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The purpose of this study was to define the role of
metabolic regulatory genes in the pathogenesis of vascular lesions. The glucose transporter isoform, GLUT1,
was significantly increased in the neointima after balloon injury. To define the role of GLUT1 in vascular
biology, we established cultured vascular smooth muscle cells (VSMCs) with constitutive upregulation of
GLUT1, which led to a threefold increase in glucose
uptake as well as significant increases in both nonoxidative and oxidative glucose metabolism as assessed by
13
C–nuclear magnetic resonance spectroscopy. We hypothesized that the differential enhancement of glucose
metabolism in the neointima contributed to formation
of lesions by increasing the resistance of VSMCs to
apoptosis. Indeed, upregulation of GLUT1 significantly
inhibited apoptosis induced by serum withdrawal (control 20 ⴞ 1% vs. GLUT1 11 ⴞ 1%, P < 0.0005) as well as
Fas-ligand (control 12 ⴞ 1% vs. GLUT1 6 ⴞ 1.0%, P <
0.0005). Provocatively, the enhanced glucose metabolism
in GLUT1 overexpressing VSMC as well as neointimal
tissue correlated with the inactivation of the proapoptotic kinase, glycogen synthase kinase 3␤ (GSK3␤).
Transient overexpression of GSK3␤ was sufficient to
induce apoptosis (control 7 ⴞ 1% vs. GSK3␤ 28 ⴞ 2%,
P < 0.0001). GSK3␤-induced apoptosis was significantly
attenuated by GLUT1 overexpression (GSK3␤ 29 ⴞ 3%
vs. GLUT1 ⴙ GSK3␤ 6 ⴞ 1%, n ⴝ 12, P < 0.001), suggesting that the antiapoptotic effect of enhanced glucose metabolism is linked to the inactivation of GSK3␤.
Taken together, upregulation of glucose metabolism during intimal lesion formation promotes an antiapoptotic
signaling pathway that is linked to the inactivation of
GSK3␤. Diabetes 50:1171–1179, 2001
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he risk of restenosis and atherosclerosis after
balloon angioplasty is significantly elevated in
individuals with diabetes (1–3). This suggests a
potential link between vascular smooth muscle
cell (VSMC) glucose metabolism and the progression of
lesion formation. However, the contributing role of glucose metabolism to the process of vascular lesion formation in the nondiabetic population has not been defined.
Recent in vivo studies from our laboratory and others
indicate that intimal VSMCs seem to have an intrinsic
resistance to apoptosis (4 – 6). We hypothesized that a
component of the intrinsic property of intimal VSMCs to
survive was related to a significant alteration in metabolic
regulatory pathways.
VSMCs exhibit unusually high rates of glucose utilization and lactate production under normal, well-oxygenated conditions (7,8). Glucose metabolism seems to be an
important determinant of vascular reactivity (9). Moreover, recent work from our laboratory has demonstrated
that hyperglycemia inhibits medial VSMC apoptosis in the
murine carotid artery in response to a reduction in blood
flow (10). Thus, we postulated that adaptive alterations in
glucose regulatory pathways and metabolism contributed
to the antiapoptotic phenotype of neointimal VSMCs.
Glucose transport is the rate-limiting step in glucose
metabolism and is controlled through a family of glucose
transporter proteins (GLUT1–GLUT7) with GLUT1 being
the predominant isoform in VSMCs (11,12). The regulation
of GLUT1 in VSMCs during the formation of vascular
lesions remains to be defined. Accordingly, the first aim of
this study was to determine whether VSMC glucose metabolism and gene expression were altered with the progression of lesion formation.
Previous studies simulating the perturbations of glucose
metabolism observed in diabetes have suggested that
abnormal glucose metabolism influences vascular biology
(13). Exposure to high extracellular concentrations of
glucose is associated with growth of VSMCs in vitro and in
vivo (13). However, the influence of alterations in glucose
transporter expression on VSMC glucose metabolism and
cell biology is unclear. The present study uses nuclear
magnetic resonance (NMR) spectroscopy to clarify the
influence of glucose transport on VSMC metabolism in the
context of normal extracellular concentrations of glucose.
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The cellular signaling pathways by which changes in
