
Effects of Altered Glucose Homeostasis
on Glucose Transporter Expression in Skeletal Muscle of the Rat

Raymond E. Bourey, Laszlo Koranyi, David E. James,* Mike Mueckler,* and M. Alan Permutt

Department of Medicine and *Department of Cell Biology, Washington University School of Medicine, St. Louis, Missouri 63110

Abstract

Previous studies have suggested that alteration in the expres-
sion of the insulin-regulatable glucose transporter of muscle
(GLUT4 protein) may be an important determinant of insulin
action. In the present studies, we have examined GLUT4
mRNAand protein concentrations in muscle after variations in
the metabolic status of the intact animal (i.e., 7 d streptozoto-
cin-induced diabetes, 7 d insulin-induced hypoglycemia, and 3
d fasting). These changes in glucose homeostasis were asso-
ciated with the following changes in GLUT-4 gene products: a
decrease of 30% in both mRNAand protein with diabetes; a
50% increase in mRNAand a 2.4-fold increase in protein with
insulin injection; and normal mRNAin spite of a 2.7-fold in-
crease in protein with fasting. Fasted diabetics exhibited an
increase of 50% in GLUT4mRNAand a 2.4-fold increase in
protein relative to fed diabetics. In diabetic and insulin-injected
groups, the changes in GLUT-4 protein were similar to
changes in mRNA, but in fasting, GLUT-4 protein increased
without a concomitant change in mRNA.Overall there was no
correlation between muscle concentrations of GLUT4protein
and mRNA. Muscle GLUT4protein concentration tended to
correlate with plasma glucose (r = -0.57, P < 0.001), but not
with plasma insulin. These results indicate that (a) chronic
changes in glucose homeostasis are associated with changes in
expression of GLUT4protein in muscle; (b) GLUT-4 protein
increased in fasted soleus muscle without change in mRNA,
thereby differing from fasted adipocytes in which both
GLUT4 products diminish; and (c) no simple relationship
exists between total muscle GLUT-4 protein content and
whole-body insulin sensitivity. (J. Clin. Invest. 1990. 86:542-
547.) Key words: GLUT-4 gene * rat soleus - fasting - diabetes -

hypoglycemia

Introduction

Skeletal muscle plays an important role in the clearance of a
systemic glucose load (1, 2), and a decreased response to insu-
lin of muscle glucose transport and utilization contributes to
the manifestation of whole-body insulin resistance (1). The
major glucose transporter gene of muscle and adipose tissue
(GLUT-4) has recently been cloned and its product character-
ized as a 43-kD, membrane-spanning protein (3-7). As glucose

Address reprint requests to Dr. M. Alan Permutt, Department of Med-
icine, Washington University School of Medicine, 660 South Euclid
Ave., Box 8127, St. Louis, MO63110.

Receivedfor publication 2 November 1989 and in revisedform 24
April 1990.

transport is the first and probably rate-limiting step of muscle
glucose utilization (8), the muscle glucose transporter has been
identified as a potential site for the development of insulin
resistance (8, 9). The expression of the GLUT-4 gene and
activity of the GLUT-4 protein has therefore been subjected to
intense study.

A unique feature of GLUT-4 compared with other glucose
transporter genes is that its expression appears to be confined
to muscle and adipose tissue (3, 4). GLUT-4 mRNAand pro-
tein concentrations have recently been studied in adipose tis-
sue obtained from streptozotocin (STZ)-treated' diabetic rats
(9-12). These studies demonstrated a marked decrease in
GLUT-4 gene products; hence, it was concluded that the
plasma insulin concentration is an important regulator of
GLUT-4 expression. These studies, however, did not distin-
guish between lack of insulin per se and the metabolic conse-
quences of lack of insulin as potential regulators of GLUT-4.
Furthermore, we recently found that changes in adipocyte
GLUT-4 mRNAare not always associated with similar
changes in muscle (13), and one cannot assume that adipose
cell and skeletal muscle expression of GLUT-4 will respond in
the same manner to metabolic perturbations.

