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SUMMARY
Ethanol appears to modulate the function of selective mammalian
receptors and transporters by interacting with highly specific
membrane protein sites. Of the multiple types of nucleoside
transporters known to be present in mammalian cells, we ob-
served that ethanol inhibits only one class of facilitative nucleo-
side transporters, that inhibited by nitrobenzylmercaptopunne
riboside. Because there are biochemical similarities between
facilitative glucose transporters and nitrobenzylmercaptopurine
nboside-sensitive nucleoside transporters, we tested whether
ethanol might selectively inhibit a unique class of facilitative
glucose transporters. We report here that ethanol inhibits hexose

uptake in human lymphocytes and several cell lines expressing
the ubiquitous facilitative type 1 glucose transporter (GLUT1).
Ethanol inhibition of hexose uptake by GLUT1 is independent of
ethanol inhibition of facilitative nucleoside transport. We also
determined the ethanol sensitivity of various cloned human facil-
itative glucose transporters expressed in Chinese hamster ovary
cells and we found that ethanol inhibits hexose uptake by GLUT1
but not uptake by GLUT3 or GLUT4 transporters. Our results
suggest that a protein motif or motifs present in the GLUT1
amino acid sequence but absent in GLUT3 or GLUT4 proteins
may confer ethanol sensitivity.

Ethanol exerts some of its biologic effects by modulating the

function of specific membrane proteins. For example, ethanol

activates nicotinic acetylcholine, -y-aminobutynic acid type A,

and serotonin receptors (1-4) but inhibits N-methyl-D-aspan-

tate receptors (5) and a voltage-sensitive K� channel (6). Our

laboratory reported that ethanol inhibits adenosine uptake via

nucleoside transporters (7) and demonstrated that ethanol

inhibition is specific for one type of nucleoside transporter (8).

We found that facilitative uptake of nucleosides is significantly

inhibited by ethanol, whereas transport of nucleosides by two

types of concentrative transporters (9) is not affected (8).

Furthermore, not all types of facilitative transportens are inhib-

ited; ethanol specifically inhibits uptake by those facilitative

nucleoside transporters sensitive to NBMPR (8).

Glucose transporters resemble nucleoside transporters in

many respects. Both can be divided into sodium-dependent,

concentrative types and sodium-independent, facilitative types.

Concentrative glucose transporters appear to be related to

concentrative nucleoside transporters, having 61% identity and

80% similarity in amino acid sequences (10). In addition, facil-

itative glucose transport proteins behave almost identically to
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facilitative nucleoside transport proteins during many different

purification procedures (all are band 4.5 polypeptides) (11-13).

As in the case of facilitative nucleoside transporters, there are

multiple facilitative glucose transporters; five cDNAs for facil-

itative glucose transporters (GLUT1-5) have been cloned to

date. These have partial homology to each other and have

characteristic tissue distributions (for reviews, see Refs. 14 and

15). Determination of homologies between facilitative nucleo-

side and facilitative glucose transporters awaits cloning and

sequencing of genes for facilitative nucleoside transport pro-

teins.

Because we observed a unique pattern of ethanol inhibition

among the members of the facilitative nucleoside transport

protein family, we predicted that specific facilitative glucose

transporters might also be sensitive to ethanol. We report here

that ethanol inhibits hexose uptake by GLUT1 transporters

but not uptake by GLUT3 or GLUT4 transporters. Our data,

together with sequence information for the glucose transport-

ens, should allow us to define the molecular basis for specific

interactions of ethanol with GLUT1 transporters.

Experimental Procedures

Materials. [3H]2DG, [3H]MG, and [3H]adenosine were purchased

from Amersham. NBMPR was from Calbiochem. Mineral oil was
obtained from Fisher Scientific and silicone oil from Aldrich. All other
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reagent-grade chemicals were purchased from Sigma or Boehringer-

Mannheim. ExCell was obtained from JR. Scientific and NuSerum

from Collaborative Research. Other cell culture media were the prod-

ucts of GIBCO.