glucose metabolism modulate VSMC biology are poorly
understood. There is evidence to suggest that the induction of growth factors as well as mediators such as protein
kinase C may play a role (13–15). Recent work has also
suggested that glucose regulates the serine-threonine kinase, GSK3␤ (16). GSK3␤ was originally identified as one
of many enzymes involved in the complex regulation of
glycogen metabolism (17,18). However, GSK3␤ is now
known to also play a critical role in protein synthesis (19),
cell fate determinations (20,21), and dorsoventral axis
formation in Xenopus (22,23). Activation of GSK3␤ has
been shown to be proapopoptic (21). Antiapoptotic factors, including insulin, fibroblast growth factor, and epidermal growth factor, have been shown to inactivate GSK3␤
through phosphorylation of a serine residue at position 9
(19,24,25). Considering the multifactorial nature of GSK3␤,
we hypothesized that regulation of GSK3␤ may be a critical
component linking metabolism to cell fate in the vasculature.
This is the first study to demonstrate that glucose
transport and metabolism are differentially upregulated in
the progression of lesion formation. Furthermore, this
shift in glucose metabolism seems to be coupled to the
regulation of antiapoptotic signaling pathways, in part
through the inactivation of GSK3␤. The notion that cellular
glucose transport and metabolism are involved in orchestrating VSMC fate in the nondiabetic context is a novel
concept and may have important implications for the
contributing role of metabolism in vascular disease.
RESEARCH DESIGN AND METHODS
Balloon-distention injury. Male New Zealand White rabbits (2.5– 4 kg) and
male Sprague-Dawley rats (⬃300 g) were used for all experiments in accordance with protocols approved by the Standing Committee on Animals at
Harvard Medical School. Animals were anesthetized with an intramuscular
injection of xylazine and ketamine hydrochloride. The left common carotid
artery was exposed via a 6-cm midline cervical incision. A 2-Fr Fogarty
embolectomy balloon catheter was inserted retrograde through the internal
carotid artery, inflated, and withdrawn to the carotid artery bifurcation as
described previously (5). After a 4-week period to allow formation of a
neointima, animals were killed by intravenous overdose of pentobarbital
and both carotid arteries were rapidly excised. Both injured and uninjured
vessels were opened en face, and the endothelial lining was gently removed
before snap-freezing. In the injured vessel, the neointimal layer was gently
dissected from the medial lining under a dissecting microscope and rapidly
snap-frozen.
Cell culture. The clonal A7r5 rat aortic VSMCs were purchased from ATCC
(Rockville, MD) and subcultured in Dulbecco’s modified Eagle’s medium
(DMEM) with 10% fetal bovine serum (FBS; Gibco Life Technologies, Grand
Island, NY) plus 1% penicillin/streptomycin (Gibco Life Technologies).
VSMCs were plated on 6-well Nunc plates in DMEM ⫹ 10% FBS for 48 h, at
which time cells were near-confluent. Apoptosis was induced by serum withdrawal or treatment with Fas-ligand (100 ng/ml) (recombinant human Fasligand; Upstate Biotechnology, Lake Placid, NY) in the presence of 2% FBS and
a mouse IgG Fas-ligand enhancer protein (Upstate Biotechnology).
Transfection strategies
Transient transfection. A7r5 VSMCs were transiently cotransfected using
Lipofectamine PLUS (Gibco Life Technologies) according to the manufacturer’s directions with a transfection efficiency of 15–20%. Cells were transfected
with an expression vector containing the full-length GLUT1 cDNA (M. Mueckler, Washington University, St. Louis, MO) or an empty control vector, pcDNA3.1,
along with the reporter gene, green fluorescent protein (GFP; Gibco Life
Technologies). A subset of studies involved the transfection of an expression
vector containing the full-length wild-type GSK3␤ cDNA (18). Transient expression of this vector results in a significant increase in GSK3␤ activity (18).
All expression vectors were driven by cytomegalovirus promoters.
Stable transfection. Stable VSMC lines overexpressing GLUT1 were constructed using a retroviral transfection technique. A retroviral expression plas1172

