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Abstract

Adipocytes from young obese Zucker rats exhibit a hyperre-
sponsive insulin-mediated glucose transport, together with a
marked increase in cytochalasin B binding as compared with
lean rat adipocytes. Here, we examined in these cells the ex-
pression of two isoforms of glucose transporter, the erythroid
(GLUT 1) and the adipose cell/muscle (GLUT 4) types, in rats
aged 16 or 30 d, i.e., before and after the emergence of hyperin-
sulinemia. GLUT1 protein and mRNAlevels were identical in
the two genotypes at both ages. In contrast, the levels of GLUT
4 protein in obese rat adipocytes were 2.4- and 4.5-fold those of
lean littermates at 16 and 30 d of age, respectively, in perfect
agreement with the genotype effect on insulin-stimulated glu-
cose transport activity. The levels of GLUT4 mRNAper fat
pad were increased 2.3- and 6.2-fold in obese vs. lean rats 16-
and 30-d-old, indicating a pretranslational level of regulation.
The obese phenotype was not associated with overexpression of
GLUT4 mRNAin gastrocnemius muscle. This work indicates
that the fa gene exerts a differential control on the expression
of GLUT 1 and GLUT4 in adipose tissue and provides evi-
dence that independent of hyperinsulinemia, genotype is a ma-
jor regulatory factor of GLUT4 expression in this tissue. (J.
Clin. Invest. 1991. 87:1127-1131.) Key words: glucose trans-
port * erythroid glucose transporter (GLUT 1)- hyperinsuline-
mia * muscle GLUT4 * suckling Zucker rat

Introduction

Adipocytes from young genetically obese Zucker rats (fatty
rats) exhibit, under physiological concentrations of insulin, a
severalfold increase in glucose transport activity both in vitro
and in vivo, as compared to fat cells from their lean littermates
(1, 2). This alteration could be responsible for the compelling
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shunting of glucose into adipose tissue triglycerides that charac-
terizes the obese phenotype in the Zucker rat. Therefore, the
elucidation of the underlying mechanism of enhanced glucose
transport activity in fatty rat adipocytes is of critical impor-
tance in the understanding of the biochemical lesion of this
genetic disorder.

Measurements of glucose transporters by the cytochalasin
B binding method, have shown that the intracellular pool of
glucose transporters was dramatically enlarged in those adipo-
cytes, allowing enhanced translocation in response to insulin
(1). Recent evidences indicate that at least two glucose trans-
porter species are present in adipocytes: the erythroid type
(GLUT 1),' an ubiquitous protein which is predominantly ex-
pressed in erythrocytes and brain (3-5), and the adipose cell/
muscle type (GLUT 4), which is expressed exclusively in tis-
sues that exhibit insulin-dependent glucose transport: fat and
muscles (6-10). Differential regulation of these two glucose
transporters in vivo has been documented recently in adipo-
cytes; changes in insulinemia levels, by streptozotocin and in-
sulin treatment, induced parallel changes in GLUT4 protein
and mRNA,whereas GLUT 1 expression was relatively unaf-
fected (1 1-14). Likewise fasting and refeeding was shown to
specifically modulate the expression of the GLUT4 gene
(12, 13).

Wehave addressed here the question ofgenotype as a regula-
tory factor in the expression of GLUT 1 and GLUT4 at pro-
tein and mRNAlevels, in adipose tissue of Zucker rats. To
assess the effect of the fatty genotype independently of the hy-
perinsulinemia that characterizes postweaning obese Zucker
rats, we have compared the expression of these genes in 16-d-
old rats and 30-d-old rats, i.e., before and after the emergence
of hyperinsulinemia (1 5). Our data indicate that the fatty geno-
type increases glucose transport through a selective pretransla-
tional effect on GLUT 4 gene independent of hyperinsu-
linemia.

Methods

Animals. Obese (fa/fa) Zucker rats and their lean (Fa/fa) littermates
were obtained by breeding heterozygous females and obese males. The
initial breeding pairs were obtained from Harriet G. Bird Memorial
Hospital, Stow, MA. Pups had access to the dam's diet (normal rat
chow, UAR, Epinay/Orge, France) and were separated from their
mother at 28 d of age. For each experiment, two to six litters were

1. Abbreviations used in this paper: FA/fa, lean Zucker; rat, fa/fa, obese
Zucker rat; GLUT 1, erythroid-type glucose transporter; GLUT4, adi-
pose cell/muscle-type glucose transporter.
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selected, with 10 pups of both sexes in each. Male and female pups were
used undistinguished. The genotypes were diagnosed by plotting adi-
pose tissue weight against body weight in 16-d-old pups (16), and on the
basis of fat pad weight in 30-d-old rats. Rats were killed between 09:00
and 1 1:00 h, by decapitation.

