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A B S T R A C T Inisuilini resistancee of diaphragimis of
ohl/ohi mice hals heen repeatedlyv demonstrated pre-
viously hoth in vitro a(nd in v ivo. In the present
sttudy, transport and metabolism of gltucose with and
withouit insuilin stimuilationi were compared in a

skeletal mntscle more likely thaln diaplhragmii or heart
to be representative of the overall striated mutscle
m-ass, i.e. isolated soletis muiiiscle. Compared with
soleuis mulscle from leani controls, uinstimuilated lac-
tate release in the presenice of' exogenouis glutcose
was depressed from 16.2 to 12.3 nmol/6() min per
mg wet wt in soleuis from elolo/o muttants; glycolysis
wvs decreased from 6.6 to 3.7 and ['4C]gluicose
oxidation to '4CO2 from 0.90 to 0.33 nmol glutcose/60
min per mg wet wt. Uptake of 2-deoxygltucose (2-
DOG), both with and witlhouit insulin, was very
mtuch less for soleuis from oblob than from leani mice,
at 2-DOG concentrations ranginig from 0.1 to 10 mM,
anid in mice of 6-15 wk. Wiheni 2-DOG concentra-
tion was 1 mM, its basal uiptake was 0.53 nmol/30
min per mg wet wt for soleuis of oblob as against
0.96 for soleuis of leani mice. The absolutte incre-
ment due to 1 mU/ml instulin was 0.49 in mtuscle
of oblob as against 1.21 in that of lean mice.

When the resistance to insuilin action was de-
creased by pretreatment in vivo by either streptozo-
tocin injection or fasting, the decreased basal 2-DOG
uptake of subsequently isolated soleus musele was
not improved. Inhibition of endogenous oxida-
tion of fatty acids by 2-bromostearate, while greatly
inreeasiing 14CO production from ['4C]glucose, did not
affect basal [5-3H]glucose metabolism or 2-DOG up-
take. It is stuggested that transport and/or phosphory-
lation of gltucose under basal, uinstimulated condi-
tions are depressed in soletus mtuscle of oblob mice,
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whether or not resistance to insuilini and hvper-
insuilinlemia are also Ipresent. Althouighi the origin of
the decreased l)asal gluicose uiptake remains unii-
known, it might be related to a similar dlecrease in
blasal gltucose uiptatke by ventromedial hypothalamic
cells, an event presmabl)vy restultinig in a tendeincy
to hyperphagia. Decr-eased l)asal glutcose uptatke by
soleuis mulscle of ob/lol) mice miglht explain the hyper-
glycemiia, aind lhence partl y the lhyperi ust nilinem iia acnd
excessive fait deposition of those animilals.

INTRODUCTION

Obese lhyperglycemic mice (C57B1/6j-o )bob) aire
characterized by obesity, hyperinsuliniemiiia, ain
hyperglycemia. The coniversioni of gluicose to lipids
is greatly elevated in both liver anild adipose tissue,
rationally explaining the obesity. This increased lipo-
genesis is considered secoindary to the elevated serum
insulini levels (1, 2), wlhile the process that lead(s
to hyperinstulinenmia remiains uinexplainied.

Since muscle accouints for a large proportion of
metabolically active tisstues of the body, selective
impairment of gluicose disposal by muiscle couild
contribtute to the genesis of the hyperglycemia, aind
hence of the hyperinstulinemia of these mice. In
stupport of this view, Gentuth et al. have demonstrated
an altered ability of diaplhragm muiiscle to take tip 2-
deoxyglucose in vitro (3), and previouis work from
this laboratory has shown that glycogen synthesis in
diaphragm mtusele of obese mice responds poorly to
exogenouisly added instuliin in vivo (4). WVhetlher
diaphragm mutscle, rhythmically contracting
throuighout life, miay be considered typical of skele-
tal mutscle in metabolic terms is, however, quiestion-
able.

The pturpose of the present stuidy was to investi-
gate the metabolism of glucose in vitro by a truie
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skeletal mtuscle from lean and obese mice, and to
study the response of this tissue to insulin. Special
care was taken to distinguish between defective gltu-
cose uptake as such, and insulin responsiveness of
the mtuscle. The isolated soleus muscle was chosen,
since, as previously shown for the rat (5, 6), it is a
skeletal muscle that can be prepared intact (i.e.
withouit broken or cut fibres), that responds well to
instulin, and that is thin enough to allow for rapid
diffusion of metabolites and gases.

METHODS
Aniimals. Male obese (C57Bl/6J-ob/ob) mice and their

lean controls (C57BI/6J-+/+) were purchased from The
Jackson Laboratory, Bar Harbor, Me. They were fed ad
libitum and maintained in a constant-temperature (230C)
animal room, with a fixed 12-h artificial light cycle.

Mice were made insulin-deficient by intraperitoneal
injection of 180 mg/kg streptozotocin, dissolved in 0.9%
NaCl and acidified with 0.05 M citric acid to pH 4.
Such mice were routinely fasted 24 h before streptozotocin
treatment, and control mice received the same volume of
saline acidified with citric acid (2). Unless mentioned other-
wise, all mice were used at 8-9 wk of age, when the body
weight of the lean animals was about 20-25 g and that
of the obese, 35-45 g, whether streptozotocin-treated
or not.

Mice were treated with insulin while kept under pento-
barbital anesthesia (100 mg/kg body wt). They received
three injections of the hormone into a tail vein. The first
(0.4 U/kg body wt) was given 70 min, the second and third
(0.2 U/kg body wt) 40 min and 10 min, respectively,
before removal and subsequent incubation of soleus
muscles. Such insulin treatment decreased blood sugar to
values of 82.5±+12.4 mg/100 ml (saline-treated controls:
212.8±10.5 mg/100 ml, n = 6 for both).