Cell culture. Human lymphocytes isolated from nonalcoholic con-

trol subjects were cultured in defined medium containing growth factors

to stimulate proliferation, as described previously (16). S49 wild-type

cells and Hep G2 cells (obtained from the Cell Culture Facility at the
University of California, San Francisco), as well as the 549 mutants

160-D4 and PH-S-M (the kind gift of Dr. Buddy Ullman, University

of Oregon), were cultured in Dulbecco’s modified Eagle medium with
10% NuSerum or 10% ExCell. NG1O8-15 cells were grown in defined

medium as described (17). The CHO line DG-44 (parent) and CHO

cells transfected with cloned human glucose transporters, i.e., G3

(GLUT3) and G4-7 (GLUT4), were very generously provided by Dr.

Charles F. Burant, Howard Hughes Institute, University of Chicago
Medical Center. DG-44 cells were grown in Dulbecco’s modified Eagle

medium with 10% heat-inactivated fetal calf serum, and the transfected

lines were cultured in riboside-free modified Eagle medium with 10%

dialyzed fetal calfserum and 1 �zM methotrexate. CHO lines K1 (parent)

and GT3 (transfected with human GLUT1) were the kind gifts of Dr.
Michael P. Czech, University of Massachusetts Medical Center (18),

and were cultured in Ham’s F12 medium containing 10% fetal calf

serum.
Uptake measurements. Cells grown in suspension were centri-

fuged, and the pellet was resuspended at 2-5 x 10� cells/ml in phos-

phate-buffered saline containing 25 mM HEPES, pH 7.5, and was

preincubated for 4 mm at room temperature with either buffer alone,

alcohols, cytochalasin B, or other inhibitors. Uptake was initiated by

the addition of 100 �zl ofcells to 100 Ml of assay medium, with incubation

for the indicated times. Reaction mixtures contained either 60 j.�M [3HJ

2DG (2 pCi/ml), 30 �sM [3HJMG (2 MCi/ml), or 0.3 �sM [3H]adenosine

(1 �sCi/ml). Specificity for uptake of D- and not L-glucose was also

confirmed. Ethanol was removed from [3H]2DG before use by evapo-

ration using nitrogen. Uptake reactions were stopped by pelleting cells

through inert oil and were then processed as described previously (7).

Experiments to determine sodium-dependent uptake (Fig. 1A) were
carried out in buffers containing 5 mM Tris, pH 7.5, 1 mM MgCI2, and

either 145 mM NaC1 (sodium-containing) or 145 mM choline chloride

(sodium-free).
For attached cells, culture media were aspirated from the wells and

the cells were preincubated as described above. After removal of radio-
active uptake media, cells were immediately rinsed with 3 ml of ice-

cold phosphate-buffered saline (NG1O8-15) or rinsed three times with
1 ml ofcold phosphate-buffered saline (Hep G2 and CHO) and dissolved
in 1 ml of 2 N NaOH. The plates were incubated overnight at room
temperature. The cell lysate was titurated, and aliquots were placed in

scintillation vials, neutralized with HC1, mixed with scintillation fluid,

and counted.

Results

Ethanol inhibits hexose uptake in cells expressing
GLUT!. The GLUT1 glucose transporter is the most ubiqui-

tous member of the facilitative glucose transporter family. It

was the first to be cloned (19) and is expressed in Hep G2 cells,

erythnocytes, lymphocytes, brain, placenta, and most cultured

cell lines. We measured uptake of the glucose analog [�H]2DG

in cultured human lymphocytes. Uptake of [3H]2DG was linear

for at least 30 sec and facilitative, because it was both inhibited

by cytochalasin B (see legend to Fig. 1) and independent of

sodium (Fig. 1A).

The effect of 25-200 mM ethanol on linear [3H]2DG uptake

in human lymphocytes was also examined (Fig. 1B). Inhibition

of [3H]2DG uptake was significant with 25 mM ethanol, a

clinically relevant concentration, and increased with increasing

Alcohol (mm)