That GLUT-4 content may be regulated at the pretransla-
tional level in muscle was recently demonstrated by Garvey et
al. (9), who reported a significant decline in GLUT-4 mRNA
in quadriceps femoris muscles of rats with STZ-induced dia-
betes. The content of muscle GLUT-4 mRNArose toward
control values with insulin therapy (9). Although previous
studies have demonstrated a decrease in diabetic muscle glu-
cose transporter binding of cytochalasin B (14), the variation
in and relationship between muscle GLUT-4 mRNAand
transporter protein content under various conditions is un-
known.

To further elucidate the physiological factors that might
control the expression of muscle glucose transporter, we ex-
posed animals to conditions known to produce disparate levels
of blood insulin and glucose and alterations in muscle glucose
transport. We found that muscle GLUT-4 expression varies
with perturbations in glucose homeostasis, and, in contrast to
previous findings in the adipocyte, in a manner not directly
related to plasma insulin concentrations.

Methods

Animals. Male Sprague-Dawley rats (- 150 g) from SASCO(Omaha,
NE) fed a standard diet of rat chow (Ralston Purina Co., St. Louis,
MO) were used. After 7 d of acclimation to our animal facility, the
animals were divided into the following experimental groups of six
animals: (a) Control, (b) STZ-induced diabetic, (c) insulin-injected
hypoglycemic, (d) fasted, and (e) fasted, STZ-induced diabetic.

Diabetes was induced by a single intraperitoneal injection of STZ

1. Abbreviations used in this paper: STZ, streptozotocin.
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(75 mg- kg body wt-'; Sigma Chemical Co., St. Louis, MO). The
animals were observed for 7 d and the existence of diabetes was con-
firmed by daily measurement of blood glucose.

Hypoglycemia was produced by daily subcutaneous insulin injec-
tion (ultralente, 40 U kg body wt-' d-'; Squibb-Novo, Princeton,
NJ) for 7 d. Blood glucose levels were measured every morning and the
insulin dose was adjusted to maintain the blood glucose at 60-70
mg dl-' for 3 d before analysis. Two animals required an upward
adjustment in insulin dose during the final 48 h.

Six control and six diabetic rats were individually housed and
fasted for 3 d.

Blood and tissue sampling. The control, diabetic, and hypoglyce-
mic animals were killed in the fed state, and the fasted and diabetic-
fasted animals in the fasted state using sodium pentobarbital (100
mg kg body wt-' i.p.). Before injection, whole blood was collected
from tail veins in heparinized tubes. Before respiratory arrest, the
soleus muscle from each leg was removed intact, clamp-frozen in liq-
uid nitrogen, and stored at -80'C until analysis.

Plasma analysis. Daily heparinized blood samples were analyzed
for plasma glucose by an automated glucose oxidase method (Beck-
man Instruments Inc., Fullerton, CA). Plasma insulin concentrations
were determined by a double-antibody RIA using rat insulin stan-
dards.

Determination of muscle glucose transporter mRNAcontent. The
probes used for study were as follows: (a) GLUT- 1 glucose transporter
cDNAfrom a HepG2cDNAlibrary (15); (b) GLUT-4 cDNA, isolated
from rat adipocyte and heart cDNA libraries as described (4); and (c) a
plasmid containing 1,200 bp of chicken beta-actin cDNA. Each plas-
mid was subcloned in Bluescript SK+ (Stratagene, La Jolla, CA), an
RNAexpression vector. Transcription of uniformly labeled 32P-cRNA
and synthetic mRNAwith T3 or T7 RNApolymerase was performed
according to protocols provided by the supplier.

Total tissue RNAwas extracted using a guanidine thiocyanate
method (16). All samples had 28S:18S ratios > 2.0 on ethidium bro-
mide staining after electrophoresis on agarose gels and also showed
discrete mRNAbands on Northern blot analysis.

