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Abstract

Glucose homeostasis is controlled by a glucose sensor in
pancreatic B-cells. Studies on rodent g-cells have suggested
a role for GLUT2 and glucokinase in this control function
and in mechanisms leading to diabetes. Little direct evidence
exists so far to implicate these two proteins in glucose recog-
nition by human B-cells. The present in vitro study investi-
gates the role of glucose transport and phosphorylation in
PB-cell preparations from nondiabetic human pancreata. Hu-
man S-cells differ from rodent B-cells in glucose transporter
gene expression (predominantly GLUT1 instead of
GLUT?2), explaining their low K., (3 mmol/liter) and low
V max (3 mmol/min per liter) for 3-O-methyl glucose trans-
port. The 100-fold lower GLUT2 abundance in human ver-
sus rat B-cells is associated with a 10-fold slower uptake of
alloxan, explaining their resistance to this rodent diabeto-
genic agent. Human and rat B-cells exhibit comparable glu-
cokinase expression with similar flux-generating influence
on total glucose utilization. These data underline the impor-
tance of glucokinase but not of GLUT2 in the glucose sensor
of human B-cells. (J. Clin. Invest. 96:2489-2495.) Key
words: glucokinase + GLUT2 « beta cells ¢ insulin + diabetes

Introduction

In some patients with noninsulin-dependent diabetes mellitus
(NIDDM)! the loss of glucose-induced insulin release is attrib-
uted to a defect in glucose sensing by pancreatic S-cells (1).
The molecular nature of this defect has not yet been identified.
In the absence of sufficient data on isolated human [-cells,
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current hypotheses have been derived from rodent insulin-pro-
ducing S-cells. In rat 8-cells the mechanism of glucose regula-
tion requires intracellular catabolism of the sugar (2), with
possible critical steps at the level of GLUT?2, the liver-type
glucose transporter (3), and glucokinase, the liver-type hexoki-
nase isoform (4). Both proteins operate at proximal glycolysis
and exhibit a high K, for glucose. GLUT2 gene transfection
confers glucose responsiveness to rat cell lines (5-7) while
transgenic mice with down-regulated GLUT2 or glucokinase
in B-cells exhibit disturbed glucose tolerance (8, 9). Parallel
reduction of S-cell GLUT2 and loss of glucose-induced insulin
release has been described in several rat and mouse models
with spontaneous diabetes (10—12). Glucokinase gene muta-
tions have been identified in families with maturity onset diabe-
tes of the young (13) and in a subset of American blacks with
NIDDM (14). On the contrary, no GLUT2 mutations have so
far been observed in NIDDM (15), except for a single case in
which heterozygosity was noticed for a conservative Vall197 —
Ile missense mutation (16). The present study on isolated hu-
man S-cells provides direct evidence for a role of glucokinase
in the human glucose sensor, while the participation of GLUT2
could not be demonstrated.

Methods

Preparation of human islet beta cells. Human pancreatic tissue and islet
cells were obtained as samples from a multicenter program on S-cell
transplantation in diabetes (17) that has been approved by central and
local ethical committees. The islets were isolated after collagenase per-
fusion and Ficoll gradient centrifugation (18). The cold preservation
time of the organs was 10+3 h (mean+SD), while the islet isolation
procedure took on average 5 h. The number of pancreata processed for
islet or islet cell preparations used in this study was 23. The age of the
donors (all nondiabetic) was 39+4 yr (mean*SE, range, 17-62 yr).
The most frequent causes of death of the donors were intracranial hemor-
rhage (15:23) and severe head trauma (6:23). The dissociated islet
cells (67+5% endocrine) contained 52+4% insulin-positive cells and
10+1% glucagon-positive cells. Viability of the cell preparations was
95+1%. Islet cells were either used freshly after isolation (Western
blots) or after 2-5 d of culture in Ham’s F10 medium, containing
6.1 mmol/liter glucose, supplemented with 0.5% BSA, 0.08 mg/ml
penicillin, and 0.1 mg/ml streptomycin.

