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Abstract

 

To determine the mechanism of impaired insulin-stimu-
lated muscle glycogen metabolism in patients with poorly
controlled insulin-dependent diabetes mellitus (IDDM), we
used 

 

13

 

C-NMR spectroscopy to monitor the peak intensity
of the C1 resonance of the glucosyl units in muscle glycogen
during a 6-h hyperglycemic-hyperinsulinemic clamp using
[1-

 

13

 

C]glucose-enriched infusate followed by nonenriched
glucose. Under similar steady state (

 

t

 

 

 

5

 

 3–6 h) plasma glu-
cose (

 

z

 

 9.0 mM) and insulin concentrations (

 

z

 

 400 pM),
nonoxidative glucose metabolism was significantly less in
the IDDM subjects compared with age-weight–matched
control subjects (37

 

6

 

6 vs. 73

 

6

 

11 

 

m

 

mol/kg of body wt per
minute, 

 

P

 

 

 

,

 

 0.05), which could be attributed to an 

 

z 

 

45%
reduction in the net rate of muscle glycogen synthesis in the
IDDM subjects compared with the control subjects (108

 

6

 

16
vs. 195

 

6

 

6 

 

m

 

mol/liter of muscle per minute, 

 

P

 

 

 

,

 

 0.001).
Muscle glycogen turnover in the IDDM subjects was signifi-
cantly less than that of the controls (16

 

6

 

4 vs. 33

 

6

 

5%, 

 

P

 

 

 

,

 

0.05), indicating that a marked reduction in flux through
glycogen synthase was responsible for the reduced rate of
net glycogen synthesis in the IDDM subjects. 

 

31

 

P-NMR spec-
troscopy was used to determine the intramuscular concen-
tration of glucose-6-phosphate (G-6-P) under the same
hyperglycemic-hyperinsulinemic conditions. Basal G-6-P con-
centration was similar between the two groups (

 

z

 

 0.10
mmol/kg of muscle) but the increment in G-6-P concentra-
tion in response to the glucose-insulin infusion was 

 

z

 

 50%
less in the IDDM subjects compared with the control sub-
jects (0.07

 

6

 

0.02 vs. 0.13

 

6

 

0.02 mmol/kg of muscle, 

 

P

 

 

 

,

 

 0.05).
When nonoxidative glucose metabolic rates in the control
subjects were matched to the IDDM subjects, the increment
in the G-6-P concentration (0.06

 

6

 

0.02 mmol/kg of muscle)
was no different than that in the IDDM subjects. Together,
these data indicate that defective glucose transport/phos-
phorylation is the major factor responsible for the lower
rate of muscle glycogen synthesis in the poorly controlled
insulin-dependent diabetic subjects. (

 

J. Clin. Invest.

 

 1997.
99:2219–2224.) Key words: muscle 
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Introduction

 

Peripheral insulin resistance can be correlated to glycemic con-
trol in patients with poorly controlled insulin-dependent dia-
betes mellitus (IDDM),

 

1 

 

however, the underlying mechanisms
of this apparent glucose toxicity are unclear (1–3). One possi-
ble explanation for hyperglycemia per se to result in insulin re-
sistance may be the desensitization of the glucose transport
system by elevated levels of hexosamine, an alternate product
of glucose metabolism. Glucosamine has been shown to inter-
fere with the translocation of the GLUT4 glucose transporters
in adipocytes in vitro (4), and in rat muscle in vivo (5). How-
ever, there is no direct evidence that this can account for the
glucose toxicity observed in humans. Therefore, we have ap-
plied 

 

13

 

C- and 

 

31

 

P-NMR spectroscopy combined with the glu-
cose clamp technique to study muscle glucose metabolism in
normal subjects and subjects with poorly controlled IDDM to
determine whether glucose transport/phosphorylation can ac-
count for the impaired glucose uptake in IDDM subjects, as
predicted by the hexosamine theory.