Incubation techniques. Soleus muscles of mice were
exposed as previously described for rat soleus (5), fixed
with threads ligated around both tendons, and then dis-
sected free from the legs. They were weighed, rinsed with
0.9% saline, and attached on a stainless steel holder by
the two threads. The muscles thus prepared were then
placed in flat-bottomed glass tubes (inner diameter, 2 cm)
containing 1.5 ml of Krebs-Ringer bicarbonate buffer with
2% defatted bovine serum albumin (7) and the additions
specified for each experiment. Incubations were carried out
at 37°C in a shaking incubator. After 5 min of gasing with
02:CO2 (95:5 vol/vol), the tubes were sealed with rubber
stoppers. Incubations were preceded by one or two 15-min
preincubations necessary to wash out endogenous insulin,
unless otherwise stated. When insulin was tested, it was
present during the second preincubation and the incuba-
tion periods.

Measurements. Oxidation of [U-14C]glucose, [1-_4C]ace-
tate, or [1-_4C]pyruvate was estimated by collecting 14CO2
produced by these substrates. At the end of the incuba-
tion, strips of filter paper placed before the incubation in a
hanging center well were moistened with 0.1 ml 1 N
NaOH and the incubation vessels placed in an ice-cold
water bath for 3 min. The vessels were then opened
briefly to remove and transfer the soleus muscle on its
holder to liquid nitrogen. After resealing, the incuba-
tion medium was acidified with 0.3 ml 30% (wt/vol) per-
chloric acid, and the CO2 thus liberated collected during 30
min at 37°C. The filters were dried and assayed for radio-

activity in a toluene-based scintillation mixture. The
acidified mediuim was centrifuged in a bench centrifuge
and a samiiple of the supernatant was neutralized with
KOH and stored at -20°C for subsequent measurement
of lactate (8), pyruvate (9), and alanine (10). Pyruvate
measurements were performed within 4 h after sample
collections. Formation of glycogen from labeled glucose
was estimated after hydrolysis of the muscle in 0.5 ml 1 N
NaOHat 70°C. Carrier glycogen (10 mg) was added to the
hydrolysate and glycogen was precipitated at -20°C for 1 h
with 66% ethanol (4). The glycogen precipitate was washed
twice with ethanol (66%) and dissolved in 0.5 ml water
and its radioactivity was measured. Muscle protein was
estimated by the method of Lowry et al. (11) and triglyc-
eride by measuring glycerol fluorimetrically after hydrol-
ysis (12). Incorporation of [1-14C]acetate into total lipids
was measured after extracting the tissue according to
Dole and Meinertz (13); the upper heptane phase was
w%ashed five times with 0.02 N H2SO4, and a sample
containing the labeled lipids was dried and counted.
The same extraction procedure was used when lipogenesis
from 3H2O was measured (1).

The uptake of 2-deoxyglucose by muscles was used
as an index of the rate of glucose transport and phosphoryla-
tion (14). This glucose analogue is known to be transported
by the same glucose carrier system as glucose, phosphory-
lated to 2-deoxyglucose-6-phosphate but not metabolized
further. After incubation, the muscle was washed in cold
0.9% NaCl for 2-5 min and dissolved in 0.5 ml 1 N
NaOH, and the radioactivity of this solution measured in a
Packard liquid scintillation spectrometer (Tricarb 3380,
Packard Instrument Co., Inc., Downers Grove, Ill.). The ac-
cumulation of radioactivity within muscle of either normal
or obese mice remained linear for at least 25 min or for
10 min, with 1 or 10 mM2-deoxyglucose, respectively.

Overall true utilization of glucose itself was estimated
by measuring the rate of formation of 3H20 from [5-3H]-
glucose (15) and adding the 3H incorporated into glycogen
during the same interval, i.e. 60 min. To reduce the back-
ground from 3H2O in [5-3H]glucose, the preparation of the
latter was lyophilized to dryness before each experiment.
At the end of incubation, 3H20 in the medium was sepa-
rated from [5-3H]glucose by ion exchange chromatography
(16): samples (500 ,l) of the incubation medium were
applied to a 0.45 x 4.2-cm column of Dowex 1 x 2 (200-
400 mesh Dow Chemical Co., Midland, Mich.) in borate
form, packed into a Pasteur pipette. Tritiated water was
eluted with 2.5 ml water, while labeled glucose was re-
tained on the resin. The eluate was counted in 5 ml
Instagel (Packard Instniment Co.).

Pyruvate dehydrogenase was measured in muscle
homogenates according to the method of Coore et al.
(17). Pairs of soleus muscles were first incubated with 5 mM
glucose for 1 h and frozen in liquid nitrogen. They were
homogenized, just before enzyme assay, in a glass homog-
enizer containing 10 vol of phosphate buffer (100 mM,
pH 7.3), EDTA (5 mM), and reduced glutathione (1.5
mg/ml). After centrifugation at 500 g for 3 min, the superna-
tant was used for the assay. Activity measured in such
homogenates was termed initial activity (i.e. enzyme ac-
tivity prevailing in the tissue). Total enzyme activity was
measured after incubating the homogenate with a specific
pyruvate dehydrogenase phosphate phosphatase to de-
phosphorylate and activate the enzyme completely (17).