Initial studies to validate the specificity of each cRNAprobe were
performed using Northern analysis. Once the appropriate stringency
for hybridization of each clone was established, quantitation of mRNA
levels between rats was performed using dot blot analysis. Aliquots of
total tissue RNA (1-10 Mg) and dilutions of synthetic mRNA
(0.5- 1,000 pg) and cDNA (1- 1,000 pg) as standards were dissolved in
15% formaldehyde in lOX SSCand blotted onto Nytran (Schleicher &
Schuell, Inc., Keene, NH) membranes. Membranes were hybridized to
the corresponding probes for 16-18 h (GLUT- I and GLUT-4 at 60°C,
actin at 55°C) in 50% formamide in SX SSPE and then washed
(GLUT-I and GLUT-4 at 60°C, actin at 52°C) in 0.1X SSC, 0.1%
SDS, according to instructions recommended by the vendor. Blots
were exposed to Kodak XAR5 film at -80°C with intensifying screens
(Cronex Lightning Plus; E. I. DuPont de Nemours Co., Wilmington,
DE). The amount of mRNApresent in each sample, determined in

duplicate, was measured by densitometric analysis, comparing the in-
tensity of the sample dot to standard dots. Autoradiographs were devel-
oped for various periods of time so that the intensity of the unknown
samples was within the linear range of the standards.

Immunoblotting. Muscle was homogenized (Brinkmann Instru-
ments, Inc., Westbury, NY) on ice at high speed for 45 s in PBSat pH
7.4 with 0.5% deoxycholate and 0.5% Triton X-100 (1:20, wt/vol).
Aliquots of the homogenized samples were diluted 1:16 in PBS at pH
7.4 and protein concentration was determined by a modification of the
method of Lowry (17). 50 or 100 Mgper lane of protein was subjected to
SDS-PAGE. For each gel, samples from an experimental group were
placed in alternating lanes with samples from the control group. Pro-
tein was electrophoretically transferred (Polyblot; ABN, Hayward, CA)
to nitrocellulose paper. Nitrocellulose sheets were incubated with PBS
containing 50 mg/ml powdered milk (Carnation Co., Los Angeles, CA)
for 90 min at 22°C, incubated with a polyclonal antibody (R820, 10
,ug/ml PBS) specific for the GLUT-4 carboxy terminus (4), washed,
incubated for 1 h with 2.5 MCi 1251-labeled protein A, rewashed, dried,
and subjected to autoradiography. Quantitation was performed by
excising labeled bands and counting in a gammacounter (Packard
Instrument Co., Inc., Downers Grove, IL). Equal areas away from the
band of interest were excised and analyzed to establish background.
The mean counts per minute above background per lane was 685±57
(SE). The value in counts per minute obtained for each sample was
divided by the mean of the six control values for the blot to allow direct
comparison between blots. The intra- and interblot coefficients of vari-
ation for this method were, respectively, 13% (the same sample in 12
adjacent lanes) and 35% (the same sample in nine separate blots).

Data analysis. Data were managed and analyzed on the CLINFO
system of the Washington University Clinical Research Center (GCRC
RR00036). The data were analyzed by analysis of variance and differ-
ences between groups were identified by the Newman-Keuls post hoc
test. The analysis of the immunoblots was performed by an unpaired t
test as one experimental group was directly compared with a control
group on each blot (v.s.). When protein from control, diabetic, and
fasted diabetic animals was analyzed on the same immunoblot to
directly compare diabetic and fasted diabetic samples, comparisons
were performed by analysis of variance. Correlations were analyzed by
univariate linear regression analysis.