Rates of muscle glycogen synthesis were measured in sub-
jects with poorly controlled IDDM and in age-weight–
matched controls during a hyperglycemic-hyperinsulinemic
clamp using 

 

13

 

C-NMR spectroscopy (6, 7). Relative rates of
muscle glycogen turnover (i.e., simultaneous glycogen synthe-
sis and degradation) were assessed by following the [1-

 

13

 

C]glu-
cose infusion period with an infusion of natural abundance
glucose (8). Intramuscular glucose-6-phosphate (G-6-P) con-
centration was measured using 

 

31

 

P-NMR under the same con-
ditions to identify which enzymatic step can account for the re-
duced rate of muscle glycogen synthesis in the IDDM patients
(9, 10). As an intermediate between glucose transport/phos-
phorylation and glycogen synthase, the correlation of the G-6-P
concentration with glycogen synthesis rates serves as an index
of the relative degree to which these two steps control the rate
of glycogen synthesis.

 

Methods

 

Subjects.

 

Six (four males, two females) lean (BMI, 24.2

 

6

 

0.8 kg/m

 

2

 

)
type I (IDDM) diabetic subjects (age 34

 

6

 

5 yr) were studied (proto-
cols 1 and 2). All the diabetic subjects fulfilled the criteria for the di-
agnosis of diabetes mellitus as established by the National Diabetes
Data Group. Subjects with IDDM were poorly controlled and had a
mean glycosylated hemoglobin A

 

1

 

 of 13.6

 

6

 

1.4% (normal range, 4–8%).
No subject had any major disease other than diabetes mellitus or was
taking medications other than insulin. Two groups (protocol 1: four
males, two females; protocol 2: two males, eight females) of age-
weight-height–matched (BMI, protocol 1: 21.6

 

6

 

0.8 kg/m

 

2

 

, protocol 3:
23.5

 

6

 

0.6 kg/m

 

2

 

) healthy subjects (ages, protocol 1: 29

 

6

 

2 yr, protocol
3: 30

 

6

 

3 yr) were studied. None of the normal subjects had a family
history of diabetes.
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Informed consent was obtained from all subjects after the pur-
pose, nature, and potential risks of the study were explained to them.
The protocol was reviewed and approved by the Human Investiga-
tion Committee of the Yale University School of Medicine.

 

Experimental protocol.

 

All studies were begun at 8 a.m. after an
overnight fast of 10–12 h. 3 d before the study, all subjects were put
on a weight-maintaining diet (prepared by the metabolic kitchen of
the General Clinical Research Center) of 33 g/kg body weight con-
sisting of 50% carbohydrate, 20% protein, and 30% fat. To induce
normoglycemia (

 

z

 

 5.5 mmol/liter), all diabetic subjects received an
overnight variable infusion of insulin (0.6–1.5 pmol/kg of body weight
per minute) through a Teflon catheter placed in an antecubital vein
(7). The induction of euglycemia allowed the diabetic and normal
subjects to be studied while they had the same plasma glucose con-
centrations and responded to an identical increment above baseline
in the plasma glucose concentration. On the morning of the study a
second Teflon catheter was inserted into the antecubital vein of the
opposite arm to permit blood to be drawn. Intravenous catheters
were inserted in each arm of the normal subjects on the morning of
the study.

Measurements of glycogen synthesis and turnover rates by 

 

13

 

C-
NMR spectroscopy (protocol 1) and G-6-P levels by 

 

31

 

P-NMR spec-
troscopy (protocols 2 and 3) were done on separate occasions. The
IDDM subjects were each studied twice, and two groups of control
subjects were studied (two of the control subjects participated in both
protocols 1 and 3, data for seven of the control subjects in protocol 3
have been reported previously [10]).

 

Hyperglycemic-hyperinsulinemic clamp procedure. 

 

Hyperglycemic-
hyperinsulinemia was induced with the insulin-glucose clamp tech-
nique as described previously (11). To inhibit endogenous insulin and
glucagon secretion, an infusion of somatostatin (0.1 

 

m

 

g/kg per
minute) was initiated 5 min before the start of the glucose-insulin in-
fusion in both the normal and diabetic subjects. At time 0, insulin
(Humulin-R; Eli Lilly and Co., Indianapolis, IN) was administered in
a priming and continuous infusion of 240 pmol/m

 

2

 

 of body surface
area per minute to raise the plasma insulin concentration acutely and
maintain it at 

 

z

 

 400 pmol/liter for the duration of the study. At the
same time, one of three glucose infusion protocols was initiated.