mid (pDOJ-GT1) containing the rat GLUT1 cDNA encoding the entire coding
region as well as 17 and 97 bp of 5⬘- and 3⬘-nontranslated sequences (M.
Birnbaum, University of Pennsylvania, Philadelphia, PA) was transiently
transfected into the 293T-cell-derived Phoenix packaging cell line (G. Nolan, Stanford University, Stanford, CA) by calcium phosphate according to the
manufacturer’s directions (Promega, Madison, WI). A retroviral expression
plasmid, pLEIN, encoding the reporter gene GFP (Clonetech, Palo Alto, CA),
was similarly transfected into 293T-cells to create control transfected VSMC
lines. Viral supernatant was harvested 24 –72 h posttransfection, passed
through a 2-m filter, and directly applied to A7r5 VSMCs, after which G418
(500 g/ml) was added. Upregulation of GLUT1 was confirmed by Western
blotting, whereas GFP expression was tracked in living cells by fluorescent
microscopy.
Western blotting. Equal amounts of protein were loaded and run on 12%
polyacrylamide gels as described previously (10). Membranes were probed
with various primary antibodies for the GLUT1 (L. Goodyear, Chemicon
International, Temecula, CA), GLUT4 (IF8 clone; Biogenesis, Kingston, NH),
total GSK3␤ (Quality Controlled Biochemicals, Hopkinton, MA), and ser9
phosphorylated GSK3␤ (Quality Controlled Biochemicals), followed by exposure to respective secondary horseradish peroxidase–linked antibodies (goat
anti-rabbit, Transduction Labs, Lexington, KY; sheep anti-mouse, Amersham,
Arlington Heights, IL). Membranes were treated with an enhanced chemiluminescent detection reagent and exposed to film. India ink was used to verify
equal protein loading and transfer on all membranes. Computer-assisted
imaging analysis was performed using Scion Image (PC version of NIH Image,
Frederick, MD).
Quantitation of apoptosis. VSMC apoptosis was assessed by staining with
the nuclear chromatin dye H33342 and quantitating the percentage of apoptotic nuclei in each sample (400 cells counted per sample) as described previously (10). Our laboratory has performed extensive validation of this assay in
vivo and in vitro with many other techniques for assessing apoptotic cell death
(5,6,10,26). The percentage of apoptotic nuclei in transiently transfected VSMC
was assessed in the GFP-positive transfected subset of cells by staining with
H33342 and identifying the percentage of apoptotic nuclei in the transfected
population expressing GFP (75 GFP-positive cells counted per sample) as
described previously (10,21).
Cell-cycle analysis. Cell-cycle analysis was assessed by fluorescence-activated cell sorter in transiently transfected GLUT1 or control transfected
VSMC after a 24-h exposure to low serum– containing media (1% FBS)
followed by stimulation with 10% FBS for 24 h.
Metabolic assays
Glucose uptake. Glucose uptake was quantitated with 2-[3H]-deoxy-D-glucose (Du Pont–NEN, Boston, MA) as described previously (27). Briefly, cells
in six-well plates were washed five times with phosphate-buffered solution
(PBS), and incubated in PBS for 20 min before the addition of 1 Ci/ml
radiolabeled deoxy-D-glucose. Cytochalasin B was added to a subset of wells
to determine specific carrier-mediated glucose uptake. Uptake was linear between 2.5 and 10 min; thus, subsequent measurements were taken at 5 min.
Uptake was immediately stopped by rinsing five times with ice-cold PBS. Cells
were air-dried, solubilized in 1N NaOH, and counted in a ␤-counter. Data are
expressed as glucose uptake in the absence of cytochalasin B minus uptake in
the presence of cytochalasin B.
Glucose concentrations. Whole-tissue glucose concentrations in snapfrozen medial and neointimal specimens as well as in cell culture media
(DMEM) were analyzed using an enzymatic spectrophotometric assay (HK-50;
Sigma, St. Louis, MO). Glucose consumption of cultured VSMCs was calculated by subtracting the glucose concentration in the collected media from the
initial glucose concentration in the media (5.5 mmol/l).
ATP content. Cellular ATP content was measured using a luciferase-based
enzymatic assay from Boehringer Mannheim (Indianapolis, IN) according to
the manufacturer’s directions.
NMR. 13C-NMR spectroscopy was used to characterize alterations in glucose
metabolism as a result of stable upregulation of GLUT1 in VSMCs. The normal
concentrations of glucose and pyruvate in DMEM media were replaced with
5.5 mmol/l uniformly labeled 13C-glucose ([U-13C]glucose) and 1 mmol/l
[3-13C]pyruvate. Metabolism of [U-13C]glucose and [3-13C]pyruvate results in
the formation of [1,2-13C]acetyl-CoA and [2-13C]acetyl-CoA, respectively. From
acetyl-CoA, the 13C-label is transferred to the various tricarboxylic acid (TCA)
cycle intermediates. The concentrations of the TCA cycle intermediates are
below the level of detection by 13C-NMR spectroscopy. However, the concentration of glutamate is high enough to be observed and is in exchange with the
TCA cycle via ␣-ketoglutarate and aspartate aminotransferase. Thus, measurement of the 13C-label incorporation into glutamate can be used as an index
of entry of 13C-labeled acetyl-CoA into the TCA cycle. Using the phenomenon
of spin-spin coupling, it is possible to determine the relative contributions of
different 13C-acetyl-CoA molecules to the overall TCA cycle flux, as described
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FIG. 1. GLUT1 and GLUT4 protein expression, as well as total tissue
glucose content, are upregulated in isolated neointimal tissue. A:
Representative Western blot for GLUT1 protein in rat carotid artery
tissue specimens. Vessels were harvested 4 weeks after balloon injury,
and the neointimal tissue was dissected away from the vessel. Representative Western blot for medial tissue was collected from an uninjured, contralateral vessel. B: GLUT1 protein in rabbit carotid artery
tissue specimens 4 weeks after injury. C: GLUT4 protein in rabbit
carotid artery tissue specimens 4 weeks after injury. D: Tissue glucose
content is significantly increased in isolated neointima versus media
tissue specimens. (media, 0.017 ⴞ 0.003 mol glucose/mg protein versus
neointima, 0.035 ⴞ 0.007 mol glucose/mg protein, n ⴝ 12, P < 0.01).