Fig. 1. Uptake of 2DG by cultured human lymphocytes. A, Time course
of [3H]2DG uptake in cultured human lymphocytes. Assays were carried
out as described in Experimental Procedures. Values reported are the
mean ± standard deviation of triplicate determinations of a representative
experiment (of three experiments), corrected for nonspecific uptake in
the presence of 20 �tM cytochalasin B. Values for nonspecific uptake
were as follows: 7 sec, 91 pmol/107 cells; 20 sec, 129 pmol/107 cells;
30 sec, 146 pmol/1 0� cells; 60 sec, 170 pmol/1 0� cells. 0, sodium-
containing medium; #{149},sodium-free medium. B, Effect of ethanol, n-
propanol, and n-butanol on uptake of [3H]20G in cultured human lym-
phocytes. Uptake of [3H]2DG was measured at 12 sec after a 4-mm
preincubation with buffer or alcohols at the concentrations indicated.
Values reported are from a representative experiment (of two experi-
ments) and are relative to the buffer control (297 pmol/l 0�’ cells), from
which nonspecific uptake in the presence of cytochalasin B (1 04 pmol/
1 0� cells) was subtracted. Measurements were performed in triplicate
and the errors represent standard deviations.

concentrations up to 200 mM. We also measured [3HI2DG

uptake in the presence of varying concentrations of alcohols

with increasing chain lengths. Iso-osmotic concentrations of n-

propanol and n-butanol were more potent inhibitors than

ethanol (Fig. 1B), suggesting that inhibition by short-chain

alcohols was not due to an osmotic effect but was more directly

related to chain length.

We further confirmed ethanol inhibition of hexose uptake in

human lymphocytes by using a nonmetabolizable glucose ana-

log, MG. In these experiments, 200 mM ethanol inhibited
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TABLE 1

Ethanol inhibition of 2DG uptake is independent of nucleoside
transport
[3H]2DG uptake was determined in the absence or presence of 200 mu ethanol
(EtOH), 10 nM NBMPR, or 2 mp,i undine, as indicated. Experiments measuring
nucleoside uptake were performed in parallel, as controls. Uptake was measured
at 12 sec in cultured human lymphocytes or Hep G2 cells and at 45 sec in S49
cells. The results of two to eight determinations in triplicate were normalized to
uptake in the absence of ethanol, after correction for nonspecific uptake with 20
�zM cytochalasin B [1 00% values (mean ± standard error) were 189 ± 9 pmol/1 0�
cells for lymphocytes, 244 ± 9 pmol/mg of protein for Hep G2 cells, 1 35 ± 8 pmol/
iO� cells for wild-type S49 cells, 146 ± 7 pmol/1 0� cells for PH.S-M cells, and 108
± 6 pmol/107 cells for 160-D4 ceilsi. Uptake of the nonmetabolizable nucleoside
analog formycin was <2.6 pmol/1 0� cells for the nucleoside transport-deficient S49
cell lines.
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Fig. 2. Uptake of hexose by cells expressing GLUT1 . Ethanol (EtoH)
inhibition of [3H]hexose uptake was measured after a 4-mm preincubation
with 200 mM ethanol. All assays were pertormed in triplicate in the linear
range for uptake ([3H]2DG, 1 0 sec for cultured human lymphocytes, 45
sec for S49 cells, and 12 sec for Hep G2 cells; [3H]MG, 5 sec for cultured
human lymphocytes). The results were normalized to uptake in the
absence of ethanol, after correction for nonspecific uptake in the pres-
ence of 20 �sM cytochalasin B. The values represent the mean ± standard
error of 1 1 experiments with [3HJ2DG (seven different lymphocyte do-
nors) and six experiments with MG (four different lymphocyte donors);
for lymphocytes, nine experiments for S49 cells, and four experiments
for Hep G2 cells. 0, DG uptake; 0, MG uptake. In all cell types, inhibition
ofhexose uptake was significant (*,p < 0.0001 ; �, p < 0.0007; Student’s
t test).

uptake of [3H]MG by 26 ± 7% at 5 sec, compared with 39 ±

4% inhibition of [3H]2DG uptake (Fig. 2). Because MG is not

phosphorylated after entry into the cell and ethanol inhibition

is similar to inhibition of [3HJ2DG uptake (p > 0.05, Student’s

t test), these results suggest that inhibition of hexose uptake

by ethanol is due not to an effect of ethanol on glucose metab-

olism but to a direct effect of ethanol on GLUT1.

