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Introduction

Maintenance of normal glucose homeostasis results from the
precise orchestration ofthree processes: glucose absorption via
the gut, production by the liver, and utilization by nearly all
tissues in the body. In the fasting state, most ofglucose utiliza-
tion is by brain and is independent of insulin. Glucose levels
are maintained during a fast by the tightly regulated release of
glucose from the liver. Postprandially, increased insulin levels
promote enhanced glucose uptake, metabolism, and storage in
muscle and adipose cells, with skeletal muscle quantitatively
most important. The increment in insulin and decrement in
glucagon concentrations in the portal circulation inhibit he-
patic glucose production. States such as diabetes and obesity
are characterized by resistance to the effect of insulin on both
the stimulation of peripheral glucose utilization as well as the
inhibition of hepatic glucose production. Diabetes is further
marked by inadequate insulin secretion to meet the increased
demands resulting from peripheral insulin resistance.

In mammalian cells, glucose is not freely permeable across
the lipid bilayer but enters by facilitated diffusion, a process in
which specific integral membrane proteins passively transport
glucose down a concentration gradient. Glucose can also be
concentrated in epithelial cells of the intestine and the proxi-
mal tubule ofthe kidney by an active process in which Na+/glu-
cose cotransporters (reviewed in 1) utilize the electrochemical
potential ofNa' as an energy source. Molecular cloning studies
over the last seven years have revealed a family of facilitated
diffusion glucose transporter proteins which are structurally
related but are encoded by distinct genes that are expressed in a
tissue specific manner (reviewed in 2-4) (Table I). These are
structurally and genetically distinct from the Na+-linked glu-
cose cotransporters but bear considerable sequence homology
with sugar transporters in bacteria, yeast, and protozoa (3).
Recent studies have begun to unravel the mechanisms by
which facilitated diffusion transporters participate in the regula-
tion of glucose utilization in various tissues. This Perspectives
will discuss evidence that altered expression, localization, and/
or function of facilitative glucose transporters may contribute
to the pathogenesis of diseases such as diabetes.
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Genefamily offacilitated diffusion glucose transporters
Five facilitated diffusion glucose transporter genes and one

pseudogene have been identified (Table I) and a nomenclature
refers to them in the order ofcloning. GLUT 1, cloned in 1985,
is widely expressed both in tissues in which glucose transport is
acutely stimulated by insulin and in non-insulin-responsive
tissues (2-4). It is present at high levels in the blood-brain
barrier and it is the human erythrocyte glucose transporter.
GLUT3 is also widely expressed and is present at highest levels
in brain. The role ofGLUT 1 and GLUT3 in different areas of
brain is an active focus of investigation. In contrast, the tissue
distributions of GLUT2 and GLUT4 are much more re-
stricted. GLUT2 is present primarily in liver, kidney, intestine
(basolateral membrane), and pancreatic ,3 cells (2-4). With the
exception of the latter, these are all tissues in which net release
of glucose can occur. GLUT4 is unique in that it is expressed
primarily in tissues in which glucose transport is rapidly and
markedly enhanced in response to insulin, i.e., adipose cells,
cardiac and skeletal muscle (2-4). Its expression and function
are modulated by physiological factors (reviewed in 5, Tables II
and III) and its regulation may be a major determinant ofinsu-
lin responsiveness in adipose cells and muscle (see below).
GLUT5 is expressed primarily in small intestine (3). GLUT6
(renamed GLUT3P1) is a pseudogene which is not translated
into a functional protein due to the presence of multiple trans-
lation termination codons and frameshifts (3). The structures
and biochemical characteristics of these transporter isoforms
have recently been reviewed (2-4) and will be discussed here
only in the context ofthe major focus ofthis review: the regula-
tion of these transporters in vivo and their dysregulation in
disease states.