All reagents were of analytical grade. Enzymes and co-
enzymes were a generous gift from Dr. F. H. Schmidt,
Boehringer-Mannheim GmbH, Mannheim, Germany,
and streptozotocin from Dr. W. E. Dulin, the Upjohn
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TABLE I
Wet Weight, Protein, and Triglyceride Content of

Soleus Muscle from Lean and ob/ob Mice

Meastiremenit Lean oblob mice P

Wet wt, mg 8.6+0.1 9.3+0.2 <0.005
(45) (52)

Protein content, 17.0±0.4 15.2±0.3 <0.001
%wet wt (45) (52)

Triglyceride content, 9.9±0.7 23.0±+1.4 <0.001
nmol/mg wet wt (10) (18)

Mean values+SEM; the number of individual muscles ana-
lysed in each instance is given in parentheses.

Company, Kalamazoo, Mich. Radioactive substances were
purchased from The Radiochemical Centre, Amersham,
Bucks., U. K.

RESULTS

In Table I are presented the wet weights (tendons
included), the protein, and the triglyceride contents
of soleus muscles of C57B1/6J lean and oblob mice.
As may be seen, the means of these measurements
differed significantly between the groups of mice,
but the differences were small except for the triglyc-
eride content which, in muscles of oblob mice, was
twice that in the muscles of their lean controls.
This increased triglyceride content was not associated
with increased adipose tissue contamination, al-
ready excluded by light microscopic examination
after staining with Sudan III. Table II shows that
lactate output by muscle of oblob mice incubated
in the presence of glucose was less than that of con-
trols. However, the release of pyruvate and alanine,
as well as incorporation of [U-_4C]glucose into glyco-
gen, were similar for the two groups. The lactate-
to-pyruvate molar ratios measured under these experi-
mental conditions were 11.2 and 8.5 for muscle from
lean and obese mice, respectively; they are well
within the range expected for well-oxygenated muscle.
Glycolysis estimated by incorporation of tritium,
from [5-3H]glucose, into water, was decreased by 44%
in muscles from oblob mice, while the lactate plus
pyruvate release was decreased by 22% only.
This discrepancy suggested that the radioactivity of
the glycolytic intermediates was more diluted in the
muscle from oblob mice than in controls, and ex-
plained partly the 63% decrease of [14C]glucose oxi-
dation to 14CO2 in these muscles. However, it was
not sufficient to explain the marked decrease of glu-
cose oxidation. Due to this, the rate of pyruvate de-
carboxylation and acetate oxidation were studied.
The formation of 14CO2 from [1-14C]pyruvate was de-

creased by 40%, a decrease unexplainable by a de-
crease of total pyruvate dehydrogenase activity, nor
by an interconversion from the active to the inactive
form of the enzyme, as both initial and total activi-
ties of the enzyme were similar for soleus from lean
and oblob mice (Table II). The decarboxylation
rates of exogenous pyruvate (2 mM) agreed with the
measurement of the enzyme activity of the homog-
enate; they were high when compared to the gluicose
oxidation rates, and demonstrate that its inhibition
can be overcome, at least partly, by increasing the
substrate concentration. As illustrated in Fig. 1, the
oxidation of [1-14C]acetate to '4CO2 was, at all acetate
concentrations tested, significantly smaller in soleus
muscle of oblob than that of controls. Explanations
for this decreased acetate oxidation could include

TABLE II
Some Charaicteristics of Intermediary Metabolissm

of Soleus Muscles from Leant atnd ob/ob Mice

Meastiremenit LeIan, mice ob/ob nicie P

rn,ulol/lmtg wet wt/60 tiis

Lactate release 16.2+0.7 12.3+0.7 <0.001
(42) (19)

Pyruvate release 1.46+0.07 1.45+0.06 NS
(42) (19)

Alanine release 0.84+0.03 0.86+0.07 NS
(36) (23)

[14C]Glucose to 0.74+0.06 0.64±0.07 NS
[14C]glycogen (51) (17)

Glycolysis* 6.61±0.67 3.70±0.19 <0.001
(10) (12)

[14C]Glucose to 0.90±0.04 0.33±0.02 <0.001
14CO2 (67) (23)

[1-14C]Pyruvate to 7.27±0.59 4.20±0.36 <0.002
14CO2 (6) (6)

Pyruvate dehydro-
genase activity,
nmol acetyl-UI
mgwet wtI60 min

Initial 4.62±0.05 4.80±0.41 NS
(6) (6)

Total 12.32±0.58 12.46±0.76 NS
(6) (6)

Incubations in vitro were carried out for 60 min in Krebs-
Ringer bicarbonate buffer containing 5 mMglucose (0.5 uCi
[U-14C]glucose/ml, 1,uCi [5-3H]glucose/ml) and 2% defatted
albumin. Values are mean±SEMwith the number of experi-
ments in parentheses.
* Measured as 3H incorporation into water.

