
doi:10.1152/ajpendo.00712.2009
 298:E141-E145, 2010. First published 15 December 2009;Am J Physiol Endocrinol Metab

Bernard Thorens and Mike Mueckler
Glucose transporters in the 21st Century

You might find this additional info useful...

50 articles, 27 of which can be accessed free at:This article cites 
 http://ajpendo.physiology.org/content/298/2/E141.full.html#ref-list-1

3 other HighWire hosted articlesThis article has been cited by 

 
 [PDF] [Full Text] [Abstract]

, August , 2011; 142 (2): 211-220.Reproduction
Antonina I Frolova and Kelle H Moley
physiological roles
Glucose transporters in the uterus: an analysis of tissue distribution and proposed
 

 [PDF] [Full Text] [Abstract]
, March 1, 2012; 23 (5): 910-917.Mol. Biol. Cell

Ju Youn Kim and Konstantin V. Kandror
The first luminal loop confers insulin responsiveness to glucose transporter 4
 

 [PDF] [Full Text]
, April 15, 2012; 302 (8): C1071-C1072.Am J Physiol Cell Physiol

Thomas W. Balon
proton-activated currents but does not transport sugar''

 Focus on ''Mouse SGLT3a generatesSGLT and GLUT: are they teammates?

including high resolution figures, can be found at:Updated information and services 
 http://ajpendo.physiology.org/content/298/2/E141.full.html

 can be found at:AJP - Endocrinology and Metabolismabout Additional material and information 
http://www.the-aps.org/publications/ajpendo

This information is current as of June 12, 2012.
 

http://www.the-aps.org/.
20814-3991. Copyright © 2010 by the American Physiological Society. ISSN: 0193-1849, ESSN: 1522-1555. Visit our website at
organization. It is published 12 times a year (monthly) by the American Physiological Society, 9650 Rockville Pike, Bethesda MD 

 publishes results of original studies about endocrine and metabolic systems on any level ofAJP - Endocrinology and Metabolism

 on June 12, 2012
ajpendo.physiology.org

D
ow

nloaded from
 

http://ajpendo.physiology.org/content/298/2/E141.full.html#ref-list-1
http://ajpcell.physiology.org/content/302/8/C1071.full.html
http://ajpcell.physiology.org/content/302/8/C1071.full.pdf
http://www.molbiolcell.org/content/23/5/910.abstract.html
http://www.molbiolcell.org/content/23/5/910.full.html
http://www.molbiolcell.org/content/23/5/910.full.pdf
http://www.reproduction-online.org/content/142/2/211.abstract.html
http://www.reproduction-online.org/content/142/2/211.full.html
http://www.reproduction-online.org/content/142/2/211.full.pdf
http://ajpendo.physiology.org/content/298/2/E141.full.html
http://ajpendo.physiology.org/


Glucose transporters in the 21st Century

Bernard Thorens1 and Mike Mueckler2

1Department of Physiology and Center for Integrative Genomics, University of Lausanne, Lausanne, Switzerland;
and 2Department of Cell Physiology, Washington University of St. Louis, St. Louis, Missouri

Submitted 2 December 2009; accepted in final form 10 December 2009

Thorens B, Mueckler M. Glucose transporters in the 21st Century. Am J
Physiol Endocrinol Metab 298: E141–E145, 2010. First published December 15,
2009; doi:10.1152/ajpendo.00712.2009.—The ability to take up and metabolize
glucose at the cellular level is a property shared by the vast majority of existing
organisms. Most mammalian cells import glucose by a process of facilitative
diffusion mediated by members of the Glut (SLC2A) family of membrane transport
proteins. Fourteen Glut proteins are expressed in the human and they include
transporters for substrates other than glucose, including fructose, myoinositol, and
urate. The primary physiological substrates for at least half of the 14 Glut proteins
are either uncertain or unknown. The well-established glucose transporter isoforms,
Gluts 1–4, are known to have distinct regulatory and/or kinetic properties that
reflect their specific roles in cellular and whole body glucose homeostasis. Separate
review articles on many of the Glut proteins have recently appeared in this journal.
Here, we provide a very brief summary of the known properties of the 14 Glut
proteins and suggest some avenues of future investigation in this area.

glucose transporter proteins; myoinositol transporters; urate transporters

Glucose as a Substrate and a Regulator of Metabolic
Pathways

As a major product of the carbon fixation carried out by
photosynthetic organisms, glucose is undoubtedly one of the
most abundant biological molecules on the earth, existing
mostly in various polymerized forms such as cellulose. Mech-
anisms have consequently evolved to utilize glucose as a major
catabolic and anabolic substrate for the great majority of extant
organisms in all three kingdoms.