Mechanismsfor regulation ofglucose transport in different
tissues
Kinetic characteristics ofdifferent transporter isoforms. Trans-
port rate is determined by both the Vlu, maximal velocity,
and the Km which inversely reflects the affinity for glucose.
Reports of the Km of GLUT 1 vary widely (2-20 mM) and
measurements are complicated by accelerated exchange, a phe-
nomenon characterized by simultaneous changes in Vma, and
Km (2, 6, 7). Since the Km ofGLUT4 (2-10 mM) is in the range
of physiologic glucose concentrations, this transporter can be
nearly saturated in vivo and transport can be rate limiting for
glucose metabolism in tissues where GLUT4 is the major trans-
porter, i.e., muscle and adipose cells. In contrast, GLUT2 has a
Km of - 20-66 mM (2, 6). Thus, its capacity to transport glu-
cose can increase proportionally with increases in extracellular
or intracellular glucose over a range of physiological glucose
concentrations and transport does not become rate limiting in
tissues where it is the predominant transporter, i.e., liver.
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Table L Glucose Transporters in Mammalian Tissues

Regulatory
Gene Nomenclature Major sites of expression features

Facilitative

GLUT 1 Erythrocyte Many tissues; high levels in human Expression regulated by insulin, growth factors,

erythrocytes, brain, blood-brain oncogenes, glucocorticoids, cAMP, protein

barrier, placenta, kidney, colon, kinase C, glucose, sulfonylureas (review 5)

fetal tissues
GLUT2 Liver Liver, pancreatic # cells, kidney, Potential role in "glucose sensing" for insulin

small intestine secretion (review 30)
GLUT3 Brain Many tissues; high levels in brain, Developmentally disappears in muscle

placenta, kidney

GLUT4 Muscle/Fat Skeletal muscle, heart, white adipose Expression is more highly regulated in adipose

cells, brown fat cells than in muscle. Regulation of function

is important in muscle in insulin-resistant

states.
GLUT5 Small intestine Small intestine
GLUT6 (GLUT3PI) Pseudogene

Concentrative
SGLT1 Na+/glucose Small intestine-brush border

cotransporter

The rate at which different transporter isoforms transport
glucose may also depend on their intrinsic activity or glucose
turnover number which is a determinant of Vmg, . This parame-
ter has been difficult to determine with transporters in their
normal tissue context since many tissues express more than
one transporter isoform. The problem has been approached by
expressing individual transporter isoforms in Xenopus laevis
oocytes but not all isoforms insert efficiently in the oocyte
plasma membrane and quantitation of the number in the
plasma membrane is difficult (6, 7). Interpretation is further
limited by the fact that elements of the native tissue milieu
which may modulate transporter intrinsic activity may not be
present in the oocyte.

Regional expression ofglucose transporters within a tissue:
functional significance. The localized expression of different
transporter isoforms within a tissue suggests that different iso-
forms may be suited to different functions. For example,
GLUT2 in the kidney is expressed in gluconeogenic cells while
GLUT1 expression correlates with the glycolytic activity ofdif-
ferent nephron segments (8). In the liver, all hepatocytes ex-

press GLUT2 while GLUT1 expression is limited to a single
row of cells surrounding the hepatic vein under normal meta-
bolic conditions (9). With metabolic perturbations such as fast-
ing or diabetes, additional perivenous hepatocytes are "re-
cruited" to express GLUT 1 (9); the physiological significance
of this is under investigation.

Although both GLUT1 and GLUT4 are expressed in adi-
pose cells (10-15) and muscle (10, 16-18), their localization
within these tissues differs. GLUT4 is much more abundant in
rat adipose cells (14, 15), soleus muscle, and heart (16) than
GLUT 1. In contrast to adipose cells, in skeletal muscle
GLUT1 and GLUT4 appear to be primarily in different cell
types. Localization studies with fluorescently labeled antibod-
ies indicate that GLUT1 is present in very low abundance in
skeletal muscle fibers and in high abundance in the perineurial

sheath (17, 18). On the other hand, GLUT4 localizes in the
sarcolemma and within the muscle fiber (18). Electron micros-
copy studies of heart muscle demonstrate GLUT4 in a tubular
vesicular compartment associated with the trans-Golgi region
as well as in the sarcolemma (19). Such studies have been un-
able to detect GLUT 1 in muscle fibers (J. Slot, personal com-
munication). Thus, the function of GLUT1 in muscle tissue
may differ from its role in adipose cells.

The relative abundance ofGLUT4 in different muscle fiber
types and adipose cells corresponds to the glucose utilization
rates in these tissues: brown adipose tissue > heart > red mus-
cle > white muscle and white adipose tissue (20). Within skele-
tal muscle GLUT4 expression varies with muscle fiber type
and is highest in muscles enriched in type Ha (oxidative/glyco-
lytic) fibers, intermediate in muscles enriched in type I (oxida-
tive) fibers, and lowest in muscles enriched in type IIb (glyco-
lytic) fibers (21). One study found no correlation between
GLUT4 protein content and insulin-stimulated glucose up-
take, but significant correlations between GLUT4 protein con-

tent and glucose uptake stimulated either by contraction alone
or in combination with insulin (21). In human skeletal muscle
which is a relatively homogeneous mixture of fiber types,
GLUT4 levels correlate inversely with the percent type IIb (gly-
colytic) fibers (22). These findings are consistent with the level
of GLUT4 expression being one important determinant of
maximally stimulated glucose transport activity in skeletal
muscle.

