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Functional Properties and Genomics of Glucose Transporters
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Abstract: Glucose is the major energy source for mammalian cells as well as an important substrate for protein and lipid
synthesis. Mammalian cells take up glucose from extracellular fluid into the cell through two families of structurally-
related glucose transporters. The facilitative glucose transporter family (solute carriers SLC2A, protein symbol GLUT)
mediates a bidirectional and energy-independent process of glucose transport in most tissues and cells, while the
Na'*/glucose cotransporter family (solute carriers SLC5A, protein symbol SGLT) mediates an active, Na'-linked transport
process against an electrochemical gradient. The GLUT family consists of thirteen members (GLUT1-12 and HMIT).
Phylogenetically, the members of the GLUT family are split into three classes based on protein similarities. Up to now, at
least six members of the SGLT family have been cloned (SGLT1-6). In this review, we report both the genomic structure
and function of each transporter as well as intra-species comparative genomic analysis of some of these transporters. The
affinity for glucose and transport kinetics of each transporter differs and ranges from 0.2 to 17mM. The ability of each
protein to transport alternative substrates also differs and includes substrates such as fructose and galactose. In addition,
the tissue distribution pattern varies between species. There are different regulation mechanisms of these transporters.
Characterization of transcriptional control of some of the gene promoters has been investigated and alternative promoter
usage to generate different protein isoforms has been demonstrated. We also introduce some pathophysiological roles of
these transporters in human.
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INTRODUCTION

Glucose is a major energy source and is an important
substrate for both protein and lipid synthesis in mammalian
cells. It provides energy in the form of ATP through
glycolysis and the citric acid cycle and reducing power in the
form of NADPH though the pentose phosphate shunt. It is
also used in the synthesis of glycerol for triglyceride
production and provides intermediates for synthesis of non-
essential amino acids. In lactating animals, a major portion
of blood glucose is used for synthesis of lactose, the major
milk carbohydrate, in the mammary gland. The plasma
membranes of virtually all mammalian cells possess one or
more transport systems to allow glucose movement either
into or out of the cells. In mammals, since blood glucose
levels are maintained within a narrow range by homeostatic
mechanisms, most cells take up glucose from interstitial
fluid by a passive, facilitative transport process, driven by
the downward glucose concentration gradient across the
plasma membrane [1]. This facilitative transport is inhibi-
table by cytochalasin-B or phloretin. Only in the epithelial
cell brush border of the small intestine and the kidney
proximal convoluted tubules, glucose is absorbed or reab-
sorbed against its electrochemical gradient by a secondary
active transport mechanism which uses the sodium concen-
tration gradient established by Na'/K'/ATP pumps. This
sodium dependent transport can be inhibited by phlorizin.

*Address correspondence to this author at the Lactation and Mammary
Gland Biology Group, Department of Animal Science, University of Ver-
mont, 219 Terrill, 570 Main Street, Burlington, VT 05405, USA; Tel: 802-
656-0786; Fax: 802-656-8196; E-mail: fzhao@uvm.edu

1389-2029/07 $50.00+.00

The facilitative and sodium-dependent glucose transport
processes are mediated by two distinct families of structur-
ally related glucose transporters (Table 1). The passive,
facilitative transport process is mediated by the family of
facilitative glucose transporters (gene symbol SLC2A,
protein symbol GLUT). Thirteen members of this family
have been identified, GLUT 1-12 and HMIT, plus four
pseudogenes [2]. The sodium-dependent glucose transport
process is mediated by the family of Na‘/glucose cotrans-
porters (gene symbol SLC5A, protein symbol SGLT). Thus
far, at least six members of this family have been reported
[3], but only SGLT1 and SGLT2 have been well character-
ized.

STRUCTURAL CHARACTERISTICS OF GLUT AND
SGLT PROTEINS

A genome wide GenBank search indicates that the
GLUT1-12 and HMIT may represent all facilitative glucose
transporter members in human [4]. These proteins are struc-
turally conserved and related. The hydropathy plot analysis
of these proteins indicates that this family of transporters
may have a tertiary structure of 12 transmembrane domains
(TM) [4]. Sequence comparisons of all 13 family members
show that the sequences are more conserved in the putative
transmembrane regions and more divergent in the loops be-
tween the TM and in the C- and N- terminal regions (Fig.
1A). The most divergent regions are loops 1 and 9 and the
two terminal regions. Overall, the sequences among 13
members are 14-63% identical and 30-79% conservative.
Sequence alignments of all members also reveal several
highly conserved structures, the characteristic sugar trans-
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Table 1. Summary of the Properties of Facilitative Glucose Transporter and Na'/Glucose co-Transporter Family Members
Protein isof'(\J/Iriio(;a)l (::"'\“/ZI) Major sites of expression Proposed function
Facilitative glucose transporters (GLUT)
GLUT1 492 3-7 | Ubiquitous distribution in tissues and culture cells Basal glucose uptake; transport across blood tissue barriers
GLUT2 524 17 Liver, islets, kidney, small intestine High-capacity low-affinity transport
GLUT3 496 1.4 Brain and nerves cells Neuronal transport
GLUT4 509 6.6 Muscle, fat, heart Insulin-regulated transport in muscle and fat
GLUT5 501 Intestine, kidney, testis Transport of fructose
GLUT6 507 2 Spleen, leukocytes, brain
GLUT? 524 0.3 Small intestine, colon, testis Transport of fructose
GLUTS 477 2 Testis, blastocyst, brain, muscle, adipocytes Fuel supply of mature spermatozoa;
Insulin-responsive transport in blastocyst
GLUT9 511/540 ? Liver, kidney
GLUT10 541 0.3 Liver, pancreas
GLUT11 496 ? Heart, muscle Muscle-specific; fructose transporter
GLUT12 617 ? Heart, prostate, mammary gland
HMIT 618/629 ? Brain H*/myo-inositol co-transporter
Na*/glucose cotransporters (SGLT)
SGLT1 664 0.2 Kidney, intestine Glucose reabsorption in intestine and kidney
SGLT2 672 10 Kidney Low affinity and high selectivity for glucose
SGLT3 660 2 Small intestine, skeletal muscle Glucose activated Na* channel

*aa, amino acids. ?Net influx for 2-Deoxyglucose or glucose; *?=unknown.

porter signatures: PMY in TM4, PESPRY/FLL in loop 6,
QQLSGIN in TM7, GRR in loop 8, GPGPIP/TW in TM10,
and VPETKG in the C-terminal tail (Fig. 1A). In addition,
there are 18 conserved glycine residues, 11 of them are adja-
cent to at least one other conserved amino acid. Experimen-
tally, the tryptophan in the GPGPIP/TW motif of TM10
(W388 of human GLUT1) has been shown to be critical for
GLUT1 binding of ligands cytochalasin B and forskolin and
the tryptophan conserved in all GLUTs in TM11 (W412) is
essential for GLUT1 transport activity and targeting to the
plasma membrane [5, 6]. Exchange of the conserved arginine
in loop 2 (R92), two arginines in loop 8 (RR333/334), glu-
tamate in loop 8 (E329), proline in TM10 (P385), glutamate
(E393) or arginine in loop 10 (R400) either reduced or sup-
pressed glucose transport activity of GLUT1 or GLUT4 with
no or very little effect on cytochalasin B binding while ex-
change of the conserved glutamate (E146) or arginine
(R153) in loop 4, or tyrosine in loop 7 (Y293) markedly re-
duced glucose transport activity and cytochalasin B binding
[7-9]. These data suggest that the conserved amino acids
play important roles in substrate binding and/or in the con-
formational change during the transport process. The pres-
ence of a common motif suggests that this family may have
originated from a common ancestral gene. Both the amino

and carboxy-terminals of GLUTs are considered to be lo-
cated in the cytoplasm. The last 24 amino acids at the C-
terminus of GLUT1 have been shown to be unnecessary for
the transport activity [10].