Glucose transport in isolated adipocytes. For each experiment, sub-
cutaneous inguinal adipose tissues, the only fat depots to be developed
in young rats, were removed from several animals and pooled accord-
ing to the rat genotype. Adipose cells were isolated by the collagenase
method of Rodbell (17) and glucose transport was measured by using 6
14C glucose (50,uM), as previously described (18). Adipose cell size was
determined by a microphotographic method (19).

Preparation of membranes and Western blot analysis. Plasma and
low-density microsomal membranes were prepared from isolated adi-
pocyte homogenates, as previously described (1), except that protease
inhibitors (0.1 mMPMSFand 25 ,g/ml pepstatin) were added to ho-
mogeneization medium. Total membranes were prepared by centrifu-
gation of isolated adipocyte homogenates at 200,000 g for 60 min. The
proteins were assayed by the Bio-Rad Laboratories (Richmond, CA)
protein determination method. Membrane proteins were subjected to
SDS-PAGEusing a 12% polyacrylamide resolving gel and transferred
onto Immobilon filters (Millipore Corp., Bedford, MA). The blots were
immunoblotted, using either an antibody against the COOH-terminal
peptide of GLUT1 obtained from Dr. S. W. Cushman (20), or a mono-
clonal antibody (1F8) against GLUT4 obtained from Dr. P. F. Pilch
(6). Immunolabeled bands were visualized and counted as previously
described (2 1).

RNA isolation and Northern blot analysis. Total RNAwas ex-
tracted by the guanidinium isothiocyanate/LiCl method of Cathala et
al. (22), either from total inguinal adipose tissue or from the two cellu-
lar fractions of this tissue, the collagenase-isolated adipocytes and the
stroma-vascular cells which were recovered by centrifugation of adipo-
cyte infranatants (1,000 gm^Xt for 5 min). In some rats, the skeletal mus-
cle gastrocnemius was also dissected out for RNApreparation. RNA
was electrophoresed on 1.2% formaldehyde agarose gels, blotted, and
fixed onto nylon filters (Hybond N+, Amersham, Les Ullis, France).
Hybridizations were performed either with a rat brain glucose trans-
porter cDNA obtained from Dr. M. J. Birnbaum (4) or with a rat
muscle glucose transporter cRNA probe obtained from Dr. M. J.
Charron (8), under stringent conditions. Blots were also hybridized
with j3-actin cDNA. The relative amount of each mRNAwas quanti-
fied by scanning densitometry (Cliniscan).

Results

Body weight was only slightly increased in 16-d-old obese
Zucker rats as compared to lean littermates (22.4±0.27 vs.
20.4±0.30 g; P < 0.01) but the weight of the inguinal adipose
tissue (two pads) was already markedly higher than in lean
pups (0.31±0.02 vs. 0.13±0.01 g; P < 0.01). At 30 d of age,
body weights were higher in fa/fa rats than in lean littermates
(68.5±2.1 vs. 56.4±5.2 g; P < 0.01) and the inguinal adipose
tissue was massively hypertrophied (2.0±0.12 vs. 0.5±0.02 g; P
< 0.01). The increase in inguinal adipose tissue in the mutant
rats was fully accounted for by an increase in fat cell size (see
Table I). It has been observed in our (23) and other (24) labora-
tories that during suckling, insulinemia levels were similar in
obese and lean pups. This has been subsequently confirmed in
many studies by different groups. Thus, insulin levels were not
systematically investigated here, and we only measured a few
samples that confirmed the similarity of both genotypes, with
insulinemia in the range of 0. 13 to 0.16 nM, at 16 d of age. At
30 d of age, obese rats have developed a frank hyperinsuline-
mia (0.74 vs. 0.28 nM). At both ages, obese rats were normogly-
cemic, with plasma glucose concentrations in the range of 7.9
to 8.6 mMfor lean rats vs. 8.4 to 9.1 mMfor obese rats.

Table I. Cell Size and Glucose Transport Activity ofAdipose Cells
from Young Zucker Rats

Cell size 6 14C Glucose uptake

ng lipid/cell nmol/10 cells per min

16 d old Basal Insulin (0.72 nM)
Lean 22±3 (6) 34±4 (4) 254±34 (4)
Obese 41±3 (6) 65±1 1(4) 538±63 (4)

30 d old
Lean 44±8 (7) 54±7 (6) 882±16 (6)
Obese 184±8 (7) 155±23 (6) 3824±374 (6)

Data are expressed as mean±SEM, with the number of experiments
in parentheses. Each value in obese rat is significantly different
(P < 0.05) from the corresponding value in lean control (Student's
I test).