Subcellular distribution: targeting to different cellular com-
partments. Targeting ofdifferent transporter isoforms to differ-
ent cellular compartments is another mechanism for regulating
transporter function. Thus, although both GLUT 1 and
GLUT4 polypeptides are present in adipose cells, their subcel-
lular distribution differs importantly. These two transporters
probably reside primarily in different intracellular vesicles ( 14,
23) which may play a role in cellular targeting. In the basal state
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(absence of insulin) GLUT 1 transporters are distributed rela-
tively evenly between the plasma membrane and low density
microsomal pool whereas GLUT4 transporters are almost en-
tirely in an intracellular pool (I 1, 20). This sequestration of
GLUT4 provides a reserve mechanism by which muscle and
adipose cells can rapidly and greatly alter glucose utilization in
response to hormonal stimulae, especially insulin. In contrast,
GLUT2 in liver, pancreatic d cells, and the basolateral mem-
branes of intestine and renal tubular epithelium is detectable
immunocytochemically only in the plasma membrane. This
distribution combined with its inherent high Km (low affinity
for glucose) provides these tissues with the ability to alter the
rate of glucose transport over a wide range of ambient glucose
concentrations. This transporter participates in both glucose
influx and efflux in liver and kidney so these tissues can modu-
late ambient glucose levels under many metabolic conditions.

Modulation of the level of transporter expression. Expres-
sion of various transporter isoforms appears to be regulated at

both pretranslational and posttranslational steps. In rat and
human adipose cells in states such as fasting or diabetes, de-
creased insulin-stimulated glucose transport may be due to de-
creased GLUT4 synthesis due to depressed mRNA levels (10-
13, 24-26). Refeeding fasted rats or insulin treating diabetic
rats increases GLUT4 mRNA levels and restores GLUT4 pro-
tein levels compared to control. In contrast, GLUTI mRNA
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and protein levels are unaltered with diabetes. However, with
insulin treatment GLUT1 mRNA levels in adipose cells in-
crease while GLUT 1 protein remains unchanged (11). This
suggests posttranscriptional regulation ofGLUT 1 with insulin
treatment and demonstrates divergent regulation oftwo trans-

porter isoforms within a single cell type.
In skeletal muscle of rats made diabetic by injection of a :

cell toxin, streptozotocin, levels of GLUT4 mRNA decrease
before GLUT4 protein levels fall (18). This indicates a longer
half-life of the GLUT4 protein than the mRNA and suggests
that at this time in the course of diabetes, posttranscriptional
factors are important in regulating GLUT4 levels in muscle.
GLUT2 in liver also appears to be regulated mainly posttran-
scriptionally since GLUT2 mRNA levels are depressed with
fasting and diabetes and elevated with refeeding with minimal
alteration in GLUT2 protein levels (27). In contrast, in pancre-
atic d cells from several rodent models of diabetes, GLUT2
protein is decreased (28-30). This is one of many demonstra-
tions oftissue specific regulation ofthe expression ofindividual
glucose transporter isoforms.

Tissue-specific regulation ofglucose transporter expression.
One of the most important examples of tissue specific regula-
tion of glucose transporters occurs in skeletal muscle and adi-
pose cells offasted and diabetic rats. Although GLUT4 mRNA
and protein levels are markedly decreased in adipose cells (10,
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Figure 1. (A) Sequence of events involved in insulin stimulation ofglucose transport in muscle and adipose cells: (1) insulin binding to its receptor
in the plasma membrane initiates a cascade of signals resulting in (2) the translocation of glucose transporters from an intracellular pool asso-
ciated with membrane vesicles to the plasma membrane where they (3) dock, (4) fuse, and (5) are further activated ([A] adapted from [44]). (B)
Potential functional defects contributing to insulin-resistant glucose transport in muscle in diabetes, obesity. and other insulin-resistant states.
Defects may involve (1) deficient signaling, (2) impaired translocation, (3) persistent "docking" without fusion, (4) partial fusion rendering
transporters cryptic with inadequate exposure to the extracellular milieu, or (5) reduced activation of transporters.
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Table II. Insulin-stimulated Glucose Transport and GLUT4 Protein Levels in Adipose Cells and Muscle in Altered Metabolic States:
Rodent Models