Based on the phylogenetic analysis of sequence simi-
larity, the GLUT family of sugar transporters are divided
into three classes (Fig. 1B) [2]. Class 1 includes GLUT1-4
which are 48-63% identical in human and have been
extensively characterized. Class Il is comprised of GLUT5,
7, 9 and 11 which are 36-40% identical. The proteins in this
class have transport activity for fructose. Structurally, these
transporters do not have the tryptophan residue shown to be
important for binding of ligands cytochalasin B and forskolin
[5] in the GPGPIP/TW motif of TM10. Class Ill is com-
posed of GLUT6, GLUT8, GLUT10, GLUT12 and HMIT.
Although this class of transporters are only 19-41% iden-
tical, they share a structural characteristic of the presence of
a larger loop 9 containing a glycosylation site in comparison
to a larger extracellular loop 1 containing the glycosylation
site in the transporters of other classes. It has been well
established that the N- and O-glycosylation of GLUTL is
essential for its transporter activity [11-14]. Interestingly, the
glycosylation of GLUT2 has been linked to the dietary effect
of insulin secretion [15].
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* 20 * 40 * 60 * 80 * 10 * 120
GLUT1 : AVG --OKVMEEFYNQTW----VHRYG : 53
GLUT4 : - --MPSGFQQIGSEDGEPP-- AVE --QKVMEQSYNETW----LGRQG : 65
GLUT3 -MG-- TFAITVENIT — --EKIQKEFINKTL----TDKGN : 51
GLUT2 -MT-- FTVITEWL -~ --QQVMISHYRHVLGVPLDDRKA : 55
GLUT9 TWASIAGAF S --IPYMKAFYNESW----ERRHG 98
GLUT11 TICA GI G EFTNETW----QARTG : 62
GLUT5 : - -SMKEG---R--LTLVIIAWATLI AF &N\ AN NSP---——--—---- QQFYNETY----YGRTG : 59
GLUT7 : - --MENKEAGTPPP- IPSREG---R--LQP ATLS AFGSA 77
GLUT6 @ - --MQEPLLGAEGPDYDTFPEKPPP- -SPGDRARVGTL ATFA VL -NESj@4rvYTSPV- 74
GLUT8 : - MTPEDPE-ETQPLLGP-- --PGGSAPRG--- AFA AL -PLSieMAMGYSSPA- 62
GLUT10 ---MGHSPPVLPL----CASVSL@G-------~ GL T 41
GLUT12 : -MVPVENTEGPSLLNQKGTAVET- EGSGSRHPPWARG----CGMFTEMSSVTAVS-GLL 73
HMIT  : MGERRRKQPEPDAASAAGECSLLARAESSTSLQSAGAGGGGVGDLERAARRQFQQDETPAF Y VAVFSALE-GFI[ig 95

* 140 * * 180 * * 240
GLUTL ESILPTTLTTLWSL EGMIGSFS : ¥ . 143
GLUT4 : -EGPSSIPPGTLTTLWAL : 159
GLUT3 : —-———-———-—- - APPSEVLLTSLWSL K F : W o: 141
GLUT2 : INNYVINSTDELPTISYSMNPKPTPWAEEETVAAAQLITMLWSL ¥ ;175
GLUTY  ; === mmmm e e e RPIDPDTLTLLWSV 188
GLUT11 : EPLPDHLVLIMWSL 152
GLUT5 : EFMEDFPLTLLWSV' 149
GLUT7 : TFMDGKLMLLLWSC 167
GLUT6 156
GLUT8 144
GLUT10 ;122
GLUT12 ————LSCHEQF G W : 154
HMIT : LDALWQELINYSSTVGAAAVSAIAGE 3 d . 176
GLUT1 : ) R FGLDSIMGNKDI[ L ) KEESROMMREKKVTILE[ : 262
GLUT4 : W ] RKSHK KDEKRKLERERPLSLLOM : 278
GLUT3 [ v KQIJEO KDESARMSQEKQVTVLEN : 260
GLUT2 ] G v | KQSK RKEREEASSEQKVSII 1 294
GLUT9 3 ) VKAFQTF TAESRVQRSIRLVSVLEM : 307
GLUT11 : ( EEERAACQGCRARRPWEM : 271
GLUT5 G W IROEDEAEKAAGFISVLKIE : 268
GLUT7 : : RAEARAERAEGHLSVLHW : 286
GLUT6 : y & i DN---VRRQSSRVSWAE : 266
GLUT8 2 e ¥ B SEQ--GWEDP -AEQS---FHI 1 247
GLUT10 : G AGIT[€ - v > --GG-EAPK, ----RYSFLDM : 221
GLUT12 : - ) RALSD-TTEEMT Vi -LKDEYQYSFW 1 268
HMIT R Gl [ - R NOT-IDEEYDSUKNNIEEEEKEVGSAGPVY : 294

G L
* * 420 * 440 * 460 * 480
———————— TM8-——-————— TM9
GLUT1 : FRSPAYRQP-- A\1GS WNTAHMVSL i fe .AdYAGCAT i ALALLEQLPW- : 363
GLUT4 : LGSRTHRQP-- IGA WIN VSV If¢ LAGYCGCAI ALLLLERVPA - 379
GLUT3 : FRVSSYRQP-- G Y IGA VWNTH RV VSL ¢ LGGYAFCST SLLLKDNYNG - i 361
GLUT2 : FTVSSYRQP-- Y VYA IGY AN IAVSV. | Te MSGY FVCAT GLVLLNKFSW- -1 395
GLUTY9 : LRAPYVRWQ-- b IPPA--KIPYVWLST GUETMAA FSG | € FGIUGLFFG I TLTLQDHAPW - : 410
GLUT11 : FQHRALRRQ---lYTS SNBE v PEA--KIQYAIIGT SCELWAA VSC 1GEYSTUTCHGS IFTALCLQSSFPW - : 374
GLUT5 ; FRMRSLRWQ--- C PEE--HVQYWIAGT A N FCAVENAYEL €FSICLIACCVITAAIALQDTVSH- : 371
GLUT7 : CALRSLRWQ--- EAA--HSQYVMVGS V. NI ITSAVIYER € YGICGSACL VLLFQNRVPE ———————————— : 389
GLUT6 : ARAPHVCRP---MTV. 0 Y LL--P-PKDDAAIV A RLMSVMIAAL FAANL! YIHFGPRPLSPNSTAGLESESW : 380
GLUT8 : LRQPGIYKP---FHI o & N —EAKFK——D SSL VoV QUIBFIIAVAA. VFSTSAFGAYFKLTQGGPGNSSHVAISAPVS : 360
GLUT10 : FRARDNMRGR--TTV J [¢ 4 FHGGSS-AVIASVGL A KVAAIMTAM GR ALSVS VSFAVPMDSGPSCIAVPNATGQ : 338
GLUT12 : FRSKDNMRTR--f#UL %QSNEA ASLASTGV V. K\E/E PAT e o2 AASLV VNLNIHMNFTHICRSH-NSINQ : 384
HMIT @ CRMLSYPPTRRAVGC EDD-RLAIWLASVTAFTNER il VGVWIEK el BETFGSLAGTTVALI GFVLSAQVSPRITFKPIAPSGQ : 413
G V. GRR L G