In higher organisms, the preservation of energetic integrity
requires adaptation to external resources and extensive inter-
organ communication. In this context, glucose has acquired a
role as a signaling molecule to control glucose and energy
homeostasis. Glucose can regulate gene transcription, enzyme
activity, hormone secretion, and the activity of glucoregulatory
neurons.

The transcription factor carbohydrate response element-
binding protein (ChREBP) mediates the effect of glucose on
glycolytic and lipogenic gene expression (32). Glucose flux
through the glucosamine pathway regulates the activity of tran-
scription factors by promoting their O-GlcNAcylation (16). Gly-
colysis, through the production of NAD�, modulates the activity
of the Sirt1 deacetylase, which has emerged as an important
regulator of gene transcription (49). Glucose metabolism via the
production of acetyl-CoA induces histone modifications, re-
sulting in epigenetic control of gene expression (44).

In pancreatic �-cells, glucose is the principal regulator of
insulin secretion, and, in the brain, groups of glucose-sensitive
neurons are activated or inhibited by rises in glucose concen-

trations. These neurons are involved in the control of feeding,
energy expenditure, and glucose homeostasis (27).

These various glucoregulatory functions are usually second-
ary to glucose uptake, a step that, in most tissues (with the
notable exception of hepatocytes and pancreatic �-cells), is
controlled by the level of glucose transporter expression at the
cell surface. The existence of multiple glucose transporter
isoforms, with different kinetic properties and regulated cell
surface expression, provides the basis for the fine tuning of
glucose uptake, metabolism, and signal generation in order to
preserve cellular and whole body metabolic integrity.

Glucose Transporters

In an attempt to explain the isomeric specificity and satura-
bility of glucose uptake into human red blood cells that had
been observed 30 years previously, LeFevre (23) in 1948 was
the first to postulate that a specific component within the
cellular plasma membrane was required for the transfer of
glucose across the lipid bilayer. In the early 1950s, Widdas
(45) proposed a mobile carrier mechanism to explain the
observed kinetics of glucose transport across sheep placenta,
but it was not until the 1970s that glucose transport was
demonstrated to be mediated by a protein embedded in the
erythrocyte plasma membrane that could be partially purified
and functionally reconstituted into proteoliposomes (2, 20).
The cloning of cDNA encoding the red cell glucose transporter
(Glut1) occurred in 1985 (29), and 13 related members of the
SLC2A (Glut) protein family have subsequently been identi-
fied in the human (41).

The Glut protein family belongs to the Major Facilitator
Superfamily (MFS) of membrane transporters (31). Well over
5,000 members of the MFS have been identified to date,
encompassing all three kingdoms. Indeed, the authors are
unaware of a single organism that does not appear to express
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multiple members of the MFS. Most Glut proteins catalyze the
facilitative (energy-independent) bidirectional transfer of their
substrates across membranes, and they may exhibit either
symmetric or asymmetric transport kinetics. Gluts are proteins
of �500 amino acids and are predicted to possess 12 trans-
membrane-spanning alpha helices and a single N-linked oligo-
saccharide. The Glut family members can be grouped into
three different classes based on their sequence similarities (18).

A series of reviews on many of the Glut proteins has recently
appeared in the American Journal of Physiology - Endocrinol-
ogy and Metabolism (4, 5, 8, 10, 19, 25, 35, 36). In this article,
we briefly summarize the key features of the 14 Glut family
members and provide some subjective comments on the cur-
rent status of the glucose transporter field.

Glut1

Glut1 is undoubtedly one of the most intensively studied of
all membrane transport proteins. The structure, mechanism,
and kinetics of transport via this protein have been the subject
of many hundreds of studies conducted over the past several
decades (4). Despite this attention, we still know little of the
precise three-dimensional structure of Glut1 and very little
concerning how this protein transports sugars across lipid
bilayer membranes (30). Although the crystal structures of
three bacterial members of the MFS have been published (1,
15, 48), these data are of little value in elucidating the structure
of Glut proteins at the atomic level because of the lack of
sequence similarity among different families that comprise the
MFS (24). It is therefore imperative to obtain high-resolution
crystal structures of glucose transporters in different confor-
mational states if we are to understand their mechanism of
action.