Adipose cells Muscle

Metabolic Glucose GLUT4 Glucose GLUT4
state transport* protein uptaket protein

Fasting 4 4(26) 4 (26)
Obesity-Dietary

High fat 4 4(74) 4
High calorie/carbohydrate - (74)

Obesity-Genetic
Zucker fa/fa t,4§(32, 34) 4 - (32, 33)

Diabetes
Streptozotocin 4 4(10, 11, 24) 4 -,4" (18, 31, 37)
Partial Pancreatectomy 4 4(46) 4
Genetic db/db 4 -o (49) 4 (49)

Insulin-infused normal t t (75) 4(35)
Insulin-treated diabetic tt t (10, 11) - (18, 31)
Phlorizin-treated diabetic' _- 46(46)
Exercise t t (76) t t (64)

All data are compared to corresponding ad lib. fed, nondiabetic littermates.
* 3-O-methylglucose or 2-deoxyglucose transport was measured in isolated adipose cells after incubation with maximally stimulating concentra-
tions of insulin.
* Glucose uptake into muscle in vivo was measured by euglycemic insulin clamp at maximally stimulating insulin concentrations or
insulin tolerance test.
§ GLUT4 levels are increased initially but decrease at 20 wk of age.
GLUT4 levels are normal initially but decrease subsequently.
Phlorizin treatment normalizes blood glucose in diabetic rats without restoring insulin levels.

-- No change from control levels.
References are for GLUT4 levels. In some cases transport and uptake data are from earlier studies which are reviewed in the designated references.

11, 24-26), GLUT4 protein levels are increased in hindlimb
muscle of fasted (26) rats and unaltered initially in muscle of
streptozotocin diabetic rats, even when significant insulin resis-
tance is evident in vivo (18, 31). Subsequently, levels of
GLUT4 decrease in muscle ofdiabetic rats but much later than
in adipose cells, suggesting that in muscle a functional defect in
transporters precedes the decrease in gene expression. Within
muscle, red fibers are much more susceptible than white fibers
to the ultimate effect of diabetes on GLUT4 expression (31).
Tissue-specific regulation of GLUT4 is evident not only in in-
sulinopenic models of insulin-resistant glucose uptake but also
in models which display metabolic characteristics more similar
to human obesity and type II diabetes such as the Zucker fa/fa
rat, a model ofgenetic obesity with endogenous hyperinsuline-
mia (Table II) (32-34). The mechanisms by which this tissue
specific regulation is achieved may involve specific DNA bind-
ing proteins.

Cellular mechanisms for hormonal stimulation ofglucose
transport in adipose cells and muscle
Translocation ofglucose transporters. In adipose cells, skeletal
muscle, and heart, glucose transport increases rapidly after
briefexposure to insulin (reviewed in 35-38). A major mecha-
nism for this increase is the exocytotic-like translocation of
glucose transporters from a large intracellular pool associated
with specific membrane vesicles (23, 39) to the plasma mem-
brane (Fig. 1 A). Both GLUT 1 and GLUT4 are translocated to
the plasma membrane in response to insulin, but the magni-
tude of the response differs greatly (1 1, 20, 23). Insulin expo-

sure of adipose cells results in a marked 10 to 20-fold increase
in GLUT4 in the plasma membrane with a smaller 1.5- to
3-fold increase in GLUT1 (1 1, 20). Electron microscopic stud-
ies using immunogold labeling of GLUT4 report a 40-fold

Table III. Insulin-stimulated Glucose Transport and GLUT4
Protein Levels in Adipose Cells and Musclefrom Humans
in Altered Metabolic States

Adipose cells Muscle

Metabolic Glucose GLUT4 Glucose GLUT4
state transport* protein uptaket protein

Obesity 4 is (12, 13) 4 -1 (59, 62)
NIDDM 44 44(12, 13) 44 - (59, 60)
IDDM 4 - 4 (61)
Exercise - t t (22)

All data are compared to age-matched, lean, nondiabetic controls.
NIDDM muscle data show the same results when also compared to
obese nondiabetic controls.
* 3-O-methylglucose transport was measured in isolated adipose cells
after incubation with maximally stimulating concentrations ofinsulin.
* Glucose uptake into muscle in vivo was measured by euglycemic
insulin clamp at very high physiologic or maximally stimulating in-
sulin concentrations.
I One study ( 13) found a 30% decrease which was not statistically
significant.
11 One study (62) found a 23% decrease in abdominal rectus muscle
but no change in vastus lateralis muscle.
-. No change from control levels.
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translocation of GLUT4 in brown adipose cells (40) and in
heart ( 19).