Results

Physiological characteristics. Final body weights, weight
changes, and plasma glucose and insulin concentrations before
tissue removal are shown in Table I. After 7 d of STZ-induced
diabetes, animals did not gain a significant amount of weight
and thus differed from control animals. Their plasma insulin
concentration was not different from control values in spite of
marked hyperglycemia. Fasting of diabetic animals was asso-

Table I. Plasma Glucose and Insulin

Insulin-injected Diabetic
Group Control Diabetic hypoglycemic Fasted fasted

Final body weight, g 251±5 198±5* 246±5 178±5* 155±5*
Body weight change, gt 59±4 6±3* 58±5 -36+5* -36+4*§
Plasma glucose, mM11 7.4±0.4 23.4±3.2* 4.4±0.6 6.1±0.2 5.6±0.8§
Plasma insulin, pM 170±20 180±40 930±350* 90±40 120±10

Values are expressed as mean±SE; n = 6 for each group. * Differs from control value, P < 0.05. * Final minus initial weight for experimental
period. (i.e., 7 d for control, diabetic, and insulin-injected diabetic; 3 d for fasted and diabetic groups). § Differs from diabetic value, P
< 0.05. II Values of final glucose determination at the time of tissue analysis except insulin-injected hypoglycemic group, which represents the
mean glucose value for 72 h before analysis.
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Table IL Muscle Analysis

Insulin-injected Diabetic
Group Control Diabetic hypoglycemic Fasted fasted

Soleus weight, mg 95±3 88±5 111±9* 92±3 74±4
Total RNA, mg/g tissue 1.08±0.09 1.10±0.13 0.98±0.05 0.88±0.05 0.97±0.06
Total protein, mg/g tissue 13.6±1.9 13.8±1.4 14.5±2.8 14.2±0.9 14.3±1.5
Actin mRNA,pg/pg RNA 530±30 470±60 510±40 270±70* 310±80
HepG2 mRNA,pg/lg RNA 1.2±.2 1.0±. 1 1.2±.3 1.1±.3 1.7±.2

Values are mean±SE; n = 6 for all groups. * Different from control value; P < 0.05.

ciated with a decrease in plasma glucose concentrations to
values not different from those of control animals. Although
the insulin-injected animals appeared to eat without regard for
the light cycle, the weight change did not differ from that in
control animals. Insulin injection produced prolonged hyper-
insulinemia andhypoglycemia. Fasting of control animals was
associated with weight loss and decreased glucose concentra-
tions.

Muscle characteristics. Muscle weight, content of RNA
and protein, and concentrations of actin mRNAand GLUT-1
(Hep G2, erythrocyte, and brain) mRNAare noted in Table II.
The muscle weight did not vary among the treatment groups
except in insulin-injected, hypoglycemic animals in which it
was increased. The soleus muscle weight expressed as percent
of body weight was increased (P < 0.05) in the fasted
(0.051±0.001%) and fasted-diabetic (0.048±0.002%) animals
when compared with controls (0.038±0.002%). Total RNA
and protein content were not different among groups.

Weperformed quantitative dot blots to measure mRNA
levels for actin, GLUT-1, and GLUT-4. Weused actin mRNA
as a control for changes in glucose transporter mRNA.There
was no change in actin mRNAwith STZ-induced diabetes or
insulin injection. When animals were fasted, however, there
was a 50% decrease in actin mRNA. Interestingly, GLUT-1
mRNAdid not diminish with fasting and did not vary with
metabolic state. GLUT-l was present at only 1% the level of
GLUT-4 mRNA, and we have been unable to detect the
GLUT- I protein in skeletal muscle using an antibody specific
for the carboxy terminus of the rat brain glucose transporter
sequence (data not shown).

A polyclonal antibody (R820) specific for the carboxy ter-
minus of the GLUT-4 sequence was used to detect this protein
in muscle homogenates (4). Consistent with previous studies
(3-7, 9, 10, 12) a - 45-kD immunoreactive species was de-
tected, and examples of immunoblots used to assay muscle
GLUT-4 protein concentration are presented in Fig. 1.
GLUT-4 mRNAand protein concentrations are presented in

46*kD- ,

C F C F C H C H C D DF

Figure 1. Samples of radiographs of Western blots with lanes of pro-
tein samples from control (C), fasted (F), insulin-injected, hypogly-
cemic (H), STZ-induced diabetic (D), and fasted diabetic (DF) ani-
mals.

