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Is GLUT2 required for glucose sensing?
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The glucose transporter GLUT2 has been the subject
of intensive research since it was cloned from a rat
liver cDNA library [1]. A substantial amount of infor-
mation has accumulated both in favour of and against
the idea that GLUT?2 plays an essential role in glu-
cose sensing by pancreatic islets, a crucial process for
insulin release and glucose homeostasis and one that
may be disturbed in non-insulin-dependent diabetes
mellitus (NIDDM) (reviewed in [2, 3]). This For De-
bate paper does not discuss the whole literature on is-
let GLUT2, but rather focuses on some new develop-
ments in the field, among which are studies on
GLUT?2 expression in human islet cells [4, 5] and the
potential role of glucose transporters and glucokinase
in rat alpha cells [6].

Glucose sensing in beta cells

Several lines of investigation have shown that glu-
cose-induced signalling in rat or mouse beta cells in-
volves metabolism of the sugar [7, 8]. In vitro studies
with the perfused rat pancreas [9] or isolated islets
[10] provided the first links between glucose metabo-
lism and insulin release. They showed that the po-
tency of different carbohydrates to induce insulin re-
lease correlates well with the efficiency at which the
particular sugar is metabolised, glucose and mannose
being good secretagogues while the non-metabolisa-
ble sugars 3-O-methyl glucose (3-OMG) or desoxy-
glucose fail to induce secretion [11]. In agreement
with this idea, mannoheptulose and glucosamine,
two inhibitors of glycolysis at the level of glucose
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phosphorylation, blocked glucose-induced insulin re-
lease [12]. Glucose metabolism, causing a rise in cyto-
solic [ATP]/[ADP] ratio, closes ATP-dependent K™ -
channels [13], inducing membrane depolarisation and
influx of Ca2*, which in turn is believed to induce al-
losteric interactions or phosphorylation of proteins
involved in exocytosis. The dose-response curves of
glucose-induced metabolism, ionic fluxes and insulin
release exhibit similar substrate sensitivity and re-
sponsiveness [14].

This last feature is essential from a physiological
standpoint, since normal beta cells are able to dis-
criminate between basal glycaemia (3 to 5 mmol/l)
and postprandial glucose levels of around 10 mmol/l.
Such discrimination requires high-K,, glucose metab-
olism, i.e. a process which proceeds at very low rates
at 3 mmol/l glucose, and which accelerates above
5 mmol/l substrate. In contrast, most other tissues
start glycolysis with low-K, hexokinases which are
fully saturated at 1 mmol/l substrate. Biochemical
studies of isolated rat islets showed that high-K_, glyc-
olysis is at least partly the result of high-K,, hexoki-
nase 1V (glucokinase) which catalyses around 50 %
of overall glucose phosphorylation in extracts of
whole islets (reviewed in [15]). The pivotal role of
glucokinase in glucose homeostasis was recently un-
derlined by three in vivo models in which the normal
glucokinase gene was disrupted in the mouse genome
by homologous recombination with a mutated gene
[16-18]. In each of these models the heterozygous
mice were mildly diabetic, while the homozygous ani-
mals with the null mutation died soon after birth. In
the heterozygous animals a beta-cell secretion defect
was observed, since the dose-response curve of
glucose-induced insulin release was shifted to the
right. In order to avoid disturbed postprandial he-
patic glucose disposition, one of the knockout models
was designed by deletion of the beta-cell-specific
exon of the glucokinase gene, thus preserving liver
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glucokinase expression [18]. These animals were ab-
normal in insulin secretion as well. The mouse models
beautifully mimicked the diabetic state and impaired
glucose sensing observed in maturity-onset diabetes
of the young (MODY) patients with mutations in the
glucokinase gene [19, 20].

