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Abstract

To determine whether activation by insulin of glycogen syn-
thase (GS), phosphofructokinase (PFK), or pyruvate dehydro-
genase (PDH) in skeletal muscle regulates intracellular glu-
cose metabolism, subjects were studied basally and during
euglycemic insulin infusions of 12, 30, and 240 MU/im2 nmn.
Glucose disposal, oxidative and nonoxidative glucose metabo-
lism were determined. GS, PFK, and PDHwere assayed in
skeletal muscle under each condition. Glucose disposal rates
were 2.37+0.11, 3.15±0.19, 6.71±0.44, and 11.7±1.73
mg/kg . min; glucose oxidation rates were 1.96±0.18,
2.81±0.28, 4.43±0.32, and 5.22+0.52. Nonoxidative glucose
metabolism was 0.39±0.13, 0.34±0.26, 2.28±0.40, and
6.52±1.21 mg/kg. min. Both the proportion of active GSand
the proportion of active PDHwere increased by hyperinsulin-
emia. PFK activity was unaffected. Activation of GSwas cor-
related with nonoxidative glucose metabolism, while activation
of PDHwas correlated with glucose oxidation. Sensitivity to
insulin of GSwas similar to that of nonoxidative glucose me-
tabolism, while the sensitivity to insulin of PDHwas similar to
that of glucose oxidation. Therefore, the activation of these
enzymes in muscle may regulate nonoxidative and oxidative
glucose metabolism.

Introduction

The initial event in the cascade of insulin action is the binding
of insulin to its cell-surface receptor. After this, a series of steps
lead to the manifold actions of insulin. These steps are poorly
understood at the present time. In tissues such as fat and mus-
cle, insulin increases glucose transport into the cell via a spe-
cific transport system and activates enzymes responsible for
metabolizing glucose. In human subjects, creation of hyperin-
sulinemia while maintaining constant glycemia results in in-
creased rates of disappearance of glucose from the circulation.
Under these conditions, the majority of glucose disappearance
is accounted for by skeletal muscle (1). Despite the quantita-
tive importance of skeletal muscle in overall insulin-stimu-
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lated glucose metabolism, relatively few investigations have
assessed the mechanisms and pathways of insulin-mediated
glucose metabolism in this tissue in man.

Once glucose enters the muscle cell, it is phosphorylated to
form glucose 6-phosphate (G6P)' and routed into one of two
major pathways, glycogen synthesis or glycolysis. In turn, gly-
colysis leads either to production of pyruvate that is either
converted to lactate or enters the Krebs cycle for further oxi-
dation. Alternatively, storage of glucose as glycogen is the pre-
dominant route of nonoxidative glucose metabolism under
conditions of insulin stimulation (2, 3), and its rate appears to
be regulated by the enzyme glycogen synthase (3). In muscle,
glycogen synthase (GS) is activated by its allosteric effector
G6P (4, 5) and in human muscle is dephosphorylated and
activated by insulin infusion (6-9). Activation of muscle GS
by insulin in man has been correlated with the activation of
nonoxidative glucose metabolism by insulin in studies in
which nonoxidative glucose metabolism was defined as the
difference between isotopically determined overall glucose dis-
posal and overall glucose oxidation determined by indirect
calorimetry (3).

Glycolysis is also regulated in part by phosphofructokinase
(PFK). Regulation of PFK occurs primarily by changes in the
concentration of citrate, its negative allosteric effector (10).
Increased citrate concentration can result from increased fatty
acid oxidation, and inhibition of PFK and glycolysis in this
manner forms part of the basis of the Randle glucose fatty acid
fuel homeostasis hypothesis (10-13). Oxidation of pyruvate
derived from glycolysis, in turn, is regulated by the enzyme
pyruvate dehydrogenase (PDH). While overall glucose oxida-
tion is activated by insulin (2), the effect of insulin on PDHin
human skeletal muscle has not been investigated. In fat cells
from rats (14) and humans (15), insulin activates PDHby
increasing the proportion of PDHwhich is present in its active,
dephosphorylated state. This effect of insulin is presumed to be
mediated by an increase in the activity of PDHphosphatase,
which is present in the PDHmultienzyme complex (16, 17).
Among the known inhibitors of PDHare acetyl CoA and
NADH, which are also products of fatty acid oxidation (16,
17). Thus, inhibition of PDHby fat oxidation products also
plays a role in the Randle hypothesis (10-13).

Insulin resistance reflected by reduced insulin-stimulated
glucose disposal rates in vivo is a prominent feature of obesity
and noninsulin-dependent diabetes mellitus (NIDDM). Some