Glucose transporterfunctional activity. Under certain con-
ditions, glucose transport in adipose cells (35, 36, 41) and mus-
cle (38) is not proportional to the measured number ofglucose
transporters in the plasma membrane. This has been proposed
to reflect inadequate purification of subcellular membrane
fractions so that transporter levels are falsely elevated in plasma
membranes from cells in the basal state due to contamination
with intracellular membranes which are highly enriched in
transporters. However, such discrepancies have been observed
even with labeling oftransporters in intact cells using either an
exofacial antibody (41) or an impermeant bis-mannose com-
pound (42, 43). Kinetic studies confirm V,., effects which
have been attributed to alterations in glucose transporter in-
trinsic activity (moles of glucose transported/transporter per
unit time). Studies with the bis-mannose compound (42) ex-
tend earlier results (44) indicating that an activation step may
be necessary for full stimulation ofglucose transport by insulin
(Fig. 1 A). Furthermore, these studies suggest that GLUT4
transporters are constantly cycling between the plasma mem-
brane and an intracellular pool in the presence of insulin (42,
43). The different activation states ofGLUT4 may result from
alterations in the accessibility of transporters to glucose as a
result of altered configuration in the plasma membrane (S.
Vannucci, personal communication).

Modulation ofglucose transporter intrinsic activity appears
important physiologically as it has been observed in adipose
cells from rats refed after fasting (45) and from insulin-treated
diabetic rats (5, 1 1). It is the major mechanism for reversal of
insulin resistance in adipose cells of diabetic rats in which
blood glucose is normalized using phlorizin (46), which blocks
renal tubular reabsorption of glucose. Thus, changes in am-
bient glucose levels seem to alter the intrinsic activity of
GLUT4 in adipose cells while insulin levels per se modulate
GLUT4 expression (5). Modulation ofGLUT4 intrinsic activ-
ity has also been demonstrated in skeletal muscle (38). The
biochemical nature of this intrinsic activity change is un-
known. One study suggests that sialic acid residues may play a
role (47). Although studies have examined whether changes in
the phosphorylation state ofGLUT4 affects its intrinsic activ-
ity (48), the stoichiometry suggests that this is not the case.

Functional defects contribute to in vivo insulin resistance.
Functional defects in transporters (Fig. 1 B) appear particularly
important in skeletal muscle in vivo. In spite of insulin-resis-
tant glucose transport in both the insulinopenic and hyperinsu-
linemic states discussed above, levels of the major transporter
GLUT4 are similar to control (Tables II and III) (18, 32-34,
49). This strongly supports the concept that circulating or local
factors antagonize the function (including translocation) of
glucose transporters in muscle under these in vivo conditions.
This hypothesis stems from earlier studies (reviewed in 18)
showing normal or increased insulin-stimulated glucose up-
take in perfused hindlimb or isolated muscle from fasted (50,
51) and diabetic rats (51, 52) in spite of in vivo insulin resis-
tance. Although other studies have demonstrated diminished
insulin-stimulated glucose transport in muscle ofdiabetic rats,
the defect reverses with incubation of the muscle in Krebs-
Henseleit bicarbonate buffer (53), again suggesting that circu-
lating factors may inhibit glucose uptake in muscle in vivo.

Although GLUT4 number has been reported to be decreased

in some streptozotocin diabetic rat models (37), a functional
defect precedes the fall in GLUT4 (18) and in hyperinsuline-
mic models, the functional defect appears to be most impor-
tant (32-34, 49).

Such functional defects (Fig. 1 B) may involve impaired
translocation of transporters as suggested in a preliminary re-
port in muscle of obese Zucker rats (54), "docking" of vesicles
at the plasma membrane so that they are physically associated
but not fused, partial fusion or altered configuration of trans-
porters in the plasma membrane rendering them cryptic with
inadequate exposure to the extracellular milieu, or reduced ac-
tivation of transporters. The activation state ofthe transporter
may be affected by factors extrinsic to the transporter such as
the composition of associated membrane vesicles (55), charac-
teristics of the cytoskeleton, or the presence of chaperone pro-
teins affecting fusion ofthe vesicle with the plasma membrane
and exposure to the extracellular milieu. Evidence is accumu-
lating for the role ofsmall molecular weight GTPases in vesicle
translocation and membrane fusion (56) and a recent report
demonstrated potential involvement of a GTPase in the trans-
location ofGLUT4 in adipose cells (57).