Of what value would knowledge of the structure and mech-
anism of Glut1 be? First, Glut1 catalyzes the rate-limiting step
in supplying cells of the central nervous system with glucose,
an essential fuel for these cells. The ability to acutely upregu-
late Glut1 activity might be a very useful strategy to counter
the effect of strokes due to arterial blockage as well as the
damage that occurs to cardiomyocytes during cardiac infarc-
tion (50). Although many more examples could be mentioned,
a second and inverse application reflects the observation that
Glut1 is frequently upregulated during oncogenesis in many
different tissue types (13), a process that is probably essential
for tumors to grow beyond a size limited by their glycolytic
capacity (the Warburg effect). The rational design of isoform-
specific inhibitors of glucose transport is of obvious interest in
this regard.

Glut2

Glut2 has a uniquely high Km for glucose (�17 mM), and it
is expressed at a very high level in pancreatic �-cells and in the
basolateral membranes of intestinal and kidney epithelial cells
and of hepatocytes (38). This ensures fast equilibration of
glucose between the extracellular space and the cell cytosol at
all physiological or diabetes-associated glycemic levels. In
these cells, the rate of glucose metabolism is controlled at the
glucose phosphorylation step. Thus, usually, modulation of
Glut2 surface expression does not regulate metabolism except
if its reduction is sufficient to limit glucose access to the
hexokinases, as can happen in diabetic conditions in �-cells

(39). In intestine, Glut2 may also reach the apical surface in the
presence of high luminal glucose concentration to increase
glucose absorption (21).

In pancreatic �-cells, rises in blood glucose concentrations
trigger insulin secretion, and in hepatocytes, glucose induces
the expression of glycolytic and lipogenic genes. Absence of
Glut2 prevents glucose-stimulated insulin secretion by �-cells
and the regulation of glucose-sensitive gene expression in
hepatocytes. Studies with gene knockout mice have indicated
that Glut2 is also required for the function of glucose sensors
present in the hepatoportal vein area and in the central nervous
system. These sensors appear to control glucagon secretion,
feeding behavior, insulin secretion, and peripheral tissue glu-
cose uptake (27).

In their review, Leturque et al. (25) propose that Glut2 is
also a glucose receptor that controls diverse cellular functions.
This contention is based on the observation that transgenic
mice that express a fusion protein consisting of EGFP and the
cytoplasmic middle loop of Glut2 is present in the nucleus and
alters liver, �-cell, and renal functions. However, it is unclear
how this model can be extrapolated to the function of intact
Glut2 in the plasma membrane. Nevertheless, because Glut2
appears to be associated with glucose-sensitive cells in the
brain and the periphery, study of these Glut2-expressing cells
may lead to a better understanding of the role of glucose as a
regulatory signal. In this context, a recent study in humans
reported an association between a mutation in Glut2 and
preference for sugar-containing food, suggesting a possible
role for this transporter in glucose sensing in humans (11).

Glut3

Glut3 (see Ref. 36) is the major neuronal glucose trans-
porter, present in both dendrites and axons, and its level of
expression in different regions of the brain correlates with
regional cerebral glucose utilization (rCGU). Glut3 has a high
affinity for glucose (Km �1.5 mM) and has the highest calcu-
lated turnover number of the Glut isoforms, thus ensuring
efficient glucose uptake by neurons. In mouse sperm, Glut3 is
highly expressed and controls glucose uptake and metabolism
necessary for motility and maturation. During embryonic de-
velopment, GLUT3 is present in the trophectoderm at the
blastocyst stage and, after implantation, in extra-embryonic
tissues. Its expression is reduced in preimplantation embryos of
diabetic mothers, which leads to increased apoptosis. Knockout
of Glut3 in the mouse induces apoptosis in the embryos, which
do not survive past E6.5. Interestingly, a transient exposure to
glucose is required for progression of compacted embryos to
the blastula stage, and this is associated with induction of Glut3
expression. As this effect is also observed with a pulse of
glucosamine, this suggests that O-GlcNAcylation of transcrip-
tion factors may be involved in triggering Glut3 expression and
embryo development. Glut3 is also expressed in lymphocytes,
monocytes/macrophages, and platelets. In these cells, it is
present in intracellular vesicles that can translocate and fuse to
the plasma membrane upon cellular activation to ensure in-
creased glucose uptake and metabolism. The basis for this
regulated appearance of Glut3 to the plasma membrane is
unknown. Its elucidation may lead to a better understanding of
immune and inflammatory cell activation.
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Glut4