* * 540 * 560 * 600
GLUT1 F 406
GLUT4 i 422
GLUT3 L 404
GLUT2 F 438
GLUT9 L. 453
GLUT11 F. 417
GLUTS I 414
GLUT7 TQF. 432
GLUT6 : LAQPIAAPAGY IATM 436
GLUT8 : - - -AQPVDASVG— GWC 412
GLUT10 : TGLPGDSGLLQDSSLPPIPRTNEDQREPILSTAKKTKPHPR SGDPSAPPRLALSSALPGPPLPARG---HA! T2HAL M 450
GLUT12 : S--LDESVIYGPGNLSTNNNTLRDHFKGISSHSRSSIMPLRNDVDKRGETTSASLLNAGLSHTEYQIVTDPGDVPA (AL 502
HMIT : NATCTRYSYCNECMLDPDCGFCYKMNKSTVIDSSCVPVN KASTNEAAWGRCENETKFKTEDEFWAYNFCPTPYD TASLGE I 528

* 20 * 640 * 660 * 680 * *
GLUT1 EQLCG— \ 4 R--0G--GASQSDKTPEELFHPLGADSQV- 1 492
GLUT4 i H--RTP-SLLEQEVKPSTELEYLGPDEND-- : 509
GLUT3 : L SAAH E-GQAH-GADRSGKDGVMEMNSIEPAKETTTNV- 1 496
GLUT2 : ADFCG- : Q-KKSG-SAHRP--KAAVEMKFLGATETV----- 1 524
GLUTY : W OKSID- K S-KRNKAYPPEEKIDSAVTDGKINGRP - : 540
GLUT11 : MEA S- SKELH-RLN--FPRRAQGPTWRSLEVIQSTEL- 1 503
GLUT5 : A OEGHG- BK QI} T-KMNKVSEVYPEKEELKELPPVTSEQ : 501
GLUT7 : OEANG- 4 [NR 1§ A-KRNRVKLPEEKEET I DAGPPTASPAKETSF 1 524
GLUT6 . STEGLQV. y SFJR-MGRRSFLR : 507
GLUT8 : RPYG. AHE--EGR--- 477
GLUT10 : GLS S TH QQQ-KRRFTLS - FGHRQNSTG--IPYSR-- --IEISAAS : 541
GLUT12 : Q GLP VC > SMELA- KVNYNKNNICFMSHHQEELVPKQPQKRKPQEQLLECNKLCGRGQSRQLSPET 1 617
HMIT : TYvGAR L ESTEDNRLCTCGTSDSDEGRY IEY TRVKGSNYHLSDNDASDVE -~ -t 629

VPETKG I F
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Fig. (1). A. Multiple sequence alignment of the deduced amino acid sequence of human facilitative transporters. The GenBank protein identi-
fication numbers of these transporters are NP_006507.1 (GLUT1), NP_000331.1 (GLUTZ2), NP_008862.1 (GLUT3), NP_001033.1
(GLUT4), NP_003030.1 (GLUT5), NP_060055.1 (GLUTS6), NP_997303.1 (GLUT7), NP_055395.2 (GLUTS8), NP_064425.2 (GLUT9),
NP_110404.1 (GLUT10), NP_110434.2 (GLUT11), NP_660159.1 (GLUT12) and NP_443117.2 (HMIT). The alignment was performed with
the CLUSTAL W program with open gap cost = 10 and gap extension cost = 0.2. Residues that are highlighted by black shading background
represent absolutely conserved amino acids and the gray shading indicates six or more conserved residues at that position. Positions of pre-
sumed membrane-spanning helices (TM) of the GLUT proteins (Joost and Thorens, 2001) are given by the numbered dashed lines at the top
of the sequence alignment. In addition, the highly conserved amino acids are shown on the bottom of the sequence alignment. B. Phylogenetic
tree of the facilitative glucose transporters drawn from the multiple sequence alignment by CLUSTAL W. The numbers represent tree

weights. The three classes of GLUT proteins are indicated.

The members of the SGLT family also share consider-
able homology among the proteins (21-70% amino acid
identity to SGLT1) and contain several conserved so-
dium:solute symporter family signatures that are characteris-
tics of this family (GenBank accession numbers PS00456,
PS00457 and PS50283). The SGLTs are predicted to have
14-15 transmembrane helices [3, 16, 17]. This second struc-
tural model is supported by experimental data of glycosyla-
tion studies, antibody tagging, mass spectrometry and other
methods [3]. The hydrophilic N-terminus is located on the
extracellular surface of the plasma membrane. There are
several consensus sites for N-linked glycosylation [16, 17],
however, glycosylation appears not to be required for
SGLT1 activity in contrast to GLUT1 [3].

CHROMOSOME LOCATION AND GENOMIC OR-
GANIZATION OF GLUCOSE TRANSPORTERS IN
HUMAN

Based on the BLAST search of the GenBank human ge-
nome database (Build 36.2), all GLUT genes are single copy
genes and distributed in 9 chromosomes in human (Table 2).
GLUT1, 5 and 7 are localized in chromosome 1 and GLUT5
and 7 are very closely arranged in a cluster (1p36.22-36.2).
Similarly, GLUTG6 and 8 are very closely located in chromo-
some 9 (9933.3-34). These genes potentially arose from gene
duplication. Both GLUT3 and HMIT are located in chromo-
some 12. GLUTZ2, 4, 9, 10, 11, and 12 are individually lo-
cated in chromosome 3, 17, 4, 20, 22 and 6, respectively.
The exon numbers of these genes ranges from 5 (GLUT10
and 12) to 13 (GLUT9 and 11). The sizes of these genes are
generally small, ranging from only 6-8 kb (GLUT4 and 6) to
65 kb (GLUT12), except for GLUT9 and HMIT (214 and
351 kb respectively). The exon distributions of the GLUT
genes are shown in Table 2. Although all GLUT genes are
single copy genes, multiple variants which result from alter-

native splicing or promoter use have been observed at least
for GLUT 9 and 11. At least three variants have been ob-
served for both GLUT9 [18-19] and GLUT11 [20, 21].

The Na'/glucose cotransporters SGLT1 and 2 are also
single copy genes and are located on human chromosome 22
and 16 respectively (Table 2). They have 14-15 exons with
gene sizes of approximately 67 kb (SGLT1) and 8 kb
(SGLT2).

TISSUE DISTRIBUTION AND FUNCTIONAL PROP-
ERTIES OF GLUCOSE TRANSPORTERS

Using heterologous transport systems, almost all of the
GLUT and SGLT proteins have been shown to transport
glucose but with different kinetics and efficiencies for
glucose and hexose transport. Each isoform has a tissue-
specific distribution and more than one isoform may be
expressed in the same tissue at either the same or different
times. The expression of these genes has been shown to be
differentially regulated. The known kinetic properties, major
sites of expression and proposed function of each of these
transporters in human and rodent tissues are summarized in
Table 1. These differences reveal that each transporter iso-
form plays a specific role in glucose uptake in various tissues
and in glucose homeostasis.