RESULTS

in detail by Malloy et al. (28). These techniques have been used to study
metabolism in intact tissues and organs as well as cells in culture (29 –31). In
addition to incorporation into acetyl-CoA, both glucose and pyruvate can be
converted to lactate. [U-13C]glucose leads to the formation of [U-13C]lactate,
and [3-13C]pyruvate to [3-13C]lactate. Thus, 13C-NMR spectroscopy also allows
determination of the relative contributions of exogenous glucose and pyruvate
to lactate formation. 13C-NMR resonances of glycogen are distinct from glucose;
therefore, conversion of [U-13C]glucose into glycogen can also be determined.
VSMCs with stable upregulation of GLUT1 or GFP were incubated in the
labeled media for 24 h under serum-free conditions. Media were harvested and
deproteinized and stored at ⫺80°C before analysis. Cells were extracted in 6%
perchloric acid (PCA) and centrifuged at 4,000g, and the protein-free supernatant was neutralized with KOH. The neutralized extract was stored at
⫺80°C before analysis. Frozen superfusates were freeze-dried and resuspended in deuterium oxide, and the pH was adjusted to ⬃7.0.
Spectra of extracts were collected on a Bruker MSL 500-WB spectrometer
(Billerica, MA) equipped with an 11.85-T magnet using a 10-mm broad-band
probe as described previously (30). The relative contributions of glucose and
pyruvate to acetyl-CoA entry into the TCA cycle were determined from the
analysis of glutamate isotopomer distribution (30) using software developed
and provided by Dr. Mark Jeffrey (TCAcalc; University of Texas Southwestern
Medical Center, Dallas, TX).
Statistical analysis. Comparisons between two groups were analyzed via a
Student’s t test (P ⬍ 0.05), and comparisons between three or more groups
were analyzed via analysis of variance with a Student-Newman-Keuls post-hoc
test (P ⬍ 0.05). Data are presented as means ⫾ SE.
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Upregulation of GLUT and glucose utilization in neointimal tissue. GLUT1 protein content was significantly
increased in isolated neointimal tissue compared with
specimens of media tissue harvested from a ballooninjured carotid artery of a rat (Fig. 1A). We performed
identical balloon injuries in the rabbit and detected similar
increases in GLUT1 protein expression (Fig. 1B). Imaging
analysis confirmed the significant upregulation of GLUT1
(normal uninjured vessel 638 ⫾ 61 mean arbitrary units vs.
neointima 3,546 ⫾ 615 mean arbitrary units, n ⫽ 4, P ⬍
0.04). In addition, GLUT4 protein expression was also
significantly elevated in the rabbit neointima (Fig. 1C)
(control uninjured vessel 1,260 ⫾ 101 mean arbitrary units
vs. neointima 5,370 ⫾ 720 mean arbitrary units, n ⫽ 4, P ⬍
0.03). The increase in GLUT1 and GLUT4 protein expression was accompanied by a significant elevation in total
tissue glucose in neointimal tissue specimens compared
with the media tissue specimens (media 0.017 ⫾ 0.003 mol
glucose/mg protein vs. neointima 0.035 ⫾ 0.007 mol
glucose/mg protein, n ⫽ 12, P ⬍ 0.01) (Fig. 1D). Considering the well-defined role of GLUT1 in basal-mediated
glucose uptake in VSMC, we focused on the role of GLUT1
in mediating adaptive changes in VSMC remodeling.
GLUT1 upregulation significantly increases glucose
uptake. We established several rat A7r5 VSMC isolates
with constitutively upregulated GLUT1 expression using a
retroviral expression strategy (Fig. 2A). In parallel, the
reporter gene, GFP, was used to establish several control
isolates. GLUT4 was unaltered in response to constitutive
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FIG. 2. GLUT1 protein expression and glucose uptake measurements in
A7r5 VSMCs with constitutively upregulated GLUT1 expression. A:
GLUT1 protein is significantly enhanced after stable transfection with
a GLUT1 expression vector in several VSMC isolates. B: Glucose uptake, as measured with the radiolabeled glucose analog, 2-[3H]-deoxyD-glucose, is significantly elevated after constitutive upregulation of
GLUT1 in cultured rat VSMCs (GFP, 7,015 ⴞ 555 cpm 䡠 minⴚ1 䡠 mg
proteinⴚ1 versus GLUT1, 19,844 ⴞ 495 cpm 䡠 minⴚ1 䡠 mg proteinⴚ1, n ⴝ
6, P < 0.0001). Data are expressed as means ⴞ SE.

upregulation of GLUT1. Glucose uptake was determined
with the radiolabeled glucose analog, 2-[3H]-deoxy-D-glucose. Experiments were performed in the absence and
presence of the fungal metabolite cytochalasin B, which
inhibits facilitated glucose transport. As expected, upregulation of GLUT1 resulted in a threefold increase in facilitated glucose uptake (GFP 7,015 ⫾ 555 cpm 䡠 min⫺1 䡠 mg
protein⫺1 vs. GLUT1 19,844 ⫾ 495 cpm 䡠 min⫺1 䡠 mg protein⫺1, n ⫽ 6, P ⬍ 0.0001) (Fig. 2B). Glucose uptake in
control transfected cells in the presence of cytochalasin
B was 585 ⫾ 123 cpm 䡠 min⫺1 䡠 mg protein⫺1 for control
transfected cells and 2,501 ⫾ 400 cpm 䡠 min⫺1 䡠 mg protein–1 for GLUT1-transfected cells, thus clearly demonstrating a specific significant increase in facilitated glucose
uptake into VSMCs after GLUT1 upregulation.
We also assessed cellular glucose consumption in
VSMCs with upregulated GLUT1 or GFP expression by
assessing the loss of glucose in the media. Indeed, glucose
consumption was significantly elevated in VSMCs with
upregulated GLUT1 expression after 48 h (GFP 92.5 ⫾ 3.2
mol/l glucose 䡠 h–1 䡠 mg–1 protein vs. GLUT1 115.8 ⫾ 2.1
mol/l glucose 䡠 h–1 䡠 mg–1 protein, n ⫽ 6, P ⬍ 0.001). Thus,
constitutive upregulation of GLUT1 in cultured VSMCs
resulted in increases in intracellular glucose similar to that
of neointimal tissue.
Metabolic profile of VSMC with upregulated GLUT1
expression
13
C-NMR spectroscopy. After glucose has entered the
cell, it may enter several pathways, including glycogen
synthesis, glycolysis, and the TCA cycle. Figure 3A shows
a typical 13C-NMR spectrum of a VSMC extract after incubation with [U-13C]glucose and [3-13C]pyruvate for 24 h.