Throughout the study, plasma glucose concentration was mea-
sured every 5 min and the infusion rate of the glucose solution was
periodically adjusted to maintain the desired hyperglycemic plateau.
Under these conditions of constant hyperglycemia and hyperinsuline-
mia, hepatic glucose production is completely suppressed and all in-
fused glucose is taken up by tissue, except for a minor amount ex-
creted in urine. The latter amount was measured and the rate of
excretion was subtracted from the rate of glucose infusion. Therefore,
the mean glucose infusion rate, minus urinary glucose excretion,
serves as a measure of the total amount of glucose metabolized.
Blood samples were taken for measurement of plasma glucose 

 

13

 

C en-
richment every 15 min, plasma insulin concentration every 30 min,
and plasma lactate every 60 min.

 

Protocol 1; Muscle glycogen synthesis and turnover in IDDM and
control subjects.

 

At time 0, a variable priming infusion of glucose
(1.11 M, [1-

 

13

 

C]glucose-enriched, 10–20% 

 

13

 

C) was begun so that the
plasma glucose concentration could be acutely raised and maintained
at 

 

z

 

 9 mM for the duration of the study. From 60 to 120 min, 

 

13

 

C-
NMR was used to assess rates of liver glycogen synthesis in five of the
IDDM and all six of the control subjects, as reported previously (7).
At 240 min, the infusate was switched to natural abundance [

 

13

 

C]glu-
cose (1.11 M) to maintain hyperglycemia at 

 

z

 

 9 mM for an additional
120 min, while allowing plasma glucose 

 

13

 

C atom percent excess to re-
turn to natural abundance. Muscle glycogen synthesis rates and turn-
over were assessed by 

 

13

 

C-NMR spectroscopy.

 

Protocol 2; Muscle G-6-P concentration in IDDM subjects.

 

This pro-
tocol was designed to determine the incremental change in G-6-P as-
sociated with rates of net glycogen synthesis observed in protocol 1 in
the IDDM subjects. At time 0, a variable priming infusion of natural
abundance glucose (1.11 M) was begun so that the plasma glucose

concentration could be acutely raised and maintained at 

 

z

 

 9 mM for
the duration of the study (120 min). Muscle phosphorus metabolites
were assessed by 

 

31

 

P-NMR spectroscopy.

 

Protocol 3; Muscle G-6-P concentration in control subjects.

 

This
protocol was designed to correlate the incremental change in G-6-P
associated with rates of net glycogen synthesis observed in protocol 1
in the control subjects, and under conditions in which the nonoxida-
tive glucose disposal in the control subjects was matched to that of
the IDDM subjects. At time 0, a variable priming infusion of natural
abundance glucose (1.11 M) was begun so that the plasma glucose
concentration could be acutely raised and maintained at 

 

z

 

 9 mM for
the duration of the study. At 120 min, the glucose infusion rate was
decreased to allow plasma glucose concentration to fall to euglycemic
levels in order to match and maintain for 60 min the nonoxidative
glucose disposal rates of the control subjects with that of the IDDM
subjects during protocol 2.

 

Measurements.

 

Continuous indirect calorimetry was performed
to determine whole body glucose oxidation as described (6–10). Non-
oxidative glucose metabolism was calculated by subtracting the
amount of glucose oxidized from the total amount of glucose infused.

Plasma glucose concentration was measured by the glucose oxi-
dase method (Glucose Analyzer II; Beckman Instruments, Inc., Ful-
lerton, CA). 

 

13

 

C atom percent enrichment of plasma glucose (pen-
taacetate) was determined by GC-MS, as described previously (6, 7).

 

NMR spectroscopic techniques.