GLUT1 (SLC2A1)

The GLUT1 isoform is also known as the erythrocyte,
brain, or Hep-G2-Type glucose transporter and comprises 3-
5% of the erythrocyte total membrane protein. GLUT1
MRNA has been detected in the mouse embryo between the
oocyte to the blastocyst stages [22] and in a variety of human
and animal tissues, being the most ubiquitously distributed
isoform. In particular, it is expressed at high levels in endo-
thelial and epithelial-like barriers of the brain, eye, periph-
eral nerve, placenta and lactating mammary gland [23, 24]. It
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Table 2. Genomic Localization and Organization of Human Glucose Transporters
Gene Chromosome Exon Gene Exon distribution
Location No. length B - coding region B - untranslated region
(kb)
GLUT1 1p35-p31.3 10 33 [ + EHH-HE
GLUT2 3q26-1-g26.2 11 31 — 4t H——t-
GLUT3 12p13.3 10 17 —_— T — ———
GLUT4 17p13 11 6 — e e —
GLUT5 1p36.2 12 33 —a
GLUT6 9q34 10 8 O —O-——
GLUT7  1p36.22 12 23 1t —
GLUT8 9qg33.3 10 11 R R B L B |
GLUT9 4p16-p15.3 12- 214 -- " ——— —
13 = —t =
GLUT10  20913.1 5 27 _—r —
GLUT11 22911.2 10- 28 H i i-HE
13 — . HE S S—-
GLUT12  6g23.2 5 65 ' - ; -
HMIT 12912 10 351 ™
SGLT1 22q12.3 15 67 i
SGLT2 16p12-p11 14 8 -

The information was obtained by aligning the cDNA sequences of individual GLUT proteins with the human genomic sequence (Build 36.2) using the NCBI BLAST program
(http://www.ncbi.nIm.nih.gov/blast/). The diagrams of exon distribution are adapted from NCBI Entrez Gene websites (http://www.ncbi.nim.nih.gov/entrez/query.fcgi?db=gene).

has been shown to have a critical role in development of the
vertebrate brain [25]. GLUT1 protein also acts in a co-
operative manner with other isoforms and this is evident by
the interaction between GLUT1 and GLUT4 in the insulin-
sensitive tissues, fat and muscle, where the GLUT1 protein
is localized to the plasma membrane, and the tissue-specific
GLUT 4 is distributed in an intracellular compartment in the
basal state. During response to insulin signalling, GLUT4 is
translocated to the plasma membrane [26].

The glucose transport activity of GLUT1 has been tested
in Xenopus oocytes in which the GLUT1 transports glucose
with a K, of 20-21 mM for 3-O-methylglucose under equi-
librium exchange flux conditions [27, 28], 5 mM 2-deoxy-D-
glucose [29] and ~3 mM for glucose [30]. The other trans-
port substrates of GLUT1 include galactose, mannose and
glucosamine [30].

The deduced protein sequence of GLUT1 is composed of
488 amino acids in fish, 490 in chicken and 492 in human,
bovine, rat and mouse with a molecular weight of approxi-
mately 54 kDa. It is the most conserved isoform and exhibits
approximately 74-98% sequence identity among these spe-
cies (Fig. 2A). The most divergent region is in the putative
loop 1 where the glycosylation site is located. There is a
unique proline-rich sequence in this region in bovine GLUT1
[31]. In addition, the C-terminal tail is most variable with the
exception of the last 7 amino acids in fish.

GLUT2 (SLC2A2)

GLUT2 is a low affinity transporter for glucose with a
Km of ~17 mM, galactose (~92 mM), mannose (~125 mM)
and fructose (~76 mM), but is a high affinity transporter
for glucosamine (K,=~0.8 mM) [30, 32, 33]. Structurally,
GLUT2 lacks the QLS motif at helix 7 which is thought to
confer substrate specificity on the transporter and which may
explain the high affinity for glucosamine [30]. GLUT2 ex-
pression occurs mainly in the kidney and intestinal absorp-
tive epithelial cells where it is located in the basolateral
membrane. In this location it participates in the release of
absorbed or reabsorbed glucose [34, 35]. GLUT?2 is also ex-
pressed in the liver; pancreas and brain. In hepatocytes, it is
involved in the release of glucose synthesized by gluco-
neogenesis into the blood. In the pancreatic p-cell and hypo-
thalamus, it provides glucose-sensing functions for insulin
secretion as GLUT2-deficient mice display impaired glu-
cose-stimulated insulin secretion [36-38]. The GLUT2 amino
acid sequences displays 81% identity between the human,
mouse and rat.

GLUTS3 (SLC2A3)

GLUTS is considered to be a neuron-specific glucose
transporter since its protein is mainly detected in the brain
[39-41]. However, its mRNA is widely distributed in human
tissues [40, 42] in contrast to its distribution in rodent and



118 Current Genomics, 2007, Vol. 8, No. 2

bovine tissues [24, 43]. It transports glucose with high affin-
ity (K = 1.4 mM for 2-deoxy-glucose) and also transports
galactose (8.5 mM), mannose, maltose, xylose and dehy-
droascorbic acid [33, 44].

GLUT4 (SLC2A4)

GLUT4 has been widely studied due to its role as the
main insulin-sensitive member of this family and thus its
role in diabetes. Its expression is highest in the insulin sensi-
tive tissues including brown and white adipose tissue and
skeletal and cardiac muscle. It has a K, for glucose of ap-
proximately 5-6 mM, similar to GLUT1 and can also trans-
port dehydroascorbic acid and glucosamine (Kp 3.9 mM)
[30, 45].

Zhao and Keating

GLUT4 is a 509-510 amino acid protein with a molecular
weight of approximately 55 kDa in human, bovine, rat and
mouse. In these species it is highly conservative with 91-
96% sequence identity (Fig. 2B). However, the fish GLUT4
protein shares only 67-68% sequence identity to other spe-
cies. It has been shown that two sequence motifs in GLUT4,
the dileucine motif in the C-terminus and the FQQI motif in
the N-terminus (Fig. 2B), are crucial for its localization in an
intracellular tubulo-vesicular compartment in a non-insulin
stimulated condition [46]. Interestingly, both of these two
motifs are not intact in fish. Under insulin stimulation,
GLUT4 undergoes a rapid translocation from the intracellu-
lar location to the cell surface, resulting in a dramatic in-
crease in cellular glucose transport activity [47]. In bovine
muscle, the insulin-induced GLUT4 translocation to the

A

Mouse ERITT TTLWSLSVAIFSVGGMIGSFSVGLE : 88
Rat BN TT TTLWSLSVATIFSVGGMIGSFSVGLF : 88
Human ST TTLWSLSVAIFSVGGMIGSFSVGLF : 88
Bovine : 88
Chicken 87
Fish 88
Mouse HQLGIVVGILIAQVFG : 176
Rat HOLGIVVGILIAQVEFGL A
Human HOLGIVVGILIAQVEFGL NS
Bovine HOLGIVVGILIAQVEFGL S
Chicken . 175
Fish 176
Mouse 264
Rat 264
Human 264
Bovine 264
Chicken 263
Fish 264
Mouse G 352
Rat G 352
Human G 352
Bovine G 352
Chicken : G : 351
Fish : SEPVYATIGEAG . 352
Mouse : FVAFFEVGPGPIPWE IVAELFSQGPRH : 440
Rat : FVAFFEVGPGPIPWFIVAELFSQGPRH : 440
Human : FVAFFEVGPGPIPWE IVAELFSQGPRH . 440
Bovine FVAFFEVGPGPIPWE IVAELFSQGPRH : 440
Chicken FVAFFEIGPGPIPWEF IVAELFSQGPRHP : 439
Fish . 440
Mouse B L VLFFIFTYEKVPETKGRT 492