1. Abbreviations used in this paper: DTT, dithiothreitol; F6P, fructose
6-phosphate; G6P, glucose 6-phosphate; GS, glycogen synthase;
NIDDM, noninsulin-dependent diabetes mellitus; PDH, pyruvate de-
hydrogenase; PDHa, active PDH; PDHt, total PDH; PFK, phospho-
fructokinase; RER, respiratory exchange ratio.
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of this insulin resistance may be due to a decrease in insulin
receptor binding to target tissues (18, 19), although this re-
mains controversial (20-22). The majority of insulin resis-
tance appears to be due to postbinding defects (18), which
cannot be wholly accounted for by a defect in the glucose
transport system (23). These intracellular abnormalities in the
effects of insulin on glucose metabolism are poorly defined. In
this regard, decreased insulin-stimulated rates of both oxida-
tive and nonoxidative glucose metabolism have been reported
in obese and NIDDMsubjects (24). This suggests that in these
diseases there may be abnormalities in intracellular insulin-
sensitive regulatory steps for glucose metabolism. Since GS,
PFK, and PDHin skeletal muscle are potential regulators of
insulin-stimulated nonoxidative and oxidative metabolism of
glucose in man, the present studies were undertaken to deter-
mine the relationships between the activation of whole-body
oxidative and nonoxidative glucose metabolism by insulin
with the effects of insulin on PDH, PFK, and GSactivity in
skeletal muscle biopsies from normal subjects. These studies
should serve as a framework for the study of intracellular in-
sulin-stimulated glucose metabolism in human muscle so that
the defects in muscle glucose metabolism in obesity and
NIDDMcan be identified.

Methods

All studies were approved by the Committee on Investigations Involv-
ing Human Subjects, University of California, San Diego. Informed,
written consent was obtained from each subject before study. All sub-
jects had normal glucose tolerance (25). Characteristics of the subjects
are shown in Table I.

In vivo methods
Study design. The design of the studies is outlined in Fig. 1. Subjects (n
= 8) were admitted to the General Clinical Research Center, Univer-
sity of California, San Diego, on the evening before the study. Eugly-
cemic insulin infusions were performed following an overnight fast as
previously described (19). After a 90-min period for equilibration of
plasma [3-3H]glucose, basal glucose disposal rates were measured for
an additional 30 min. During the last 40 min of this period, gas ex-
change rates were measured for determination of respiratory exchange
ratio (RER). A needle biopsy of the vastus lateralis muscle was then
performed under local anesthesia, requiring less than 20 min from start
to finish. A primed, continuous infusion of insulin was then started

Table L Subject Characteristics

Subject Age Sex BMI Serum insulin EFA

yr kg/M2 sU/mI mM

1 22 M 20 5 0.314
2* 24 M 25 7 0.860
3 31 M 27 7 0.259
4* 39 M 31 7 0.564
5* 25 M 32 6 0.641
6* 23 M 26 12 0.327
7 22 F 23 6 0.640
8* 22 F 20 6 0.228
Mean 26 6M/2F 25.5 7 0.479
SEM 2 1.6 1 0.081
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Figure 1. Outline of the studies. Eight subjects were studied on day
1. Five of these subjects were also studied at the 240-mU/M2. min
insulin infusion on day 2 (see Table I for identification). Indirect ca-

lorimetry was performed continuously during the indicated periods.

and continued at a rate of 12 mU/M2. min for 180 min. Glucose
disposal rates were determined during the last 30 min of this interval of
measurement of RERwas performed during the last 40 min. After this,
another muscle biopsy was performed in the same leg at a site - 2 cm

distal to the first biopsy. Upon completion of that biopsy, the insulin
infusion rate was increased to 30 mU/m2. min for an additional 120
min. Glucose disposal rates and RERwere determined as described
above, and a third muscle biopsy was performed in the same leg.
During the periods of insulin infusion, plasma glucose was maintained
at 90±5 mg/dl by a variable infusion of 20% glucose.

On a separate occasion, five of the eight subjects (see Table I) were

again admitted to the Clinical Research Center on the evening prior to
study. The following morning, another determination of basal glucose
disposal and RERwas made as described above, and a muscle biopsy
was performed. Insulin was then infused at a rate of 240 mU/mi2. min
for 120 min. Glucose disposal rates and RERwere measured and
another muscle biopsy performed.

RER. RERwas determined as 1-min averages from continuous
breath collection by means of an indirect calorimeter (Alpha Technol-
ogies MTS4400, Sensormedics, Inc., Anaheim, CA). The system was

equipped with a facemask, which was well tolerated by all subjects.
Minute averages of 02 consumption and CO2production were used to
calculate glucose and fat oxidation rates by the equations of Frayn (26).
At the higher insulin infusion rate, the RERsometimes slightly ex-

ceeded 1.0, which results in negative net fat oxidation rates. Glucose
oxidation rates may, therefore, include a small component of lipogen-
esis. Rates of nonoxidative glucose metabolism were estimated by
subtracting the rates of glucose oxidation from overall glucose disposal
rates. It should be stressed that such estimates represent net processes
and should be viewed as semiquantitative.

Glucose disposal rates. Glucose disposal rates were determined
isotopically using a primed (60 MCi), continuous (0.6 ItCi/min) infu-
sion of [3-3H]glucose (New England Nuclear, Boston, MA). Blood
samples were obtained at 20-min intervals for the measurement of
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serum glucose and glucose specific activities. Glucose disposal rates
during the basal period and the 12- and 30-mU/m2 . min insulin infu-
sions were calculated from glucose specific activities by the equations
of Steele (27). Since at very high insulin concentrations these equations
underestimate the glucose disposal rate, during the 240-mU/m2.* min
insulin infusion, the infusion rate of exogenous glucose required to
maintain euglycemia was assumed to be equal to the glucose disposal
rate during the 240 mU/m2- min infusion.

Muscle biopsy. Muscle biopsies were performed with Bergstrom
needles (28). After xylocaine anesthesia of the skin and subcutaneous
tissue down to the muscle sheath, a small incision was made through
the skin and into the muscle fasciae. The biopsy needle was passed
through this incision into the muscle. 50-150 mg of muscle was ob-
tained and frozen in liquid nitrogen within - 15 s.