GLUT?2 as a candidate glucose sensor protein in
rodent models

While glucokinase was shown to be rate-limiting for
overall glucose metabolism [15], glucose transport in
rat islet cells was found to be an extremely rapid pro-
cess, equilibrating intracellular and extracellular glu-
cose concentrations within seconds [21]. The molecu-
lar basis for this rapid transport in rodent islets was
clarified with the cloning of the rat liver facilitative
glucose transporter isoform GLUT2 which is selec-
tively expressed in liver, islet beta cells and the baso-
lateral membranes of kidney tubular epithelial cells
and intestinal mucosa cells [1]. Because the trans-
porter has a high-K,, for glucose (around 15 mmaol/l)
GLUT2 was proposed to be a glucose sensor protein
in beta cells in concert with glucokinase [1]. Indirect
evidence for this concept was found by observing a
parallel reduction of islet GLUT2 expression and
loss of glucose-induced insulin release in Zucker dia-
betic rats (ZDR), a model in which the male animals
become obese, insulin resistant and overtly diabetic
between week 7 and 9 after birth, while the obese
and insulin resistant female animals remain non-dia-
betic [22]. In the male animals, the severity of diabe-
tes was strongly correlated to the number of
GLUT2-immunoreactive beta cells, while liver
GLUT?2 was not affected to the same extent [22]. In
the female ZDR animals a 24-day treatment with
0.2-0.4 mg (kg [day dexamethazone induced dia-
betes, which was accompanied by a loss of glucose-in-
duced (but not arginine-induced) insulin release [23].
The animals had down regulated high-K,, glucose up-
take in islet cells to about 50% of the normal value,
which correlated well with the observed decrease
[23] in the number of GLUT2 immunoreactive beta
cells (from 100 to 24 %). Since total islet GLUT2 pro-
tein decreased by only 30%, while pancreatic
GLUT2 mRNA even increased in the Zucker dia-
betic animals [23], it was suggested that: (i) hypergly-
caemia increases beta-cell GLUT?2 transcription; (ii)
down regulation of GLUT2 expression is mediated
at the (post)translational level and (iii) not all beta
cells are affected to the same degree by loss of
GLUT?2 expression [24]. The first hypothesis is fur-
ther supported by observations that glucose increases
beta-cell GLUT2 transcription both in cultured islets
[25] and in glucose-infused rats [26]. The idea of het-
erogeneity in beta-cell GLUT2 expression is in agree-
ment with the observation that rat beta cells are
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heterogeneous in glucose-induced proinsulin biosyn-
thesis [27]. However, when beta-cell subsets were
flow sorted on the basis of low and high NADPH au-
tofluorescence after incubation in 7.5 mmol/l glucose
[28], no differences were observed in terms of glucose
uptake, GLUT2 mRNA level and protein abundance
[29], suggesting that this issue needs further investiga-
tion in the Zucker model.

Transplantation of non-diabetic GLUT2-positive
islets into diabetic recipients has suggested that loss
of GLUT2 expression in islets can be experimentally
induced by the diabetic environment [30]. In the db
mouse, an animal model of diabetes and obesity with
a mutation in the leptin receptor gene [31], transplan-
tation of GLUT2-positive db/ + islets under the kid-
ney capsule of db/db animals led to the disappearance
of GLUT?2 protein from islet beta cells, while kidney
GLUT2 remained unaltered [30]. Conversely, trans-
plantation of db/db GLUT2-negative islets into db/
+ recipients resulted in the reappearance of the trans-
porter in the transplanted islets, showing that beta-
cell loss of GLUT2 in diabetic animals is reversible.
Moreover, the reversibility of the diabetic down regu-
lation was not specific for the db mutation since it was
also observed in the model of streptozotocin-induced
diabetes [30].

