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Abstract

To assess the rate-limiting step in muscle glycogen synthesis in
non-insulin-dependent diabetes mellitus (NIDDM), the con-
centration of glucose-6-phosphate (G6P) was measured by 3'P
nuclear magnetic resonance (NMR) during a hyperglycemic-
hyperinsulinemic clamp. Six subjects with NIDDM and six age
weight-matched controls were studied at similar steady-state
plasma concentrations of insulin (~ 450 pmol/liter) and glu-
cose (11 mmol/liter). The concentration of G6P in the gastroc-
nemius muscle was measured by 3'P NMR. Whole-body oxida-
tive and nonoxidative glucose metabolism was determined by
the insulin-glucose clamp technique in conjunction with indirect
calorimetry. Nonoxidative glucose metabolism, which under
these conditions is a measure of muscle glycogen synthesis
(1990. N. Engl. J. Med. 322:223-228), was 31+7 umol/(kg
body wt-min) in the normal subjects and 133 umol/(kg body
wt-min) in the NIDDM subjects (P < 0.05). The concentration
of G6P was higher (0.24+0.02 mmol/kg muscle) in the normal
subjects than in the NIDDM subjects (0.17+£0.02, P < 0.01).
Increasing insulin concentrations to insulin 8,500 pmol/liter in
four NIDDM subjects restored the glucose uptake rate and
G6P concentrations to normal levels. In conclusion, the lower
concentration of G6P in the diabetic subjects despite a de-
creased rate of nonoxidative glucose metabolism is consistent
with a defect in muscle glucose transport or phosphorylation
reducing the rate of muscle glycogen synthesis. (J. Clin. Invest.
1992.89:1069-1075.) Key words: glucose clamp » glycogen syn-
thase ¢ insulin resistance « muscle glycogen synthesis ¢ nonoxi-
dative glucose metabolism

Introduction

In a recent study we demonstrated by using '*C nuclear mag-
netic resonance (NMR)! that, under conditions of a hypergly-
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cemic-hyperinsulinemic clamp, nonoxidative glucose metabo-
lism in both normal subjects and subjects with non-insulin-de-
pendent diabetes mellitus (NIDDM) is quantitatively
accounted for by muscle glycogen synthesis (1). This con-
firmed and extended earlier indirect measurements which
showed that most of the glucose metabolized was stored non-
oxidatively in peripheral tissue but had not identified the stor-
age compound (2-4). The results indicate that under hypergly-
cemic-hyperinsulinemic conditions a reduced rate of muscle
glycogen synthesis is primarily responsible for the slower glu-
cose disposal in NIDDM.

The enzymatic reactions that may be responsible for the
reduced insulin-stimulated muscle glycogen synthesis rate in
NIDDM are shown schematically in Fig. 1. Muscle glucose
transport and glycogen synthase are both insulin stimulated,
and each has separately been suggested to be responsible for the
reduced rate of insulin-stimulated glucose disposal in NIDDM.
Synthase activity measured in biopsy samples has been shown
to be lower in subjects with NIDDM than in normal subjects
(5-8). Glucose transport activity has been difficult to assess in
muscle. Evidence for defective glucose transport in NIDDM
muscle comes primarily from studies of cultured adipocytes
(9-11), which express the insulin-sensitive GLUT 4 transporter
also found in muscle (12).

As a result of its location between the transport and syn-
thase enzymes in the pathway of glycogen synthesis (see Fig. 1),
the concentration of muscle glucose-6-phosphate (G6P) is sen-
sitive to the relative activities of these enzymes and the rate of
glycolysis. If under hyperglycemic-hyperinsulinemic condi-
tions glycogen synthase is the only enzyme with reduced activ-
ity in NIDDM, the initial rate of glucose entry into the G6P
pool would be the same in normal and diabetic subjects, and
the slower removal of G6P in diabetic subjects owing to re-
duced muscle glycogen synthesis (1) would result in a higher
concentration of G6P. Similar or lower concentrations of G6P
in NIDDM would imply that the activity of muscle glucose
transport or hexokinase is reduced.