Glucose uptake, utilization, and phosphorylation. Initial rates of
zero-trans [*H]3-O-methyl glucose (3-OMG) uptake were measured
over 30 s at 37°C using ['“C]urea as intracellular space marker and L-
[*H]glucose to correct for extracellular volume (19). Glucose metabo-
lism was measured over 2 h incubations at 37°C (20). Cells were
incubated in 100 1 Earle’s-Hepes buffer containing the indicated con-
centrations of D-[5-*H]glucose (25 xCi/ml) and p-[U-"C] glucose (25
uCi/ml). The conversion of D-[5-*H]glucose to *H,O was measured
simultaneously with the production of '“CO, from D-[U-'*C]glucose
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(20). Cellular metabolism was stopped by the addition of 20 ul of 0.4
mol/liter citrate buffer, pH 4.9, containing 5 mmol/liter KCN, 10 zmol/
liter antimycin A, and 10 pmol/liter rotenone. Hydroxy hyamine (Hew-
lett-Packard, Palo Alto, CA) was used to capture the produced '*CO,.
Tritiated water and "*CO, were measured via liquid scintillation count-
ing. The radioactively labeled compounds were purchased from Amer-
sham International, Little Chalfont, UK [p-[5-*H]glucose (17 Ci/
mmol), p-[U-"“C]glucose (298 mCi/mmol)] or from New England
Nuclear, Boston, MA (L-[1-*H]glucose [16 Ci/mmol], [**C]urea [56
mCi/mmol] and 3-O-[*H]methyl-D-glucose [87 Ci/mmol]). Glucose
phosphorylation was determined fluorimetrically as described by Trus
et al. (21). Enzyme activity was measured during 90 min incubations
at 37°C both at = 0.5 mmol/liter and at 1-40 mmol/liter glucose to
distinguish low- K, hexokinases from high-K,, glucokinase. Leuconos-
toc mesenteroides glucose 6-phosphate dehydrogenase was obtained
from Boehringer Mannheim, Mannheim, Germany.

mRNA and protein analysis. Northern blot hybridization was per-
formed as described before (19, 20). Autoradiographic exposure times
required to generate the signals shown were 4 d (GLUT1), 6 d
(GLUT2), 6 d (GLUT3), 42 d (glucokinase) and 8 h (S3-actin). Liver
glucokinase and S-actin mRNA signals were faint or absent with 2.5
ug total RNA but clearly present after blotting 10 g RNA (not shown).
The obtained radioactive signals were quantified via PhosphorImaging
(Molecular Dynamics Inc., Sunnyvale, CA).

For the qualitative analysis of glucose transporter transcripts in hu-
man islet B-cells, 0.5 ug of total RNA was reverse transcribed and
amplified using GeneAmp RNA-PCR kit (Perkin-Elmer Cetus Instru-
ments, Emeryville, CA). Primers specific for the four glucose trans-
porter isoforms were designed to anneal to specific sequences from
GLUT1-5’ (codon 49-55), GLUT1-3’ (codon 263-269), GLUT2-5’
(codon 81-87), GLUT2-3’ (codon 295-301), GLUT3-5’ (codon 47—
52), GLUT3-3’ (codon 262-267), GLUT4-5’ (codon 65-71), and
GLUT4-3’ (codon 279-285), yielding PCR fragments of 663 bp.

Proteins were separated on 10% SDS-polyacrylamide gels and elec-
troblotted to nitrocellulose membranes. The blotted filters were incu-
bated with anti-GLUT1 (22) (1:1,000), anti-GLUT2 (23) (1:1,000),
anti—rat glucokinase (24) (1:10,000), which recognizes both liver and
islet cell glucokinase from rat and man, and anti-G-actin (1:1,000) for
60 min at room temperature (19). The ECL kit (Amersham Interna-
tional) was used for immunodetection. The signal intensities of the
immunoblots were quantified via laser densitometry.

Immunohistochemical analysis of human tissue sections. Paraffin
sections from formaldehyde-fixed human tissues were immunostained
with anti-GLUT1 (1:200), anti-GLUT2 (1:50), anti-GLUT3 (1:100)
or antiinsulin (1:1,000 mAb; BioGenex Laboratories, San Ramon, CA)
and detection was done using the streptavidin-biotin-immunoperoxidase
(ABC) technique. Pancreatic tissue blocks for immunocytochemistry
were obtained from cold-preserved donor organs; furthermore, a partial
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Figure 1. Glucose utilization (A) and oxidation (B) by human islet
cells. Glucose utilization was measured as *H,O production from [5-
®H] p-glucose and oxidation as '“CO, output from [U-'“C] p-glucose.
Results are expressed as picomoles of glucose used or oxidized per 10°
islet cells; data represent mean values*SE (n = 7).
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Table 1. Glucose Uptake, Phosphorylation, and Glycolysis
in Human Islet Cells