1080 G. S. Cuendet, E. G. Loten, B. Jeanrenaud, and A. E. Renold



(5 mMglucose, varying acetate)

nmol Acetate/mg-60 min

51

3-

2-

1-

0 -

1 2 3
Acetate concentration (mM)

* Soleus from lean mice
A Soleus from o46b mice

FIGURE 1 [1-'4C]acetate oxidation to CO2 by soleus muscle
from lean and oblob mice. Incubations were carried out for
60 min in 1.5 ml Krebs-Ringer bicarbonate containing
2% defatted albumin, 5 mMglucose, and acetate as indi-
cated. Values are mean±SEMof four or five experiments.
P was <0.05 at all acetate concentrations tested.

decreased activity of the enzyme system responsible
for acetate activation andcl/or oxidation or dilution of
labeled acetate in larger acetyl-coenzymiie A pool.
Attempt to differentiate between these possibilities
was made by measuring the incorporation of labeled
acetate (2 mM) into lipids; the incorporation was
more than 50% less for mtuscle from oblob than from
lean mice (controls: 48.3+8.2; oblob 22.01+2.9, pmol
acetate/mg wet wt per 60 min; n = 6 for both).
The discrepancy between the 25% decrement of ace-
tate oxidation and the 50% decrease of acetate in-
corporation into lipids suggested either a lower
specific activity of the acetyl-coenzyme A in muscle
fri-om ob/lob mice than from controls, or a decreased
rate of the lipogenic activity in the muscle from obese
mice. Lipogenesis was thus measured via incorpora-
tion of tritium, from tritiated water, into lipids, a
process independent of specific activity of the acetyl-
coenzyme A pool. Lipogenic rates were similar in
soleus muscle from oblob and lean mice, as shown
in Table III. This suggested that the acetyl-co-
enzyme A pool was larger in muscles from oblob
mouse than in controls. This hypothetical increase
of acetyl-coenzyme A, a known inhibitor of pyruvate
dehydrogenase activity (18, 19), may explain the
decreased rate of pyruvate decarboxylation. The
63% decrease in [U-_4C]glucose oxidation observed in
soleus muscle of oblob mice can be the combined
result of decrease of glycolysis, partial dilution of
the labeled substrate, decreased pyruvate decarboxy-
lation, and decreased acetate oxidation.

Although muscle of oblob mice produced less lac-

tate than controls in the presence of exogenouis
5 mMglucose (Table II), the reverse was trtue in the
absence of glucose: lean mice 3.55±0.59; oblob
mice 5.27±0.47 nmol/mg wet wt per 60 min, mean
±SEM of 10 experiments. Since in the absence of
exogenous glucose, lactate derives almost exclu-
sively from muscle glycogen, glycogenolytic enzymes
of muscles from oblob mice incubated without glucose
were sufficient to sustain greater than normal lac-
tate output. Decreased lactate production in the pres-
ence of glucose was therefore more likely to result
from decreased glucose transport and/or phosphory-
lation. The data summarized in Table IV are in keeping
with this concept, since basal 2-deoxyglucose uptake
was markedly diminished in muscles of oblob mice
when compared to controls, at all ages of animals
tested. In the presence of a high concentration of
insulin (1 mU/mI), the uptake of 2-deoxyglucose by
muscle from 8-9-wk-old oblob mice increased only
to values similar to those measured in mtuscle from
lean mice in the absence of insulin.

In previous studies, lowering plasma insulin by
streptozotocin treatment has been shown to reverse
many of the metabolic abnormalities of liver and
adipose tissue from oblob mice (1, 2). To verify
whether skeletal muscle metabolism of oblob mice
could be similarly influenced, obese mice were treated
with streptozotocin. After such treatment, their soleus
muscles did not change in wet weight or protein
content, but their triglyceride content fell to values
(14.95±0.75 nmol triglycerides/mg, n = 6) inter-
mediate between those of lean and untreated oblob
mice.

TABLE III
Incorporation of Tritium from 3H20 into Lipids of

Soleus Muscles from Lean and ob/ob Mice

31I incorporated into lipids

Acetate Lean mice oblob mice

MM natom/rmg twet t/t60 mitn

0 1.94+0.10 2.28+0.12
(7) (6)

0.1 2.16+0.30 2.58+0.40
(6) (6)

1 2.75+0.27 2.29+0.19
(10) (10)

4 2.79±0.55 2.39±0.20
(5) (5)

Conditions were as described in Fig. 1. 1 mCi 3H20/ml was
present during the incubation period. Valtues are mean±SEM
with number of experiments in parentheses. Controls vs. oblob
= NS.
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TABLE IV
2-Deoxyglucose Uptake in Soleus Muscles of Lean and

ob/ob Mice of Different Ages

2-Deoxyglucose uptake

2-Deoxyglticose Addition Age Lean mice ob/lb mice P

mM wk nmollmg tvet wt/3O min

0.1 None 8-9 0.078+0.02 0.053+0.005 <0.001
(11) (9)

1 None 6-7 0.60±0.06 0.41±0.05 <0.05
(6) (6)

1 None 8-9 0.96±0.04 0.53±0.03 <0.001
(77) (34)

1 Insulin 8-9 2.17±0.08 1.02+0.08 <0.001
(30) (15)

10 None 8-9 6.52±0.53 3.99±0.27 <0.005
(5) (5)

10 None 15 7.25±0.46 4.03+0.46 <0.005
(5) (5)

Incubations were carried out for 15 min (0.1 and 1 mM2-deoxyglucose)
or 5 min (10 mM2-deoxyglucose) in Krebs-Ringer bicarbonate buffer
with 2% defatted albumin, 2 mMsodium pyruvate, and labeled 2-de-
oxyglucose (0.5 ,Ci/ml) as indicated, after two preincubations without
2-deoxyglucose. Insulin: 1 mU/ml. Values±SEM, with the number of
experiments in parentheses.