Measurements of human muscle G6P have been made by
biopsy under hyperinsulinemic conditions (13, 14). However,
it has recently been suggested based on studies of rats that con-
centrations of G6P measured in human biopsies are artifac-
tually high because of glycogen breakdown during the delay
between sample excision and freezing (15). An alternate
method of measuring human muscle G6P that does not suffer
from autolytic artifacts is 3'P NMR (16, 17). In the present
study we have performed 3P NMR measurements of G6P in
the gastrocnemius muscle in subjects with NIDDM and age-
and weight-matched normal controls under the same condi-
tions of hyperglycemic hyperinsulinemia in order to assess the
relative roles of glucose transport and glycogen synthase in the
reduced muscle glycogen synthesis rate observed in NIDDM.

31p NMR Measurements of Muscle Glucose-6-Phosphate 1069



Glucose Hexokinase
Transport
Glucose .—» Glucosei — G-6-P —»
G-1-P
UDP-glucose
Glycogen Synthase
Glycogen

Figure 1. Schematic metabolic pathway for the conversion of extra-
cellular glucose to muscle glycogen. The glucose transporter and
hexokinase and glycogen synthase enzymes have been proposed as
rate-limiting steps for muscle glycogen synthesis in NIDDM.

Methods

Subjects

Six men with NIDDM and six healthy men matched to the diabetic
subjects for age and weight were studied. All subjects were within 20%
of their ideal body weight according to the 1959 Metropolitan Life
Insurance tables. The mean (£SD) weights in the diabetic and normal
subjects were 83.5+7.7 and 83.3+6.6 kg, respectively; their mean ages
were 62+5 and 56+4 yr. The mean duration of diabetes, calculated
from the first record of a plasma glucose concentration > 7.8 mmol/
liter (140 mg/dl), was 14 yr. All the diabetic subjects fulfilled the criteria
for the diagnosis of diabetes mellitus as established by the National
Diabetes Data Group (18). All of them had been treated with oral
sulfonylurea agents; their medication was discontinued at least 7 d
before the study. Their mean hemoglobin A, level was 13.7+2.6%
(normal range, 4-8%), and their mean fasting plasma glucose concen-
tration after the discontinuation of medication was 14.1+3.4 mmol/
liter. No subject had a major disease other than diabetes mellitus or was
taking other medications. None of the normal subjects had a family
history of diabetes.

Informed consent was obtained from all subjects after the purpose,
nature, and potential risks of the study were explained to them. The
protocol was reviewed and approved by the Human Investigation
Committee of the Yale University School of Medicine.

Experimental protocol

All studies were begun at 8 a.m. after an overnight fast of 12-14 h. A
teflon catheter was inserted into a antecubital vein in each arm to
permit blood to be drawn and for infusion. The clamp was started after
40 min of *'P NMR spectroscopy for determining basal metabolite
concentrations.

Hyperglycemic-hyperinsulinemic clamp procedure

Low-dose insulin clamp. Hyperglycemic hyperinsulinemia was in-
duced with the insulin-glucose clamp technique (19). The clamp levels
of plasma glucose and insulin were chosen to be similar to the levels
achieved in an earlier study in which the muscle glycogen synthesis rate
was measured by '*C NMR (1). To inhibit endogenous insulin secre-
tion, an infusion of somatostatin [0.1 ug/(kg body wt-min)] was initi-
ated 5 min before the start of the insulin infusion in both the normal
and diabetic subjects and continued for 120 min. At time zero, insulin
(Humulin, Eli Lilly & Co., Indianapolis) was administered in a priming
dose of 240 pmol/[m? of body surface area-min] followed by a continu-
ousinfusion [1 mU/(kg-min)] to raise the plasma insulin concentration
acutely and maintain it at ~ 450 pmol/liter. At the same time a vari-
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able priming infusion of glucose was begun to maintain plasma glucose
levels at ~ 11 mmol/liter for 120 min. The plasma glucose concentra-
tion was measured every 5 min and a variable infusion of a glucose
solution (1.11 M) was periodically adjusted to maintain the desired
hyperglycemic plateau. Under the hyperglycemic-hyperinsulinemic
conditions of the clamp, hepatic glucose production is completely sup-
pressed (1, 20). The mean glucose infusion rate, minus urinary glucose
excretion, was used to measure the total amount of glucose metabo-
lized.

