of expression and function of glucose transporters is not
known. It appears that TSC2 effects on GLUT1 expression and
glucose uptake are dependent on inhibition of mTORC1 since
the mTORC1 inhibitor rapamycin reversed the effects of TSC2
mutation or abrogation. Conversely, rapamycin had no effect
on GLUT1 expression or glucose uptake in cells lacking
functional TSC2.
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It appears that the chronic regulatory effects of GSK-3 on
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