Fig. 2 illustrates the relation between insulin dose
and 2-deoxyglucose uptake by soleus muscle re-
moved from lean, oblob, and streptozotocin-treated
oblob mice when plasma immunoreactive insulin
levels of the donor animals were 30.0+2.5, 550+50,
and 40.0± 7.5 ,tU/ml, respectively. Basal 2-deoxyglu-
cose uptake by muscle from oblob mice was decreased
both for the uintreated and the streptozotocin-treated

nmol 2- deoxyglucose/
mg-30 min

2.5 irl
2.0-

1.5-

1.0 -

0.5 -

O -

Insulin mU/ml

Mice

1j(6)j(5)
0 0.1 1 5

l ean

0 OJ 1 5

ot)6b
0 011 5

streptozotocin-
treated o#6b

FIGURE 2 Basal and insulin stimulated uptake of labeled
2-deoxyglucose (1 mM) by soleus muscle of lean, oblob,
and streptozotocin-treated oblob mice. Conditions were as
described in Table IV. Values are means+SEM with the
number of experiments in parentheses.

groups. On the other hand, while the response to
insulin in muscles of oblob mice decreased at all
insulin concentrations tested, it improved after
streptozotocin-treatment. Indeed, the incremental
2-deoxyglucose uptake due to 5 mU insulin/ml was
the same for muscle obtained from lean and from
streptozotocin-treated oblob mice. It is interesting to
note that streptozotocin treatment of lean mice did
not alter basal 2-deoxyglucose uptake, but produced
some increase in response of soleus muscle to in-
sulin (Fig. 3).

The incorporation of tritium from [5-3H ]glucose
into glycogen by muscle from both lean and oblob
mice is shown in Fig. 4. Muscle of oblob mice re-
sponded poorly to added insulin. Again, strepto-
zotocin treatment of the oblob animals greatly im-
proved the insulin effect upon subsequently isolated
muscle.

Another approach used to lower the plasma in-
sulin level of oblob mice was prolonged fasting.
After 8 days of fasting, plasma insulin of the oblob
mice fell from 400 to 22.5 ,U-ml (20). When the soleus
of such fasted mice was incubated under basal con-
ditions, lactate output and [14C]glucose oxidation to
14CO, were 13.8±0.9 and 0.17±0.02 nmol/60 min per
mg wet wt, respectively, and were thus comparable
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to the values obtained in muscle from fed oblob
mice (for comparison, see Table II). As shown in
Table V, basal uptake of 2-deoxyglucose by muscle
obtained from similarly fasted oblob mice remained
decreased when compared to that of muscle from
fed lean mice. However, their response to insulin
was quite marked (Table V).

Although uptake and phosphorylation of 2-deoxy-
glucose provides a widely accepted estimate of the
uptake and phosphorylation of glucose itself, it was
considered most desirable to measure the uptake
of glucose more directly as well. Accordingly, glucose
uptake was also derived from measurement of the
incorporation of 3H into glycogen and water from
[5-3H]glucose (15). As illustrated by Table VI, "total"
basal [5-3H]glucose uptake measured more directly
by this procedure was again smaller, 45% less for
muscle of 9-wk-old oblob mice than for muscle
from the same:age controls. Furthermore, the response
to insulin again was less in the oblob than in the
control muscle. Muscle from 6-wk-old oblob mice,
barely obese and with only moderately elevated
insulin levels (3, 21, 22), still exhibited a decreased
basal glucose uptake (70%o of the non-ob/ob value)
whereas the magnitude of the response to insulin
was almost normal (Table VI).

In vitro abnormalities of glucose oxidation and

nmol 2- deoxyglucose/
3.01 mg 30 min

2.5-

2.0-

1.5-

1.0 -

0.5-

0-

LIL

Insulin mU/mI 0 0.1 1 5

Mice lean

IT

*1-

(6)1 (6)

0 0.1 1 5

streptozotocin-
treated lean

FIGURE 3 Basal and insulin stimulated uptake of labeled
2-deoxyglucose (1 mM) by soleus muscle of lean and
streptozotocin-treated mice. Experimental conditions were
as described in Table IV. The streptozotocin-treated mice
lost body weight over 8 days while their untreated controls
gained weight (final body weights: 16.9+4 and 20.9+2 g,
respectively). Plasma glucose was 639.0±+20.0 compared with
165.0±3.0 mg/100 ml in the controls. The soleus muscles
weighed 5.6±0.2 mg in streptozotocin-treated mice as
compared to 9.1 +0.2 in the untreated ones. The values
shown are means+SEM, with the number of experiments
in parentheses.

nmol glucose/mg *60 min

51

3-

2-

1-

oJ
Insulin mU/ml

Mice

Ii

(1 (5) (6)

00.1 1 5
lean

E
00.11 5

ob/ob

0 011 5
streptozotocin-
treated ob/ob

FIGURE 4 Effect of insulin on the incorporation of tritium
from [5-3H]glucose into glycogen by soleus muscle of
9- 10-wk-old lean, oblob and streptozotocin-ob/ob mice.
Incubation was 5 mMglucose and 1 ,uCi [5_3H ]glucose/ml.
Values are means+SEM with the number of experiments
in parentheses.

uptake have been demonstrated in hearts from
insulin-deficient alloxan-diabetic rats (23, 24) and in
diaphragm from fat-fed rats (25, 26). These changes
were associated with high rates of utilization of endog-
enous fatty acids and could be reversed by inhibit-
ing fatty acid oxidation with albumin-bound 2-bromo-
stearate (26, 27). Since skeletal muscle of oblob
mice has more triglyceride than that of lean mice,
some of the abnormalities of oblob muscle metab-
olism might be secondary to a primarily greater
utilization of their endogenous lipids. Accordingly,
glucose metabolism of soleus muscle was measured
in the presence of 4 mM2-bromostearate. As shown
in Table VII, the decreased glucose oxidation to
CO2 by oblob muscle was returned to normal by
2-bromostearate, whereas glucose carbon incorpora-
tion into glycogen was decreased. Moreover, the de-
creased basal 2-deoxyglucose uptake by muscle of