In vitro techniques
Muscle extraction. Extraction of muscle for enzyme assays was done by
a modification of the method of Hagg et al. (29). Muscle samples were
weighed while still frozen and immediately homogenized in an ice-cold
buffer consisting of 2.0 mMdithiothreitol (DTT), 20 mMsodium
fluoride, 20 mMEDTA, and 50 mMpotassium phosphate, pH 7.4, 50
mg tissue/ml buffer. Fluoride was included to inhibit PDHphospha-
tase (17) in order to maintain PDHin its in situ phosphorylation state.
Homogenization was accomplished by 10 passes with a polytron ho-
mogenizer (Brinkmann Instruments, Westbury, NY) on setting 5, fol-
lowed by 5 s of continual homogenization on setting 7. This and all
subsequent steps were carried out at 4VC. The crude extract was then
centrifuged at 20,000 g for 20 min in an ultracentrifuge (L5-50, Beck-
man Instruments, Inc., Fullerton, CA). The supernatant contained
essentially all GS and PFK activity and was saved on ice for this
purpose. The pellet, which contained nearly all (> 95%) of the PDH
activity, was divided into two portions. One portion of the pellet was
resuspended in the same homogenization buffer for assay of active
PDH(termed PDHa), and the other portion was resuspended in the
homogenization buffer without sodium fluoride for assay of total
PDH, termed PDHt (see below). Removal of fluoride allowed activa-
tion of PDHby high magnesium concentrations, presumably through
activation of PDHphosphatase.

These suspensions were recentrifuged as above and the supernatant
was discarded. The pellets were homogenized with five passes of a
polytron (setting 4-5) on ice in buffer identical to the previous buffers
except with the addition of 0.2% Triton X-100 to solubilize mitochon-
drial membranes to allow free access of substrates to the enzyme. The
pellet to be used for determination of total PDH(PDHj) activity was
resuspended in buffer containing 0.2% Triton X-100 but no fluoride.
Protein content of these extracts was determined by the method of
Lowry (30).

PDHassay. The rationale behind the PDHassay depends upon the
following assumptions. PDHexists in dephospho- (more active) and
phospho- (less active) forms. PDHactivity in muscle extracts can be
determined at low (50 uM) concentrations of Mg"2 and Ca+2 in the
presence of fluoride to inhibit PDHphosphatase. This activity can be
termed "active" PDH, or PDHa, and is thought to be a measure of that
portion of PDH that is active in vivo. PDHt can be determined by
incubation of enzyme with 0.5 mMCa+2 and 20 mMMg"2 in order to
fully activate PDHphosphatase and thus fully dephosphorylate and
activate PDH. PDHt is thought to represent the total PDHactivity
present. The ratio PDHdPDHt has been used as a measure of the
extent of activation of PDHin vivo.

PDHassays were performed by a modification of the method of
Hagg et al. (29), based on the technique of Blass et al. (31). To carry out
these assays, muscle extract pellets prepared as described above were
preincubated for 15 min at 37°C in either of two solutions. In one, for
determination of PDHa activity, solubilized pellets (75 Ml) prepared
with fluoride present were preincubated with 25 ul of a solution con-
sisting of final concentrations of 50 MMCa+2, 50 MuMMg+2, 2.0 mM
DTT, and 50 mMpotassium phosphate, pH 7.4. In the other, for
determination of PDH, activity, solubilized pellets (75 Ml) were prein-

cubated with 25 Al of a solution consisting of 0.5 mMCa"2, 20 mM
mg+2, 2.0 mMDTT, and 50 mMpotassium phosphate, pH 7.4. These
preincubations were carried out in 15 X 100-mm polyethylene tubes.
After these preincubations, the reactions were started by addition of 25
Al of a mixture of substrates and cofactors such that final concentra-
tions were as follows: f-nicotinamide adenine dinucleotide, 5.0 mM;
coenzyme A, 1.0 mM; thiamine pyrophosphate, 1.0 mM; DTIT, 2.0
mM; [1-'4C]pyruvic acid (0.2 MCi, NewEngland Nuclear); unlabeled
pyruvic acid, 0.05-4.3 mM;and 50 mMpotassium phosphate, pH 7.4.
The tubes were immediately capped with a rubber stopper through
which was suspended a plastic well containing a small roll of filter
paper. After 20 min, the reactions were stopped by injecting 0.2 ml of 6
NH2SO4through the rubber stopper into the reaction mixture. '4CO2
was collected for 30 min by injecting 0.2 ml N Hyamine hydroxide
through the rubber stopper onto the filter paper in the center well. The
filters were counted in OCS(organic counting scintillant, Amersham
Corporation, Arlington Heights, IL), and all counts were corrected for
quenching. Blank values were determined by using boiled tissue ex-
tracts under the same assay conditions as above. Such blanks have
values of about 20% of other assay values but vary depending on the
pyruvate specific activity. Maintenance of low blank values is depen-
dent upon proper storage of [1-'4C]pyruvic acid. This material, when
stored in 0.04 N HCl at 4°C, is stable for 2-3 mo. At neutral pH,
however, spontaneous decarboxylation resulting in high blank values
occurs even when pyruvic acid is stored at -70°C. Blank values were
subtracted from all other values, and results were expressed as pico-
moles of pyruvate oxidized per minute per milligram extract protein. A
range of pyruvate concentrations was used to allow calculation of Vmax
(maximal reaction rate) and Km(Michaelis constant) for pyruvate.