High-dose insulin clamp. In four of the NIDDM subjects a high-
dose insulin clamp was performed which was the same as the first
protocol except that insulin was infused with a priming dose of 2,400
pmol/(m? of body surface area-min) followed by a continuous infusion
[10 mU/(kg-min)] in order to achieve maximal levels of insulin stimula-
tion. This procedure was performed at the end of a low dose insulin
clamp in two of the subjects.

Measurement of respiratory exchange

Continuous indirect calorimetry was performed during the low insulin
clamp studies to determine total-body glucose oxidation at 40-60 and
100-120 min as previously described (1, 2, 21). Nonoxidative glucose
metabolism was calculated by subtracting the amount of glucose oxi-
dized from the total amount of glucose infused minus glucose excreted
in the urine.

Analytical procedures

Plasma glucose was measured every 5 min (glucose analyzer; Beckman
Instruments, Inc., Fullerton, CA). Plasma PO, was measured every
20-30 min by using an automated analyzer (Hitachi, Tokyo,
Japan). Plasma insulin was measured every 20-30 min as previously
described (22).

NMR spectroscopy

Throughout the study the subjects remained supine within an ORS-
Bruker NMR spectrometer (1-m bore, 2.1 T; Bruker Instruments, Inc.,
Billerica, MA); the gastrocnemius muscle of the right leg was posi-
tioned within the homogeneous volume of the magnet on top of a
'H-3'P concentric surface coil probe. The leg was secured with Velcro
straps and a foam foot holder to minimize motion during the experi-
ment. The surface coils, used for both transmitting and receiving, con-
sisted of an inner coil with a 9-cm diam, which was used for 3'P acquisi-
tion, and an outer coil with a 13-cm diam, which was used for 'H
acquisition and decoupling. The magnet was shimmed using the 'H
coil. The 3'P pulse angle was calibrated using a removable 2-cm diam
sphere at coil center containing concentrated H,PO,. Spectra were ob-
tained using a 70° pulse at coil center (100 us). A repetition time of 2 s
was used with a 256-ms acquisition time. During acquisition 'H power
(1 W) was applied at the position of the C6 protons of G6P to decouple
the Jy,.p interaction. Spectra were acquired in 288 scans with 4k of data
points. Time domain data was apodized by using an exponential func-
tion giving either 2- or 10-Hz line broadening and a mild 500-Hz pro-
file correction (23) and were zero filled to 16k.

Concentrations of metabolites were calculated by comparing reso-
nance areas to the area of the § resonance of ATP in the baseline
spectrum. A concentration of 5.5 mmol/(kg muscle) was assumed for
ATP (24). Changes in the concentration of G6P and other metabolites
during the clamp were determined in difference spectra. To maximize
measurement sensitivity the G6P resonance amplitude was measured
in each 10-min difference spectrum. An amplitude to intensity conver-
sion factor was obtained for G6P by integrating the sum of four to eight
difference spectra. A fully relaxed spectrum (20-s repetition rate, 32
scans) was obtained at the end of each study to correct for T, satura-
tion. In cases where a fully relaxed spectrum was not obtained, an
average correction factor was used. The intracellular pH was calculated
from the difference in chemical shift between intracellular phosphate
(Pi) and phosphocreatine (PCr) by using the titration curve of Petroff et
al. (25) assuming an intracellular concentration of 1.0 mmol/liter free



Mg?* (26). The concentration of ADP was estimated from the creatine
kinase reaction equilibrium constant (26) assuming 1.0 mmol/liter free
Mg?*, 30 mmol/(kg muscle) total creatine (24), and an equilibrium
constant of 1.66 X 10° (26).