Since its discovery as a distinct glucose transporter isoform
in the late 1980s by James et al. (17), Glut4 has perhaps
received more experimental attention than any other single
membrane transport protein. A recent PubMed search revealed
over 1,800 publications associated with Glut4 as a keyword.
This high level of interest probably reflects the importance of
this protein in whole body glucose homeostasis, its complex
and elusive mechanism of regulation by insulin, and the dis-
ruption of this regulation in several prevalent insulin-resistant
states, including obesity and type 2 diabetes mellitus. The
knowledge of insulin-induced Glut4 translocation from intra-
cellular membrane compartments to the cell surface in adipo-
cytes and skeletal muscle has been available since the pioneer-
ing work conducted in the laboratories of Cushman (7), Kono
(37), and Jenrenaud (43) in the early 1980s. Much has been
learned of the details of this regulation in the intervening three
decades (22). However, the fundamental structural features of
Glut4 required for its unique regulated protein trafficking, the
cellular components that are directly involved in these traffick-
ing processes, and the precise pathways by which insulin
signaling components impinge on Glut4 trafficking remain
matters of considerable controversy and uncertainty. It is
probably not coincidental that the primary cellular defects that
lead to peripheral insulin resistance in obesity and type 2
diabetes remain unknown. In order to decipher the precise role
of Glut4 in insulin resistance, we must deduce the structure of
the molecule, identify how specific cellular components inter-
act with the transporter to control its subcellular distribution,
and ultimately unravel the maze of signaling events, from
insulin and other mediators, that directly alter the interactions
among Glut4 and these regulatory components. Our under-
standing of the acute and chronic (19) regulation of Glut4 in
intact skeletal muscle, the major site of insulin-stimulated
whole body glucose disposal, is still relatively poor and needs
to be a major focus of future investigations.

Glut5

Glut5 appears to be the only Glut protein with a high
specificity for fructose (10). Its principal site of expression is
the apical membrane of intestinal epithelial cells, where it
provides a major route for the absorption of dietary fructose.
Although it is present at lower levels in several other tissues,
including the kidney, brain, fat, testes, and muscle, the physi-
ological significance of its extraintestinal expression in humans
is unclear given the relatively low fructose concentrations
that typically exist in the peripheral circulation and in urine
(��0.1 mM) compared with the �10 mM Km of Glut5 for
fructose. Glut5 is regulated by diurnal rhythm, substrate
availability, and other factors. Interest in fructose metabolism
has been aroused by the correlation between increased fructose
consumption and the rise in the incidence of obesity, metabolic
syndrome, and type 2 diabetes. However, it is unclear whether
fructose plays a specific role in the increased incidence of these
disorders or whether excess caloric intake in general is the real
culprit. Regardless, the role of Glut5 in extraintestinal tissues
needs to be investigated further via the generation of tissue-
specific null mice.

Glut9

The physiological substrate for the Glut9 transporter has
been investigated for many years (8), with the initial sugges-
tion that it was a glucose and/or fructose transporter (3).
However, the key function of this transporter was revealed
unexpectedly from human genetic studies. Several groups
reported genome-wide association studies (GWAS) that iden-
tified single-nucleotide polymorphisms in the Glut9 gene that
were linked with elevated plasma uric acid levels (26, 42). This
led to the immediate realization that Glut9 was a urate trans-
porter. Glut9 is present in the liver, kidney, and intestine and,
at a lower level, in chondrocytes. In humans, inactivating
mutations of Glut9 cause hypouricemia, suggesting a role in
renal urate reabsorption (28). It is thus unclear why the single-
nucleotide variants present in noncoding regions identified in
GWAS are associated with hyperuricemia and gout. In mice,
genetic inactivation of Glut9 indicates that it is a major regu-
lator of uric acid levels through its expression in liver to allow
urate access to its degrading enzyme uricase and in kidney
where it is probably involved in urate reabsorption (33).
Liver-specific Glut9 gene inactivation causes hyperuricemia
with apparently no other physiological abnormalities. This
mouse model should help test whether elevated plasma uric
acid levels may lead to insulin resistance, hypertension, or
atherosclerosis, as suggested by epidemiological studies (12).