GSassay. Glycogen synthase was assayed by a modification of the
method of Thomas et al. (32). The initial supernatant from the first
centrifugation step which contains nearly 100% of GSactivity present
in the crude extract following muscle homogenization was diluted 1:5
in a buffer consisting of 20 mMEDTA, 25 mMsodium fluoride, and
50 mMTris-HCI, pH 7.8. Reactions were started by addition of 30-MI
aliquots of cell extracts to 60 ,l of a reaction mixture composed of 20
mMEDTA, 25 mMsodium fluoride, 50 mMTris-HCl (pH 7.8), 1%
glycogen, 0.7 MCi U-['4Cluridine diphosphate glucose (UDPG), 0.3
mMUDPG,and 0-10 mMG6P. Maximal GSactivity was determined
at saturating concentrations of G6P (10 mM) and UDPG(5 mM).
Reactions were allowed to proceed for 15 min at 30°C and were termi-
nated by precipitating 75-Ml aliquots of the reaction mixture on 2 X 2
cm squares of filter paper immediately dropped into cold 66%ethanol.
After 30 min of washing, the filter papers were washed twice for 20 min
each in cold 66%ethanol, once for 5 min in acetone, dried, and placed
in OCS for determination of radioactivity. Enzyme activity was ex-
pressed as nanomoles of UDPGincorporated into glycogen per minute
per milligram extract protein.

Performing the assay with a range of G6Pconcentrations was done
to allow determination of the Hill coefficient and an AO.5 for G6P as
well as calculation of activity ratios or fractional velocities that are
thought to reflect the proportion of total GSpresent that is active at
various G6Pconcentrations. The Ao.5 of GSfor G6Phas been found to
be a sensitive measurement of changes in GSactivity in experimental
diabetes, fasting, and exercise (33-35).

PFKassay. PFKwas assayed in supernatants of muscle extracts by
a modification of the method of Beutler (36). The same initial super-
natant employed in the GSassay was used for the PFK assay except
without dilution. The assay coupled the conversion of fructose 6-
phosphate (F6P) to fructose 1,6-diphosphate with the oxidation of
NADHby means of a series of enzymatic steps including aldolase,
triose phosphate isomerase, and a-glycerophosphate dehydrogenase.
These three enzymes ("auxiliary" enzymes) were added to the reac-
tion. The reaction constituents were ATP, 2 mM; MgCI2, 5 mM;
NADH, 0.2 mM; F6P, 0.3-2 mM, 30 Ml muscle extract, and the auxil-
iary enzymes (5 U each) in 50 mMTris buffer, pH 8.0. Total assay
volume was 1.0 ml. Disappearance of NADHwas monitored at
340 nm.
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Analytical techniques. Blood for serum insulin was collected in
siliconized tubes. Blood for glucose specific activity was collected in
tubes containing sodium fluoride, while blood for FFA determinations
was collected in EDTAtubes. Plasma glucose was determined with a
glucose analyzer (Yellow Springs Instruments, Yellow Springs, OH).
Tritium counts in glucose were determined on perchloric acid extracts
of plasma. Insulin was assayed by double-antibody radioimmunoas-
say. Free fatty acids in plasma were determined by the method of Itaya
et al. (37), and lactate by the method of Passonneau (38).

Calculations and statistical methods. The Hill coefficient (n) and
the A0.5 and V,,, was determined by fitting data to the Hill equation, v
-to = (VIG6P - v0) ([A]")/([A] + [Ao.5Jn) where v is the measured
velocity of the GSreaction in the presence of subsaturating concentra-
tions [A] of G6P; v0 is the measured velocity of the enzyme in the
absence of G6P; Vm, G6P is the estimated enzyme velocity at infinite
G6Pconcentration; A0.5 is the concentration of G6Prequired for half-
maximal activity and n is the Hill coefficient (33). Parameters were
estimated by means of a least squares algorithm. For PDHand PFK,
the Km and Vm. for pyruvate were determined by fitting enzyme
activity data to the Michaelis-Menten equation.

Comparisons between groups were made with repeated measures
analysis of variance where appropriate (39). Where F-ratios were sig-
nificant, further comparisons were made using a posteriori t tests.
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Figure 2. Effects of insulin infusion on glucose disposal rates (open
circles) and rates of oxidative (solid circles) and nonoxidative (solid
squares) glucose metabolism. Glucose disposal and oxidation rates
were increased significantly (P < 0.001) over basal values at all insu-
lin infusion rates. Nonoxidative glucose metabolism was increased
significantly (P < 0.001) during the 30- and 240-mU/mi2 min insu-
lin infusions only.