 

During the measurements, the
subjects remained supine within an NMR spectrometer (Bruker In-
struments, Inc., Billerica, MA; 1-m bore, 2.1T). The gastrocnemius
muscle of the right leg was positioned within the homogeneous vol-
ume of the magnet on top of a concentric surface coil probe. The
probe consisted of a 9-cm-diameter inner coil for 

 

31

 

P or 

 

13

 

C acquisi-
tion and a 13-cm outer coil for 

 

1

 

H acquisition, decoupling, and shim-
ming.

 

13

 

C-NMR spectra were obtained with a pulse-acquire sequence in
10-min blocks consisting of 4,800 scans using a 90

 

8

 

 pulse at coil center
and a repetition time of 120 ms. Decoupling at the 

 

1

 

H frequency at a
power of 15 W was applied at the glycogen C1 proton resonance fre-
quency during the 25.6-ms acquisition period. Quantitation of the [1-

 

13

 

C] glycogen concentration in glucosyl units was relative to a solution
of oyster glycogen in a mold of the right calf of each subject (6). A 2-cm
sphere containing [

 

13

 

C]formic acid was used as a pulse power and
loading calibration. The 

 

13

 

C-NMR muscle glycogen measurement has
been validated by comparison with biochemical assay of glycogen
measured in biopsied human muscle tissue (12).

 

31

 

P-NMR spectra were obtained using a 70

 

8

 

 pulse at coil center
(100 

 

m

 

s) with a repetition time of 2 s and a 256-ms acquisition time (9,
10). During acquisition, 

 

1

 

H power (1 W) was applied at the position
of the C6 protons of G-6-P to decouple the 

 

J

 

H-P

 

 interaction. Spectra
were acquired in 288 scans with 4,096 data points. Time domain data
were zero filled and apodized using either a 2- or 10-Hz exponential
function and a mild 500-Hz profile correction. Concentrations of me-
tabolites were calculated from the data as described (9, 10). The area
of the 

 

b

 

 resonance of ATP was used as an internal concentration
standard and was assumed to represent a concentration of 5.5 mmol/
kg of muscle (9, 10). Chemical shifts are referenced to PCr at 0.00
ppm. The resonance for G-6-P is in a region of the 

 

31

 

P-NMR spec-
trum in close proximity to other phosphomonoesters resonances. Any
potential contribution from other phosphomonoester resonances,
which have chemical shifts upfield (lower ppm) to G-6-P, was mini-
mized by integrating over the chemical shift range of the downfield
half of the G-6-P resonance (7.43–7.13 ppm) and multiplying by two,
as described previously (9, 10). The precision of the G-6-P concentra-
tion measurement was determined from the root mean square (RMS)
amplitude variation in the NMR difference spectrum due to spectral
noise (9). The RMS amplitude variation due to noise, which is inde-
pendent of signal intensity, was calculated as one-fifth of the maxi-
mum peak to peak amplitude variation in a 1-kHz bandwidth in the
spectrum (100 times the G-6-P resonance bandwidth) not containing
resonances. The average RMS noise would result in a 1 SD variation
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in the measured G-6-P concentration of 0.015 mmol/kg of muscle in a
40-min difference spectrum. Variation in intensity due to spectrome-
ter instability was a second potential source of error in the G-6-P
measurement. 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 accu-
racy the measured G-6-P basal concentrations would result in a varia-
tion in intensity (IDDM: 

 

,

 

 0.0011; controls: 

 

,

 

 0.0013 mmol/kg of
muscle) 

 

.

 

 10-fold less than the variation due to RMS noise. The 

 

31

 

P-
NMR G-6-P measurement has been validated in an animal model by
comparison with chemical assay of G-6-P done on muscle frozen in
situ (13).

 

Calculations.