Glucokinase
[Substrate] 3-OMG uptake activity* Glycolysis
mM mmol/min per ltier mmol/min per liter mmol/min per liter
5 2.2+0.2 (8) 0.38+0.15 (4) 0.33+0.07 (7)
10 2.9+0.3 (8) 0.60+0.20 (4) 0.52+0.11 (7)

All parameters were determined at 37°C. Mean values *SE of (n) exper-
iments are expressed per liter intracellular space (0.7+0.1 ul/10° cells;
n = 10). * Glucokinase activity was calculated by subtracting hexoki-
nase activity measured at 0.5 mmol/liter glucose (1.1+0.8 mmol/min
per liter) from total glucose phosphorylation.

pancreatic resection was obtained from a patient undergoing abdominal
surgery for stomach cancer. Liver tissue from the same organ donors
or liver biopsies were taken as positive control for GLUT2 immunostain-
ing.
Alloxan uptake. Uptake of '*C-labeled alloxan (2 mCi/mmol; Amer-
sham International ) was measured at 23°C, using [ '*C]urea as intracel-
lular space marker and L-[*H] glucose as marker for extracellular space.
The oxidation of '“C-labeled alloxan to alloxanic acid was studied by
TLC on 0.25 mm silica gel plates using 7:5:3 chloroform/acetic acid/
ethanol (25) followed by autoradiography and laser scan densitometry
of the spots. After 3 min incubation at 23°C in water 50% of radiolabeled
alloxan had been oxidized.

Results

Metabolic properties of human islet cells. Human islet cells
obtained from cultured isolated islets were incubated with vari-
ous glucose concentrations to test their metabolic properties.
Under these conditions, glucose induces a dose-dependent re-
lease of insulin (26). Cellular glucose utilization and glucose
oxidation increased 4- to 6-fold when substrate levels were
raised from 1 to 20 mmol/liter (Fig. 1). Compatible with their
physiological role as glucose sensors, human islet cells exhib-
ited glucose metabolism which was proportional to extracellular
glucose levels between 5 and 10 mmol/liter (Fig. 1). Zero-
trans uptake of the nonmetabolizable analogue 3-OMG was
saturated half-maximally and maximally at 3 and 10 mmol/liter
substrate, respectively, so that a 30% increase in transport was
observed between 5 and 10 mmol/liter 3-OMG (Table I). The
calculated uptake rates were ~ 10 times lower than those ob-
served in rat islet cells (3, 20), yet exceeded metabolic flux
through glycolysis by a factor of five, suggesting that transport
is not rate limiting for overall glucose metabolism. On the other
hand, high-K,, glucose phosphorylation via glucokinase pro-
ceeded at rates which were comparable to overall glycolysis in
intact human islet cells (Table I); this glucokinase activity was
similar to that in rat B-cells (20). Extracts of human islet cells
were found to contain low-K,, hexokinases, which catalyzed
more than 50% of total glucose phosphorylation at 20 mmol/
liter glucose. This low-K|, phosphorylation was 80+5% sup-
pressed by 2.5 mmol/liter glucose 6-phosphate (mean+SE; n =
4). When purified chromatographically using DEAE Sepharose,
low- K, hexokinase activity was 90% saturated at 1 mmol/liter
substrate (data not shown). Fluorescence-activated sorting of
endocrine and nonendocrine cells further showed that the low-
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Figure 2. Glucose transporter and glucokinase expression in human islet cells. (A) Northern blots of total RNA from human placenta (lane 1, 2.5
ug), liver (lane 2, 2.5 pug), and two islet preparations (lanes 3 and 4, 10 ug) hybridized with cDNA probes specific for human GLUT1, GLUT2,
GLUTS3, glucokinase, and S-actin. (B) Immunoblots of total protein extracted from cultured islet cells from six human pancreata (lanes 4-9, 2.5
X 10° cell equivalents per lane). For GLUT1 immunoblotting, lane 2 represents the positive control (5 ug placenta protein) and lane 3 the negative
control (20 ug of liver protein). The GLUT2 immunoblot was positive with liver protein (20 ug, lane 3) but negative with placenta protein (20

pg, lane 2). Glucokinase immunoreactive protein was detected using both 5 ng of purified rat liver glucokinase (lane /) and 25 ug of human liver
protein (lane 3) but undetectable using 25 pg of human muscle protein (lane 2). Immunoblotting for B-actin was undetectable in 20 ug of human
placenta protein (lane 2) but positive with 20 ug of human liver protein (lane 3). (C) Immunoblots of freshly isolated human islets (lane 3, 2.5