Results

In vivo glucose metabolism. The relationships between plasma
insulin concentration and rates of overall glucose disposal,
oxidative metabolism of glucose, and nonoxidative metabo-
lism of glucose, are shown in Fig. 2 and Table II. Serum insulin
concentrations were 7±1, 22±2, 49±3, and 631±49 MU/ml
during the basal period and the 12-, 30-, and 240-mU/m2. min
insulin infusions, respectively. Glucose disposal and oxidation
were significantly activated during the 12, 30, and 240
mU/mi2 min insulin infusion (P < 0.01). Nonoxidative glu-
cose metabolism, however, was not increased at the 12-mU/
m2* min infusion, but was activated during the 30 and 240
mU/m2* min infusion. From the individual values for glucose
disposal and oxidation, it could be calculated that glucose oxi-
dation represented 82±6% of overall glucose disposal in the
basal state and 90±8, 67±4, and 44±6% during the 12-, 30-,
and 240-mU/M2 - min infusions, respectively. Plasma lactate
concentration was 0.95±0.09 mMbasally and 0.81±0.05,
1.08±0.11, and 1.75±0.23 mMduring the 12, 30, and 240
mU/mi2. min infusions. Only the plasma lactate concentration
during the 240-mU/M2- min infusion was significantly differ-
ent from the basal value (P < 0.05). Lactate concentrations
represent the mean over the last 30 min of each period.

In the five individuals who underwent a 240-mU/m2- min
insulin infusion to achieve maximal rates of glucose disposal,

it was also possible to calculate an EC5o for the effects of insu-
lin. These EC50's should be regarded as approximate because of
the limited nature of a four point dose-response curve. EC50
calculation may be performed with or without subtracting an
estimate of the noninsulin-mediated portion of the measure-
ment with which one is dealing. To accurately determine an
EC50 for the effect of insulin, it is necessary to subtract any
noninsulin-mediated component from each measurement.
However, determination of this component is often difficult
from both a theoretical and practical viewpoint. For purposes
of illustration, the EC50 was calculated both ways for each
process. For glucose disposal, a value of 0.75 times the basal
glucose disposal rate was subtracted from each measurement
of glucose disposal at each insulin level for each subject (40,
41). Felber et al. (42), reported that under conditions of soma-
tostatin-induced insulinopenia, the entire decrease in basal dis-
posal could be accounted for by decreased oxidation. Thus,
noninsulin-mediated glucose oxidation was taken to be equal
to the basal glucose oxidation rate minus 0.25 times the basal
glucose disposal rate (the percentage decrease in basal glucose
disposal seen during insulinopenia (40-42). For nonoxidative
glucose metabolism, the value subtracted for each individual
was equal to the difference between the estimate of the individ-
ual's rate of noninsulin-mediated glucose disposal and the es-

Table I. Effects of Insulin Infusion on Glucose Metabolism

Insulin infusion rate (mU/m2 - min)

Basal 12 30 240

Serum insulin, IAU/ml 7±1 22±2 49±3 631±49
Glucose disposal* 2.37±0.11 3.15±0.19* 6.71±0.44* 11.7±1.73*
Glucose oxidation* 1.96±0.18 2.81+0.28* 4.43±0.32t 5.22±0.52*
Nonoxidative glucose metabolism* 0.39±0.13 0.34±0.26 2.28±0.40* 6.52±1.21*

* All rates are given in units of mg/kg . min. Greater than basal values, P < 0.01, repeated measures analysis of variance.
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timate of noninsulin-mediated glucose oxidation. When these
values were subtracted, the EC50's obtained were 65±16, 28±6,
and 109±13 for glucose disposal, oxidative, and nonoxidative
glucose metabolism, respectively. Without subtracting nonin-
sulin-mediated components, the EC50's for overall glucose dis-
posal, oxidative, nonoxidative metabolism of glucose metabo-
lism of glucose were 48±13, 22±6, and 97±17 ,uU/ml. In ei-
ther case, the EC50 for nonoxidative metabolism was
significantly higher (P < 0.01) than that for glucose oxidation.
Without attempting to correct for noninsulin-mediated rates,
the EC50 for glucose disposal was significantly greater than that
for glucose oxidation (P < 0.05) and significantly less than that
for nonoxidative metabolism (P < 0.01). However, when non-
insulin-mediated values were subtracted from glucose disposal
and glucose oxidation, the EC0 for glucose disposal was not
significantly different from the EC50 for either nonoxidative or
oxidative glucose metabolism.

In vivo fat metabolism. The effects of insulin on plasma-
free fatty acids (FFA) and fat oxidation are given in Table III.
Basal rates of FFA and fat oxidation were suppressed by
70-80% at an insulin level of 20-25 gU/ml and were essen-
tially completely suppressed at insulin concentrations > 50
,uU/ml. Negative fat oxidation rates achieved during the high-
est insulin infusion indicate that the RERslightly exceeded 1.0
and may represent lipogenesis (26).

In the five individuals who received a 240 gU/M2 min
insulin infusion, the EC50 for suppression of plasma FFA was
34±18 uU/ml, while the EC50 for the suppressive effect of
insulin on fat oxidation was 24±6 gU/ml. This was based on
suppression achieved during the 240 gU/M2_ min insulin in-
fusion. The EC50 for suppression of fat oxidation by insulin
was correlated with the EC50 for glucose oxidation (r = 0.95, P
< 0.01) and glucose disposal (r = 0.67, P < 0.05), but not
nonoxidative glucose metabolism (r = 0.43, NS). When non-
insulin-mediated rates were subtracted from glucose oxida-
tion, the EC50 for fat oxidation was correlated with the EC50 for
glucose oxidation (r = 0.93, P < 0.01), but not for glucose
disposal (r = 0.31, NS) or nonoxidative glucose metabolism (r
= 0.08, NS).