FIG. 3. A: High-resolution 13C-NMR spectrum of a control cell extract prepared as described in RESEARCH DESIGN AND METHODS. The resonances are
identified as follows: 1 ⴝ C1-glucose – ␣, ␤-anomers; 2 ⴝ C2, C3, C4, C5-glucose; 3 ⴝ C6-glucose; 4 ⴝ C2-glutamate; 5 ⴝ C2-glutamine; 6 ⴝ
C2-aspartate; 7 ⴝ C3-aspartate; 8 ⴝ C4-glutamate; 9 ⴝ C3-glutamate; 10 ⴝ C3-lactate; 11 ⴝ C3-alanine. B: Region 8, the C4-glutamate resonances,
has been expanded to demonstrate the isotopomer splitting pattern; the resonances are identified using the nomenclature as defined by Malloy
et al. (28). The C4Q and C4D45 result from the metabolism of [U-13C]glucose, whereas the C4D34 and C4S are from the metabolism of
[3-13C]pyruvate.
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TABLE 1
Percent contributions of glucose, pyruvate, and unlabeled substrates to acetyl-CoA entry into the TCA cycle

GFP
GLUT1
P

Glucose

Pyruvate

Unlabeled

Unlabeled ⫹
pyruvate

56.0 ⫾ 1.7
60.9 ⫾ 1.0
0.045

28.3 ⫾ 1.7
26.1 ⫾ 2.5
NS

15.7 ⫾ 2.6
13.0 ⫾ 1.8
NS

44.0 ⫾ 1.7
39.1 ⫾ 1.0
0.045

Data are means ⫾ SE, n ⫽ 4. Metabolism of [U-13C]glucose results in
the formation of [1,2-13C]acetyl-CoA, whereas [3-13C] pyruvate will
lead to [2-13C]acetyl-CoA. From acetyl-CoA, the 13C-label is transferred to various TCA cycle intermediates as well as to glutamate,
which is in exchange with the TCA cycle. For a specific combination
of unlabeled, [2-13C]-, and [1,2-13C]-labeled acetyl-CoA, there is a
unique labeling pattern observed in the high-resolution 13C-NMR
spectrum. Analysis of the 13C-isotopomer splitting pattern enables
the calculation of the relative contributions of the different 13Clabeled acetyl-CoA molecules to the TCA cycle, which directly
reflects the relative contributions of the different substrates to
acetyl-CoA formation. Analysis of the glutamate isotopomer distribution was performed as described in RESEARCH DESIGN AND METHODS.

Resonances from glucose, glutamate, aspartate, lactate,
and alanine are all clearly evident. Incorporation of 13Clabel into glutamate and aspartate from transamination of
the TCA cycle intermediates ␣-ketoglutarate and oxaloacetate, respectively, indicates the metabolism of 13C-labeled
glucose and pyruvate into the TCA cycle. In all of the
samples, resonances from 13C-glycogen were below the
limit of detection. This suggests that, under the conditions
of these experiments, VSMCs convert very little, if any,
glucose to glycogen.
In Fig. 3B, the C4-glutamate resonance has been expanded to show the multiplet structure. The resonances
identified as C4D45 and C4Q arise from the metabolism of
[U-13C]glucose and the C4D34 and C4S from metabolism
of [3-13C]pyruvate. Analysis of this multiplet structure, in
combination with that from the C2- and C3-glutamate
resonances, yields the relative contributions of glucose
and pyruvate to the TCA cycle via acetyl-CoA (30).
Results from the NMR analysis are listed in Table 1. In
the control transfected cells (GFP), glucose contributed
56.0 ⫾ 1.7% acetyl-CoA entering the TCA cycle and 28.3 ⫾
1.7% pyruvate. Approximately 15.7 ⫾ 2.6% acetyl-CoA
originated from unlabeled substrates, presumably as a result of oxidation of amino acids present in the cell culture
medium. In the GLUT1 transfected cells, there was a small
but significant increase in the contribution of [U-13C]glucose to acetyl-CoA entry into the TCA cycle (60.9 ⫾ 1.0%).
This was matched by a decrease in the contributions of
both [3-13C]pyruvate and unlabeled substrates.
From our NMR analysis, we were also able to calculate
the proportion of lactate originating from glucose. There
were no differences in the fraction of lactate originating
from glucose in the control and GLUT1 stable transfectants (63.9 ⫾ 1.1 vs. 65.4 ⫾ 2.0%). However, at the end of
the incubation, the ratio of [U-13C]glucose to [U-13C]lactate in the culture medium was significantly decreased in
VSMCs with upregulated GLUT1 (GFP 6.5 ⫾ 0.1 vs. GLUT1
5.5 ⫾ 0.2, P ⬍ 0.005). A decrease in this ratio is consistent
with an increase in glucose consumption and/or an increase in lactate production. These results are consistent
with the increased glucose consumption we demonstrated
in the VSMCs with increased GLUT1 expression.
DIABETES, VOL. 50, MAY 2001