Despite the fact that the transplantation studies
described here indicate that down regulation of islet
GLUT2 is the consequence rather than the cause of
the diabetic condition, it can be argued that the ob-
served reduction of GLUT?2 in rat beta cells impairs
glucose sensing, thereby contributing to the beta-cell
failure in diabetes. However, it is difficult to accept
the idea that 50 to 80% reduction of GLUT2-medi-
ated glucose transport can be responsible for de-
creased glucose sensitivity and glucose responsive-
ness of rodent beta cells. Indeed, kinetic measure-
ments in rat islets [21] or pure beta cells [29] show
that transport can provide a metabolic flux that is
two orders of magnitude higher than the actual glyco-
Iytic rate in these cells, suggesting that down regula-
tion of GLUT2 in rat beta cells should be at least
95% in order to impair glucose-induced insulin re-
lease.

Manipulation of beta-cell GLUT2 expression in
transgenic mouse models or via in vitro gene transfer
technology has generated data both in support and
against the concept that moderate reduction in
GLUT2 may cause a glucose sensing defect. Valera
etal. [32] showed that expression of an antisense
GLUT2 transgene controlled by the rat insulin-1 pro-
moter (RIP-1) in mice leads to 80 % reduction of islet
GLUT2 mRNA [32]. The animals became diabetic
and had lower plasma insulin levels than control
mice. Islets isolated from the transgenic mice exhib-
ited a severely blunted dose-response curve for glu-
cose-induced insulin release with reduced secretory
capacity rather than decreased sensitivity for glucose.
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Unless beta-cell heterogeneity is considered, this
change in the dose-response curve of glucose-induced
insulin release seems not fully compatible with the
hypothesis that reduced transport via GLUT2 is re-
sponsible for the secretory defect. In vitro transfec-
tion experiments of GLUT2 constructs into insulin
secreting cell lines have generated diverging results,
probably depending on the particular cell line that
was used, the efficacy of gene transfer and the cell
culture condition. In AtT-20ins cells, an anterior pitu-
itary cell line engineered to express the human proin-
sulin gene [33] and which has glucokinase activity
[34], insulin release became weakly glucose-respon-
sive (twofold stimulation) when stably transfected
with GLUT2 cDNA, while glucose transport capacity
increased 35-50 fold [35]. Glucose stimulation in this
model was maximal at 10 umol/l substrate, while the
K., for glucose uptake was 17-25 mmol/I; this was ex-
plained by the fact that 90% of total glucose phos-
phorylation was catalysed by low-K,, hexokinases
[35]. Interestingly, (i) transfection with GLUT1 had
no effect on glucose-induced insulin release in AtT-
20ins, and (ii) neither in GLUT1- nor in GLUT?2
transfected cell lines was glycolysis accelerated, sug-
gesting that GLUT2-mediated glucose sensing in
these cells occurred via a metabolism-independent
mechanism [36]. The rat insulinoma cell line RIN
1046-38 gradually loses its capacity for glucose sens-
ing with increasing passage number [37]. Transfection
of the GLUT2 gene into the cells resulted in stable
upregulation of GLUT2 mRNA and protein while 3-
OMG uptake increased 25-fold, and insulin secretion
became responsive (twofold stimulation) to 50 umol/I
glucose [37]. Interestingly, the GLUT?2 transfected
cells expressed four times more glucokinase than the
control cells, indicating that GLUT2 expression was
somehow linked to glucokinase enzyme activity in
these cells. The concern for possible clonal selection
during the increase in passage number was consid-
ered by obtaining similar — though more transient
and less pronounced — effects after adenovirus-medi-
ated transfer of the GLUT2 gene in the cells [37], a
highly efficient transfer technique. In contrast with
the previous study, no link between GLUT2 expres-
sion and glucokinase activity was observed by Ishi-
hara et al. [38] who transfected the human GLUT?2
gene in the murine insulinoma cell line MING. Stably
transformed cells exhibited twofold higher rates of
3-OMG uptake but no change in glucokinase activity
or glycolytic flux. A major difference between this
study and that of Ferber etal. [37] is that the un-
transfected MING cell line has a higher glucokinase/
hexokinase ratio (approximately 10) than that ob-
served in most other cell lines, including RIN 1046-
38. Second, the upregulation of GLUT2 in the MING6
cells was more modest than in the RIN 1046-38 cells.
Finally, since human GLUT2 was used in murine cells
[38], while rat GLUT2 was hyperexpressed in an
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isogenic system [37], it is possible that species differ-
ences in protein sequence are important for protein-
protein surface interactions between GLUT2, glu-
cokinase or other proteins.