Although the chemical shift of G6P has been previously measured
in extracts and in solution (16), we repeated these measurements to
obtain accurate chemical shifts relative to PCr at the pH and ionic
strengths characteristic of human muscle. Chemical shifts relative to
PCr at 0.00 ppm of 7.16 and 7.08 ppm were measured for the 8 and «
anomers of G6P at the muscle pH of 7.05 in a solution containing 155
mmol/liter KCl, 5 mmol/liter G6P, 5 mmol/liter a-glycerol phosphate,
10 mmol/liter PO,, 5 mmol/liter PCr, and 5 mmol/liter EDTA at8.5 T
in a spectrometer (model AM 360, Bruker Instruments, Inc., Billerica,
MA). The small chemical shift difference between the resonances of the
B8 and o anomers was less than the linewidth in muscle so that a
weighted average of the two resonant frequencies of 7.13 ppm was used
for the G6P assignment. Based on muscle biopsy assays the only com-
pound of significant concentration with a similar chemical shift to the
G6P resonance is a-glycerol phosphate which was measured in the
same solution as G6P to have a chemical shift of 6.92 ppm.

The basal G6P concentration was determined by integrating over
the chemical shift range of 7.43-7.13 ppm and multiplying the area by
2 in order to minimize contributions from the upfield (lower ppm)
phosphomonoester resonances. The increase in the G6P resonance
during the clamp studies was cleanly resolved in the difference spectra
with a chemical shift of 7.13 ppm, which is significantly different than
the chemical shift of a-glycerol phosphate. The precision of the G6P
concentration measurement in the difference spectra was determined
from measurements on each subject of the root mean square (RMS)
amplitude variation in the NMR spectrum due to spectral noise. The
RMS amplitude variation due to noise, which is independent of signal
intensity, was calculated as one-fifth of the maximum peak to peak
amplitude variation in a 1-kHz bandwidth in the spectrum (100 times
the G6P resonance bandwidth) not containing resonances. The average
RMS noise would result in a 1 SD variation in the measured G6P
concentration of 0.015 mmol/(kg-muscle) in a 40-min difference spec-
trum with a range between subjects of 0.009-0.030 mmol/(kg-muscle).
A second potential source of error in the G6P measurement was varia-
tions in intensity owing to spectrometer instability which would result
in subtraction errors in the difference spectra. Spectrometer stability
was assessed from the residual intensity of the ATP resonances in each
difference spectrum and the subtraction accuracy in all cases was better
than 1%. With this accuracy the measured 0.12 mmol/(kg-muscle) rest-
ing G6P concentration would result in a variation in intensity between
scans of < 0.0012 mmol/(kg-muscle), which is 10-fold less than the
variation due to RMS noise. In several cases the precision of measuring
the G6P concentration in the baseline spectra was assessed by compari-
son of successive spectra obtained from the same subject and found to
vary by close to what was predicted from RMS noise. However, be-
cause of potential overlap with neighboring phosphomonoester reso-
nances, the basal G6P concentration measurement must be considered
a maximum estimate.

Statistics
Except where indicated measurements are given as the group mean

with the standard error of the measurement. P values were determined
by using the unpaired student two-tailed ¢ test.

Results

Low-dose insulin clamp. The mean initial plasma glucose con-
centration was 5.5+0.1 mmol/liter in the normal subjects and
14.1+1.4 mmol/liter in the diabetic subjects. The basal plasma
PO, concentration was 3.3+0.3 mmol/liter in the normal sub-
jects and 3.9+0.3 mmol/liter in the diabetic subjects. After the
start of hyperglycemic-hyperinsulinemic clamp in the normal
subjects, the glucose concentration was rapidly raised and

within 40 min maintained at a stable mean value of 11.0+0.1
mmol/liter. In the NIDDM subjects the plasma glucose con-
centration decreased after the insulin infusion and then main-
tained by glucose infusion at a similar mean value of 10.9+0.6
mmol/liter. The initial plasma insulin levels were 80+ 12 pmol/
liter in the normal group and 69+ 12 pmol/liter in the diabetic
group. During the clamp the plasma insulin concentrations
rose rapidly and within 10 min reached a mean plateau value of
456+36 pmol/liter in the normal subjects and 462+36 pmol/
liter in the diabetic subjects, respectively.