PDHactivity. The kinetics of PDH. activity and total PDH
activity (PDH,) in biopsies taken under basal and insulin-stim-
ulated conditions are given in Table IV, and the effects of
insulin infusion on the ratio PDHd/PDHt are shown in Fig. 3.
Insulin infusion activated PDH. by increasing the V,,,, while
the Kmwas unaltered during the 12- and 30-mU/M2 - min in-
fusions. PDHt was unchanged by insulin infusion. Conse-
quently, the PDHactivity ratio PDHS/PDHt (Fig. 2) increased
from 0.557±0.74 basally to 0.635±0.093 and 0.809±0.063 at
the 12- and 30-mU/m2* min infusions, respectively (P < 0.05,
repeated measures analysis of variance). During the 240-mU/
m2 * min infusion, the activity ratio was 0.852±0.089 in five

individuals. For each of eight individuals considered under
basal conditions and at the 12- and 30-mU/m2 -min insulin
infusion, the activation of PDHby insulin was correlated with
the activation of glucose oxidation on an individual basis
(mean r = 0.68±0.17, P < 0.01). Additionally, the PDHactiv-
ity ratio was negatively correlated with fat oxidation (mean r
= -0.68±0.18, P < 0.01). These correlation coefficients repre-
sent the means of correlation coefficients calculated for each
individual. The mean coefficients were tested to determine
whether they were statistically significantly different from
zero.

GSactivity. The effects of insulin on GSkinetics are given
in Table V, and the effects of insulin infusion on the ratio of
GSactivity determined at 0.1 mMG6P to the activity of GS
determined at 10 mMG6P (FVO.I or GS activity ratio) are
shown in Fig. 3. Since a previous study (33) reported a Hill
coefficient > 1.0 for G6Pfor GSin human skeletal muscle, GS
activities were fitted to the Hill equation. However, in this
study the Hill coefficient was not found to be significantly
different from 1.0. In contrast to PDH, the major effect of
insulin infusion was to activate GSby decreasing the AO.5 for
the allosteric activator G6P, while the Vms, was unchanged at
the 12- and 30-mU/m2- min infusion. Total GSactivity deter-
mined at maximal G6P and UDPGconcentrations was also
unchanged from basal values by the 12- and 30-mU/m2.* min
infusions. However, both the Vms, determined at low UDPG
concentrations and total GSactivity determined at maximally
effective concentrations of both G6Pand UDPGwere signifi-
cantly increased during the 240-mU/m2 -min infusion. The
ratio of GSactivity determined at 0.1 mMG6Pto that deter-
mined at 10 mMG6P (the fractional velocity or FVO.1) is
thought to sensitively reflect dephosphorylation and activation
of the enzyme. These ratios (Fig. 3) were 0.174±0.20 basally
and increased to 0.273±0.29, 0.347±0.016, and 0.545±0.031
at the 12-, 30-, and 240-mU/mi2 min insulin infusion, respec-
tively. If it is assumed that the maximal value for the FVO.I is
1.0, it is possible to calculate an EC50 for the effect of insulin to
activate GS. In the five individuals who underwent a 240
mU/m2-min infusion, the EC50 was 393±108 gU/ml. If an
FVO.I of 1.0 cannot in fact be achieved, the EC50 may be much
lower than this value. From the present data, it is not possible
to determine whether maximal FVO.I stimulation was achieved
during the 240-mU/m2- min insulin infusion. The relation-
ship between the increase in FVO.I and activation of nonoxida-
tive glucose metabolism was also determined in the same
manner as for glucose oxidation and PDH. Considering each
of eight subjects examined through the 30 mU/Mi2. min insu-
lin infusion, the activation of GSwas correlated with the acti-
vation of nonoxidative glucose metabolism (mean r
= 0.75±0.05, significantly different from 0, P < 0.01).

PFKactivity. In contrast to the effect of insulin to activate

Table III. Effects of Insulin Infusion on Fat Metabolism

Insulin infusion rate (mU/m2. min)

Basal 12 30 240

Plasma free fatty acids, mM 0.479±0.081 0. 151±0.036* 0.095±0.028* 0.060±0.030*
Fat oxidation, mg/kg. min 0.760±0.11 0.19±0.16* 0.16±0.17* -0.40±0.18*

* Less than basal, P < 0.001, repeated measures analysis of variance.
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Table IV. Effects of Insulin Infusion on PDHKinetics

Insulin infusion rate (mU/Mr2. min)

Basal 12 30 240

Km, mM 0.44±0.099 0.40±0.06 0.47±0.057 ND
V..,, nmol/min mg 2.04±0.69 1.95±0.59 2.92±0.81* 3.79±1.99*
PDHt, nmol/min . mg 3.56±0.94 3.45±0.89 3.38±0.80 3.10±1.08

* Greater than basal, P < 0.01, repeated measures analysis of variance.

PDHand GS, insulin infusion had no effect on PFK activity
(Table VI). The Kmfor F6P was 0.15±0.021 mMunder basal
conditions and was unaltered by insulin. Likewise, the V.,, of
0.16±0.019 nmol/min - mg under basal conditions was unal-
tered during infusion of insulin.