Rat HE L VLFFITFTYEKVPETKGRT 492

Human HE . VLFFTFTYEKVPETKGRT 492

Bovine LVLFFIFTYEKVPETKGRT! 492

[Glsh Rl ISl | /. F'F I FTYEKVPETKGRT! 490

Fish HE L. TFEVETYEKVPETKGRS 488
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Rabbit : A : 509
Mouse : R : 510
Rat : A : 509
Bovine : A : 509
Fish L : 505

Fig. (2). Multiple sequence alignments of the deduced amino acid sequences of human, mouse, rat, rabbit, bovine, chicken and fish GLUT1
(A) and GLUT4 (B). The GenBank protein identification numbers of these transporters are NP_006507.1 (human GLUT1), NP_035530.1
(mouse GLUT1), NP_620182.1 (rat GLUT1), NP_777027.1 (bovine GLUT1), NP_990540.1 (chicken GLUT1), ABA39726.1 (fish GLUT1),
NP_001033.1 (human GLUT4), NP_033230.1 (mouse GLUT4), AAR04439.1 (rabbit GLUT4), NP_036883.1 (rat GLUT4), NP_777029.1
(bovine GLUT4), and AAM22227.1 (fish GLUT4). The alignment was performed with the CLUSTAL W program with open gap cost = 10
and gap extension cost = 0.2. Residues that are highlighted by black shading background represent absolutely conserved amino acids and the
gray shading indicates four or more conserved residues at that position. Positions of presumed membrane-spanning helices (TM) (Joost and
Thorens, 2001) are given by the numbered dashed lines at the bottom of the sequence alignments. In addition, in (B) the N-terminal FQQI
and C-terminal dileucine motifs of GLUT4 are indicated.

plasma membrane is significantly lower than in porcine, GLUT4 may contribute to the impaired insulin stimulation of
which may explain the lower insulin sensitivity in adult ru- translocation [49].

minants compared with monogastric omnivores [48]. It has
been speculated that the replacement of Asn®® in the C-
terminus of human and rodent GLUT4 by His*® in bovine

GLUT4-null mice display retarded growth and decreased
longevity, but maintain nearly normal glycaemia in either the
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fasting or fed state [50]. These mice exhibit cardiac hyper-
trophy, severely reduced adipose tissue deposits and im-
paired insulin tolerance.

GLUTS5 (SLC2A5)

In contrast to GLUT1-4, human and mouse GLUT5 ex-
hibits no transport activity for glucose, but mediates fructose
transport with a Ky, of ~6 mM [51, 52]. In human, rat and
mouse, GLUTS5 is primarily expressed in the jejunal region
of the small intestine and at lower levels in kidney, brain and
a few other tissues [51-53]. In the small intestine, GLUTS is
localized to both the apical and basolaterial membranes of
absorptive epithelial cells [54, 55] and mediates fructose
absorption from the intestinal lumen. In bovine, GLUT5
mMRNA is most abundant in the kidney and liver [24], reflect-
ing the metabolic difference between the ruminant and non-
ruminant.

GLUT6 (SLC2A6)

Human GLUT6 was cloned from leucocytes and is com-
posed of 507 amino acids [56]. Its mMRNA is predominantly
expressed in the brain, spleen and peripheral leucocytes. In
COS-7 cells, the cDNA of human GLUT6 expresses a 46-
kDa membrane protein which exhibits reconstitutable glu-
cose transport activity [56]. In rat adipose cells, transiently
expressed GLUTG6 retains an intracellular compartment loca-
tion in non-stimulated cells and mutation of the N-terminal
dileucine motif leads to cell-surface expression of the pro-
tein. However, no translocation of GLUT6 can be stimulated
by insulin, phorbol ester or hyperosmolarity [57].

GLUT7 (SLC2A7)

GLUTY is the most recently cloned GLUT member. The
human GLUT7 was cloned from a human intestinal cDNA
library [58] and the encoded protein is comprised of 524
amino acids. It is most closely related to GLUTS5 with 53%
identity and has a high affinity for both glucose (K, = 0.3
mM) and fructose, but does not transport galactose, 2-deoxy-
D-glucose and xylose [58]. The tissue distribution of GLUT7
mRNA is the small intestine, colon, testis and prostate [58].
In the small intestine, GLUT7 protein is predominantly dis-
tributed in the brush-border membrane of enterocytes. The
lle-314 residue in human GLUT?7 has been shown to be es-
sential for transport activity for fructose, but not for glucose
[59].

GLUTS (SLC2A8)

As with GLUT6, GLUTS8 is a member of the Class Il
GLUT family whose members have a putative glycosylation
site on loop 9 rather than on loop 1. It share some sequence
homology to GLUT 1-4 (~25% identity), but is more closely
related to hexose transporters present in plants and bacteria
[60]. GLUTS8 also differs from other GLUT’s at the C-
terminal cytoplasmic tail, which is quite short at 20 amino
acids in length compared to 42-45 amino acids for GLUT1-
5. This may be important for mediating its conformational
changes that accompany glucose transport. GLUT8 contains
a dileucine motif in the N-terminus which is believed to tar-
get the protein to an intracellular compartment since muta-
tion of this motif induced both expression of GLUTS at the
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cell surface and also transport activity in Xenopus oocytes
with a high-affinity for glucose (K., ~2 mM) [60]. However,
induction of GLUTS translocation by insulin, as observed in
GLUT4, has been controversial. The transduction has been
observed in blastocytes [61] but not in fat cells [57]. North-
ern analysis has revealed that expression of this isoform is
predominantly in testes and at lower levels in almost all
other tissues [60, 62]. It has thus been postulated to play a
major role in the provision of glucose to mature spermato-
zoa. It has been shown that GLUT8 mRNA levels increase
dramatically during late pregnancy to early lactation in bo-
vine and mouse mammary gland, indicating a potential role
in glucose uptake for milk synthesis in this tissue [62].
GLUTS8 knock-out mice were recently reported to display
normal embryonic and postnatal development and glucose
homeostasis, but mild defects in hippocampal neurogenesis
and cardiac function [63].

GLUT9 (SLC2A9)

The human GLUT9 gene encodes two isoforms through
the use of alternative promoters. The major isoform GLUT9
is comprised of 540 amino acids [64] while the GLUT9
DeltaN isoform is comprised of 512 amino acids differing at
the N-terminus [18]. In human, GLUT9 is expressed mainly
in the kidney and liver, whereas GLUT9DeltaN is detected
only in the kidney and placenta [18, 64]. In kidney, GLUT9
is localized to the proximal tubule of epithelial cells. GLUT9
exhibits glucose transport activity as demonstrated by 2-
deoxy-D-glucose uptake in Xenopus oocytes [18]. At least
three GLUT9 isoforms have also been cloned from mouse
tissues which are shown to be up-regulated in diabetes [19].