Ethanol also inhibited [3H]2DG and [3H]MG uptake in two

other types of GLUT1-expressing cells, munine lymphoma 549

cells2 and human hepatoma Hep G2 cells (Fig. 2 and data not

shown). We used [3H]2DG in most of the following experi-

ments, however, because of its longer linear uptake range and

more favorable ratio of uptake to background signal, compared

with [3HIMG.

Ethanol inhibition of GLUT 1 transport is independent
of ethanol inhibition of nucleoside uptake. Ethanol inhib-
its the uptake of adenosine and other nucleosides in many types

of cells (7, 8, 20).� Although there are diverse classes of nude-

oside transporters, we have reported that ethanol specifically

inhibits only one class of nucleoside transporters, the NBMPR-

sensitive facilitative type (8). Nucleosides have a five-mem-

bered carbon nibose ring, resembling the six-membened ring of

glucose. In human erythrocytes, nucleosides can interact with

the glucose transporter (21). Therefore, it is possible that

nucleoside transporters might transport the smaller glucose

2 Although 2DG uptake in S49 cells was reported to be ethanol insensitive (7),

this result was in error due to ethanol being present in the radioactive preparation

of (3HJ2DG. When ethanol is removed from the radioactive sample and uptake
is performed in glucose-free medium, ethanol inhibits 2DG uptake in these cells.

3 M. K. Sapru, I. Diamond, and A. S. Gordon. Adenosine receptors mediate
cellular adaptation to ethanol in neuroblastoma x glioma hybrid cells. Submitted
for publication.

molecule across the plasma membrane. If this occurs, then

ethanol inhibition of glucose uptake might reflect inhibition of

uptake via nucleoside transporters rather than glucose trans-

porters.

We eliminated this possibility by three different types of

experiments. First, inhibition of 2DG uptake by ethanol was
determined in the presence of NBMPR at a concentration that

inhibits facilitative NBMPR-sensitive nucleoside uptake in

human lymphocytes, S49 cells, and Hep G2 cells. Under con-

ditions where nucleoside transport was nearly completely in-

hibited by NBMPR (10 nM), [3H]2DG uptake in all three cell

lines was similar to that in untreated cells and was inhibited

by ethanol (Table 1). Second, uptake of [3HJ2DG was measured

in 549 cells and human lymphocytes in the presence of excess

nonradioactive nucleoside (2 mM unidine), which would block

any [3H]2DG uptake by nucleoside transporters. Again, [4HJ

2DG uptake was similar to that in control cells and was inhib-

ited by ethanol (Table 1). Third, we measured [3H]2DG uptake

in two 549 mutant cell lines that are unable to transport

nucleosides (PH-S-M and 160-D4). These mutant cells trans-

ported [3H]2DG at levels similar to those of their wild-type

parent (Table 1, legend) and, as in the parental cells, uptake of

[3HI2DG was inhibited by ethanol (Table 1). Thus, it appears

that ethanol inhibition of [3H]2DG uptake does not result from

inhibition of [3H]2DG influx via the nucleoside transporter but

is an independent inhibitory effect of ethanol on GLUT1

transporters.

Ethanol does not inhibit uptake of hexose by GLUT3
or GLUT4. Based on our previous observations that only
NBMPR-sensitive nucleoside transporters are inhibited by

ethanol, we predicted that there might also be specificity of

Ce�s Conditions
Inhitation of

F�H12DG up-
take

Cultured human lymphocytes EtOH
NBMPR
NBMPR+EtOH
Uridine
Uridine + EtOH

32 ± 4.2
6±2

32± 1.5
2±1

27 ± 1.8
Hep G2 cells EtOH

NBMPR
NBMPR + EtOH

38 ± 1.8
8±1.8

42 ± 1.8
S49 wild-type cells EtOH

NBMPR
NBMPR + EtOH
Uridine
Uridine + EtOH

38 ± 3.5
14±1.8
45 ± 3

3±3
38 ± 4.5

S49 nucleoside transport mutants
160-04 cells EtOH 32 ± 1.8
PH-S-M cells EtOH 30 ± 1.2
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ethanol inhibition among members of the facilitative glucose