X 10° cell equivalents) with 20 ug placenta protein (lane 1) and 20 ug liver protein (lane 2) as controls. Immunoblots of freshly isolated human
(D) and rat (E) islet cells were examined undiluted (lane 1, 5 X 10° islet cell equivalents) or 2-, 4-, 8-, 16-, 32-, and 64-fold diluted in sample

buffer (lanes 2—7) before electrophoresis. In a second experiment GLUT2 was still detected in a 128-fold diluted sample of rat islet cells (not

shown).

K., hexokinase activity observed in the islet cell preparation
was mainly (85+5%; mean+SE; n = 3) localized in nonendo-
crine cells.

Glucose transporter and glucokinase gene expression by
human islet cells. Northern blots of total RNA from human
islets hybridized to GLUT1, GLUT3, and glucokinase cDNA
probes; GLUT? signal intensity was very low and only visible
after prolonged autoradiographic exposure (Fig. 2 A). As posi-
tive control for the blots, human placenta RNA (2.5 ug) hybrid-
ized with the GLUT1 and GLUT3 probes, while human liver
was strongly positive for GLUT2. The 2.5 ug liver RNA was
close to, or below, the detection limit to visualize glucokinase
and S-actin transcripts (Fig. 2 A); however, clear signals were
observed after blotting 10 ug of liver total RNA (data not
shown).

Quantification of the hybridization signals by phosphorim-
aging resulted in GLUT2 over (-actin signal intensity ratios
which were at least two orders of magnitude higher in human
liver tissue than in human islets. In contrast, glucokinase over
[-actin signal ratios were comparable in human islets and liver.
The mRNA hybridization data were confirmed by amplification
of reverse-transcribed RNA (reverse transcriptase-PCR), per-
formed with RNA from five human islet preparations: abundant
GLUT1, GLUT3, and glucokinase cDNA fragments of appro-
priate length were reproducibly obtained after 40 cycles of am-
plification, while only weak GLUT2 signals were observed
(data not shown). The sequence of the cloned 663-bp GLUT2

PCR fragment was identical to the published corresponding
sequence of human pancreatic GLUT2 (27).

The low GLUT2 gene expression in human islet cells was
confirmed at the protein level (Fig. 2 B). All six pancreatic islet
cell preparations clearly contained GLUT1 immunoreactivity,
while the GLUT?2 protein was not detected. Immunoblotting for
GLUTS3 resulted in multiple bands, including a 45-48 kD pro-
tein that was also expressed in placenta (data not shown). In
agreement with the RNA data, glucokinase protein was present
in comparable quantities in human islet tissue and liver (Fig. 2
B). The immunostaining for GLUT1, GLUT2, and GLUT3 in
pancreatic sections (Fig. 3) was in agreement with these in
vitro data. For GLUT2 immunohistochemistry, human liver tis-
sue served as positive control. Human liver GLUT2 immuno-
staining was observed on the sinusoidal face of the parenchymal
cell membrane; staining was most intense in the perivenous
area and declined towards the periportal zone (Fig. 3 A). This
distribution may be related to metabolic zonation of the liver,
with preferential postprandial glucose uptake in the perivenous
region of the liver lobules (28). In contrast, sections from hu-
man donor pancreata (Fig. 3 C) were negative for GLUT2
immunostaining. This negative result was confirmed on a partial
pancreatic resection from nondiabetic subject (data not shown).
The islet sections were positive for GLUT1 and GLUT3, which
were both preferentially localized in the plasma membrane (Fig.
3, D and E). These observations were further supported by
immunoblots of freshly isolated human islets (Fig. 2 C) which
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Figure 4. 3-OMG and alloxan uptake in human and rat islet cells. (A)
3-OMG uptake in rat (O, n = 3) and human (e, n = 3) islet cells. (B)
Alloxan uptake in rat (O, n = 4) and human (e, n = 3) islet cells. Data
represent mean values*SE.