The idea that GLUT2 and glucokinase need to be
co-expressed in the same cell for proper functioning
of a metabolic glucose sensor may be challenged,
however, by recent experiments in rat purified gluca-
gon-producing cells [6, 39]. Pure alpha cells are regu-
lated by glucose in the millimolar concentration
range in an opposite way to beta cells, i.e. suppres-
sion by high glucose and high rates of glucagon re-
lease at low glucose [40]. While glucose transport of
alphacells is slower than in rat beta cells [41], the pro-
cess is not rate-limiting for overall glycolysis in the
cells. Furthermore, glycolysis in alpha cells exhibits
the same high-K,, for glucose and proceeds at compa-
rable absolute rates when compared to glycolytic flux
in pure beta cells [39]. The differences in glucose
transport could be explained by the fact that alpha
cells do not express the high capacity transporter
GLUT2 but only GLUTL, while transport in rat beta
cells is dominated by GLUT?2 [39]. The high-K_, glu-
cose utilisation in alpha cells was explained by the ob-
servation that these cells express glucokinase in
guantities that render the enzyme rate-limiting for
overall glucose metabolism, in a manner analogous
to beta cells [6]. Therefore, since alpha cells do not
express the GLUT2 gene, it can be suggested that
glucose sensing in endocrine cells of the rat does not
necessarily require the co-expression of GLUT?2 and
glucokinase.

Difference in GLUT2 expression in human compared
to rodent beta cells

Contrasting with the wealth of information concern-
ing the expression and function of GLUT?2 in rodent
islets and its disturbance in animal models of
NIDDM, data on the presence and function of
GLUT?2 in human beta cells are scarce. Two recent
studies [4, 5] reported a very low GLUT2 expression
in human islet cells when compared to human liver
or rat islet cells. The first suggested that transporters
other than GLUT2 mediate glucose uptake in human
islet cells [4], and the second observed no decrease in
GLUT2 mRNA or protein in islets isolated from do-
nor organs of NIDDM patients [5]. These data sug-
gest that the rodent islet physiology and some animal
models of NIDDM may not be extrapolated to the
human situation.

The study of De Vos et al. [4] was conducted on 23
different human islet cell preparations obtained with-
in the framework of a European concerted program
for the implantation of beta-cell grafts in IDDM
[42]. Both the viability of the cells ( >95%) and the
beta-cell enrichment (52 + 4%) were comparable to
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Fig.1. Human and rat beta cells differ in GLUT2 but not in
glucokinase gene expression. Immunoblots of protein extracts
from isolated human islet cells (upper panel) and rat islet cells
(lower panel) assessing relative abundance of GLUT?2 protein,
glucokinase and beta actin. Undiluted extract (lane 1) contains
protein from 5 x 10° islet cells (approximately 25 ug protein),
whereas lanes 2-7 were loaded with extract diluted in sample
buffer 2-, 4-, 8-, 16-, 32- and 64-fold before electrophoresis. In
a second experiment rat islet cell GLUT2 was still detected in
a 128-fold diluted sample. Reproduced from The Journal of
Clinical Investigation (1995) 96:2489-2495, copyright permis-
sion of The American Society for Clinical Investigation