GLUT10 (SLC2A10)

GLUT10, composed of 541 amino acids in humans, is a
transporter protein with a very high affinity for both 2-
deoxy-D-glucose (Km ~0.3 mM) and D-galactose [65]. It
shares only 18-22% identity with human GLUT1-11, but
35% to GLUT12. Interestingly, GLUT10 does not have the
PESPR motif in loop 6 present in all other GLUTSs (Fig. 1A)
and this may contribute to its high affinity to glucose.
GLUT10 mRNA is expressed at highest levels in the liver
and pancreas, but is also expressed in the heart, lung, brain,
skeletal muscle and placenta [65, 66]. GLUT10 has received
special interest because it is located at human chromosomal
region 20q12-13.1, which has been linked to a susceptibility
loci for Type 2 diabetes. However, polymorphisms of
GLUT10 are not associated to Type Il diabetes in Caucasian
Americans [67], Danish [68] and Taiwanese populations
[69], but GLUT10 deficiency has recently been found to be
associated with human arterial tortuosity syndrome [70].

GLUT11 (SLC2A11)

GLUT11 is a member of the class Il GLUT family and
exhibits highest sequence similarity with the fructose trans-
porter GLUT5S (about 42%) [71, 72]. In human, three iso-
forms of GLUT11 (GLUT11-A, GLUT11-B, and GLUT11-
C) have been cloned, which differ only at their N-terminal
sequences [20, 21, 72]. Because the 5 sequences flanking
each exon 1 of these three variants exhibit promoter activity,
it is believed that these isoforms are generated by alternative
promoter use. These three isoforms are expressed in a tissue
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specific manner: GLUT11A is present in heart, skeletal mus-
cle and kidney; GLUT11B is present in placenta, adipose
tissue, and kidney; and GLUT11C is present in adipose tis-
sue, heart, skeletal muscle and pancreas [20, 21, 72]. How-
ever, these isoforms appear to have similar functional prop-
erties with transport activity for both fructose and glucose,
but not for galactose [21, 71]. Interestingly, SLC2A11 gene
is not present in the rat and mouse genome [21].

GLUT12 (SLC2A12)

GLUT12 falls into the Class Il GLUT family and con-
tains a number of similar features to GLUT4 such as di-
lecuine motifs at the both the N- and C- termini in similar
locations to the GLUT4 FQQI and LL internalization motifs
in human [73]. In Xenopus laevis oocytes, GLUT12 has
been shown to have a preferential affinity for glucose over
other hexoses [74]. In normal human adult tissues, GLUT12
expression appears to be restricted to insulin-sensitive skele-
tal muscle, heart and fat and is, thus, postulated to be another
insulin-responsive glucose transporter [73]. However,
GLUT12 mRNA is ubiquitously expressed in the lactating
bovine tissues, most abundant in bovine spleen and skeletal
muscle [75]. GLUT12 was originally cloned from the human
breast cancer cell line, MCF-7 [73], and its expression is
found to be stronger in ductal cell carcinoma in situ cells
than in benign ducts of breast cancer tissues [76], indicating
a possible role in glucose uptake in breast cancer tissue.

HMIT (SLC2A13)

HMIT is a H'/myo-inositol co-transporter and exhibits a
pH-dependent transport activity specific for myo-inositol in
Xenopus oocytes (Km ~100 mM) [77]. No transport activity
for glucose has been detected to date. It is predominantly
expressed in the brain [77], where it is present in neuron in-
tracellular vesicles and can be induced to move to the cell
surface following cell depolarization, activation of protein
kinase C or increased intracellular calcium concentrations
[78].

SGLT1 (SLC5A1)

In 1987, Wright and co-workers used a novel expression
cloning strategy to isolate cDNA encoding the sodium-
dependent glucose transporter expressed in the small intesti-
nal mucosa [79]. They injected the poly(A)*-RNA from the
rabbit intestine into Xenopus laevis oocytes and measured
phlorizin-sensitive a-methyl-D-glucopyranoside uptake into
oocytes. A cDNA clone encoding a protein exhibiting all the
properties of the small intestinal brush-border transporter
was isolated by this approach and designated SGLT1. The
deduced SGLT1 is a 662-amino acid polypeptide with a mo-
lecular weight of 73 kDa and shows no sequence homology
to GLUT proteins. SGLT1 exhibits a high affinity for D-
glucose (Km ~0.4) and galactose [80]. It is predominantly
expressed in the brush border membrane of mature entero-
cytes in the small intestine and plays a major role in absorp-
tion of dietary D-glucose and D-galactose from the intestinal
lumen [81, 82]. However, SGLT1 expression has been ob-
served in many tissues in which glucose is believed to be
taken up by the facilitative process, such as the mammary
gland and liver [17]. It, thus, may be multifunctional, such as
also functioning as a water cotransporter [83].
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SGLT2 (SLC5A2)

SGLT?2 is a low-affinity glucose transporter. It transports
a—methyl-D-glucoside with an apparent Ky, of 2 mM, but
cannot efficiently transport D-galactose and 3-O-methyl-D-
glucose [84, 85]. SGLT2 is predominantly located in the S1
and S2 segments of renal convoluted proximal tubules in
human and rat, and is presumed to be mainly responsible for
the reabsorption of D-glucose from the glomerular filtrate
[84-86]. This assumption is further supported by genetic
evidence that homozygous and heterozygous nonsense muta-
tions of SGLT2 are associated with autosomal recessive re-
nal glycosuria in human patients [87, 88].

ROLES OF GLUCOSE TRANSPORTERS IN DIFFER-
ENT PHYSIOLOGICAL PROCESSES

Glucose Absorption in the Small Intestine

Glucose availability to the tissues of monogastric species,
including human, is mainly dependent on the supply, diges-
tion, and absorption of dietary carbohydrate in their small
intestine. Carbohydrate, mostly in the form of starches, is
digested by salivary and pancreatic o—amylases and intesti-
nal brush border carbohydrases to free sugars, mainly D-
glucose, D-galactose and D-fructose. The absorption of these
free sugars from the small intestine is believed to be a two-
step process [82]. The SGLT1 on the apical brush borders of
intestinal epithelial cells actively accumulates D-glucose and
D-galactose against their concentration gradients by coupling
the transport of these sugars with the downward gradient
transport of sodium. The sodium gradient is maintained by
the active transport of sodium across the basolateral surface
of the epithelial cells by the membrane-bound Na'/K*/
ATPase. The absorption of D-fructose is a passive process
mediated by the GLUT5. The accumulated sugars in entero-
cytes are subsequently released into the capillaries via the
facilitated transporters, GLUT2 and GLUTS5, localized on
the basolateral surface of the cells. However, there is an in-
creasing evidence showing that GLUT2 may also mediate a
diffusive component of intestine glucose absorption in the
brush-border membrane [89, 90]. Mutations of SGLT1 have
been linked to a major defect in glucose and galactose ab-
sorption [91], but both a GLUT2-deficient patient [92] and
GLUT2-null mice [93] displayed normal intestinal monosac-
charide transport kinetics, suggesting the presence of a
membrane traffic-based pathway in intestinal sugar absorp-
tion.

In ruminant species, the majority of carbohydrates are
fermented into the volatile fatty acids by rumen microorgan-
isms in rumen and negligible amounts of starch enter the
small intestine. Concordant with this, SGLT1 expression is
much lower in the ruminant small intestine compared to that
in monogastric animals [94]. In addition, the highest expres-
sion of SGLTL1 in bovine is observed in the mucosal tissues
of the rumen and omasum, implying a role of glucose ab-
sorption by the forestomach in ruminants.