The rates of glucose uptake in adipocytes from lean and
obese Zucker rats are presented in Table I. At 16 d of age, both
basal and insulin-stimulated glucose transport rates were al-
ready two-fold higher in adipocytes from obese rats than in
those from their lean littermates. The difference between the
two genotypes enlarged after weaning and, at 30 d of age, the
maximal activity of glucose transport, as assessed in the pres-
ence of physiological concentrations of insulin, was more than
fourfold higher in adipocytes from obese rats than in those
from lean rats. It is noteworthy that adipocytes from suckling
pups exhibit a substantial responsiveness to insulin. However,
both the absolute and the relative effects of the hormone on
glucose transport activity are much lower in suckling than in
weaned animals, in good agreement with our previous observa-
tions on adipocytes from rats fed a high-fat diet (25).

To get insight into the molecular mechanism underlying
the increased glucose transport activity of adipose cells from
the obese rats, the relative amount of GLUT 1 and GLUT4
proteins was determined in fat cell membranes. The two types
of antibody used in this study recognized proteins in the range
of 45 to 50 kD. As shown in Fig. 1, the apparent molecular
weights of these proteins were unchanged by the fa/fa geno-
type. In both lean and obese rats, the protein enrichment in
GLUT 1 was higher in plasma than in intracellular mem-

16 days 30 days

Glut 4 _

GIu ti1" * mo

L L Ob Ob L Ob L Ob L Ob
TOT TOT PM LDM

Figure 1. Immunological detection of GLUT I and GLUT4 in
adipocyte membranes from 16- or 30-d-old lean and obese Zucker
rats. Membranes were prepared as described in Methods. Each lane
was loaded with 100 gg of proteins of total membranes (TOT),
plasma membranes (PM), or low-density microsomes (LDM).
Proteins were immunoblotted with a polyclonal antibody raised
against the carboxy-terminal peptide of the erythroid glucose
transporter (GLUT 1) or with a monoclonal antibody specific for the
adipocyte/muscle-type glucose transporter (GLUT 4). These blots are

representative of at least three experiments. L, lean rat; Ob, obese rat.
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branes, whereas the protein enrichment in GLUT4 was higher
in the latter than in the former. The relative amount of GLUT
1 per milligram of total membrane proteins was similar in the
two genotypes at 16 d of age (Fig. 1 and Table II), and decreased
in obese as compared to lean rats in total membranes as well as
in plasma and microsomal membranes at 30 d of age (Fig. 1
and Table III). In contrast, the relative amounts of GLUT4 per
milligram of protein were increased in obese as compared to
lean rat adipose cells in all the membrane fractions examined
(Fig. 1 and Tables II and III) at both ages. On a per-cell basis,
the level of GLUT 1 protein was roughly unchanged by the
genotype, whereas the level of GLUT4 was increased in obese
rat fat cells, by 2.4-fold and 4.5-fold at 16 and 30 d of age,
respectively (Tables II and III). Therefore, as shown in Fig. 2,
the genotype effect on adipocyte glucose transport activity was
totally accounted for by changes in GLUT4 protein mass per
cell, in suckling as well as in weaning rats. It is of interest to
note that the increase in GLUT4 protein (2.4-fold) was higher
than the increase in fat cell size (1.9-fold) at 16 of age and that
the difference between these two effects narrowed at 30 d of age
(4.5-fold vs. 4.2-fold). This lag of cell size enlargement behind
GLUT4 protein increase is suggestive of a cause and effect
relationship between the increase in GLUT4 and the increase
in cell size.

Wenext addressed the question of the molecular mecha-
nism of this differential regulation of the two transporter sub-
types by the fatty genotype by examining the levels of GLUT 1
and GLUT4 mRNAin adipose tissue. Both the GLUT 1 and
GLUT4 probes used in this study hybridized each to a single
mRNAtranscript, the size of which (- 2.7-2.8 Kb) was unal-
tered by the fatty genotype (data not shown). As shown in Ta-
bles II and III, GLUT 1 mRNAlevels per gram of total RNA
were similar (16 d of age) or decreased (30 d of age) in obese
versus lean rats. In sharp contrast, the levels of GLUT4
mRNAper microgram of total RNAwere markedly increased
in the obese rats, 2. 1- and 3.6-fold at 16 and 30 d of age, respec-

Table III. Effect of the Fatty Genotype on the Levels of GLUT1
and GLUT4 Proteins and mRNAsin Adipose Tissue
of 30-d-old Zucker Rats

