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In vivo nuclear magnetic resonance (NMR) mea-

surements have allowed accurate determination
of glycogen concentrations and rates of synthe-
sis, measured by 13C NMR, and of glucose-6-
phosphate (G6P) concentrations, measured by
31P NMR, in non-insulin-dependent diabetes
mellitus (NIDDM) subjects and their age/weight-
matched controls. These NMR measurements,
when combined with more standard biochemical
data, have provided important insights into the
metabolic basis of NIDDM. The present review
summarizes NMR studies carried out in our lab-
oratory. These have been presented as simply as

possible by ignoring the complexities of the ex-

perimental methods and conditions, and without
recounting the significance of other studies
which have been properly addressed in our orig-
inal publications.

THE ROLE OF MUSCLE
GLYCOGENESIS IN GLUCOSE
DISPOSAL
NIDDM is a genetic disease afflicting about 5% of
the American population. In "closed societies,"
such as the Pima Indians in Arizona, most adults
are stricken by NIDDM (1). The disease is char-
acterized by hyperglycemia (high plasma glucose
levels) with numerous, presumably secondary,
pathological conditions in the eyes, kidneys, and
other organs. NIDDM patients produce insulin
from the ,3 islets of their pancreas; they are,

however, resistant to the hormone's action and
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have slower glucose disposal rates than normal
individuals. In early life, insulin resistance is
counterbalanced by insulin overproduction by
the pancreas; as a result, while young subjects
often have impaired glucose tolerance, they are
not substantially hyperglycemic. The disease de-
velops later in life when insulin secretion no
longer compensates for resistance. This "switch"
depends upon body weight, diet, and exercise in
ways not yet completely understood.

At the time we began our NMR experiments,
studies had indicated that, after a glucose load,
glucose was consumed mainly in the muscle,
where it was presumably stored as glycogen (2).
It was thus believed that muscle was the princi-
pal site of insulin resistance in NIDDM. Measure-
ments of the rate of muscle glycogen synthesis,
however, were not sufficiently accurate to test
this hypothesis directly. Our contribution to
these studies consisted of providing accurate
measurements of glycogen concentrations both
in muscle and in liver by using 13C NMR. Glyco-
gen in solution (3) and in vivo (4) gave well-
resolved resonances in the 1 3C NMR spectra,
which, when compared with those from stan-
dardized solutions, allowed quantitative deter-
mination of glycogen concentrations in vivo (5).
This was unexpected for a large molecule like
glycogen (molecular weight: 108 daltons) that
ordinarily gives resonances too broad to be re-
solved. Subsequent chemical NMR experiments,
however, showed that the glycogen molecule
has uniformly rapid internal motion, thereby ex-
plaining its spectral visibility.

The experiments reviewed here were all per-
formed in a 2.1 -T magnet 1 m in diameter. Sub-
jects were placed in the magnet by lying supine
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FIG. 1. Typical course of 13C NMR spectra of
muscle glycogen in a representative normal
subject during a hyperglycemic-hypersulinemic
clamp
The Cl peak of glycogen appears at 100.4 ppm.
Adapted from Shulman et al., N. Engl. J. Med. 322:
223-228. Copyright 1990. Massachusetts Medical
Society. All rights reserved.

on a sliding bed. The Bruker NMR spectrometer
was significantly modified in order to obtain
high-resolution images and 1H, 13C, or 31P NMR
spectra. NMR spectra were obtained from a cir-
cular surface coil 9 cm in diameter tuned either
to the 13C or 31p frequencies. Proton decoupling,
imaging, and shimming were accomplished by a

larger concentric coil tuned to the 'H resonance

frequency. Spectra were obtained by a simple
pulse-acquire sequence, while decoupling was

usually achieved by continuous wave irradiation.
In our first experiments, 13C NMR measure-

ments of muscle glycogen concentrations were

obtained in subjects with NIDDM and in their
age/weight-matched controls during a hyperin-
sulinemic-hyperglycemic clamp, which simu-
lated post-prandial conditions (Fig. 1) (6). In
both groups, total muscle glycogen synthesis was
equal to total nonoxidative glucose consumption
(Fig. 2). The two groups, however, differed in
their rates of muscle glycogen synthesis (and the
corresponding rates of nonoxidative glucose con-

sumption), where NIDDM patients synthesized
glycogen one-half as fast as controls. This exper-

iment thus indicated that reduced muscle glyco-
gen synthesis is the major factor responsible for
the deficit in glucose disposal in NIDDM.