TABLE V
2-Deoxyglucose Uptake in Soleus Muscle of Fed Lean and

8-Days-Fasted ob/ob Mice: Effect of Insulin

2-Deoxyglucose uptake

Addition Fed lean mice Fasted oblob mice P

nmol/mg wet wt 30 min

None 1.17+0.12 0.72+0.07 <0.005
(7) (6)

Insulin 2.84+0.17 2.04+0.21 <0.02
(7) (6)

Experimental conditions were as described in Table IV. In-
sulin: 1 mU/ml. 2-deoxyglucose: 1 mM. Values are mean
+SEM, with the number of experiments in parentheses.
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oblob mice remiiainied decreased, as did the similarly
decr-eased total gltucose uiptake derived from the in-
corporation of tritium fromii [5-3H ] glucose into glycogen
aind water.

Residuial insuilin effect on glucose uptake and
metabolismii mlight affect the basal uptake and, in par-

ticuilar, stimuitilate the trainsport of glucose into the
soleus muscle of leain mice. That the "resetting"
of the glucose transport aind metabolism after insulin
exposure might necessitate a long time lag has been
demiionstrated witlh frog sartoriuis mutscle (28), aind in rat
diaplhragml (29). On the otlher hianid, wlheni a rat headt,
after exposure to insulin, was perfused with insulin-
free medium, the rate of glucose uptake returned to
basal level as insulin was washed off (30).

To test whether residtual effect of insulin could af-
fect basal uptake of muscle, lean mice were treated
with instulin in vivo before the removal of soleus
muscles, control mice being injected with saline.
Muscles were removed and incubated withouit any

preincubation. As shown in Table VIII, prior treat-
ment with insulin did not increase glycolysis, gltu-
cose incorporation into glycogen, or total gltucose
uptake. Analogously, soleus muscles were taken from
lean insulin-treated mice, preincubated for 30 min

in the presence of the hormone (5 mU/ml) and then
in its absence for two periods of 15 min, and finally
incuibated without insulin, and glucose metabolism
was meastured. Control mtuscles were similarly proc-

essed, but obtained from untreated controls and
incubated without insulin. As shown in Table VIII,
such pretreatment with insulin did not change muscle
glucose metabolism when compared to control
muscles not exposed to the hormone.

DISCUSSION

The principal contribution of the present study is
establishing that basal, unstimtulated glucose uptake
by isolated soleuis mulscle of C57Bl/6J-ob/ob mice is
decreased when comiipared to that of lean C57B1/6J
+/+ controls. Whereas many prior studies have
established that insulin-stimulated glucose uptake or

metabolism of muscle from the oblob mutation is de-
creased in vitro (31-35) and in vivo (4, 36),
only Genuth et al. (3) have previouisly reported de-
creased basal 2-deoxyglucose uptake by hemidia-
phragm of oblob mice. Others have not reported the
same finding and even Genuth et al., althouigh report-
ing a decreased basal uptake by diaphragm muscle,

TABLE VI
Basal and Insulin-Stimulated [5-3H ]Glucose Uptake and 3H Incorporation into Glycogen

and Water in Soleus Muscles of 6- and 9-wk-Old Lean and ob/ob Mice

P fol
[PHIGlucose Totall glulcose glutcose uptake,

Mice Age Inisuilini nI to glycogen Glvcolvsis* up)take leani vs. ob/oh.

ick 111n /1111 nniollo/ng wvt 60 mwin

Fed lean 6 0 13 0.25±0.01 6.79±0.82 7.04±+0.81
0.1 6 0.72±0.14 10.55±1.07 11.27±1.17
1 5 2.91±0.34 16.12± 1.71 19.03+2.15
5 5 3.01±0.46 18.35± 1.32 21.36+2.08

Fed oblob 6 0 14 0.24±0.03 4.68±0.25 4.92+0.27 P < 0.02
0.1 6 0.20±0.03 6.61±1.20 6.81±1.22 P < 0.05
1 5 0.59±0.15 12.24±1.68 12.83±1.10 P < 0.2
5 6 1.52±0.10 14.84±1.54 16.36±1.52 P < 0.1

Fed lean 9 0 10 0.57±0.11 6.61±0.67 7.18±0.87
0.1 12 0.66±0.09 8.01±0.42 8.67±0.46
1 12 2.13±0.25 16.71±0.72 18.84±0.83
5 11 2.40±0.30 16.64±0.99 19.04±0.85

Fed oblob 9 0 12 0.27±0.04 3.70±0.19 3.97±0.19 P < 0.001
0.1 12 0.25±0.03 4.21±0.35 4.46±0.35 P < 0.001
1 12 0.37±0.05 6.91±0.77 7.28±0.79 P < 0.001
5 11 0.64±0.06 9.90±0.47 10.54±0.54 P < 0.001

Incubations were carried out for 60 min in 1.5 ml of Krebs-Ringer bicarbonate buffer
containing 2%defatted albumin and 5 mMglucose with the addition of 1 ,uCi/ml[5-3H]glu-
cose. Incubation was preceded by two preincubations. Values are means+SEM.
* Measured as 3H incorporation into water.
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TABLE VII
Effect of 2-Bromostearate (4 mM) on Glucose Uptake or letabolism by