Lean Obese

GLUT 1
Protein* per

Ag proteint 7.2± 1.2 (4) 3.1±0.9 (4)§
106 fat cells 386±46 (4) 445±137 (4)

mRNAII per
gg RNA 7.0±0.9 (7) 4.3±0.8 (7)§
fat pad 1637± 176 (6) 1556±301 (7)

GLUT4
Protein per

ug protein 40±3.8 (6) 56±4.3 (6)f
106 fat cells 2012±123(6) 9146±2142 (6)'

mRNAper
gg RNA 23±1.0 (9) 84±17 (9)'
fat pad 4859±203 (9) 30206±6001 (9)'

Data are expressed as mean±SEM, with the number of experiments
in parentheses. * cpm. * Total membrane proteins. § P < 0.05 vs. lean
(Student's t test). 1" Arbitrary densitometric units. ' P < 0.01 vs. lean
(Student's t test).

tively. Hybridization of the same blots with an actin cDNA
probe showed minor changes between the two genotypes (data
not shown), supporting the specificity of the variations in
GLUT 1 and GLUT4 mRNA.When normalized to the total
RNAcontent of the fat pad, we observed a similar content of
GLUT 1 mRNAin the two genotypes, whereas GLUT 4
mRNAwas 2.3-fold and 6.2-fold higher in obese rats than in
lean controls at 16 and 30 d of age, respectively (Tables II and

550 r 16 day-old

Table II. Effect of the Fatty Genotype on the Levels of GLUTI
and GLUT4 Proteins and mRNAsin Adipose Tissue
of 16-d-old Zucker Rats

Lean Obew

GLUT1
Protein* per

Mg proteint 3.4±0.4 (3) 3.7±0.1 (3)
106 fat cells 184± 13 (3) 268±40 (3)

mRNA§per
Mg RNA 6.4 (2) 6.9±0.8 (3)
fat pad 286 (2) 338±40 (3)

GLUT4
Protein per

ug protein 19±3.2 (6) 35±2.4 (6)"
106 fat cells 983±123 (5) 2408±308 (6)"

mRNAper
zg RNA 26±3.7 (6) 54±10 (6)'
fat pad 1096±148 (6) 2567±607 (6)'

Data are expressed as mean±SEM, with the number of experiments
in parentheses. * cpm. $ Total membrane proteins. § Arbitrary den-
sitometric units. P1p < 0.01 and ' P < 0.05 vs. lean (Student's t test).

30 day-uld

450 [
c
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Figure 2. Genotype effect on insulin-stimulated glucose transport
(GT), GLUT1 and GLUT4 proteins per fat cell (m) and GLUT1
and GLUT4 mRNAper fat pad (mn), in Zucker rats 16 or 30 d old.
Results are expressed in percent increases over lean rat values. Data
are compiled out of the results presented in Table I (GT), and 2 and
3 (GLUT I and GLUT4 proteins and mRNA, in 16- and 30-d-old
rats, respectively). With the same expression of the data, the genotype
effect on fat cell size (Table I) was +86% at 16 d and +318% at 30
d of age.
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III). As evidenced in Fig. 2, the changes in GLUT4 mRNAper
total tissue between the two genotypes paralleled closely the
changes in GLUT4 protein per fat cell, suggesting that the
increase in GLUT4 mRNAmainly occurred within the adipo-
cyte fraction of the tissue. The observation that GLUT 4
mRNAwas virtually undetectable in the stroma-vascular cell
fraction of the tissue whatever the rat genotype (data not
shown) supported this conclusion.

To investigate whether the overexpression of GLUT4
mRNAwas a general feature of insulin-responsive tissues in
the obese rat, we examined GLUT4 mRNAlevels in a skeletal
muscle, the gastrocnemius. In contrast to adipose tissue, there
was no consistent effect of the genotype on GLUT4 mRNA
expression in this muscle (Fig. 3). Further investigation of
GLUT4 mRNAlevels in gastrocnemius muscle demonstrated
that there was no significant difference between the two groups
of rats (genotype effect, in percent over lean values: -4±20, for
seven pairs of rats).

Discussion

The genetic obesity of the fa/fa rat, first described by Zucker
and Zucker (26), is due to a single recessive autosomal gene
mutation, as yet unidentified. This rat develops a syndrome
which shares many features with human obesity: fat cell hyper-
trophy, hyperphagia, hyperinsulinemia, hyperlipemia, and nor-
moglycemia. This experimental model of obesity may provide
a useful model for the human disease where genetic factors play
a major role (27).