In the 60-120-min period the total-body glucose uptake
rate was 50+6 umol/(kg body wt-min) in the normal subjects
and 23+3 umol/(kg-min) (Table I, P < 0.01) in the diabetic
subjects. The majority of the glucose uptake in both groups was
accounted for by nonoxidative glucose metabolism, the rate of
which was higher in the normal subjects [31+7 pmol/(kg body
wt-min), # = 5] than in the diabetic subjects [13+3 pmol/(kg
body wt-min), n = 4; P < 0.05]. The rate of total-body glucose
oxidation was 14+1 umol/(kg body wt-min) in the normal sub-
jects and 9+1 umol/(kg body wt-min) in the diabetic subjects
(P <0.01).

Fig. 2 shows 3P NMR spectra obtained from a normal
subject before and during the clamp. Resonances observed in
the spectrum are assigned to G6P, Pi, PCr, and ATP. The dif-
ference spectrum between the baseline spectrum and a spec-
trum obtained during the clamp shows that during the glucose-
insulin infusion there was an increase in G6P (7.13 ppm) and
Pi (4.88 ppm) and a decrease in PCr (0.00 ppm). The decrease
in the PCr resonance as assessed by integration is within mea-
surement accuracy the same as the sum of the increase in the
G6P and Pi resonances.

The basal G6P concentrations were similar at 0.12+0.01
mmol/(kg-muscle) in the normal and 0.13+0.01 mmol/(kg-
muscle) in the diabetic subjects. The time course of G6P con-
centration during the glucose-insulin infusion is shown in Fig.
3 for the normal and diabetic subjects. The mean G6P concen-
tration rose in the normal subjects to a steady state value of
0.24+0.01 mmol/(kg-muscle) by 25 min into the infusion. An
increase in G6P over basal levels was observed in each of the
normal subjects. The subjects with NIDDM had a lower mean
G6P concentration during the clamp of 0.17+0.01 mmol/(kg-
muscle) (P < 0.01).

Table I. Glucose Metabolism in Normal and Diabetic Subjects
during Low-Dose Hyperglycemic-Hyperinsulinemic
Clamp Studies

‘Whole-body glucose metabolism
Study group Total Oxidative Nonoxidative
umol/kg body wt-min
Normal subjects 50+6 14+1* 317+
(n=6) (n=15) (n=15)
Diabetic subjects 23+3 9+1* 13+3*
(n=26) (n=14) (n=24)
P value <0.01 <0.01 <0.05

Values are meanz+SE.

* Indirect calorimetry was performed on five of the normal subjects
and four of the diabetic subjects.
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The mean basal concentrations of muscle metabolites de-
termined from the 3'P NMR spectra are given in Table II. No
significant differences between the normal and diabetic sub-
jects were observed in the basal concentrations of G6P, ADP,
Pi, PCr, and muscle pH. The mean values of the muscle metab-
olite concentrations averaged over the 40-100-min period of
the clamp are listed in Table III. The muscle Pi concentration
increased within 10-20 min of the start of the glucose-insulin
infusion in both groups and reached a similar steady-state
value within 60 min. There was a small decline in plasma PO,
concentration of 0.4+0.1 mmol/liter in the normal subjects
and 0.3+0.1 mmol/liter in the diabetic subjects. However, the
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Figure 3. Time course of the mean muscle G6P concentration (+SE)
during the low-dose insulin clamp for the normal (o) subjects and
the subjects with NIDDM (o). The NIDDM subjects are shown at
lower time resolution (40 min) to obtain better sensitivity.
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increase in Pi and G6P concentration could be accounted for
almost entirely by a decrease in the PCr concentration (Table
III). From the measured decrease in PCr a small increase in
ADP concentration was calculated from the creatine kinase
equilibrium which was similar for both groups (Table III).