The total protein contents of the cell extracts for the
NMR studies were not significantly different between the
GLUT1 and control (GFP) groups (3.7 ⫾ 0.3 vs. 4.1 ⫾ 0.3
mg, respectively). Therefore, the differences in the contribution of glucose to the TCA cycle and the ratio of [U-13C]glucose to [U-13C]lactate cannot be accounted for by differences in cell number.
ATP. To determine whether an upregulation in GLUT1
content affected cellular ATP content, we used a luciferase-based ATP assay to compare ATP content in VSMCs.
Cells were exposed to growth media for 48 h followed by
24 h in serum-free media to recapitulate identical conditions for the NMR and apoptosis experiments listed above.
No significant differences in cellular ATP content were
found (GFP 13.8 ⫾ 0.6 nmol/mg protein vs. GLUT1 14.0 ⫾
0.3 nmol/mg protein, n ⫽ 5, NS). Exposure of VSMCs to
growth media for 72 h also had no significant effect on ATP
content (GFP 13.1 ⫾ 0.4 nmol/mg protein vs. GLUT1
12.9 ⫾ 0.7 nmol/mg protein, n ⫽ 5, NS).
Enhanced glucose uptake and metabolism inhibits
apoptosis and promotes growth. We were intrigued by
the observation that intimal VSMCs exhibit a constitutive
upregulation of GLUT1 expression in association with a
resistance to apoptosis in vivo (5,6). We hypothesized that
enhanced glucose uptake and metabolism are sufficient for
increasing the resistance of VSMCs to apoptosis. As an
initial test of this postulate, VSMCs with upregulated
GLUT1 or the control transgene (GFP) were exposed to
serum-free media for a period of 20 h. Constitutive upregulation of GLUT1 inhibited the percentage of VSMCs undergoing apoptosis in response to serum withdrawal (control
transfected 20 ⫾ 1% vs. GLUT1 11 ⫾ 1%, n ⫽ 6, P ⬍ 0.0005)
(Fig. 4). This antiapoptotic effect of upregulated GLUT1
expression was also demonstrated in two additional
GLUT1 transfected VSMC isolates. As a further test of our
hypothesis, we transiently upregulated GLUT1 and found a
similar inhibition of apoptosis in response to serum withdrawal (control transfected 41 ⫾ 3% vs. GLUT1 28 ⫾ 2%,
n ⫽ 8, P ⬍ 0.002).
Considering the local expression of the proapoptotic
mediator, Fas, within neointimal lesions (32–34), we also
tested whether the constitutive upregulation of GLUT1

FIG. 4. Upregulation of GLUT1 significantly inhibits apoptosis induced
by serum withdrawal (control transfected [GFP] 20 ⴞ 1% vs. GLUT1
11 ⴞ 1%, n ⴝ 6, P < 0.0005). The percentage of apoptotic nuclei was
assessed 20 h after serum withdrawal by staining with H33342. Data
are expressed as means ⴞ SE.
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FIG. 7. A: Representative Western blot demonstrating enhanced phosphorylated (ser9) GSK3␤ protein expression in neointima (lanes 2, 4,
and 6) versus isolated media (lanes 1, 3, and 5). B: Total GSK3␤
protein expression was unchanged between neointima and media.

FIG. 5. Upregulation of GLUT1 significantly inhibits apoptosis induced
by Fas-ligand (control transfected [GFP] ⴙ Fas-ligand, 12 ⴞ 1% vs.
GLUT1 ⴙ Fas-ligand 6 ⴞ 1.0%, n ⴝ 8, P < 0.0005). The percentage of
apoptotic nuclei was assessed 20 h after treatment by staining with
H33342. Data are expressed as means ⴞ SE.

was protective against this proapoptotic stimulus. VSMCs
were assessed for apoptosis 20 h after treatment with Fasligand (100 ng/ml) in low serum in the presence of a Fasligand enhancer protein (mouse IgG). Consistent with the
serum-withdrawal data, constitutive upregulation of GLUT1
also inhibited apoptosis in response to Fas-ligand (control
[GFP] ⫹ Fas-ligand 12 ⫾ 1% vs. GLUT1 ⫹ Fas-ligand 6 ⫾
1.0%, n ⫽ 8, P ⬍ 0.0005) (Fig. 5). These data suggest that
upregulated glucose transport and metabolism protects
VSMCs from apoptosis, thereby potentiating lesion formation.
To address the role of GLUT1 upregulation on VSMC
growth, we performed cell-cycle analysis. Indeed, upregulation of GLUT1 resulted in a significant increase in the
percentage of cells in S, G2, and M phases of the cell
cycle (GLUT1 43 ⫾ 6% vs. control [GFP] 22 ⫾ 1%, n ⫽ 3,
P ⬍ 0.022) (Fig. 6).
Differential regulation of GSK3␤. Catalytically active