Gluts 6–8 and 10–14

Relatively little is known about the specific functions of
these more recently discovered and less well studied Glut
proteins, all of which were identified as a consequence of the
sequencing of the human genome. Initial studies with knockout
mice indicate roles for Glut8 in hippocampal neuronal prolif-
eration and heart atrial activity (35) and of Glut12 in the
regulation of glucose homeostasis (K. Moley, personal com-
munication). Glut7 is the most recently characterized Glut
protein and has a high degree of sequence similarity to Glut5
(5). It is expressed in the apical membrane of the small and
large intestine and exhibits a low level of transport activity for
fructose and glucose. Its principal physiological substrate has
probably not yet been identified, but Glut7 is most likely
involved in the dietary absorption of one or more low-molec-
ular-weight carbon compounds. Glut13, also called HMIT
(proton-coupled myoinositol transporter), is a myoinositol
transporter expressed primarily in the brain and is the only Glut
protein that appears to function as a proton-coupled symporter
(40). Its precise role in brain myoinositol metabolism has not
yet been established, but because intraneuronal myoinositol
metabolism is associated with membrane trafficking at syn-
apses and growth cones and is a target of the bipolar disorder
drug LiCl, variants of this transporter may be associated with
mood disorders (14, 46). Glut14, expressed in the testes, is a
class I protein with a very high degree of sequence similarity
to Glut3 (47), and thus it is most likely a glucose transporter;
however, its specific role in glucose metabolism in this tissue
is unknown. Glut6 cDNA was originally cloned from leuko-
cytes, and it appears to exhibit glucose transport activity, but its
primary physiological substrate has not been definitively iden-
tified (9). Glut11 exists in three different forms that vary at
their extreme NH2 termini and that are expressed in different
tissue types (34). It exhibits detectable glucose and fructose
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transport activity, but again, its principal substrate has probably
not yet been identified. Mutations in the Glut10 gene are the
cause of arterial tortuosity syndrome (6); however, the precise
physiological role of Glut10 and its primary transported sub-
strate have not yet been defined. Clearly, there is still much to
be learned about the fundamental roles of more than half of the
Glut protein family members.

Some Major Questions and Future Directions

Why are there so many glucose transporter isoforms? Why,
for example, does human skeletal muscle express at least six
different Glut proteins? Studies of the “old” Gluts 1–5 have
shown that each has a specific role in the control of sugar
homeostasis, whether because of its tissue-restricted expres-
sion, its kinetic characteristics, its substrate specificity, or
mechanisms regulating its cell surface expression and role in
the control of glucose metabolism. There is thus clear evidence
that each glucose transporter isoform may play a specific role
related to glucose handling in different cell types to regulate
metabolism, gene expression, differentiation, or oncogenesis. It
is likely that the lesser-studied Glut proteins will be shown in
some cases to transport novel substrates or to exhibit unique
kinetic or regulatory properties that are directly related to their
distinct physiological roles.

Glut proteins have proven to be extremely refractory to
crystallization. Is it possible to deduce high-resolution struc-
tures of Glut proteins? What will their structures tell us about
the transport mechanism, and can the structures be used to
design isoform-specific inhibitors that may prove to be valu-
able in dissecting out their specific functions and for possible
pharmacological use in the treatment of diseases such as
cancer?

The pathway leading from insulin binding to its receptor to
the redistribution of Glut4 to the cell surface in muscle and fat
cells is still incompletely understood. What new signaling
elements will be discovered to be involved in this process, and
how might they impinge on Glut4 subcellular trafficking? Will
the identification of novel signaling elements lead to the
development of new pharmacological treatments to alleviate
peripheral insulin resistance? Is the trafficking of Glut4 regu-
lated identically in white fat, brown fat, and skeletal muscle?
Are our current models for studying Glut4 regulation in im-
mortalized cell lines truly representative of what occurs in
native tissues?

Given that Glut2 is associated with glucose sensing in
different cell types, can its study inform us about the defect in
glucose sensing that appears during the pathogenesis of type 2
diabetes? What roles might Glut2 and Glut4 play in glucose-
sensitive neurons and the regulation of satiety and whole body
glucose homeostasis?

Is the consumption of high dietary fructose, relative to
glucose and other simple sugars, truly deleterious to human
metabolism? If so, can inhibitors of Glut5 be designed to
minimize the absorption of the sugar in susceptible individu-
als?

How many new physiological substrates will be discovered
for the more recently discovered Glut proteins? Are these Gluts
directly involved in the pathogenesis of any human diseases, as
is the case for Glut9 and Glut10? Can they be exploited in
some manner for the treatment of any disease conditions?

These and many other questions will likely keep investigators
interested in the study of glucose transporters occupied for a
very long time.
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