Discussion

The present studies were undertaken to determine the dose-
response relationships between insulin activation of oxidative
and nonoxidative glucose metabolism in normal man with
simultaneous measurement of the skeletal muscle enzymes
that may control the rates of flux in these respective pathways.
These studies confirm the findings of other investigators that
oxidative glucose metabolism is more sensitive to insulin than
nonoxidative metabolism based on EC50 values (2). This find-
ing was apparent both with and without subtraction of esti-
mates of noninsulin-mediated components of these processes.
Since total glucose disposal is a function of both oxidative and
nonoxidative metabolism, the sensitivity of glucose disposal to
insulin necessarily lies between the insulin sensitivities of these
processes. Nevertheless, at concentrations of insulin below 25
,MU/ml, the majority of glucose disposal was accounted for by
oxidative metabolism. Even at an insulin concentration of 50
,gU/ml, almost 70% of glucose disposal was due to glucose
oxidation. Thus, at physiologic insulin concentrations (< 50
,MU/ml) in normal man, the stimulation of glucose oxidation
by insulin accounted for the majority of glucose disposal. In
keeping with this observed effect of insulin on glucose oxida-
tion, muscle PDHactivity was > 50% active at basal insulin
concentrations and was almost fully active at an insulin con-
centration of 50 MU/ml. In fact, the activation of PDHby
insulin was correlated with the activation of glucose oxidation
over the physiologic range of insulin concentrations. This sug-

10 100

INSULIN (jU/mL)

Figure 3. Effects of in-
sulin infusion on PDH
(open circles) and GS
(solid circles). For
PDH, the proportion
active was calculated as

the ratio PDHSPDHt,
1000 while for GSthe pro-

portion active was cal-
culated as the ratio of GSactivity determined at 0.1 mMG6Pto the
activity of 10 mMG6P (see text for details). GSwas significantly ac-

tivated at all insulin infusions (P < 0.001). PDHwas significantly ac-

tivated at the 30- and 240-mU/mr2 min infusions (P < 0.01).

gests that PDHin skeletal muscle plays an important role in
determining the rate of insulin-stimulated glucose oxidation
by the whole body. Since glucose oxidation nearly quantita-
tively accounts for overall rates of glucose disposal at low in-
sulin concentrations, it is also possible that PDHmay be sig-
nificant in determining the rate of glucose disposal at physio-
logic insulin concentrations. It should be noted that a wide
range of values for basal glucose oxidation has been reported
(1-3), including some that are lower than those observed in the
present study. These differences may reflect differences in the
nutritional state of the subjects or the type of indirect calorim-
eter employed. Nevertheless, the pattern of insulin stimulation
of glucose oxidation in all studies is nearly identical to that
reported in the present results.

In contrast, nonoxidative metabolism of glucose, which is
thought to primarily represent glycogen synthesis, accounted
for only a majority of overall glucose disposal at insulin con-
centrations < 25 4U/ml. Consistent with the fact that under
basal, postabsorptive conditions, there is probably little net
glycogen synthesis in skeletal muscle, the basal rates of nonox-
idative glucose metabolism, observed in this study were negli-
gible, and may primarily represent other processes such as
lactate production from glucose. Therefore, at insulin concen-
trations < 25 MU/ml, there appeared to be little net glucose
storage. At somewhat higher insulin concentrations (- 50
,uU/ml) such as those which might be achieved following a
meal, there was significant nonoxidative glucose metabolism.
In addition, postprandial hyperglycemia should further aug-
ment nonoxidative glucose metabolism compared to the
present study in which glucose levels were held constant.

The present studies confirm the findings of others (6-9)
that infusion of insulin and glucose activates skeletal muscle
GSand extend these findings by demonstrating that muscle
GSis significantly activated in normal subjects over the physi-
ologic range of insulin concentrations. For example, an insulin
concentration of 15-25 ;tU/ml achieved during the 12-mU/
m2. min insulin infusion activated GS in seven out of eight
subjects. This observation demonstrates that GS is activated
even at low insulin concentrations. Unfortunately, since it is
unknown whether maximal activation of GS was achieved
during the 240-mU/M2. min insulin infusion, it was not possi-
ble to precisely calculate an EC50 for insulin stimulation of this
process from this data. However, it would seem that the sensi-
tivity of GSto insulin may be similar to that of overall nonox-
idative glucose metabolism. This would be consistent with a
regulatory role for skeletal muscle GS in the activation of
nonoxidative glucose metabolism by insulin.

However, there was an apparent discrepancy between the
stimulation of GSby insulin and the stimulation of nonoxida-
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Table V Effects of Insulin Infusion on GSKinetics

Insulin infusion rate (mU/M2 _ min)

Basal 12 30 240

Vmax, nmol/min mg 12.0±2.59 11.90±2.34 14.40±2.18 17.30±0.92*
G6PAo.5, mM 0.64±0.07 0.43±0.07* 0.32±0.04* 0.13±0.005*
Hill coefficient 1.0±0.05 1.0±0.04 0.92±0.03 1.09±0.08
Maximal activity, nmol/min mg 20.3±5.5 19.4±5.2 25.9±3.89 28.6±0.52*

* Greater than basal, P < 0.001, repeated measures analysis of variance. Maximal activity represents enzyme activity in the presence of 10 mM
G6Pand 5 mMUDPG, while Vm,,, is determined at 10 mMG6Pand 0.3 mMUDPG. * Less than basal AO.5, P < 0.001, repeated measures
analysis of variance.