The reduced muscle glycogen synthesis in
subjects with NIDDM could represent a defect
either present before developing symptoms of

10r

8k

.- 6

E
m 4

2

0

M Nonoxidative Glucose Disposal Rate

Oxidative Glucose Disposal Rate

E Glycogen Synthetic Rate (13C NMR)

Normal NIDDM
FIG. 2. Oxidative and nonoxidative glucose
disposal and glycogen synthesis rates in normal
and IDDM subjects
The oxidative and nonoxidative glucose disposal
rates were determined from glucose clamp require-
ments and indirect calorimetry. The whole body rate
of glycogen synthesis was calculated by adding the
'3C NMR rate measured in the gastrocnemius mus-

cle over the total body muscle mass. In both groups,
total nonoxidative glucose disposal is accounted for
by total muscle glycogen synthesis, but in the
NIDDM group this rate is about one-half of that in
the control group. Adapted from Shulman et al., N.
Engl. J. Med. 322: 223-228. Copyright 1990. Massa-
chusetts Medical Society. All rights reserved.

the disease or result from the down-regulation of
one or more steps in the pathway by chronic
hyperglycemia. In order to answer this question,
we performed the identical experiment in young
healthy subjects who were classified as being at
high risk of developing diabetes (prediabetics) on

the basis of having diabetic parents and impaired
glucose tolerance (7). Similar to subjects with
NIDDM, the glycogen synthesis rate of prediabet-
ics was one-half that of the controls. These re-

sults provided strong evidence that the metabolic
defect in NIDDM was indeed in the muscle gly-
cogen synthesis pathway and that it was genetic
in origin.

MUSCLE GLUCOSE
TRANSPORTERS/HEXOKINASE
AND THE SITE OF INSULIN
RESISTANCE
Figure 3 shows the well-established muscle gly-
cogen synthesis pathway. During stimulation by
insulin or when recovering from glycogen de-
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FIG. 3. Schematic representation of the glycogenic pathway
It shows intermediates, branching points, and some hormonal control points. G6P, glucose-6-phosphate; GT, glu-
cose transporter; Hk, hexokinase; Gi, intracellular glucose.

pleting exercise, glucose transporters are re-
cruited from intracellular vesicles to the plasma
membrane (8, 9). This, in turn, facilitates diffu-
sion of glucose into the cell, where it is converted
to G6P. Insulin also controls another step in this
pathway: the activity of the enzyme muscle gly-
cogen synthase (GSase). This enzyme has four
identical subunits each containing nine serines
that can be phosphorylated and dephosphory-
lated by numerous kinases and phosphatases,
thereby regulating its level of activity (10, 11).
Since GSase is activated synchronously with
changes in glycogenic flux, the enzyme has
often been described as "controlling" the rate
of glycogen synthesis. If indeed GSase activity
were the rate determining step in glycogen
synthesis, one might expect that G6P concen-
trations in NIDDM patients (who have reduced
glycogen synthesis rates) would be higher than
in normal controls under the same clamp
conditions.

As we had previously been able to resolve
the G6P resonance by 31P NMR in the human
gastrocnemius muscle (12), we believed it would
be possible to quantitate steady-state G6P con-
centrations during the hyperglycemic-hyperin-
sulinemic clamp. The results of this experiment
are shown in Fig. 4. Contrary to expectations,
muscle G6P concentrations were lower in
NIDDM patients than in normal controls during
the same clamp conditions. Since the driving
force for glycogen synthesis was the same for
both groups, this indicated that the defect in the
glycogen synthesis pathway in NIDDM patients
is proximal to G6P, implicating either glucose
transporters (GT) or hexokinase (Hk) activity.