transporter family. NG1O8-15 is a neunoblastoma X glioma cell

line that we have used as a model system to study acute and

chronic effects of ethanol on cAMP signal transduction and

nucleoside transport (17).� These cells have predominantly

GLUT3 transporters, with -25% GLUT1 expression (22). We

first established optimal conditions for uptake of [3H]2DG in

NG1O8-15 cells (Fig. 3) and then determined whether this

uptake was inhibited by ethanol. We found that concentrations

as high as 300 mM ethanol did not inhibit uptake of [3H]2DG

at 40 sec, although nucleoside uptake was inhibited 34 ± 3%

(four experiments) by 200 mM ethanol in these cells. [3H]2DG

uptake at 40 sec was 457 ± 14, 453 ± 27, 474 ± 24, 460 ± 15,

and 459 ± 32 pmol/mg with 0, 50, 100, 200, and 300 mM

ethanol, respectively. Because endogenous GLUT1 contributes

only 25% to this uptake, it would be difficult to observe 25-

35% inhibition of this activity over that of the predominant

GLUT3 transporter. These data suggest that hexose uptake via

GLUT3 is resistant to inhibition by ethanol.

To test the relative ethanol sensitivity of various facilitative

glucose transporters in the same cell type, we measured the

effect of ethanol on [�H}2DG uptake in CHO cells transfected

with cloned human GLUT1, GLUT3, and GLUT4 transporters

(Fig. 4A). In all three transfected cell lines, [3H]2DG uptake

increased up to at least 60 sec. Uptake by GLUT1-overexpres-

sing cells was 10 times that of their parent CHO cell line,

whereas that of the GLUT3- and GLUT4-overexpressing cell

lines was 6-fold and 3-fold increased, respectively, compared

with their corresponding parent cell lines. 2DG uptake by

endogenous hamster GLUT1 in CHO cells was sensitive to

ethanol (Fig. 4B, DG44 and Ki parents), consistent with our

results in other GLUT1-containing cells (Fig. 2). Uptake of

[3H]2DG by CHO cells that ovenexpress human GLUT1 was

also inhibited by ethanol (Fig. 4B). However, uptake of [3HJ

2DG by CHO cells that overexpress GLUT3 or GLUT4 was

not inhibited by ethanol under the same conditions (Fig. 4B).

To confirm that ethanol inhibition of hexose uptake occurs at

other hexose concentrations, we measured ethanol inhibition

600
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of [3H]2DG at varying concentrations of 2DG. Ethanol inhib-

ited uptake of 0.5, 1, and 5 mM [3H}2DG in the GLUT1-

overexpressing cells by 38 ± 7, 43 ± 8, and 32 ± 5% (mean ±

standard deviation), respectively. No significant inhibition of

the GLUT3- and GLUT4-expnessing cell lines was detected at

these concentrations of permeant (GLUT3, 6 ± 6, 9 ± 10, and

2 ± 7%; GLUT4, 1 ± 11, -4 ± 7, and 8 ± 5%, respectively;

uptake at each permeant concentration for GLUT1, GLUT3,

and GLUT4 was measured in triplicate, in one experiment). As

in the case of 2DG uptake in NG1O8-15 cells, uptake by

endogenous GLUT1 contributed a relatively small fraction of

1284 Krauss et a!.

Time
(sec)

Fig. 3. Time course for uptake of [3H]2DG in NG1 08-15 cells. Results
are from a representative experiment (of three experiments) measuring
[3H}2DG uptake in triplicate (mean ± standard deviation) at the times
indicated.

Ki GLUT! DG44 GLUT3 GLUT4
Parent Parent

Fig. 4. Uptake of [3H]2DG by CHO cells. A, Time course for uptake of
[3H]2DG in parental CHO cells and CHO cells overexpressing GLUT1,
GLUT3, or GLUT4. Assays were done in triplicate and each time point is
the average of two to seven determinations. For clarity, standard errors
(3-10%) were omitted. Values were corrected for nonspecific uptake
using cytochalasin B (DG44 and K1 parent cell lines, 26 pmol/mg of
protein; GLUT1 , 1 12 pmol/mg of protein; GLUT3, 84 pmol/mg of protein;
GLLIT4, 64 pmol/mg of protein). B, Effect of ethanol (EtoH) on [3H]2DG
uptake. Cells were preincubated for 4 mm in the presence or absence of
200 m� ethanol and uptake in the linear range of [3H]2DG was deter-
mined after 1 0 sec (parent) or 5 sec (overexpressing CHO lines). The
values represent the mean ± standard error corrected for nonspecific
uptake (DG-44, four experiments; Ki , three experiments; GLUT1 , eight
experiments; GLUT3 and GLUT4, five experiments). * p < 0.001 4; �, p
< 0.0003; (Student’s t test).
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4 S. W. Krauss, unpublished observations.