Glucose Reabsorption in Kidney Proximal Convoluted
Tubules

The kidneys play an essential role in maintenance and
regulation of glucose homeostasis. In the course of a single
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day, renal glomeruli generate about 180 L of filtrate in hu-
mans and about 180 g of D-glucose are filtered from plasma
by the renal corpuscles. Normally, all of the filtered glucose
is reabsorbed into blood by the proximal convoluted tubules.
The mechanisms of glucose reabsorption across the tubule
are considered to be similar to that in the small intestine,
mediated by an active process in the brush-border membrane
of the tubular epithelium and a facilitated process in the ba-
solaterial membrane. However, SGLT2, rather than SGLT1,
plays a dominant role in the active process, supported by
genetic evidence that homozygous and heterozygous non-
sense mutations of SGLT2 are associated with autosomal
recessive renal glycosuria in human patients [87, 88].

Glucose Sensing and Insulin Secretion

In mammals, blood glucose levels are maintained within
a narrow range by homeostatic mechanisms. Traditionally
glucose levels are considered to be monitored by pancreatic
a and B-cells which release glucagon or insulin in response
to the changes of blood glucose levels and regulate glucose
uptake and utilization in peripheral tissues, mainly skeletal
muscle and fat tissues. However, recent studies using differ-
ent animal models with genetic modifications of glucose
transport in various tissues have suggested that glucose sens-
ing is not restricted to the pancreatic cells, but also provided
by hepatoportal vein, central neurons and glial cells and even
tissues such as muscle and adipose [95-98] and that the glu-
cose sensing in these tissues can be modulated by other nu-
trients, in particular fatty acids [99], hormones and peptides
[98]. GLUT?2 has been found to play an essential role in glu-
cose sensing in different tissues [37, 95, 100, 101]. GLUT2-
null mice are hyperglycemic, hypoinsulinemic, hypergluca-
gonemic, and glycosuric and die within the first 3 weeks of
life [36, 102]. Reexpressing GLUT1 or GLUT?2 in beta-cells
of GLUT2-null mice results in nearly normal glucose-
stimulated insulin secretion and lethality [103] and reex-
presssion of GLUT2 in glial cells restored glucagon secre-
tion following glucoprivation [101]. GLUT2 is the major
glucose transporter for the islet g-cells. Since GLUT2 is a
high capacity transporter, the intracellular glucose concentra-
tion is directly proportional to the extracellular glucose lev-
els. It is thought that increased intracellular glucose results in
increase in the ATP/ADP ratio which can close ATP-
sensitive potassium channels, depolarize p-cells and lead to
insulin secretion [104].

Glucose Uptake for Milk Synthesis in the Mammary
Gland

Glucose is the primary precursor of lactose, the major
solid component and osmolarity regulator of milk. Glucose
uptake in the mammary gland increases dramatically to meet
the requirement of milk synthesis. For example, a bovine
producing 40 kg of milk per day requires that the mammary
gland takes up about 3 kg of glucose daily and mammary
gland uptake can account for as much as 60-85% of the total
glucose that enters the blood (for review, see [105]). The
increased glucose demand in the mammary gland for lacta-
tion is accomplished by increased glucose transporter ex-
pression in this tissue from pregnancy to early lactation.
Multiple glucose transporter isoforms have been detected in
the mammary tissue, including GLUT1, 8, 12 and SGLT1.
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The mRNA expression of these transporters increases 5- to
10 fold for GLUTS8, 12 and SGLT1 and hundred fold for
GLUT1 from late pregnancy to early lactation [62, 105].

REGULATION OF GLUCOSE TRANSPORTERS
Hormonal Regulation

GLUT4 is the major insulin-responsive glucose trans-
porter and is largely responsible for insulin-stimulated glu-
cose transport into muscle and adipose tissues [96, 106, 107].
It is sequestered to intracellular vesicles in the absence of
insulin and translocated to the plasma membrane upon insu-
lin stimulation, resulting in increased glucose uptake [108].
This increased GLUT4-mediated glucose transport plays a
rate-limiting role in glucose utilization in these tissues [109,
110]. GLUT4 proteins are removed from the plasma mem-
brane by endocytosis and recycled back to their intracellular
storage compartment when insulin stimulation is withdrawn.
The insulin-stimulated GLUT4 translocation is achieved
through multiple highly organized membrane trafficking
events, orchestrated by insulin receptor signals. Several key
molecules linking insulin receptor signals and GLUT4 trans-
location have been recently identified [108, 111-115].
Emerging evidence supports two independent insulin recep-
tor signaling pathways, one leading to the activation of
phosphatidylinositol (P1) 3-kinase/Akt/AS160 [47, 116] and
the other to the activation of the Rho family small GTP-
binding protein TC10 [117, 118]. Both pathways involve
actin remodeling beneath the plasma membrane and around
endomembranes [119]. In addition to the regulation of
GLUT4 translocation, insulin also increases GLUT4 expres-
sion in adipocytes in the presence of and synergistically acts
with glucocorticoids [120, 121].

The developmental regulation of the glucose transporters
prior to and after the beginning of lactation indicates that
their expression and function is likely to be regulated by
hormonal changes around the onset of lactation. Indeed,
mouse mammary epithelial cells have been shown to in-
crease their intracellular GLUT1 levels approximately 15-
fold in response to prolactin and hydrocortisone [122]. The
galactopoietic effects of exogenous growth hormone to the
lactating cows are associated with dramatically decreased
GLUT4 expression in peripheral adipose and muscle tissues,
consistent with regulation of nutrient partitioning by this
hormone to shift more glucose from these tissues to the
mammary gland to support increased milk synthesis [123].

GLUTS is predominantly expressed in testes and plays a
role in glucose supply to mature spermatozoa. The expres-
sion of GLUT8 in human testes is seen to be fully sup-
pressed by a high dose of estrogen [124]. In rat, GLUT8
mRNA is present in testes of adult and pubertal rats, but not
in prepubertal rats, also suggesting that GLUT8 expression is
gonadotropin-dependent [124]. However, the rapid increase
of GLUTS8 expression in the mammary gland and rise of
blood estrogen levels during the onset of lactation indicate
that GLUT8 expression in not suppressed by estrogen in the
mammary tissue [62].

Thyroid hormones play a key role in regulation of tissue
metabolic rate. Their effects on glucose transporter expres-
sion in tissues contribute to this regulation. It has been
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shown that T3 strongly regulates GLUT1 and GLUTS3
mRNA in cerebral cortex of hypothyroid rat neonates [125],
increase GLUT2 in liver [126], and increases GLUT4 ex-
pression in differentiating rat brown adipocytes [127] and in
skeletal muscle [128].