This conclusion, although unexpected, was
not completely surprising, since both GT and Hk
enzyme activities are controlled by insulin. As
mentioned above, recruitment of GT to the
plasma membrane after insulin stimulation has
been well characterized (8); similarily, increased
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FIG. 4. 31P NMR spectra of the gas-
trocnemius muscle of a normal sub-
ject
A baseline spectrum and a spectrum ac-
quired over 40-80 min into the low-
dose insulin clamp, as well as the differ-
ence between these two spectra, are
shown. In the difference spectrum
(clamp minus baseline), and increase in
the resonances of G6P (7.13 ppm) and Pi
(4.88 ppm) is observed during the
clamp. The increase in G6P resonance
intensity corresponds to an increase in
G6P concentration of 0.13 mmol/kg of
muscle. The decrease in Pcr (0.00 ppm)
is not completely shown in this plot due
to its greater magnitude. Reprinted with
permission from Rothman et al. (7).

Hk activity in response to insulin has been
strongly suggested (13). Furthermore, there are
several reports suggesting that the stimulation of
glucose transport by insulin is reduced in NIDDM
patients and their offsprings, based on reduced
glucose uptake (14, 15).

Despite this evidence indicating that reduced
GT/Hk activity is responsible for reduced glucose
consumption in NIDDM, the notion that GSase
activity "controls" glycogenic flux in normal in-
dividuals has persevered. Surprisingly, experi-
mental data provided little support for this view.
Prior to our NMR studies, there was poor agree-
ment between muscle GSase activity measured
in human muscle biopsy samples and in vivo
glycogenic flux. It was known from the early
work of Piras and colleagues (16) that G6P is a
positive allosteric effector of GSase. Their exper-
iments showed that in vivo concentrations of
ATP inhibited GSase and that this inhibition was
overcome by G6P concentrations varying be-
tween -100 ,uM for the more active form of
GSase to several millimolar for the less active
form. However, difficulties in correlating GSase
activities measured in human biopsy samples
with flux had been confounded by G6P concen-
trations reported in biopsies which were too high
to provide agreement with glucose uptake mea-
surements (presumably due to extraction arti-
facts) (17). Our noninvasive measurements of
G6P allowed us to show that in the rat muscle
(where we could assay the enzyme activity ac-
curately) there was excellent agreement be-
tween GSase activity and the flux.

G6P Pi PCr

Difference I16

10.0 5.0 0.0 -0.0 -10.0 -15.0ppw

MUSCLE GT/Hi CONTROL
GLYCOGEN SYNTHESIS IN
NORMAL SUBJECTS
Our experiments showed that in NIDDM subjects
the GT/Hk step was mainly responsible for con-
trolling glycogenic flux. This did not prove, how-
ever, that this early step also controlled flux in
healthy subjects since the primary defect in
NIDDM could have caused a reduction in GT/Hk
activity. For this reason, experiments were de-
signed in normal human and rat muscle in ac-
cordance with the metabolite control analysis
(MCA) developed by Kacser and colleagues (18).
They had proposed that each step in a pathway
can be characterized by a flux control coefficient
(C), where C is the fractional change in flux/
fractional change in enzyme, while maintaining
all the other parameters constant. In a linear
pathway, the maximum value of this coefficient
is one for a particular step, which would indicate
that it controls the flux. Our experiments con-
sisted of altering GT/Hk enzyme activity by
changing plasma glucose levels while maintain-
ing insulin concentrations constant; the rate of
glycogen synthesis was then measured by 13C
NMR (7). This showed that flux was proportional
to plasma glucose concentrations and established
a flux control coefficient of approximately one
for the GT/Hk step (19). Thus, a model was pro-
posed in which flux control in muscle glycogen
synthesis pathway is primarily at the GT/Hk (and
not the GSase) step. According to this model,
increased glucose transport raises G6P levels,
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which in turn increase GSase activity by alloste-
ric control, thereby ensuring agreement between
GSase activity and flux.

Given that the GT/Hk step controls the rate
of glycogen synthesis, why is the activity of
GSase so tightly regulated by phosphorylation?
The simple answer is that GSase activity is regu-
lated in order to avoid unphysiologically high
levels of G6P during changes in flux. This novel
function of enzyme phosphorylation to control
levels of an intermediate in a pathway, rather
than controlling flux, provides alternative expla-
nations for the many kinases and phosphatases
identified in biochemical pathways and these
possibilities are further discussed elsewhere (20).

GLYCOGEN SYNTHESIS AFTER
EXERCISE
Intense exercise depletes glycogen and leads to a
subsequent period of resynthesis (21). Early bi-
opsy measurements (22) indicated that after in-
tense depletion, a rapid period of synthesis oc-
curs during the first hour, followed by several
hours of slower synthesis and gradual return to
basal levels. In studies where exogenous insulin
was administered to subjects with insulin-depen-
dent diabetes mellitus, the rapid phase was
shown to be insulin independent and the subse-
quent phase insulin dependent (22).