values routinely obtained in dissociated rat islet cell
preparations which were used as a reference stan-
dard. Using human- and rat-specific cDNA probes
and antibodies, a difference in GLUT2 expression le-
vel in human compared to rat islet cells of two orders
of magnitude or more was observed. In Northern
blots weak autoradiographic signals were only ob-
tained after prolonged exposure, while Western blots
were negative with protein extracted from 5 x 10° hu-
man islet cells (approximately 25 ug of protein). Step-
wise dilution series of rat and human islet cell protein
extracts (Fig.1) allowed us to estimate that human
beta cells contain at least 64-fold less GLUT2 protein
than rat beta cells, while islet glucokinase appeared
equally abundant in both species. The difference be-
tween human and rat islet GLUT2 abundance also
contrasts with liver GLUT2 expression, where pro-
tein abundance appears to be similar between these
two species (Fig.2). The low expression of human
GLUT2 in islets could not be ascribed to differences
in the islet isolation procedure, culture conditions or
the clinical history of the pancreatic donors, since
identical results were obtained by immunostaining
of human liver and pancreatic biopsies, i.e. negative
immunostaining in pancreas and strong membrane
immunostaining in liver [4].
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Fig.2. Human and rat liver exhibit comparable abundance of
GLUT?2 protein. Immunoblots of protein extracts from human
liver (upper panel) and rat liver (lower panel) using species-
specific antisera GLUT?2 and twostep dilution of extract in
sample buffer before electrophoresis. Without prepurification
of total liver protein, GLUT2 immunoreactivity was detect-
able after blotting 3 ug of human liver protein and 1.6 ug of
rat liver protein

Ferrer et al. [5] studied human islets from 11 non-
diabetic and 4 diabetic organ donors. Also in this
study mRNA abundance was close to the detection
limit of Northern blotting, and required competitive
reverse transcriptase-polymerase chain reaction
(RT-PCR) for accurate measurements. Furthermore,
GLUT2 protein detection required 100 ug of human
islet cell protein per lane, loading of 20 ug protein
giving negative results. In agreement with De Vos
etal. [4] GLUT2 immunostaining of human - but
not rat — pancreatic cryosections was negative. Both
the amplified GLUT2 cDNA abundance and the im-
munoreactive protein abundance were similar when
comparing islets from diabetic and non-diabetic do-
nors [5].

Thus, on a total of 34 different human islet cell
preparations from non-diabetic donors, GLUT2 ex-
pression appears much lower, possibly by a factor of
100 or more, than that in rodent islets. This idea is in
good agreement with incidental reports of a very low
abundance of GLUT2 mRNA in human islet ex-
tracts, while abundant GLUT?2 transcripts were re-
ported in human liver [43, 44]. Considering these re-
sults, it may be surprising that glucose sensing in iso-
lated human islets appears to be quite normal [45]. Is
the low GLUT?2 level sufficient to allow human beta
cells to sense glucose or is another isoform of the fa-
cilitative glucose transporter family required?

Can GLUT?2 function be replaced by another glucose
transporter?

In rat liver parenchymal cells [46], pancreatic islets
[25, 47], and purified beta-cell preparations [29, 39]
GLUT2 is not the only glucose transporter that is
expressed, since GLUT1 mRNA and protein are
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detected in parallel. These results are not entirely
unexpected, since GLUT]1, the low-K, transporter
that was originally described in erythrocytes and
brain [48], seems to be ubiquitously expressed and
is believed to be responsible for basal glucose trans-
port in most cells [49]. In hepatocytes co-expression
of GLUTL1 and GLUT?2 appears restricted to a very
limited zone of the liver lobules [46], which is in
agreement with the concept of metabolic heteroge-
neity of liver tissue [50]. However, no heterogeneity
in GLUT1 expression was observed in beta-cell sub-
sets with different sensitivity to glucose [29]. More-
over, kinetic analysis indicates that the relative activ-
ity of GLUTL in rat beta cells is low when compared
to that of GLUT2. In unpurified islet cell prepara-
tions [51], the low-K , component of 3-OMG trans-
port can be detected, but this component segregates
with the non-beta-cell preparation after flow sorting
of islet cells [39]. Upregulation of GLUTL, either in
neonatal islet cells [52] or in MING6 cells [53] had lit-
tle effect on glucose sensing, probably because of
the dominating influence of GLUT2. So the role of
GLUTL1 in rodent beta cells with high GLUT2 ex-
pression seems to be of minor relevance for glucose
sensing.