Soleus Muscles of Lean and ob/ob Mice

Measurements 2-Bromosteatrate ?I Leani iniice oblob mice P

tlnunolli/mg twet twt 60 min

[I4C]CGlucose oxidation 0 5 0.75±0. 15 0.38+0.01 0.05
to "4CO2 + 5 1.16±0.34 1.03+0.14 NS

[14C]Glucose incorporation 0 5 0.77±0.15 1.00±0.10 NS
into glycogen + 5 0.86±0.16 0.45±0.09 <0.001

[2-14C]Deoxyglucose uptake 0 6 1.18±0.07 0.64±0.05 <0.001
+ 5 1.18±0.05 0.73±0.09 <0.005

Total glucose uptake 0 10 6.10+0.48 4.80±0.25 <0.025
(glycolysis + glycogen
synthesis) + 10 6.70±0.48 4.75±0.50 <0.02

Conditions were as described in Tables II, IV, and VI, except that 4%bovine albumin
was used. 2-bromo-stearate, 4 mM; [U-14C]glticose, 5 mM; labeled 2-deoxyglucose,
1 mM; [5-3H]glucose, 5 mM. Values are means±SEM.

evidently were principally interested in the de-
creased insulin response; indeed, since these authors
did not discuss the decrease in basal uptake, it may
be assumed that they considered it a consequence of
the decreased response of 2-deoxyglucose uptake to
insulin.

The conclusion that basal, unstimulated glucose
uptake by soleus muscle of oblob mice is decreased
was derived from the following observations: de-
creased [I4C ]glucose oxidation to 14CO2, decreased
lactate output in the presence of exogenous glucose,
decreased total uptake of [5-3H]glucose (sum of both
glycogen synthesis and glycolysis), and decreased 2-
deoxyglucose accumulation, all in the absence of
insulin, and after two preincubations to remove
whatever insulin might have been present in the tissue
at death. The significance of the decreased lactate
output by oblob muscle incubated with glucose is
enhanced by the observation of normal or increased
lactate production in the absence of added glucose,
in accord with the hypothesis that only the contribu-
tion of exogenous glucose to the production of lac-
tate is reduced in muscle of oblob mice. All of these
observations taken together convincingly suggest a
defect at an early step of glucose handling, pre-
sumably at the level of its transmembrane transport
and/or phosphorylation, a defect independent of the
interaction of insulin with skeletal muscle.

Although decreased 2-deoxyglucose uptake in un-
stimulated muscle tissue from oblob mice has been
previously reported for diaphragm (3), the confirma-
tion of this hitherto isolated finding, as well as the
more complete description of other metabolic
anomalies in a true skeletal muscle, provides some
degree of assurance in transferring to the skeletal

muscle mass as a whole a number of observations
previously made in the rather specialized muscle
tissue usually studied in vitro, i.e. diaphragm.

The major question to be dealt with in this dis-
cussion is whether the decreased basal, unstimulated
glucose uptake by the soleus muscle isolated from
oblob mice is a primary, or at least a relatively early,
or a clearly secondary, relatively late consequence of
the genetic defect in oblob mice. The studies reported
here have attempted to deal with four possible
mechanisms that might have secondarily led to the
decreased basal, unstimulated glucose uptake.
The first of these would be a primarily increased
pool of acetyl coenzyme A in muscle, resulting from
the more rapid utilization of the increased amounts

TABLE VIII
Effect of in Vivo andlor in Vitro Insulin Preexposure upon

Glucose Metabolism of Subsequently Incubated
Soleus Muscle from Lean Mice

Preincubation Total
In vivo gliucose
instilin 15 min [3H]Glucose uptake

treatment 30 mill twice to glycogen Glvcolvsis* (1 + 2)

ntmlollmitg wvet trt 60 nhix

A. No No No 2.1±0.4 6.8±1.2 8.9±1.2
Yes No No 1.7±0.2 7.6±1.1 9.3±0.9

B. No Yes Y'es 0.6±0.1 7.2±0.5 7.8±0.5
Yes Yes Yes 0. 5±0. 1 7.3+().2 7.8±10.2

(with inistulini)

Inculbations were carried oti1 for 60 main in 1.5 in! of Krebs-Rillger bicarl)onate
bl)fler conitainiing 2% defcltted albumin anid 5 miM gltucose (1 /uCi/n-l1[5-:1H]glut-
cose). Inculbations were preceded or not by three consecutive p)reinctihations
withotut or, wheni inidicated, with instulin (5 mU/ml). In sivo inistulin treatment
is described in Methods. Values are means±SEM of six experillmelts.
* Measured as 3H incorporattioni into swater.
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of triglyceride stores in oblob muscle (Table I) and
perhaps also from the higher rate of glycogenolysis
measured in the absence of glucose in vitro. How-
ever, the experiments with 2-bromostearate, a known
inhibitor of oxidation of endogenouis fatty acid, while
suggesting that accelerated lipolysis and fatty acid
oxidation might be responsible for at least part of the
decrease in the productionof 14CO2 from['4C]glucose
by soleus mtuscle of oblob mice (Table VII), also
show complete lack of effect of 2-bromostearate upon
the two best indices of diminished glucose tuptake,
i.e. 2-deoxyglucose uptake and total [5-3H]glgucose
uptake (glycolysis pltus incorporation into glycogen).
The overall conclusion from these experiments is
that diltution from increased metabolism of endog-
enous substrate may be involved in the apparent de-
crease in glucose metabolism beyond acetyl coenzyme
A, but cannot account for a significant part of the de-
creased glucose uptake and metabolism down to the
level of pyruvate or lactate.