FIG. 6. Upregulation of GLUT1 results in a significant increase in entry into the cell cycle. VSMCs transiently upregulated with GLUT1 or
a control vector (GFP) were exposed to low serum– containing media
for 24 h, followed by stimulation with 10% FBS for 24 h. GLUT1 upregulation resulted in a significant increase in the percentage of cells
in the S, G2, and M phases of the cell cycle. Data are presented as
means ⴞ SE.
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GSK3␤ phosphorylates glycogen synthase and inhibits
glycogen storage (18). Recent work has also demonstrated
that catalytically active GSK3␤ induces apoptosis (21).
Considering the dual function of this enzyme, we hypothesized that it may be playing a role as a critical mediator
linking a nutrient signal to the fate of VSMCs. To test this
postulate, we compared total and phosphorylated (ser9)
GSK3␤ protein expression in neointimal versus medial
tissue specimens. As seen in Fig. 7A, phosphorylation of
GSK3␤ on ser9 was significantly enhanced in neointimal
tissue, whereas total GSK3␤ expression was unchanged
(Fig. 7B).
To determine whether the increased phosphorylation of
GSK3␤ in the neointima was driven by alterations in the
metabolic profile of these cells, we assessed GSK3␤ phosphorylation in our GLUT1 overexpressing VSMCs. Indeed,
the phosphorylated form of GSK3␤ was significantly increased in GLUT1 overexpressing cells under fully supplemented conditions (Fig. 8A) as well as after 6 h of serum
withdrawal (Fig. 8B). Total GSK3␤ protein expression was
unchanged. This suggested that the enhanced phosphorylation state of GSK3␤ in the neointima was, in part, a
consequence of the enhanced glucose metabolism in these
cells. These findings are consistent with the working hypothesis that enhanced glucose metabolism promotes
VSMC viability by inactivating the proapoptotic kinase
GSK3␤.
To elucidate the regulation of GSK3␤ as a determinant
of VSMC fate, we simulated GSK3␤ activation by transiently upregulating the catalytically active form of GSK3␤
and assessing the effect on VSMC apoptosis. Indeed,
upregulation of GSK3␤ was sufficient to induce apoptosis
in VSMC (Fig. 9) (control 7 ⫾ 1% vs. GSK3␤ 28 ⫾ 2%, n ⫽
12, P ⬍ 0.0001). To test our postulate that enhanced glucose transport and metabolism inhibited VSMC apoptosis
through the inactivation of GSK3␤, we transiently cotransfected GSK3␤ along with GFP in control previously untransfected cells and cells with stable upregulation of
GLUT1. In accord with our postulate, VSMCs with constitutively upregulated GLUT1 expression were less suscep-

FIG. 8. Representative Western blots demonstrating enhanced phosphorylated GSK3␤ protein expression in A7r5 VSMCs with constitutive
upregulation of GLUT1 or the control transgene (GFP) under fully supplemented conditions (A) as well as after 6 h of serum withdrawal (B).
DIABETES, VOL. 50, MAY 2001

J.L. HALL AND ASSOCIATES

FIG. 9. Transient upregulation of catalytically active GSK3␤ induces
apoptosis in A7r5 VSMCs. The percentage of apoptotic nuclei was
assessed 20 h after serum withdrawal by staining with H33342 (control
transfected 7 ⴞ 1% vs. catalytically active GSK3␤ 28 ⴞ 2%, n ⴝ 12, P <
0.0001). Data are expressed as means ⴞ SE.

tible to GSK3␤-induced apoptosis compared with control
VSMCs (control 29 ⫾ 3% vs. GLUT1 6 ⫾ 1%, n ⫽ 12, P ⬍
0.001) (Fig. 10). Moreover, GSK3␤-mediated apoptosis was
also inhibited in VSMCs with transient upregulation of
GLUT1 (GLUT1 6 ⫾ 2%, n ⫽ 6, P ⬍ 0.001). Taken together,
these experiments indicate that enhanced glucose transport stimulates the phosphorylation and inactivation of the
proapoptotic mediator GSK3␤, in association with enhanced VSMC survival.
DISCUSSION

We have demonstrated that GLUT1 protein and intracellular glucose are differentially elevated in neointimal VSMCs
compared with medial VSMCs after balloon injury. To
understand the link between metabolic signaling and
lesion formation, we created cultured VSMCs with constitutive upregulation of GLUT1. Upregulation of GLUT1
resulted in increases in both nonoxidative and oxidative
glucose metabolism, as assessed by 13C-NMR spectroscopy. This enhanced glucose transport and utilization was
sufficient to inhibit apoptosis induced by serum withdrawal as well as Fas-ligand. The inhibition of apoptosis in
response to two mechanistically distinct proapoptotic
stimuli suggests a fundamental effect on the final common
pathways regulating cell death. The coordinate increase in
cell proliferation and decrease in VSMC apoptosis provides a mechanism by which enhanced glucose transport
and metabolism may promote vascular lesion formation.
Coincident with the upregulation in GLUT1 expression
in neointimal tissue and cultured VSMC was a significant
increase in the phosphorylation state and, hence, inactivation of the proapoptotic mediator GSK3␤. Transient
expression of active GSK3␤ was sufficient to induce
apoptosis in VSMCs. However, GSK3␤-induced apoptosis
was significantly attenuated by upregulation of GLUT1.
Thus, our data suggest that an elevation in GLUT1 concordant with increased glucose uptake and metabolism activates an antiapoptotic signaling pathway that seems to be
linked to the phosphorylation and inactivation of GSK3␤ in
the vasculature.
This is the first study to demonstrate differential reguDIABETES, VOL. 50, MAY 2001