High—-dose insulin clamp. For the four NIDDM subjects
studied at the higher insulin infusion rate the mean steady-state
plasma glucose concentration was 9.8+0.5 mmol/liter and the
mean plasma insulin concentration was 8,480+1,260 pmol/
liter. The rate of total body glucose uptake was 65+9 umol/(kg
body wt-min), which was significantly higher than for subjects
with NIDDM at the low dose insulin clamp (P < 0.001) and
similar to the glucose uptake rate (Table I) of the normal sub-
jects. As shown in Fig. 4, for each subject the muscle G6P
concentration and glucose uptake rate measured in the high-
dose insulin clamp was greater than in the low-dose insulin
clamp. The average G6P concentration was 0.22+0.03 mmol/
(kg-muscle), which is similar to the G6P concentration of the
normal subjects in the low-dose insulin study. Other metabo-
lite concentrations measured by 3P NMR during the study
were similar to the concentrations in the low-dose insulin
study.

Discussion

The results of this study are consistent with subjects with
NIDDM having reduced insulin-stimulated activity in either
muscle glucose transport or glucose phosphorylation by hexoki-
nase. The basis of this conclusion is as follows. The flow out of
the muscle G6P pool is given by the sum of the rates of muscle
glycogen synthesis and muscle glycolysis. Under the hypergly-
cemic-hyperinsulinemic conditions of this study, the rate of



Table II. Basal Muscle Metabolite Concentrations Measured by >'P NMR in Normal and Diabetic Subjects

Study group G6P Pi PCr ADP pH
mmol/kg-muscle
Normal subjects
(n=16) 0.12+0.01 3.01+0.17 22.70+0.36 0.055+0.001 7.06+0.01
Diabetic subjects
(n=6) 0.13£0.01 3.31+0.17 24.26+0.75 0.050+0.002 7.04+0.01

nonoxidative glucose metabolism is almost entirely accounted
for by muscle glycogen synthesis (1), which indicates that the
rate of muscle glycogen synthesis was more than two times
higher in the normal subjects. If the only defect in muscle gly-
cogen synthesis in NIDDM is the glycogen synthase enzyme,
then upon insulin stimulation the initial rate of inflow of glu-
cose into the G6P pool would be the same as in the normal
subjects. However, the steady-state level of G6P in the subjects
with NIDDM would be higher than in the normal subjects
owing to the need to reduce the rate of inflow through hexoki-
nase by allosteric inhibition (27) to match the reduced rate of
outflow from the G6P pool due to the lower rate of glycogen
synthesis. The experimental finding of a lower steady-state
G6P concentration in the diabetic subjects is therefore incon-
sistent with the reduced rate of glycogen synthesis as being
entirely due to reduced synthase activity and indicates that the
activity of either or both glucose transport and hexokinase is
reduced in NIDDM.

The conclusion of reduced glucose transport/hexokinase
activity would not be valid if despite a reduced rate of glycogen
synthesis the total rate of outflow from the G6P pool was actu-
ally greater in the diabetic subjects owing to an enhanced mus-
cle glycolytic rate. However, this is not likely because an in-
crease in glycolytic lactate production would be included in the
measured rate of nonoxidative glucose metabolism which was
significantly lower in the subjects with NIDDM. Furthermore,
virtually all of the nonoxidative metabolism in both normal
subjects and subjects with NIDDM can be attributed to muscle
glycogen synthesis under these conditions (1). A higher rate of
oxidative glycolysis would be reflected by an increase in total
body glucose oxidation but this rate was also significantly lower
in the diabetic subjects.

An alternate explanation of the lower muscle G6P concen-
tration in subjects with NIDDM during the low-dose insulin
study is that other inhibitors of the hexokinase reaction were
elevated relative to their concentrations in normal subjects.

Based on in vitro studies the main effectors of the rate of mus-
cle hexokinase other than G6P are Pi, pH, ATP, and ADP (27).
These compounds were measured in the 3'P NMR spectra and
found to have similar concentrations in diabetic and normal
subjects (Table III) during the low dose clamp.