Previous work has shown that adipocytes from young obese
Zucker rats exhibit a hyperresponsive insulin-mediated glucose
transport together with a marked increase in glucose transport-
ers as assessed by using cytochalasin B binding (1). The purpose
of this work was to elucidate the molecular basis of this alter-
ation, more specifically to address the question of which glu-
cose transporter isoform was involved. The present data show
that the genotype-linked increase in insulin-stimulated glucose
transport activity is paralleled by a corresponding increase in
the cell amount of GLUT4 protein, whereas the abundance of
GLUT 1 protein is unchanged. Furthermore, GLUT4 mRNA

WAT

Muscle * * *

L Ob L Ob

Figure 3. Northern-blot analysis of GLUT4 mRNAfrom adipose
tissue and muscle from Zucker rats 30 d old. RNAwas extracted
from inguinal fat pad (WAT) or from the gastrocnemius muscle
(Muscle) of the same rats. Northern analysis was performed as
described in Methods. 20 ,g of total RNAwere loaded in each lane
and blots were hybridized with a cRNAprobe specific for the adipose
cell/muscle-type glucose transporter (GLUT 4). These blots are from
two different experiments. L, lean rat; Ob, obese rat.

levels per fat pad are increased proportionately to changes in
GLUT4 protein, whereas GLUT 1 mRNAis not affected by
the fatty genotype. All together our data clearly show that the
two adipocyte glucose transporter species are subject to differ-
ential regulation in the fatty rat model.

A similar pattern of regulation, in which an increase in
GLUT4 expression is associated with unchanged levels of
GLUT1 expression, has been previously reported in adipo-
cytes of rats whose insulinemia levels were increased (insulin
treatment of streptozotocin diabetes or fasting-refeeding, 11-
14), suggesting that insulin could be a major regulatory factor
in determining GLUT4 gene expression. Our observation that
GLUT4 is overexpressed in 1 6-d-old normoinsulinemic suck-
ling obese pups conclusively establishes that the fa gene regu-
lates GLUT 4 expression independent of hyperinsulinemia.
This is the first demonstration that GLUT4 expression in adi-
pose tissue is under genotype control. The finding that the lev-
els of GLUT4 mRNAare unchanged in obese rat gastrocen-
mius muscle discloses the tissue specificity of this genotypic
regulation.

Wequestioned whether the amplification of the genotype
effect observed after weaning could be ascribed to insulin. How-
ever, recently, several sets of observations have made the role of
hyperinsulinemia in chronic regulation of adipocyte GLUT4
expression unclear. It has been shown that, in chronic insulin
treatment of streptozotocin-diabetic rats, GLUT4 mRNAlev-
els which are initially elevated twofold above control rats in
adipose tissue, decline to normal steady-state level within 7 d of
insulin therapy, and then remain constant (28). Hyperinsuline-
mic 5-wk-old db/db mice do not exhibit any alteration in
GLUT4 gene expression in adipose tissue (29). Finally chronic
insulin treatment of either 3T3 Ll (30) or 3T3 F442A (21)
cultured adipose cells has no significant effect on GLUT4 ex-
pression.

The overexpression of GLUT4 found here in adipocytes of
Zucker mutant pups could play a determinant role in the in-
duction of fat cell hypertrophy, an early phenotypic trait that
develops before the onset of hyperphagia and hyperinsulinemia
(31). The abundance of GLUT4 protein would entail a hy-
perresponsive glucose transport activity to insulin, providing
large supplies of lipid synthesis precursors. In addition, through
an increased level of glycolytic intermediates, the overexpres-
sion of GLUT4 might be responsible for the induction of the
array of enzymes, such as lipoprotein lipase, fatty acid synthe-
tase, and malic enzyme, that has been observed in adipocytes of
very young obese pups (23, 31) because those enzymes have
been reported to be under the regulation of specific interme-
diary metabolites (32-34). Thus, GLUT 4 overexpression
would act as a "metabolic pull" channeling substrates into adi-
pose tissue triglycerides whatever the food intake levels, a prom-
inent metabolic feature of the obese Zucker rat (35-37).

The proportionate changes in insulin-induced glucose trans-
port activity, GLUT4 protein mass and GLUT4 mRNAlev-
els, strongly suggest that the genetic regulation of GLUT 4
expression disclosed here occurs at a pretranslational level.
This raises the important question of whether GLUT4 mRNA
content is increased through an increase in gene transcription
and/or in GLUT4 mRNAstability. Given the potential role of
the increased expression of GLUT4 in the etiology of inherited
obesity, the possibility that GLUT4 gene is either the primary
site of the mutation or a close target of the mutated gene, de-
serves investigation.
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