Fig. 2. After 7 d of STZ-induced diabetes, there was a 30%
decrease in GLUT-4 protein and a tendency to a similar de-
crease in GLUT-4 mRNA.Whendiabetic animals were fasted,
the GLUT-4 protein concentration increased 140% to a level
70%higher than control values. Prolonged insulin-induced hy-
poglycemia was associated with a 50% increase in GLUT-4
mRNAand a 2.4-fold increase in GLUT-4 protein concentra-
tion. Fasting of controlled animals was associated with no
change in GLUT-4 mRNAbut a striking 2.7-fold increase in
GLUT-4 protein.

Though changes in GLUT-4 protein concentration were
qualitatively similar to changes in GLUT-4 mRNAin diabetic
and insulin-injected groups, the concentrations of GLUT-4
protein in the fasted groups were markedly increased in spite
of normal concentrations of GLUT-4 mRNA, and overall
there was no correlation between muscle GLUT-4 mRNAand
GLUT-4 protein concentrations. Muscle GLUT-4 protein
concentration tended to correlate with plasma glucose con-
centration (r = 0.57, P < 0.001), but there was no correlation
with plasma insulin concentration (r = 0.08, P = 0.67).

As muscle RNAand protein content did not vary (Table
II), concentrations of mRNAspecies and GLUT-4 protein
reflect the muscle content of these gene products expressed per
gram of tissue. In addition, concentrations of GLUT-4 mRNA
and protein also reflect the total muscle content of these spe-
cies with the exception of the fasted-diabetic group, in which
total muscle content of GLUT-4 protein is not different from
control values.