 

Increments in muscle glycogen concentration were
calculated from the increase in [

 

13

 

C]glycogen concentration and the
plasma [1-

 

13

 

C]glucose atom percent enrichment during the [1-

 

13

 

C]glu-
cose infusion as described (6–8). Net rates of glycogen synthesis were
calculated from the slope of the least-squares linear fit to their glyco-
gen concentration curve from 

 

t

 

 

 

5

 

 150 to 240 min. Previously, we have
equated the slope with the rate of glycogen synthesis, 

 

V

 

in

 

, assuming
that any concurrent glycogen breakdown would not result in loss of
labeled glycogen, because the [1-

 

13

 

C]glycogen signal intensity was
monitored during the initial period of glycogen repletion (

 

t

 

 

 

5

 

 1–2 h)
when basal glycogen stores represented the majority of glycogen
available for mobilization by glycogen phosphorylase. However, in
this study, we did not begin monitoring changes in [1-

 

13

 

C]glycogen
until 150 min after the start of the [1-

 

13

 

C]glucose infusion, when la-
beled glycogen could represent a significant fraction of glycogen
present in the muscle. Therefore, under these conditions it is likely
that both labeled and unlabeled glycogen is being lost during the
measurement of the [1-

 

13

 

C]glycogen signal and that the calculated
rate may therefore more closely approximate the net rate of glycogen
synthesis, 

 

V

 

net

 

 (where 

 

V

 

net

 

 

 

5

 

 

 

V

 

in

 

 

 

2

 

 

 

V

 

out

 

), as opposed to the absolute
rate of glycogen synthesis, 

 

V

 

in

 

.
Previously, as given by Eq. 1, the minimal estimate of glycogen

breakdown, 

 

V

 

out

 

, during the chase period of unlabeled glucose was
determined from the difference in the observed change of the [1-

 

13

 

C]glycogen concentration, 

 

D

 

[

 

13

 

C-Gly]

 

o

 

, and the predicted change of
the [1-

 

13

 

C]glycogen concentration calculated from the time interval,

 

D

 

T

 

, the synthetic rate, 

 

V

 

in

 

, and plasma glucose fractional enrichment,

 

fe

 

glc

 

 (8). As discussed, we have purposely calculated the minimal
value of 

 

V

 

out

 

 by assuming a maximum value for the [1-

 

13

 

C]glycogen
fractional enrichment, 

 

fe

 

gly

 

, equal to the maximum fractional enrich-
ment of plasma glucose, 

 

fe

 

glc (8):

 (1)

However, with the consideration that our synthetic rate probably
approximates Vnet, as opposed to Vin, we derived Eq. 2 to calculate
Vout under these conditions:

 (2)

Glycogen turnover was calculated as:

 (3)

Statistics. Measurements are given as the group mean6SEM. Sta-
tistical differences between groups were performed using the Stu-
dent’s t test.

Results

Hyperglycemic-hyperinsulinemic clamp. Basal glucose and
free insulin plasma levels were both slightly higher in the
IDDM subjects (6.660.5 mM and 8266 pM) compared with
the control subjects (5.260.2 mM and 5867 pM) (P , 0.01).
There were no differences in the basal concentrations of me-
tabolites determined by 31P-NMR (G-6-P, 0.1160.03 and