were GLUT?2 negative and GLUT!1 positive. Two-step dilution
series of human (Fig. 2 D) and rat (Fig. 2 E) islet cell protein
allowed detection of rat GLUT2 in up to 64-fold diluted sam-
ples, while human islet GLUT2 was not detected, even in undi-
luted samples. In a second experiment, rat islet GLUT2 was
detected after 128-fold dilution, while undiluted human islet
GLUT?2 was again not detected (data not shown). On the other
hand, human and rat liver contained similar amounts of GLUT2
(data not shown) and human and rat islets exhibited comparable
glucokinase abundancies (Fig. 2, D and E).

3-OMG and alloxan uptake in rat and human islet cells.
Since human S-cells are less sensitive than rat islet S-cells to
the toxic action of alloxan (29), a glucose-like molecule, we
examined whether the low expression of GLUT?2 results in low
rates of alloxan uptake. We therefore compared the uptake ki-
netics of "“C-labeled alloxan and *H-labeled 3-OMG in rat and
human islet cells. Both compounds were transported 10 times
more slowly in human than in rat islet cells (Fig. 4). In rat
cells, alloxan uptake was competitively inhibited by unlabeled
3-OMG but not by L-glucose (data not shown), indicating that
the agent indeed enters the cells via a glucose transporter. Since
alloxan is oxidized rapidly in water to alloxanic acid (25),
which can no longer enter the cells, intracellular concentration
decreased in rat cells after a peak value at 3 min. As a conse-
quence, high alloxan concentrations are rapidly reached in rat
but not in human S-cells. The total area under the curve, as-
sumed to represent a direct index of cytoplasmic exposure to
the toxin, was therefore at least 10-fold lower in human S-cells
than in rat S-cells (Fig. 4 B).

Discussion ~

The present study describes some metabolic properties of hu-
man pancreatic islet cells. Cellular glucose utilization and oxida-
tion were proportional to extracellular glucose concentrations
within the physiological range between 3 and 10 mmol/liter.

This metabolic feature was previously observed in purified rat
B-cells (20, 30) and seems therefore essential for a tissue
equipped with a metabolic glucose sensor. Glucose phosphory-
lation via glucokinase parallelled the overall glycolytic flux in
intact human islet cells. This glucokinase activity was similar
to that found in rat S-cells (20). In line with a previous observa-
tion in microdissected human islets (31), human islet cell ex-
tracts were found to contain substantial amounts of low-K,,
hexokinase activity. This low- K, hexokinase activity is proba-
bly of minor importance for the glucose sensor of normal -
cells in vivo since (a) chromatographically purified hexokinase
was 90% saturated at 1 mmol/liter substrate; (b) low-K,, phos-
phorylation was 80% suppressed by 2.5 mmol/liter glucose-6-
phosphate, which might be representative for intact cells con-
taining glucokinase and exposed to glucose levels above 5
mmol/liter; (c) the hexokinase activity of the islet cell prepara-
tion is mainly localized in nonendocrine cells as evaluated after
fluorescence-activated sorting of endocrine and nonendocrine
cells.

In contrast to the similarities at the level of glycolysis and
glucokinase activity, the 3-OMG uptake rates by human islet
cells were ~ 10 times lower than those observed in rat islet
cells (3, 20). Because 3-OMG uptake in human islet cells still
exceeded metabolic flux through glycolysis by a factor of five,
it can be proposed that transport is not rate limiting for overall
glucose metabolism. The 10-fold lower rates of 3-OMG trans-
port in human islet cells as compared to rat islet cells were
correlated to low levels of the high capacity glucose transporter
GLUT2 mRNA in human islet cells. These results were con-
firmed both at the protein level and at the level of functional
activity. The observed K,, for zero-trans 3-O-methyl glucose
uptake (3 mmol/liter) is indeed much lower than the described
K., for rat GLUT2 (32) and seems more compatible with
GLUT!1 and/or GLUT3 (33, 34).