Dysregulation ofglucose transporters in human diabetes

Insulin-resistant glucose transport in peripheral tissues. Stimu-
lation of glucose transport by insulin is markedly impaired in
adipose cells from humans with non-insulin-dependent dia-
betes mellitus (NIDDM)' (12) and this defect reverses with
insulin treatment (35, 58). Recent evidence demonstrates a
striking decrease in GLUT4 mRNA and protein levels in adi-
pose cells from obese humans and an even greater reduction in
obese NIDDM subjects (12, Table III). Interestingly, the
GLUT4 mRNA levels in humans with impaired glucose toler-
ance but not overt diabetes are as low as those in NIDDM
subjects, suggesting that pretranslational suppression of
GLUT4 expression in adipose cells occurs very early in the
development of the diabetic state. A study of morbidly obese
subjects failed to detect an effect of obesity alone but showed a
65% decrease in GLUT4 levels in morbidly obese NIDDM
subjects compared to lean controls (13).

However, in humans GLUT4 expression is subject to tis-
sue-specific regulation as described above for insulin resistant
animal models. The profound changes in GLUT4 expression
in adipose cells are not observed in skeletal muscle (vastus la-
teralis) of obese nondiabetic subjects or lean or obese NIDDM
subjects (59, 60) or in subjects with insulin-dependent diabetes
mellitus (IDDM) (61) (Table III). One study (62) found a mini-
mal decrease in GLUT4 in abdominal rectus muscle of mor-
bidly obese subjects but the effect was much smaller than the
impairment in glucose transport and was not present in vastus
lateralis. Additionally, no significant differences in GLUT 1
mRNA levels are observed in muscle of obese or diabetic sub-
jects (59, 61). Since muscle is the tissue responsible for - 80%
ofinsulin mediated glucose disposal in vivo (63), the insulin-re-
sistant glucose uptake characteristic of obesity and NIDDM
cannot be attributed to altered expression of GLUT4 or
GLUT 1. Studies are in progress to determine whether im-
paired translocation, fusion with the plasma membrane or acti-

1. Abbreviations used in this paper: IDDM, insulin-dependent diabetes
mellitus; NIDDM, non-insulin-dependent diabetes mellitus.
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vation ofGLUT4 (Fig. 1) may be responsible for in vivo insu-
lin-resistant glucose transport. Such defects may result from a
more proximal lesion in the insulin signaling pathway.

It is possible to modulate GLUT4 levels in skeletal muscle
of normal humans (22) and those with impaired glucose toler-
ance (Hughes, V. A., B. B. Kahn, P. R. Shepherd, D. Elahi, and
W. J. Evans, unpublished data) by chronic exercise training.
Exercise training also increases levels of GLUT4 mRNA and
protein in muscle of normal rats (64) and obese Zucker rats
(33). This could be part of the mechanism for the decreased
incidence ofNIDDM in high risk subjects who are physically
active (65, 66). GLUT4 levels in skeletal muscle correlate with
one index of insulin sensitivity based on oral glucose tolerance
testing (22), and with maximally insulin-stimulated glucose dis-
posal measured by euglycemic insulin clamp in young, healthy
subjects (67).

Potential role Jor glucose transporters in impaired insulin
secretion. One ofthe intriguing, well-established characteristics
of the insulin secretory defect in NIDDM is its selectivity for

glucose-stimulated insulin secretion with normal insulin secre-

tion in response to other secretagogues. Recent studies suggest
a potential role for GLUT2 as part of the "glucose sensing
apparatus" to elicit insulin secretion. GLUT2 expression is de-
creased in A cells from rats with experimental or spontaneous
diabetes (28-30) but increased in rats made hyperglycemic by
glucose infusion (68). One study showed a correlation between
the level of GLUT2 expression and glucose transport in iso-
lated islets (29). The potential role ofGLUT2 in ,B cells in the
decreased insulin secretory response to glucose in both type I

and type II diabetes has recently been reviewed (30). The field
is complicated by evidence suggesting another low Km glucose
transporter in islets which is not GLUT 1 or GLUT4 (69).