Vout (1 fegly)⁄ (∆T V in feglc⋅ 2∆[ C-Gly]
13

o).⋅ ⋅=

Vout [1 (⁄ fegly feglc)] (∆T Vnet feglc2∆[ C
13

-Gly]o).⋅ ⋅⋅–=

Gly turnover (%) 100 (Vout V in).⁄⋅=

0.1360.01 mmol/kg of muscle; Pi, 3.460.4 and 3.060.2 mmol/
kg of muscle; PCr, 24.660.9 and 23.260.7 mmol/kg of muscle;
pH 7.0560.01 and 7.0360.01; P 5 NS for IDDM and controls,
respectively). Unlike G-6-P and PCr which are confined to the
intracellular space, the Pi signal observed in the 31P spectra of
the muscle tissue is from both intracellular and extracellular
Pi, thereby precluding any firm conclusions regarding changes
in the intracellular phosphate concentration. Steady state for
plasma glucose concentration was reached by z 15 min, and
z 90 min for 13C plasma glucose enrichment in both groups.
Mean steady state plasma glucose concentration (IDDM,
9.060.1 mM; control, 8.960.2 mM, P 5 NS) and free insulin
concentration (IDDM, 402618 pM; control, 417614 pM, P 5
NS) were similar between the two groups. Baseline blood lac-
tate concentration was similar in the two groups (IDDM,
0.5960.04 mM; control, 0.6560.07 mM, P 5 NS) and increased
significantly during the hyperglycemic-hyperinsulinemic clamp
(IDDM, 0.9160.04 mM; control, 1.2760.13 mM, both P , 0.05
compared with basal, P , 0.05 control vs. IDDM). During the
clamp, both groups had an initial increase in rates of whole
body glucose metabolism that plateaued by 180 min (Fig. 1).
Whole body glucose metabolic rates were z 40% less in the
IDDM subjects compared with the controls at all times
throughout the study (P , 0.05). During the time interval (60–
120 min) for measurement of G-6-P concentrations under hy-
perglycemic-hyperinsulinemia, whole body glucose metabolic
rates were not significantly different between study days
(IDDM, 3266 vs. 3465 mmol/kg of body weight per minute;
controls, 5764 vs. 6667 mmol/kg of body weight per minute,
glycogen synthesis rates vs. G-6-P measurements, respec-
tively). During euglycemic-hyperinsulinemia (protocol 3),
mean whole body glucose metabolic rates fell to 4163 mmol/
kg of body weight per minute in the control subjects. Rates of
glycogen synthesis and turnover were measured during an in-
terval of steady state whole body glucose metabolism; 5766 vs.
96611 mmol/kg of body weight per minute from 180 to 240
min, 5162 vs. 90611 mmol/kg of body weight per minute from
300 to 360 min (IDDM vs. control subjects, respectively).

Figure 1. Mean rates of nonoxidative and oxidative whole body glu-
cose metabolism in control subjects and subjects with poorly con-
trolled IDDM during a 6-h hyperglycemic-hyperinsulinemic clamp. 
*P , 0.05 (compared with the control subjects during the same time 
interval).
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Rates of glucose oxidation were similar in both groups and did
not change appreciably during the clamp (controls, 2363
mmol/kg of body weight per minute; IDDM, 2062 mmol/kg of
body weight per minute, P 5 NS).

Muscle glycogen synthesis. Glycogen synthesis rates were
measured after the subjects had reached steady state rates of
whole body glucose metabolism. By this time, there is consid-
erable 13C enrichment of the glycogen. In contrast to our ear-
lier studies (6–8), turnover of glycogen would therefore result
in loss of 13C label simultaneous with net incorporation, and
the observed change in the [1-13C]glycogen signal can best be
equated with net glycogen synthesis, Vnet. To determine Vin un-
der these conditions therefore, it is necessary to also determine
Vout. The rate of [1-13C]glucose incorporation into C1 glycogen
was linear in both groups (IDDM subjects, r 5 0.94460.031;
controls, r 5 0.97860.009) and the net rates of muscle glyco-
gen synthesis were calculated to be 108616 mmol/liter of mus-
cle per minute in the IDDM group and 19566 mmol/liter of
muscle per minute in the control group (P , 0.001). Assuming
that muscle mass is equivalent to 26% body weight (14), net
muscle glycogen synthesis could account for 76616% and
69617% of nonoxidative glucose metabolism in the IDDM
and control subjects, respectively (Table I).

Muscle glycogen turnover. Glycogen turnover as determined
from the loss of labeled glycogen during the unlabeled-glucose
chase period was significantly less (P , 0.05) in the IDDM
subjects, 1664%, than in the control group, 3365%. Since gly-
cogen breakdown relative to synthesis was also much less than
that of the control subjects, the impaired rate of net glycogen
synthesis in the IDDM was the result of a marked reduction
in flux through glycogen synthase. Hence, absolute fluxes
through both glycogen synthase and phosphorylase are re-
duced in the IDDM subjects.