Studies in human islet cells again deviate mark-
edly from the data obtained in rodent models. Ex-
pression of GLUT1 and GLUT3 was detected in hu-
man beta cells, both at mMRNA and protein level [4].
Moreover, 3-OMG transport in human islet cells ex-
hibited a low-K,, for substrate (3 mmol/l) which is
compatible with the known transport kinetics of
GLUT1 and/or GLUT3, but not with that of
GLUT2. Whereas transport velocity in human islet
cells was only 10% of that observed in rat islet cells,
the rate of glycolysis or glucokinase activity was the
same in both species [4]. Thus, it appears that trans-
port function — carried out by GLUTZ2 in rat beta cells
— is substituted by GLUT1 and/or GLUT3 in human
beta cells.

It can be postulated on basis of these observations
that the K, of the glucose transporter does not really
matter for the time required to equilibrate intracel-
lular and extracellular glucose concentrations in
beta cells. Such conditions can only be met as long
as transport velocity largely exceeds catalytic capac-
ity of glucokinase, the rate-limiting enzyme of glyco-
lysis. Computer modelling predicted that transpor-
ters with K, values of either 1.5 or 17 mmol/l can
both generate increments in high-K,, glucose phos-
phorylation when extracellular glucose increased
from 6 to 15 mmol/l [54]. This theoretical model was
supported by experimental data in Xenopus oocytes
injected with glucokinase mMRNA and either
GLUT2 or GLUT3 mRNA: injection of GLUT2 or
GLUT3mMRNA had the same stimulatory effect
upon high-K, glucose phosphorylation by glucoki-
nase [55]. Thus, both GLUT1 and GLUTS3, low-K,,
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transporters expressed in many human tissues [49],
may kinetically substitute for GLUTZ2 in human islet
cells. It remains to be examined, however, if the low
abundance of GLUT2 in human pancreas is required
for an isoform-specific, non-transport function of the
protein.

Implications for human diabetes

The putative pathophysiological implication of the
low human beta-cell GLUT2 expression with respect
to the development of human diabetes remains un-
clear. In the four NIDDM subjects from whom pan-
creatic islets were studied postmortem [5] no de-
crease in GLUT2 abundance was observed. Since
NIDDM is a polygenic and multifactorial disorder,
the low number of patients in this study does not ex-
clude a role for GLUT?2 defects in subgroups of pa-
tients. Polymorphism in the human GLUT2 gene has
been described, but no correlation with NIDDM was
observed, either in association studies or in linkage
analysis [56, 57]. Interestingly, in one patient with ges-
tational diabetes heterozygosity for a GLUT2
Vall197 - lle missense mutation was detected; the
functional consequence of this mutation — assessed
by expression of the mRNA in oocytes — was severe
in terms of 3-OMG transport [58]. The described mu-
tation appears to be rare, because it has not yet been
found in other diabetic patients.