Transcriptional Regulation

In the rat GLUT1 promoter, a 44-bp GC-rich segment,
located at -104 to -61, is necessary for basal transcription of
the GLUT1 gene and the Sp1l site located within this seg-
ment may be responsible for this activity and for the pro-
moter response to hyperosmolarity [129, 130]. A novel mus-
cle-specific cis element has also been identified at -46/-37 of
the GLUT1 promoter [131]. Mutation of this site impairs
transcriptional activity of the GLUT1 promoter and its in-
duction by Sp1, cAMP or serum specifically in skeletal or
cardiac muscle cells. A C-rich element at -67/-60 (C8 box)
was identified to mediate inhibition of the promoter in a pro-
liferation-dependent manner [132]. The tumor suppressor
p53 also binds to the GLUT1 promoter and represses
GLUT1 transcription in a tissue-specific manner [133]. In
addition, two enhancer elements have been identified to be
responsive to serum, growth factor, insulin, and oncogenes
in the mouse GLUT1 gene, one at -2.7 kb and another in the
second intron [134, 135]. A ten nucleotide cis element was
also identified in the 3'-untranslated region of the GLUT1
mRNA and plays a role in its stabilization [136].

GLUT2 has highly specific tissue expression. It has been
shown that the proximal 338 bp of the murine GLUT2 pro-
moter contain cis-elements which can be bound by islet-
specific trans-acting factors required for the islet-specific
expression of GLUT2 [137, 138]. In human, 227 bp of the 5’
flanking region of the GLUT2 gene contain promoter activ-
ity and the region of -132/-87 contains multiple binding sites
for hepatocyte nuclear factor 1 (HNF1) and HNF3 and is
responsible for tissue specific expression of GLUT2 in hepa-
tocytes [139]. The sterol-regulatory-element-binding protein
(SREBP)-1c binds to the -84/-76 region of the GLUT2 pro-
moter and mediates glucose-stimulated GLUT2 gene expres-
sion in hepatocytes [140]. Other transcription factors that
have been identified which are involved in activation of
GLUT2 transcription include the homeodomain protein
PDX-1 (binding to a repeat of a TAAT motif) [141], the
CCAAT/enhancer binding proteins, C/EBPalpha and C/
EBPbeta (binding to -375/-356 and -500/-471 regions in rat)
[142], peroxisomal proliferator-activated receptor (PPAR)-
gamma and retinoid X receptor (RXR)-alpha (binding to -
89/-68 region in rat) [143].

A transgenic study has indicated that the human GLUT4
gene requires 1154 bp of the 5'-flanking region to direct the
full extent of tissue-specific and insulin-dependent regulation
and 730 bp contain skeletal muscle-specific DNA elements
[144]. The regulation of the human GLUT4 promoter re-
quires cooperative function of two distinct regulatory ele-
ments, domain 1 and the myocyte enhancer factor 2 (MEF2)-
binding domain [145, 146]. These two domains are bound by
the GLUT4 enhancer factor (GEF) and MEF2A and
MEF2D, respectively, and the protein-protein interactions of
these proteins are involved in GLUT4 transcriptional activa-
tion [147, 148]. The interactions of MEF2 with MyoD myo-
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genic proteins and the thyroid hormone receptor (TRalphal)
have also been shown to be required for full activation of
GLUT4 transcription [149]. The human GLUT4 promoter
contains a putative sterol response element in the region be-
tween bases -109 and -100 and Sp1 binds to a site adjacent to
this element to play an additive role in SREBP-1c mediated
GLUT4 gene upregulation in adipose tissue [150]. The pro-
moter of GLUT4 gene can be repressed by p53 and the -
66/+163 bp region of the promoter region is necessary and
sufficient for this repression [133]. The C/EBPalpha medi-
ates a synergistic effect of insulin and dexamethasone on
GLUT4 gene expression in foetal brown adipocytes [121].
Additional factors involved in GLUT4 gene transcription in
skeletal muscle include Kruppel-like factor KLF15, NF1,
Olf-1/Early B cell factor and GEF/HDBP1 [151].

Analysis of the promoter region of mouse GLUT8 gene
has identified that 381 bp of 5’ flanking sequence is critical
for its promoter activity [152]. This region contains a CAAT
box and two highly conserved putative binding sites for SRY
and NF1. When these sites were deleted, transcriptional ac-
tivity was reduced by approximately 50%. SRY is a Y-
chromosomal gene that triggers development of the male
phenotype in mammalian embryos and is necessary for the
development of Sertoli cells, Leydig cells and the testis [153,
154]. The putative activation of GLUT8 by SRY may ex-
plain the predominant expression of GLUT8 in testes.

The human GLUT10 gene promoter has been recently
characterized [155]. Two alternative transcription start sites
were identified in different tissues and cells. The basal pro-
moter is located in the -70/-14 region of the 5’-flanking se-
quence and contains consensus binding sites for Sp and
AP2alpha which are required for maximal activation of the
basal promoter.

PATHOPHYSIOLOGICAL ROLES OF GLUCOSE
TRANSPORTERS

Diabetes

Type 2 diabetes (non-insulin dependent diabetes mellitus,
NIDDM) is a rapid growing global pandemic. The  cells of
the pancreas of Type 2 diabetes patients are unable to secrete
sufficient insulin to compensate for insulin resistance and
thus result in impaired glucose homeostasis. Aberrant insulin
signalling and glucose metabolism in diabetic patients may
arise from genetic defects and an altered metabolic milieu. In
these patients, the insulin-stimulated glucose disposal medi-
ated by the translocation of GLUT4 in muscle and adipose
tissue is diminished, largely contributing to insulin resis-
tance. This defect appears to be a result of reduced IRS (in-
sulin-receptor substrate)-1-associated PlI3-kinase activity
resulted from intracellular lipid-induced inhibition of IRS-1
tyrosine phosphorylation, impaired phosphorylation of Akt
and its substrate AS160 and inefficient coupling of activation
of Akt/AS160 signalling with GLUT4 trafficking and glu-
cose transport activity in skeletal muscle [156-159]. GLUT4
expression is also down-regulated in adipocytes, but not in
skeletal muscle in insulin-resistant human and rodents [160].
Overexpression of GLUT4 in the adipose tissue of mice
lacking GLUT4 selectively in muscle reverses whole body
insulin resistance and diabetes [161].
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Cancer

Malignant cells have accelerated metabolism, high glu-
cose requirements, and increased glucose uptake in order to
meet their increased energy requirement for rapid growth.
Many cancers and cancer cell lines over-express the GLUT
family members, in particular GLUT1, which are expressed
in the respective tissues of origin under normal conditions
and often induce expression of GLUTs which would not be
expressed in normal conditions. Overexpression of GLUT1
has been widely seen in many cancer tissues and cells, in-
cluding carcinoma of pancreas [162, 163], cervix [164],
esophagus [165], lung [166], liver [167], thyroid gland [168],
ovary [169-171], juvenile hemangiomas [172], stomach
[173], prostate [174] and breast [175, 176]. Overexpression
of GLUT12 has been observed in breast tumors [76].
GLUTS5 has been found to be expressed in malignant breast
cells but not in normal breast cells [177-179] and blocking of
GLUTS5 expression has been shown to reduce the growth of
malignant cancerous cells [178].

CONCLUSION

Multiple glucose transporter proteins are present in
mammalian cells and all mammalian tissues express more
than one of these transporters in order to efficiently obtain
sufficient glucose from the extracellular fluid for cell me-
tabolism. Each glucose transporter has different transport
kinetics and regulatory properties and plays specific roles in
maintenance of whole body glucose homeostasis. Aberrant
expression and regulation of these proteins can lead to or
contribute to various pathological conditions, such as diabe-
tes, obesity and cancer. A more thorough understanding of
this group of proteins will provide useful information in
combating these diseases.
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