Our results are in contrast with previous biopsy measure-
ments of G6P in human muscle under conditions of euglyce-
mic hyperinsulinemia where no change (14) or a slight decrease
(13) in G6P concentration was observed with increasing rates
of nonoxidative glucose metabolism. The concentration of
muscle G6P measured by 3'P NMR under basal and high insu-
lin conditions was approximately three to five times lower than
measured in previous human biopsy studies (13, 14, 24, 28) but
similar to concentrations found in rapid in situ freezing studies
of animal muscle (15, 29, 30). A limitation of the biopsy tech-
nique is that the tissue must be excised before being frozen
during which time glycogenolysis may substantially raise the
G6P concentration. In a study by Rossetti and Giacarri (15)
when rat muscle freezing was delayed for several seconds,
which is similar to the time between excision and freezing for
human muscle biopsies, the G6P concentration increased by
three- to fourfold, which is a possible explanation for the higher
G6P concentrations measured in prior human studies.

An ~ 20% increase in Pi concentration was observed in
both normal and diabetic subjects during the glucose-insulin
infusion. While some of this increase could be attributed to
transport of inorganic phosphate from the plasma space, the
sum of the increase in Pi and G6P can be accounted for almost
entirely by a decrease in the concentration of PCr. The increase
in Pi may reflect increased muscle oxidative ATP production
(31) owing to the energy expenditure needed for glycogen syn-
thesis. However, the increase in Pi was similar in the normal
and diabetic subjects despite the normals having a more than
twofold greater muscle glycogen synthesis rate, which implies
that other factors may be responsible for the increase.

Although the finding of lower muscle G6P concentration in

Table I1I. Muscle Metabolite Concentrations Measured by *’ P NMR in Normal and Diabetic Subjects during Low

Dose Hyperglycemic-Hyperinsulinemic Clamp Studies

Study group G6P Pi PCr

A G6P APi APCr ADP pH
mmol/(kg-muscle)
Normals
(n=26) 0.24+0.02 3.66+0.22 21.97+0.31 0.12+0.01 0.64+0.09 ~0.74+0.06 0.057+0.001 7.06+0.01
Diabetics
(n=26) 0.17+£0.02 3.94+0.25 23.55+0.80 0.04+0.01 0.62+0.11 ~0.71+0.09 0.053+0.001 7.05+0.01
P value <0.01 NS NS <0.001 NS NS NS NS
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Figure 4. Plot of glucose uptake rate versus G6P concentration for
each of the subjects with NIDDM who were studied in both a low
insulin dose (0) and high insulin dose (e) clamp. In each subject an
increase in both G6P concentration and glucose uptake rate was ob-
served in the high insulin dose clamp. A line connects the data from
each subject.

NIDDM is consistent with a reduction in transport/hexokinase
activity, it does not quantitatively indicate to what extent this
step is responsible for the reduced rate of glycogen synthesis. If
the defect in muscle glucose transport/hexokinase contributes
to the reduced rate of glycogen synthesis in NIDDM, an in-
crease in the activity of this step would increase the rate of
glycogen synthesis. In the high-dose insulin clamp the glucose
uptake rate, the majority of which is accounted for under these
conditions by muscle glycogen synthesis (1), was raised in four
diabetic subjects to the level of the normal subjects in the low-
dose insulin clamp. This increase in glucose uptake was asso-
ciated with a rise in G6P concentration, indicating an increase
in transport/hexokinase activity which supports a role for this
step in reducing the rate of glycogen synthesis. A correlation
between increased glucose uptake and muscle G6P concentra-
tion as a function of plasma insulin concentration has been
demonstrated in normal and partially pancreatectomized rats
(15). Additional evidence for this hypothesis is that the normal
subjects had both a greater transport/hexokinase activity and
rate of nonoxidative glucose metabolism than the diabetic sub-
jects in the low-dose insulin study.