Since culture of isolated rat islets is known to induce
GLUT1 immunoreactivity and reduce GLUT2 expression (35),
we considered the possibility that culture of human islets had
down-regulated GLUT2 to levels below the detection limits of
our assays and up-regulated GLUT1 in parallel. Immunohisto-
chemical analysis of tissue sections did not reveal GLUT2 posi-
tivity in human islets, suggesting that the in vitro data reflect a
biological phenomenon rather than an artifact of the isolation
procedure. Also arguing against the role of cell manipulation is
the fact that protein expression studies in freshly isolated human
islets gave similar results when compared to cultured islets. The
same observations were made for cold-preserved and freshly
fixed tissue and for donors with different antemortem condi-
tions, indicating that these variables had no major influence
on islet and liver GLUT2 immunostaining. It seems therefore
reasonable to conclude that human islet cells express little
GLUT?2 in comparison to GLUT1 or GLUT3 and that the human
B-cell GLUT2 expression level is markedly lower than in rat

Figure 3. Immunohistochemical localization of glucose transporters in human pancreas and liver sections. (A) Control immunostaining of human
liver with anti-GLUT2 (1:50). Note staining of the sinusoidal face of the cell membrane of parenchymal cells (arrow) which is more intense
around the central vein (c) than around the portal triad (p). (B and C) Consecutive sections of human pancreas, showing the same islet, stained
for insulin (1:1,000, B) and GLUT2 (1:10, C). (D and E) Two islets from the same pancreas were immunostained for GLUT1 (1:200, D) and

GLUT3 (1:100, E). Scale bars: 200 um in (A) and 50 pm in (B-E).
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B-cells and in human liver cells. The physiological consequence
of this observation is not yet clear, particularly since the role
of GLUT?2 in the rat B-cell glucose sensor (20) and the reason
for its down-regulation in animal models of NIDDM (36, 37)
are topics of debate. The presence of GLUT3 protein in human
B-cells is in agreement with a reverse transcriptase-PCR study,
which demonstrated amplified GLUT3 cDNA in a human islet
preparation (38). The present immunolocalization of GLUT3
in normal human islets is compatible with the idea that this
transporter is widely distributed in man, in contrast to the mouse
where GLUTS3 is restricted to the central nervous system (39).
The GLUT3 expression and islet cell membrane localization
may also explain, at least in part, the observed low K, of 3-
OMG uptake of human f-cells. The relative contributions of
GLUT]1 and GLUTS3 in the overall uptake kinetics remain, how-
ever, unclear. Future experiments using antisense oligonucleo-
tides or other gene manipulations of human islet cells may sort
out this complicated issue.

The interspecies differences in GLUT2 expression do well
explain the major difference in sensitivity of human and rat S-
cells for the cytotoxic action of streptozotocin (29). Interest-
ingly, this nitroso urea-derivative of glucose has been reported
to enter GLUT2-expressing rodent (-cells more rapidly than
GLUT2-negative cells (40), suggesting that the low GLUT2
expression in human S-cells may be the cause for the low in
vivo toxicity of streptozotocin in man. Since human S-cells are
also resistant to the cytotoxic action of alloxan (29), another
rodent diabetogenic agent, uptake kinetics of radiolabeled allo-
xan and 3-OMG were compared in rat and human islet cells.
Uptake was indeed 10 times slower than in rat B-cells and could
be stereospecifically competed for with 3-OMG. The different
alloxan uptake kinetics in human islet cells resulted in a lower
intracellular exposure level to the toxin and can therefore ex-
plain their differential sensitivity to the drug as compared to rat
islet cells. It is of course conceivable that the differential alloxan
toxicity in rat and man is the result of additional mechanisms
such as increased expression of DNA repair or cellular defense
proteins in human S-cells.

In conclusion, the frequently cited hypothesis that defects
in pancreatic beta-cell GLUT2 expression contribute to the
pathogenesis of human NIDDM (3) may need to be reconsid-
ered. On the other hand, our observations provide direct support
to the view that glucokinase is implicated in the glucose sensor
of human S-cells (4). They may form a basis for the concept
that reduced glucokinase expression or activity can reduce the
glucose responsiveness in human S-cells. That such conditions
occur in human disease has been suggested by genetic studies
of maturity onset diabetes of the young, an autosomal dominant
form of diabetes (13, 41).
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