the total uptake of [3H]2DG in the transfected cells; ethanol

inhibition of endogenous GLUT1 uptake was not detected in

GLUT3- and GLUT4-overexpressing cells. Ethanol inhibited

NBMPR-sensitive facilitative nucleoside uptake in all of the

CHO cell lines.4 Therefore, as predicted, ethanol has selective

effects on membens of the facilitative glucose transporter fam-

ily; hexose uptake by GLUT1 is inhibited by ethanol but

ethanol does not inhibit uptake by GLUT3 or GLUT4.

Discussion

Although many effects of ethanol have been attributed to

generalized perturbation of cell membrane lipids, recent evi-

dence indicates that ethanol can interact specifically with sites

on selective proteins to alter their function. For example,

ethanol binds to a hydrophobic site on nicotinic acetylcholine

receptors that causes activation (1). In some cases, ethanol

sensitivity results from a more complex set of events. Ethanol

sensitivity of -y-aminobutynic acid type A receptors requires the

presence of an alternatively spliced -y subunit containing an

extra eight amino acids (3) and appears to depend on phos-

phonylation of a senine within that sequence (23). Our labona-

tory found that only one type of facilitative nucleoside trans-

porter is inhibited by ethanol (8) and that ethanol sensitivity

of nucleoside uptake by this transporter is dependent on protein

kinase A activity in S49 cells (23a). Thus, some biologic effects

of ethanol may result from interactions at a specific protein

site that are regulated by phosphonylation.

Glucose is transported into mammalian cells by proteins

biochemically very similar to facilitative nucleoside transport

proteins. At least five types of facilitative glucose transporters

have been identified. Previous reports described ethanol inhi-

bition of hexose uptake in cultured astnocytes (24) and in

adipocyte membranes (25). However, these studies did not

address which types of glucose transporters were inhibited. To

determine the effects of ethanol on individual transporters, we

have used stable transfectants overexpressing human GLUT

isoforms. Here we report our studies that document the speci-

ficity of ethanol inhibition for one of the members of the

facilitative glucose transporter family. We find that ethanol

inhibits hexose uptake by GLUT1 transporters but not uptake

by GLUT3 or GLUT4.

Nucleoside transporter proteins transport molecules contain-

ing the sugar nibose. To exclude the possibility that ethanol

inhibition of [3HJ2DG uptake reflects uptake via ethanol-sen-

sitive nucleoside transporters, we used chemical inhibitors of

nucleoside transport or mutant cells lacking nucleoside trans-

port activity. Our results directly demonstrate that in cultured

human and munine cells nucleoside transporters do not accept

[3H]2DG as a permeant, consistent with a previous observation

that excess D-glucose did not significantly inhibit unidine up-

take into human erythnocytes (21). Therefore, we conclude

from our data (Table 1) that ethanol inhibits hexose uptake by

GLUT1, independently of nucleoside transport.

We also determined that inhibition of [3H]2DG uptake is

specific for GLUT! by taking advantage of CHO cell lines that

overexpress individually transfected human glucose transporter
genes. 2DG uptake in these cells was 3-10-fold higher than

uptake by endogenous CHO GLUT1 present in wild-type par-

ent cells (Fig. 4A), confirming functional overexpression of the

transfected human glucose transporters. Uptake of [tH]2DG in

both untransfected CHO cells (DG44 and Ki) and human

GLUT1-transfected CHO cells was inhibited by ethanol, dem-

onstnating that overexpression per se does not alter ethanol

sensitivity of GLUT1. In contrast to cells expressing GLUT1,

[3HI2DG uptake in CHO cells overexpressing human GLUT3

or GLUT4 facilitative transporters was not inhibited by 200

mM ethanol (Fig. 4B) nor was uptake via GLUT3 transporters

in NG1O8-15 cells perturbed by even 300 mM ethanol. Further-

more, ethanol sensitivity of hexose uptake is not dependent on

the growth medium, because GLUT1-expnessing cells were

grown in a variety of defined and serum-containing media (Figs.