lation of metabolic gene expression in neointimal VSMCs
versus medial VSMCs after balloon injury. After vascular
injury, a subset of medial VSMCs migrates into the lumen
and is phenotypically modified from a contractile, differentiated state to a synthetic, “de-differentiated” phenotype
(35–37). Considering that the risk of restenosis and atherosclerosis after balloon angioplasty is significantly elevated in diabetic individuals (1–3), we postulated that a
component of the phenotypic modulation involved altered
metabolic signaling pathways. Indeed, we found an upregulation in glucose transport, resulting in significant
increases in intracellular glucose in the neointimal population. It is noteworthy that neoplastic transformation is
often associated with a similar upregulation of glucose
transporters (38).
We demonstrated a threefold increase in VSMC glucose
uptake as a result of upregulating GLUT1. This significant
upregulation of glucose transport is similar to findings in
other cell systems in which GLUT1 has been upregulated,
including proximal tubule-like cells, skeletal muscle, and
the heart (39 – 41). To characterize the flux of glucose in
VSMCs with upregulated GLUT1 content, we used 13CNMR spectroscopy. Upregulated glucose transport resulted in significant increases in the contribution of
glucose to lactate (nonoxidative) and acetyl-CoA formation (oxidative). In contrast, glucose incorporation to
glycogen was unchanged. To our knowledge, this is the
first study to examine the effect of increased glucose
transport on flux through both nonoxidative and oxidative
pathways in VSMCs.
Studies from our laboratory and others have suggested
that neointimal VSMCs are more resistant to apoptosis
compared with medial VSMCs (4 – 6). We hypothesized
that the differential upregulation of glucose transport and
metabolism in neointimal VSMCs was a sufficient driving
force to enhance survival of this VSMC population. Indeed,
this study demonstrates that the upregulation of glucose
transport significantly inhibits the percentage of VSMCs
undergoing apoptosis in response to both serum with-

FIG. 10. Constitutive upregulation of GLUT1 inhibits GSK3␤-induced
VSMC death. The percentage of apoptotic nuclei was assessed 24 h
after transient transfection of catalytically active GSK3␤ by staining
with H33342 and determining the percentage of apoptotic nuclei in the
transfected subset (GFP-positive). Controls were A7r5 VSMC transiently cotransfected with a control vector ⴙ GSK3␤ (control 29 ⴞ 3%
vs. GLUT1 6 ⴞ 2%, n ⴝ 6, P < 0.001). Data are expressed as means ⴞ
SE.
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drawal and Fas-ligand. Our findings support previous work
from our laboratory and others in VSMCs, proximal tubule-like cells, and the myocardium, demonstrating that
glucose metabolism is of critical importance for cell
survival (10,41– 43).
To our knowledge, this is the first study to demonstrate
a regulatory role for GSK3␤ as a critical mechanistic
mediator linking nutrient signaling pathways and cell fate.
Moreover, the description of alterations in GSK3␤ phosphorylation in the vasculature has not been described
previously. The enhanced phosphorylation of GSK3␤ in
the isolated neointima is intriguing. Given the observation
that GSK3␤ was also significantly enhanced in VSMCs stably transfected with GLUT1 suggests that the regulation of
GSK3␤ in neointimal VSMCs may be mediated, in part, by
the altered metabolic profile of these cells. A recent
finding demonstrating inactivation of GSK3␤ by elevated
glucose concentrations in rat hepatocytes lends support to
our findings (16). Clearly, growth factors such as insulin,
IGF-I, fibroblast growth factor, and epidermal growth
factor may also be involved in the regulation. The mechanism linking increases in glucose metabolism with the
inactivation of GSK3␤ is currently unknown. Future lines
of investigation will be needed to define the regulation of
GSK3␤ activity by glucose metabolism and the role of
GSK3␤ as a determinant of fate in VSMCs.
It is noteworthy that the significant alterations in the
regulation of GSK3␤ activity were not associated with detectable alterations in either glycogen content in isolated
neointimal versus medial samples or cultured VSMCs. This
is not surprising, considering the complex enzymatic signaling cascade involved in glycogen regulation. The role of
vascular glycogen stores and its regulation remains a poorly characterized area of vascular biology. Our findings that
GSK3␤ induces apoptosis supports and extends earlier
work in nonvascular cells (21), demonstrating that the
proapoptotic influence of GSK3␤ is contextual and determined by growth factors and glucose metabolism.
In summary, we have found that glucose transport and
metabolism are differentially upregulated in the process of
intimal lesion formation. Moreover, we have provided evidence to support a role for GSK3␤ regulation as a novel
mechanistic link between upregulated glucose metabolism
and an antiapoptotic cellular signaling pathway in VSMCs.
These findings may have important implications for understanding the contributing role of metabolism in the process of occlusive macrovascular disease and may begin to
help us understand the mechanisms underlying the elevated risk of restenosis and atherosclerosis in the diabetic
population.
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