tive glucose metabolism by insulin. When the mean plasma
insulin was increased to 22±2 AU/ml, the mean rate of non-
oxidative glucose metabolism did not increase. Yet, the mean
activity of muscle GSwas increased by nearly twofold. Several
hypotheses can be entertained to explain this discrepancy.
First, it is possible that at insulin concentrations < 25 AU/ml,
glycogen synthase activity does not determine the rate of glu-
cose incorporation into glycogen in skeletal muscle. Second,
although the rate of nonoxidative glucose metabolism did not
increase, it is possible that the component of this overall pro-
cess due to glycogen synthesis was increased, while some other
component of nonoxidative glucose metabolism (such as lac-
tate production from glucose) was decreased, resulting in no
net change in the overall process. Third, it is possible that a
small insulin-induced decrease in muscle G6P concentration
brought about by activation of glycolysis or glucose oxidation
may have compensated for the insulin-induced activation of
glycogen synthase, resulting in no net in vivo increase in en-
zyme activity. It is not possible to distinguish among these
possibilities from the present data.

Nevertheless, at insulin concentrations < 50 AU/ml, the
glycogen synthase FVo.1 was positively correlated with the rate
of net nonoxidative glucose metabolism in normal man (r
= 0.75±0.05, P < 0.01), suggesting that this enzyme may be
rate-determining for glucose storage under physiologic condi-
tions. When plasma insulin was increased to values greater
than the physiologic range, muscle glycogen synthase activity
seemed to be even more important in determining the rate of
nonoxidative glucose metabolism. In the five individuals who
underwent additional insulin infusions at 240 mU/m2 min,
the FVO., was highly correlated on an individual basis with
nonoxidative metabolism (mean r = 0.91±0.005, P < 0.01).

The effects of insulin on fat metabolism were also exam-
ined in the current studies. Insulin suppressed both fat oxida-
tion and plasma FFA concentrations similarly. In addition, the

sensitivity of suppression of fat oxidation by insulin was quite
similar to the sensitivity of activation of glucose oxidation by
insulin. In fact, the EC5o for suppression of fat oxidation was
highly correlated with the EC50 for activation of glucose oxi-
dation (r = 0.95, P < 0.01). In theory, this may be due to the
suppressive effects of the fat oxidation products citrate and
acetyl-CoA on PFK and PDHactivity (1 1-13, 16, 17). How-
ever, the use of respiratory exchange measurements for deter-
mining the proportions of glucose and fat oxidized requires the
use of the same measurements of CO2 production and 02
consumption to calculate both glucose and fat oxidation.
Therefore, the high correlation between glucose and fat oxida-
tion may merely be an artefact of the method used to measure
them. To truly determine the association between these two
variables, independent measurements of glucose and fat oxi-
dation would need to be made.

These studies also demonstrate that insulin infusion acti-
vates PDHin skeletal muscle in normal man. Similar to the
exquisite sensitivity to insulin of whole-body glucose oxida-
tion, PDHwas nearly maximally activated by insulin concen-
trations of 40-60 MU/ml. Thus, maximal activation of glucose
oxidation occurs at insulin concentrations similar to those that
produce maximal activation of PDH. This suggests, but does
not prove, that msucle PDHis rate- determining for glucose
oxidation under conditions of insulin infusion in man. Ap-
proximately half of the PDHin muscle in the basal state was
present in its active form, compared to only 15-20% of total
GS. Since the majority of glucose disposal in the basal state
was accounted for by glucose oxidation, and only a small por-
tion was due to nonoxidative metabolism, one could conclude
that the relative activation states of GSand PDHmake signifi-
cant contributions to the control of the routes of glucose me-
tabolism. However, since only a minority of glucose disposal
under basal conditions occurs in muscle (1), conclusions con-
cerning the role of GS or PDH in basal glucose metabolism

Table VI. Effects of Insulin on PFKKinetics

Insulin infusion rate (mU/mr2 min)

Basal 12 30 240

Vm.., nmol/min mg 0.161±0.19 0.17±0.017 0.176±0.021 0.15±0.031

Km, mM 0.150±0.021 0.137±0.013 0.153±0.015 ND
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which are based on activities of these enzymes in skeletal
muscle must be viewed cautiously. This caveat is less applica-
ble under conditions of insulin infusion in which the majority
of glucose disposal occurs in muscle.

The current studies provide no evidence for a role of insu-
lin in activating the glycolytic pathway by means other than
increasing substrate availability, since PFK activity was un-
changed at any insulin concentration. While this demonstrates
that insulin did not cause covalent modification of skeletal
muscle PFK, which altered its activity, the enzyme might have
been activated allosterically in vivo if intracellular citrate con-
centrations were decreased. Since intracellular citrate levels
were not measured, it is not possible to address this question.

In summary, the current studies provide evidence that skel-
etal muscle PDHand GSmay in part determine the rates of
insulin-stimulated glucose oxidation and storage in normal
subjects. The findings of these studies may also have implica-
tions concerning the mechanisms of skeletal muscle insulin
resistance in obesity or diabetes mellitus, conditions that are
characterized by defects in both oxidative and nonoxidative
metabolism of glucose, which could reflect abnormalities in
the regulation of PDHand GS, respectively. Additional studies
will be required to clarify this issue.
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