35
300 *

* ~~~~~30
250

Protein 2 t

*mRNA
z De

u-10

hasted
Figure 2. Concentrations of GLUT-4 protein and mRNAdeter-
mined as described in Methods and expressed as mean±SE for con-
trol (C), STZ-induced diabetic (D), insulin-injected, hypoglycemic
(H), fasted (F), and fasted diabetic (DF) animals. *Different from
control value, P < 0.05.
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Discussion

As muscle glucose transporter is a prime candidate for regula-
tion of whole-body insulin resistance or sensitivity, we studied
the muscle content of transcriptional and translational prod-
ucts of the GLUT-4 gene under conditions known to produce
disparate levels of glucose, insulin, and insulin resistance. We
found that modulation of the transporter mRNAand protein
occurs in conditions of STZ-induced diabetes mellitus, insu-
lin-induced hypoglycemia, and fasting.

After 7 d of STZ-induced diabetes, the concentration of
GLUT-4 protein in the soleus muscle was decreased - 30%
compared with control values. Our findings are consistent with
previous reports for muscle GLUT-4 mRNA(9) and glucose
transporter protein estimated by cytochalasin B binding (14).
Interestingly, the decrease in total muscle glucose transporter
of the diabetic state is associated with a decrease in insulin-
stimulated glucose disposal, whether measured in vivo by
means of the euglycemic clamp technique (1, 18), or in iso-
lated muscle in vitro (19, 20). Soleus GLUT-4 mRNAcon-
centration tended to decrease similarly to protein and inde-
pendently of actin and GLUT-1 mRNA, which did not
change. These results are consistent with the hypothesis that
chronic regulation of muscle glucose transporter content in
diabetes occurs at a pretranslational level (9). No conclusion
about transcriptional regulation per se may be drawn, how-
ever, without measurement of turnover of transcriptional
products.

Recent studies (9-12) suggested that insulin was the pri-
mary determinant of chronic changes in GLUT-4 products.
However, plasma insulin concentrations of our diabetic ani-
mals, though insufficient to maintain euglycemia, were nor-
mal (Table I), yet GLUT-4 protein was depressed. Ramlal et
al. (14) found a similar decrease in muscle glucose transporter
content as measured by cytochalasin B binding in normoinsu-
linemic, STZ-treated diabetic rats, and suggested a role for
hyperglycemia in muscle glucose transporter regulation. Our
finding that correction of hyperglycemia by fasting diabetic
animals was associated with a 50% increase in the concentra-
tion of GLUT-4 mRNAto normal and GLUT-4 protein levels
to supernormal further suggests that ambient glucose concen-
tration and not insulin may be more closely associated with
the decrease of GLUT-4 products in diabetic states. Similarly,
phlorizin treatment has been shown to correct not only hyper-
glycemia, but also whole-body insulin resistance in rats made
diabetic by partial pancreatectomy (18). A lesser role for insu-
lin would also be compatible with recent observations that
insulin treatment does not increase the content of GLUT-4
mRNAin cultured 3T3-L1 adipocytes (21). These findings
suggest that hyperglycemia may be a factor in downregulation
of GLUT-4 mRNA, protein, and insulin-stimulated glucose
disposal in diabetes.

Wefound that insulin-injected, hypoglycemic animals, in
contrast to diabetics, had a marked increase in GLUT-4
mRNAand protein concentration. Adipocytes from insulin-
infused, hypoglycemic animals had a similarly increased total
glucose transporter number by cytochalasin B binding (22)
and also increased insulin-stimulated glucose uptake in vitro
(22-24). The findings of Wardzala et al. (23) that soleus mus-
cle strips from insulin-infused rats have enhanced insulin-
stimulated glucose metabolism and glycogen synthase activity
suggest that muscle may have similarly enhanced insulin-stim-

ulated glucose disposal in vitro. Our finding of increased
GLUT-4 mRNAand protein in skeletal muscle of insulin-in-
jected hypoglycemic rats is also compatible with the hypoth-
esis that in vitro insulin resistance or sensitivity of muscle may
be at least partially regulated at the pretranslational level
through chronic changes in GLUT-4 number.

Fasted animals, like insulin-injected animals, are hypogly-
cemic and have a marked increase in soleus muscle GLUT-4
protein concentration (Fig. 2), and Brady et al. (25) previously
demonstrated enhanced insulin-stimulated uptake in perfused
hindlimbs or soleus muscles from 48-h fasted rats. Unlike in-
sulin-injected animals, however, fasted animals exhibited no
increase in muscle GLUT-4 mRNAcontent, a finding that
may be consistent with a role for insulin in regulating pre-
translational changes of soleus GLUT-4 products. The absence
of a correlation between muscle GLUT-4 mRNAand
GLUT-4 protein is in distinct contrast to our results for brain
glucose transporter, in which both GLUT- 1 glucose trans-
porter protein and mRNAcontent increased after a 72-h fast
(Koranyi, L., R. E. Bourey, D. E. James, M. Mueckler, F. T.
Fiedorek, Jr., and M. A. Permutt, manuscript submitted for