Potential rolefor glucose transporters in increased hepatic
glucose production. The potential role of altered glucose trans-

porter expression or function in the paradoxically increased
hepatic glucose production characteristic of diabetes is unclear
since glucose transport is not rate limiting for hepatic glucose
metabolism. The increased rows ofperivenous hepatocytes ex-

pressing GLUT1 in diabetic rats (9, see above) could affect
gradients of glucose across the hepatic bed; the significance of
this is speculative.

Glucose transporter mutations in human disease

One example of a human disease resulting from a genetic de-
fect in a glucose transporter has been identified. Glucose/galac-
tose malabsorption in an inbred Syrian family appears to result
from a single missense mutation at base pair 92 ofexon 1 ofthe
Na+/glucose cotransporter (70). This mutation does not inter-
fere with membrane assembly of the transporter when ex-

pressed in Xenopus oocytes but obliterates Na'-dependent
transport of alpha-methyl-D-glucopyranoside, a specific sub-
strate for the Na+/glucose cotransporter. Since this mutation is
not present in other families with glucose/galactose malabsorp-
tion, heterogeneity of molecular defects must underlie this dis-
ease.

Since insulin-resistant glucose uptake in peripheral tissues
is a hallmark ofNIDDM and GLUT4 is the major transporter
in these tissues, investigators have screened subjects with
NIDDM for mutations in GLUT4 (71, 72). Only one mutation
and one silent polymorphism have been found. A substitution
ofthe amino acid isoleucine for valine at position 383 in exon 9

was present in one of 60 NIDDM subjects examined in one
study (71) and 3 of 190 NIDDM subjects in another study (72).
The functional significance of this mutation is not yet known.
Importantly, it is uncommon and other mutations in the cod-
ing region of the GLUT4 gene are unlikely in the vast majority
of cases of NIDDM (72). The impairment in insulin-stimu-
lated glucose transport in NIDDM is probably due in part to
hyperglycemia, since it is partially reversed with good glycemic
control (35, 58) and it is also observed in IDDM and in animal
models ofinsulin-deficient diabetes (1 1, 12, 46) in which resto-
ration ofeuglycemia without insulin therapy results in normal-
ization of insulin-stimulated glucose transport and in vivo glu-
cose disposal (46).

Recently, mutations in GLUT1 have been proposed in two
children with seizures refractory to antiepileptic medication,
hypoglycorrhachia (low cerebrospinal fluid glucose), and devel-
opmental delay (73). Presence of normal plasma glucose and
cerebrospinal fluid lactate levels and resolution ofseizures with
a ketogenic diet suggested a reduction in glucose transport
across the blood-brain barrier. Glucose transport and GLUT1

concentrations were reduced in erythrocytes which express
high levels ofGLUT 1, the major transporter in the blood-brain
barrier. Erythrocytes from one patient also showed markedly
reduced immunoreactivity to a GLUT 1 antibody, indicating a
potential structural change in GLUT 1 which could result from
a mutation in the GLUT1 gene. Sequencing of the GLUT 1

genes from these patients will determine whether a genetic de-
fect is responsible for the disorder.

Future directions
The observations discussed above indicate that biological com-
plexity has evolved to allow specific regulation of different glu-
cose transporter isoforms in a tissue-specific manner and even
in a regional manner within specific tissues. Alterations in ex-
pression oftransporters may contribute to disease states such as
diabetes, but changes in the function and subcellular distribu-
tion of transporters are also key (Fig. 2). Studies now need to
focus on the cellular and molecular mechanisms which under-
lie: (a) tissue specific expression of transporters; (b) targeting of

Alterations in Glucose Transporters

Figure 2. Mechanisms contributing to the insulin-resistant glucose
transport characteristic of states such as obesity and diabetes. Insulin
resistance results, in part, from alterations in glucose transporter ex-

pression, subcellular distribution, and various functional characteris-
tics.

1372 B. B. Kahn



transporters to different cellular compartments, as well as (c)
the key signaling pathways essential for transporter transloca-
tion, fusion with the plasma membrane, and activation. In in-
sulin-responsive tissues, the signals which couple insulin bind-
ing to its receptor with stimulation of glucose transport need
further elucidation. Such studies will lead to a deeper under-
standing ofthe pathogenesis ofdiabetes and potentially to new
therapeutic approaches.
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