The second mechanism that might have resulted
secondarily in decreased basal, unstimuilated glucose
uptake by isolated muscle would be the consequience
of the already well-known and fully established
resistance of tissue from oblob mice to instulin action.
Indeed, the present study has established a marked
decrease in the responsiveness to instulin of a trtue
skeletal muscle from oblob mice, thereby confirming
the previouis observations on diaphragm in vitro
and in vivo. Instulin resistance has been shown by
several authors to be related to the degree of hyper-
insulinemia. Even thouigh the precise reason for this
relationship mtust remain hypothetical, it may never-
theless be reasonably related to changes in instulin
binding to tissuies, a process shown in several in-
stances to vary inversely with the prevailing insuilin
concentration in plasma (37-39). Once instulin resist-
ance is established, it miglht thlus secondarily resuilt
in decreased basal, uinstimuitilated gluicose uiptaike and
metalbolism as well.

As expected from previouis sttudies (28, 32, 33, 40),
both hyperinstl inemia and resistance to instil in
action couild be abolislhed by eitlher caloric restric-
tions, i.e. fasting (Table V), or pretreatment witlh a
diabetogenic druig, i.e. streptozotocin (Fig. 2). Ouir
resuilts do differ, however, from those obtained by
Batchelor et al. (35) with diaphragm an-d soleuis mulscle
from streptozotocini-treated obese mice, since these
auithors did not find imiproved responisiveniess to
instilin after streptozotocini treattment. The most
important observation miade in the presenit sttudy with
regard to resistanciee to instulini action aind basal,
uinstimtulated glutcose uiptake by skeletal mutsele
from oblob mice is that major imiiprovemenit in in-stulin
responlsivenless wats niot associated witlh aniy inicrease
toward normiial of' the decreased basal, uinistimul tiated

2-deoxyglucose uptake. Accordingly, the presenit
studies do not support the hypothesis that decreased
basal glucose uptake by muscle from oblob mice is
the secondary result of altered instulin responsiveniess
of these tissues.

The third factor considered as a possible mediator
of secondary decrease in basal, uinstimuilated glti-
cose uptake by soleus muscle from oblob mice wvas
hyperglycemia. To avoid any interference of endog-
enous and exogenous glucose, despite careful wash-
ing of the tisstues, basal uptake of 2-deoxygltucose
was selected as the best index of gluicose uiptake
available. It is evident from the data reported iil
Fig. 3 that the hyperglycemia, considerably greater
than in all oblob animals, was withouit effect upon
uinstimtulated 2-deoxygltucose uiptake by soleuis mutscle,
removed and sttudied 8 days after hyperglycemiia lhad
been indtuced. The sttudy also serves to ruile out ainy
impairment of stimtulated or uinstimul tated 2-deoxy-
glucose uiptake as a direct effect of streptozotocin
on skeleton mtuscle tissue.

The foui-th factor to be considered in attem)ptinig
to explain decreased basal gltucose uiptake in muiscle
from obese mice is that residual insuilin might stimuiti-
late glucose metabolism more in mutscles fromii leani
than in those from oblob mice, since the former are
clearly more instulin sensitive. The observed decreatsed
basal gltucose metabolism in muiscle from obese mice
wouild thuis be artefacttial. This possibility could be
rtuled ouit by the observation that prior expostures of
muscles from controls to instulin followed by their
washing and inctubation without hormonie did not alter
gltucose metabolism (Table VIII).

At this point, it seems reasonable to coneltude that
the decrease in basal, instimtulated gluicose uiptake
by a truie skeletal mtuscle isolated fromil oblob imiice
cannot be explained as secondary to most kinowiv
metabolic anomnalies of this mutanlit, inclutidinig de-
creased responsiveness to instulin of mutscle. This is
not to say that the primlary natture of the basal de-
crease in mtuscle gltucose tuptake slhouild be accepted
as established. In fact, since the decreased basal
muiscle gluicose uiptake observed in 6-wk-old oblol)
mice was less mnarked than that for muiiiscle obtained
from 8-wk-old animials (Table VI), the secondary niatture
of the defect remains likely.

Defective basal gluicose uiptake of muiscle tissuie,
wlhetlher primiary or secondary in origin, anid withi the
obviouis reservationi that finidings made on1 diaplhragmgi
and soletus muiscle shouild be extrapolated to the entire
skeletal mlntisee m1sass onlly with great cauttionl, milavy lelp
explinl somile of the feattires of the ol)esitv svn-
drome. One conceivable paithogenic sequieniee couild
le: decreased glulcose uiptake by muiscle - hyper-
glyceniiia -> hyperinisul inemia > inistil in resistaince
(possibly greater for muiscle thalnl adipose tissuie)
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-) obesity. Decreased basal glucose uptake by muscle
may thus precede decreased responsiveness of muscle
to insulin in the sequence leading to hyperglycemia
and obesity.

The studies of Coleman (41) have suggested that
hyperphagia may result, in oblob mutants, from the
absence of a normal satiety factor. This satiety fac-
tor appears to be a circulating one since it is trans-
ferred by parabiosis (41). The following question
arises: Could a defective circulating satiety factor be
somehow linked to decreased basal glucose uptake
by muscle? Since glucose uptake and its control
at the level of hypothalamic ventromedial cells may
be comparable to that of insulin-sensitive tisstues
(42-44), it is conceivable that the produiction of an
abnormal satiety factor in the oblob mice might restult
from a decreased glucose uptake in the ventromedial
hypothalamnus area in a way analogous to that jtust
described for soleus muscle. That possibility has in
fact been reported by Baile et al. (45) for oblob mice.
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