1, 2, and 4). Our results also rule out ethanol effects on hexo-

kinase activity, the initial metabolic step after uptake of glu-

cose, because (a) ethanol inhibited MG as well as [�HJ2DG

uptake in GLUT1-expressing cells (Fig. 2 and data not shown)

and MG is not phosphonylated by hexokinase, and (b) [�H]

2DG uptake was unaffected by ethanol in NG1O8-15 cells

expressing predominantly GLUT3, as well as CHO cells over-

expressing GLUT3 and GLUT4. All of these cell lines have

hexokinase activity. Because ethanol selectively inhibits only

one type of glucose transporter when the transporter is ex-

pressed in the same cellular background as two other types, our

data suggest that ethanol inhibition of hexose uptake is deter-

mined by the amino acid sequence of the GLUT1 transporter

protein.

The cDNAs encoding the five structurally related sodium-

independent facilitative glucose transporter proteins have been

sequenced; each is the product of a separate gene (reviewed in

Refs. 14, 15, and 26). The transporter isoforms have distinct

tissue specificities, although they may be expressed separately,

together, or with sodium-dependent concentrative glucose

transporters. The facilitative transporter proteins are all -�.-500

amino acids long and have 12 membrane-spanning segments

with intracellular amino and carboxyl termini, a large extnacel-

lular loop containing a consensus sequence for glycosylation,

and a hydrophilic intracellular loop (15, 19). Despite overall

structural and functional similarities, amino acid sequences of

GLUT transporters vary considerably. There is 39-65% se-

quence identity and 50-76% sequence similarity between the

GLUT1-5 isoforms; 26% of the residues are invariant, with

another 13% representing conservative amino acid replace-

ments. The most divergent regions are the amino and carboxyl

termini and the large extracellular domain between the first

two tnansmembrane segments.

Human GLUT3 and GLUT4 are ‘-65% homologous to hu-

man GLUT1 and 58% homologous to each other. Interestingly,

the amino acid sequences of GLUT1 and GLUT4 are each very

highly conserved (>95%) in human, rat, rabbit, mouse, and pig

(19, 27-30), implying that all domains of both of these proteins

are functionally important.

The facilitative glucose transporters are differentially regu-

lated by a variety of agents such as insulin or growth hormone.

However, GLUT1 appears to be responsible for constitutive

glucose uptake in virtually all tissues, because low levels of

GLUT1 protein or mRNA were detected in all tissues tested.

In cultured cells and many tumors, GLUT1 is the predominant

facilitative glucose transporter (14, 15). Reducing uptake of

glucose into cells by ethanol exposure could compromise vital

metabolic processes. In addition, because glucose metabolism

regulates intracellular Ca2�, cAMP, and diacylglycerol concen-
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trations (31), inhibition of glucose uptake by ethanol might

alter protein kinase A and protein kinase C activities as well.

To understand the molecular basis of ethanol inhibition of

GLUT1 transporters, chimeras of ethanol-sensitive and

ethanol-insensitive facilitative glucose transporters could be

used. This approach is currently being used successfully to

deduce the GLUT4 domain(s) critical for insulin regulation

and the regions of GLUT1 involved in oligomer formation (28,

32, 33). If a GLUT1 domain that confers ethanol sensitivity

when spliced to GLUT3 and GLUT4 sequences could be iden-

tified, then it would be possible to map crucial amino acids by

systematic site-specific mutagenesis. Definition of an ethanol-

sensitive domain could suggest a biochemical mechanism for

ethanol inhibition of hexose transport by GLUT1. Further-

more, similar ethanol-specific protein motifs might also be

present in the ethanol-sensitive facilitative nucleoside trans-

porter and other ethanol-sensitive membrane proteins (1-8).
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