The interspecies differences in GLUT2 expression
may explain — at least in part — the major difference
in sensitivity of human and rat beta cells for the cyto-
toxic action of streptozotocin and alloxan [59]. Both
streptozotocin and alloxan are unstable molecules,
so that cells sensitive to their cytotoxic action are ex-
pected to exhibit high transport rates. Streptozotocin,
a nitroso urea-derivative of glucose, has been re-
ported to be more cytotoxic for both RIN- and At-
T20ins-cells when these cells were transfected with
GLUT2 cDNA as compared to cells transfected
with GLUT1 cDNA [60], suggesting that uptake of
the short-living toxin is a GLUT2-specific process.
Furthermore, the resistance (both in vivo and in
vitro) of human beta-cells to the cytotoxic action of
alloxan [59] has been correlated to uptake Kinetics
of the toxin, which was 10 times slower in human islet
cells than in rat islet cells [4]. Finally, in rat cells, al-
loxan uptake was competitively inhibited by unla-
belled 3-OMG but not by 1-glucose, indicating that
the agent indeed enters the cells via a glucose trans-
porter [4]. While it is conceivable that low human is-
let GLUT2 expression contributes to low beta-cell
toxicity of streptozotocin and alloxan in man, it
should be mentioned that other mechanisms such as
expression of heat shock proteins, free radical scav-
enging enzymes [61] or other repair genes can be re-
sponsible as well.
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Conclusions and prospects

At this moment no firm basis for a role of GLUT2 in
human diabetes has been found, except for a single
case presenting with a heterozygous Val197 - lle mu-
tation in gestational diabetes which regressed sponta-
neously [58]. If this mutation can be observed in other
patients, it would be of great importance to study the
natural history of the disease, in order to find out
whether the prime defect is impaired hepatic glucose
disposal, beta-cell glucose-insensitivity or a combina-
tion of both. If such a beta-cell defect exists before
development of hyperglycaemia, this would be evi-
dence for the idea that GLUT?2 is important for glu-
cose sensing in human islets. Since transport function
in normal human islet cells appears largely mediated
by the low-K, transporters GLUT1 and/or GLUT3,
it can be speculated that the low GLUT2 expression
plays a role distinct from glucose transport but more
directly related to exocytosis. A study of GLUT2 ul-
trastructural localisation in rat pancreas [62] has indi-
cated that the transporter is preferentially present in
microvillous domains of the beta-cell plasma mem-
brane. Analogous to the erythrocyte CI/HCOj trans-
porter which binds ankyrin and hence organises the
membrane-bound cytoskeleton [63], it can be specu-
lated that GLUT?2 plays a so far unrecognised role in
membrane organisation, a process that is central to
exocytosis. In this respect, the fact that rat GLUT2
can be phosphorylated by protein kinase A, without
causing major changes in its transport kinetics [64],
should be kept in mind, because elevation of rat
beta-cell cAMP has on the one hand major effects
upon glucose-induced insulin secretion [65], but on
the other hand no significant effect upon the rate of
glucose metabolism [41]. Furthermore, again analo-
gous to the aminoterminal end of the erythrocyte an-
ion channel [63], GLUT2 may be responsible for the
anchoring of certain glycolytic enzymes, thereby con-
centrating possible metabolic signals close to target
site(s) involved in exocytosis. In this context, it should
be mentioned that this feature can be shared by other
GLUT isoforms present in human beta cells, since the
human erythrocyte glucose transporter was reported
to bind the glycolytic enzyme glyceraldehyde 3-phos-
phate dehydrogenase in an ATP-dependent revers-
ible manner [66]. Site-directed mutagenesis of rat,
mouse and human GLUT?2 and novel functional tests
are required to indicate which residues of the trans-
porter protein are involved in these hypothetical
non-transport functions of GLUT2. Expression ex-
periments of mutated human GLUT?2 in rodent cell
lines may be hampered by species differences in pro-
tein sequence which may be relevant for non-cova-
lent protein-protein interactions. Future research in
this direction would therefore benefit from experi-
ments using either primary cultures of human beta
cells or a human beta-cell line with well-preserved
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glucose sensing properties. Such in vitro models may
increase our understanding of the differences and
similarities in glucose sensing by rodent and human
islets, for instance by measuring the expression of
the human homologues of the murine 180 and 90
kDa GT-11 binding transcription factors, which seem
responsible for islet-specific GLUT2 expression [67].
A human glucose-responsive beta-cell line should
also generate new data answering the question of
which level of GLUT2 expression of the endocrine
pancreas is required for glucose-induced insulin se-
cretion in man.
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