publication). Discordance between GLUT-4 mRNAand pro-
tein has previously been described in adipocytes from insulin-
treated diabetic rats (10). The apparent accumulation of
GLUT-4 protein in muscle with fasting may be due to in-
creased efficiency of mRNAtranslation and/or decreased
transporter degradation. As soleus muscle glucose transport
and total protein synthesis is diminished in fasting (26, 27), the
latter mechanism seems more likely. Similarly, glucose depri-
vation of 3T3-LI adipocytes has been associated with stabili-
zation of the GLUT-4 protein (Tordjman, K., and M.
Mueckler, unpublished data). It is interesting that soleus mus-
cle content of both GLUT-I and GLUT-4 mRNA, members
of the facilitative glucose transporter gene family, remained at
normal levels with fasting and appeared spared compared with
actin mRNA, which was reduced by 40%. Mechanisms that
induce changes in GLUT-4 mRNAwith diabetes or insulin
injection may be different from the mechanism(s) responsible
for the lack of change in GLUT-4 (and GLUT-1 mRNA)with
fasting.

In contrast to diabetes, where changes in muscle GLUT-4
mRNAand protein were concordant with changes previously
described for adipocytes (9-12), with fasting, several differ-
ences were apparent between regulation of glucose trans-
porters in adipocytes and regulation in skeletal muscle. In dis-
tinct contrast to the soleus muscle, fasting resulted in a dimin-
ished adipocyte content of GLUT-1 mRNA(28), GLUT-4
mRNA(11), GLUT-4 protein (12), and insulin-stimulated
glucose transport in vitro (9, 28). Furthermore, fasting resulted
in a marked decrease in adipocyte size (28), whereas working
muscles such as the soleus were spared this wasting effect (27;
Table I). At least in fasting, GLUT-4 products appear to be
regulated differently in fat cells and muscle.

Although our observed changes in total muscle glucose
transporter content appear related to previously described
changes in muscle insulin-stimulated glucose uptake measured
in vitro (19, 20, 22, 25), these changes are not necessarily
related to changes in insulin-stimulated glucose disposal at the
whole-body level. In theory, insulin-stimulated glucose dis-
posal may be limited in vivo by glucose delivery to the tissue,
membrane glucose transport, or metabolic glucose disposal.
Furthermore, muscle glucose transporters are not functionally
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active until translocated from an intracellular pool to the
plasma membrane. When measured under the stable condi-
tions of the euglycemic clamp technique, all three experimen-
tal states (diabetes [1, 18], insulin injection [29], and fasting
(30]) were associated with evidence of whole-body insulin re-
sistance. Results of in vivo and in vitro studies of diabetics are
in general agreement, but decreases in whole-body, insulin-
stimulated glucose disposal in fasted and insulin-injected ani-
mals, in spite of in vitro increases in muscle insulin sensitivity,
underscore the complexity of glucose homeostasis and pre-
clude a simple relationship between total muscle GLUT-4
concentrations and whole-body insulin resistance.

The mechanism by which the glucose concentration of
plasma is related to an intracellular event (i.e., changes in total
glucose transporter number) cannot be directly determined
from these studies. In theory, glucose transport would be ex-
pected to correlate best with the number of cell surface trans-
porters, and insulin resistance would indicate a decrease in the
number of transporters translocated to the cell surface in re-
sponse to insulin. Any of the metabolic consequences of pan-
creatic beta cell dysfunction that lead to hyperglycemia are
potential regulators of GLUT-4. The disproportionate increase
in muscle glucose transporter compared with GLUT-4 mRNA
in fasted and insulin-injected, hypoglycemic animals would be
compatible with the hypothesis that hypoglycemic counterreg-
ulatory hormones, or some factor of the hypoglycemic plasma
milieu, inhibit cell turnover of muscle glucose transporter and
perhaps its translocation to a functional position in the sarco-
lemma. The presence of an inhibitor of muscle GLUT-4
translocation in hypoglycemic plasma but not in vitro perfu-
sion media would explain the paradox in fasted and insulin-
injected animals of decreased insulin-stimulated glucose dis-
posal in vivo but increased insulin-stimulated glucose disposal
in vitro.

In summary, the results of these studies clearly indicate
that the mechanisms for modulation of muscle glucose trans-
porter content vary with the physiological state. Whether
plasma glucose, insulin, and/or other metabolic factors are the
primary determinants of the changes observed in these studies
has yet to be determined. Webelieve it is important to experi-
mentally separate these factors and their relative contributions
to expression and function of the muscle glucose transporter,
as the findings may have a profound influence on our treat-
ment of type II diabetes mellitus and other insulin-resistant
states.
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