A contribution of a defect in glycogen synthase to the re-
duced muscle glycogen synthesis rate in NIDDM is not ruled
out by our findings. Under hyperinsulinemic conditions a posi-
tive correlation has been found between the activity of semi-
purified glycogen synthase and the rate of nonoxidative glucose
metabolism in normal subjects and subjects with NIDDM (5-
8, 14). However, at physiological insulin concentrations simi-
lar to the present low-dose insulin study, the correlation is
weaker than at maximally stimulating insulin concentrations
which is consistent with a defect in transport/hexokinase con-
tributing to the reduced rate.

The reduced transport/hexokinase activity in NIDDM can
potentially exert control over the glycogen synthase rate by
reducing the levels of intracellular glucose and G6P. Studies
that have assayed semipurified synthase enzyme obtained from
human subjects under hyperinsulinemic conditions have
found a K, for allosteric stimulation by G6P in the 0.10 mmol/
liter range (14, 32), which is similar to the concentrations mea-
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sured in muscle. A role of allosteric stimulation by G6P in
determining the glycogen synthase rate is supported by the find-
ing of a lower concentration of G6P in the NIDDM group in
the low-insulin study. Lower concentrations of intracellular
glucose due to a transport defect may inhibit the conversion of
synthase to the active form by synthase phosphatase. Studies
have found that at insulin levels similar to the low-dose study
(~ 450 pmol/liter) the assayed activity of the synthase enzyme
in normal and diabetic subjects (33, 34) increases with higher
plasma glucose concentration. An increase in plasma glucose
concentration should have a similar effect on glycogen syn-
thase as an increase in glucose transporter activity in that both
result in a greater influx rate of plasma glucose into muscle.

The lower concentration of G6P in the NIDDM subjects
may be due to a reduction in the activity of either or both
glucose transport and hexokinase. Studies of isolated adipo-
cytes, which have the same insulin-stimulated GLUT 4 trans-
porter as muscle (12), provide support for the defect as being in
transport based on findings of reduced insulin-stimulated glu-
cose transport and glucose transporter enzyme number in adi-
pocytes isolated from subjects with NIDDM (9-11). However,
no reduction in GLUT 4 or GLUT 1 mRNA or protein has
been found in the muscle of subjects with NIDDM (35). Re-
duced transport despite a constant number of transporters may
be due to a defect in translocation, which would result in fewer
transporters in the muscle plasma membrane. Alternatively, a
reduction in glucose transport in NIDDM may be the result of
impaired glucose or insulin delivery from the blood owing to
reduced blood flow (36) or muscle capillary density (37).

The results of the present study do not provide information
on whether the defect in glucose transport or hexokinase is an
initial defect in the pathogenesis of NIDDM. Long-term expo-
sure to hyperglycemia has been shown to reduce insulin-stimu-
lated nonoxidative metabolism in rats (38) and insulin-depen-
dent diabetic humans (39) and may account for the reduced
transport/hexokinase activity in the subjects with NIDDM.
However, studies on populations and families with a high inci-
dence of NIDDM have shown a strong correlation between
reduced insulin-dependent nonoxidative glucose metabolism
and the later development of NIDDM (40, 41). This reduction
in nonoxidative glucose metabolism occurs before the hypergly-
cemia and alterations in postprandial insulin production that
accompany NIDDM. Whether the decrease in nonoxidative
glucose metabolism in these individuals is also accompanied
by a decrease in glucose transport/hexokinase activity remains
to be determined.

In conclusion, the finding under conditions of hyperglyce-
mic hyperinsulinemia of a lower muscle G6P concentration
and a reduced rate of nonoxidative glucose metabolism in sub-
jects with NIDDM indicates a reduction in the activity of either
muscle glucose transport or hexokinase. The correlation found
in the low- and high-dose insulin studies between higher G6P
concentrations, which reflect increased transport activity, and
an increased rate of nonoxidative glucose metabolism is consis-
tent with this defect’s being an important determinant of the
lower rate of insulin-dependent muscle glycogen synthesis in
NIDDM.
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