Muscle G-6-P. Intramuscular metabolite concentrations ob-
served by 31P-NMR are reported in Table I and representative
spectra are presented in Fig. 2. Basal G-6-P concentrations
were similar in the IDDM and control subjects, 0.1160.03
mmol/kg of muscle and 0.1360.01 mmol/kg of muscle (P 5
NS), respectively. Under hyperglycemic-hyperinsulinemic con-
ditions, the mean G-6-P concentration rose in the control sub-
jects to a steady state value of 0.2560.01 mmol/kg of muscle
during the clamp which was z 40% higher than the concentra-
tion of 0.1860.02 mmol/kg of muscle observed in the IDDM
subjects (P , 0.05). During the euglycemic-hyperinsulinemic
clamp where the metabolic rate of the controls matched that of
the IDDM subjects during hyperglycemic-hyperinsulinemia,
the G-6-P concentration fell to 0.1860.01 mmol/kg of muscle
in the controls.

Discussion

To better understand the mechanism of insulin resistance
which occurs in patients with IDDM, we measured net rates of
muscle glycogen synthesis and turnover (using 13C-NMR), and
changes in intramuscular G-6-P concentrations (using 31P-NMR),
in subjects with poorly controlled IDDM and in age-weight–
matched healthy control subjects under similar conditions of
hyperglycemic-hyperinsulinemia. Plasma concentrations of free

Table I. Metabolic Data during Hyperglycemic-Hyperinsulinemia

Glucose metabolism Muscle glycogen

Study group Total Oxid Nonoxid Vnet Vout Vin dG-6-P dPi

mmol/kg body wt per minute mmol/liter of muscle per minute mmol/kg of muscle

IDDM 5766 2062 3766 108616 2168 129624 0.0760.02 1.1060.70
Controls 96611 2363 73611 19566 96619 291624 0.1360.02 0.6460.06
P value , 0.05 NS , 0.05 , 0.001 , 0.05 , 0.05 , 0.05 NS

Figure 2. Phosphomonoester/Pi region of representative 31P-NMR 
difference spectra (clamp minus baseline) of the gastrocnemius mus-
cle of a normal (top) and poorly controlled IDDM (bottom) subject 
during hyperglycemic-hyperinsulinemia. The middle spectrum is a 
representative 31P-NMR difference spectrum (clamp minus baseline) 
of the gastrocnemius muscle of the same normal subject during eugly-
cemic-hyperinsulinemia when whole body glucose metabolism was 
similar to the IDDM during hyperglycemic-hyperinsulinemia.
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insulin were matched in both groups at a level that gives about
one-half maximal stimulation of muscle glucose uptake. By
combining these measurements with rates of whole body oxi-
dative glucose metabolism, the proportion of nonoxidatively
metabolized glucose incorporated into muscle glycogen (i.e.,
net glycogen synthesis) was estimated to be between 70 and
80% in both groups. The remainder of nonoxidative glucose
disposal could be accounted for by liver glycogen synthesis
(7). Thus, the major factor responsible for diminished rates of
insulin-mediated glucose disposal observed in patients with
poorly controlled IDDM is a defect in muscle glycogen syn-
thesis.

Net rates of glycogen synthesis could be reduced in the
IDDM subjects by any of several mechanisms. One possibility
might be due to higher rates of glycogen cycling as a result of
increased activity of glycogen phosphorylase relative to glyco-
gen synthase. To examine this question we performed [13C]glu-
cose pulse, [12C]glucose chase studies. As previously discussed,
this method will yield a minimal estimate of glycogen cycling
since it will not detect any labeled glycogen that cycles down to
G-6-P and returns to glycogen (8). Nevertheless, using this ap-
proach we calculated rates of glycogen turnover in the healthy
controls of z 30% during times of net glycogen synthesis. In
the IDDM subjects, muscle glycogen turnover was decreased
by one-half to z 16%. It is unclear what factors account for the
decreased glycogen turnover rate in the IDDM subjects. One
possibility is that the reduced glycogen phosphorylase flux rate
could be a secondary effect of glucose toxicity. Another possi-
bility is that the turnover rate is proportional to glycogen con-
centration, and that the concentration of muscle glycogen in
the IDDM subjects is less than that of the controls. To discrim-
inate between these possibilities, it would be necessary to ob-
tain turnover rates in healthy controls at different muscle gly-
cogen concentrations and at concentrations matched to that of
the IDDM subjects. However, it is clear from this study that
the decrease in net glycogen synthesis in the IDDM subjects
was not the result of greater glycogen cycling, but rather due to
decreased flux through glycogen synthase.

To determine other biochemical factors underlying the re-
duced rates of glycogen synthesis in the diabetic subjects, we
used 31P-NMR to measure intracellular concentrations of G-6-P
in the subjects before and during the hyperglycemic-hyperin-
sulinemic clamp and during a euglycemic-hyperglycemic clamp
in the control subjects to match their whole body glucose me-
tabolism with that of the IDDM subjects. Analysis of the cor-
relation of the glycogen synthesis rate with the incremental
change in G-6-P makes it possible to determine the rate-con-
trolling step for glycogen synthesis (10, 15). The increment in
G-6-P concentration in the IDDM subjects in response to the
glucose infusion was about half of that seen in the controls.
With similar rates of nonoxidative glucose disposal, there was
no significant difference in the G-6-P concentration between
the groups. If glycogen synthase were rate-limiting, a buildup
of G-6-P would be expected concomitant with the reduced
rates of glycogen synthesis seen in the diabetic subjects. Since
the increment in intramuscular G-6-P concentration was lower
in the IDDM subjects when their nonoxidative glucose dis-
posal was also lower than the healthy controls, and since
matching nonoxidative glucose disposal resulted in equivalent
G-6-P concentrations in both groups, it is clear that either glu-
cose transport and/or phosphorylation is rate-controlling for
glycogen synthesis and is impaired in the diabetic subjects.

While it is theoretically possible that an increased rate of
glycolysis could explain the smaller increment in G-6-P con-
centration in the IDDM subjects, this is very unlikely since any
increase in glycolytic lactate production would be included in
the measured rate of nonoxidative glucose metabolism which
was z 50% lower in the IDDM subjects. Furthermore, the
lower concentrations of blood lactate observed in diabetic sub-
jects during the hyperglycemic-hyperinsulinemic clamp sug-
gest that rates of glycolysis were (if anything) lower in the dia-
betic subjects than the control subjects. Finally, a higher rate of
oxidative glycolysis would be reflected by an increase in rates
of glucose oxidation which were not significantly different be-
tween groups. Our observations are consistent with the hy-
pothesis that insulin resistance in patients with poorly con-
trolled IDDM is due to desensitization of the glucose transport
system by elevated intramuscular concentrations of hex-
osamine and is consistent with some recent studies in rodents.
Baron et al. have shown that an infusion of glucosamine during
euglycemic-hyperglycemic clamps in awake rats resulted in an
z 40% decrease in the translocation of GLUT4 transporters
to the muscle membrane and an z 33% reduction in glucose
uptake compared with the control animals (5). In another
study Herber and McClain created a transgenic mouse model
which overexpresses the GFAT enzyme and demonstrated
that these mice were insulin resistant as reflected by relative
hyperinsulinemia in the fed state (16).

In summary, under hyperglycemic-hyperinsulinemic condi-
tions whole body glucose metabolism was reduced by z 40%
in the IDDM subjects compared with age-weight–matched
control subjects. The reduction in whole body glucose metabo-
lism in the diabetic subjects could be attributed to a reduced
rate of muscle glycogen synthesis, which accounted for most of
the insulin-stimulated glucose disposal in both groups. Net
rates of muscle glycogen synthesis in the IDDM subjects were
only about half that of the healthy controls and accounted for
most of the decrease in overall nonoxidative glucose disposal
in these subjects. The reduced rate of net glycogen synthesis in
the IDDM subjects was due to a marked reduction in glycogen
synthase flux as opposed to an increase in glycogen cycling.
Furthermore, from the 31P-NMR observation of a blunted in-
crease in intramuscular G-6-P concentration in the diabetic
subjects during the clamp, we determined that the major rea-
son for this reduced rate of muscle glycogen synthesis can be
attributed to a defect in glucose transport/phosphorylation. 
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