These results have been confirmed and ex-
tended by our in vivo 13C NMR studies of healthy
nondiabetic subjects. Rates of glycogen synthesis
were derived from the slope of the curve ob-
tained by plotting glycogen concentrations as a
function of time (23). The rapid phase of glyco-
gen resynthesis was observed only after severe
glycogen depletion (<25% of basal) and the pe-
riod of slower resynthesis after less severe deple-
tion (Fig. 5). The transition from insulin-inde-
pendent to insulin-dependent phases took place
at -30 mM glucose equivalents. The insulin-
dependent and -independent phases were iden-
tified by measurements using somatostatin infu-
sion to inhibit insulin secretion. In the absence of
insulin, the initial rapid phase was not affected,
while the slower, later phase was completely
inhibited (2 3).

We then studied the effects of insulin resis-
tance by determining glycogen synthesis rates
after exercise that decreased muscle glycogen to
-25% of basal levels in eight young, lean, nor-
moglycemic, insulin-resistant offspring of par-
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FIG. 5. Recovery of glycogen after depletion to
25% of resting levels in normal subjects under
conditions where insulin secretion is either
normal or inhibited by somatostatin infusion
0, conditions in which insulin secretion was inhib-
ited; A, normal insulin secretion; T, return of insu-
lin secretion to normal (somatostatin infusion was
discontinued). Reprinted with permission from Price
et al. (23).

ents with NIDDM and compared them with
those in age/weight-matched controls (24,25).
Glycogen synthesis rates during the first hour
after exercise, which is the insulin-independent
recovery period, was the same in both groups
(15.5 ± 1.3 mM/hr in insulin-resistant subjects
and 15.8 ± 1.7 mM/hr in the controls). After the
first hour, during the insulin-dependent period,
glycogen synthesis rates in the insulin-resistant
subjects were negligible but they were signifi-
cantly higher in the controls. These results pro-
vide evidence that the early, rapid rate of glyco-
gen resynthesis after glycogen-depleting exercise
is not impaired in the insulin-resistant offspring
of NIDDM parents but the later, insulin-depen-
dent phase is considerably impaired.

NMR STUDIES OF HEPATIC
GLYCOGEN IN NIDDM SUBJECTS
AND CONTROLS
Since the 13C isotope measured in these NMR
experiments is only 1. 1% naturally abundant, in
our studies signal strength was sometimes im-
proved by infusing subjects with substrates con-
taining 13C (such as 1-_3C glucose). This type of
labeling also permitted the measurement of
turnover rates and thus to distinguish a kineti-
cally inert glycogen pool from one that is contin-
ually being synthesized and degraded. In the
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muscle, our experiments showed that the glyco-
gen pool at rest was static. After infusion with
1-_3C glucose and intense exercise of one leg,
turnover of label was not detected in the non-
exercised leg. In contrast, in the liver glycogen
was continually being synthesized and degraded,
even at steady-state concentrations (26). This
was established by monitoring glycogen concen-
trations by 13C NMR during 1-13C glucose infu-
sion in the rat and chasing with unlabeled glu-
cose.

In a series of experiments using fed and
fasted healthy nondiabetic subjects, we showed
that the rate of hepatic glycogen degradation, or
glycogenolysis, increased with higher glycogen
concentrations. In a complementary fashion, the
rate of glycogen synthesis decreased as glycogen
concentrations increased. Thus, the resting level
of hepatic glycogen is in a dynamic steady state
where synthesis equals degradation (27).

It is well known that the rate of hepatic
glucose production is higher in diabetics. In order
to determine the individual contributions of glu-
coneogenesis and glycogenolysis to hepatic glu-
cose production, we used 13C NMR methods.
Experiments were conducted first in a group of
nondiabetic human subjects in order to establish
the methodology and then repeated in another
cohort of subjects with NIDDM and their age/
weight-matched controls. Measurements taken
in the first experiments (28) on young normal
subjects during a 68-hr fast, were based on a
model whereby hepatic glucose production is
equal to gluconeogenic flux plus glycogenolytic
flux. Rates of total glucose production were cal-
culated by infusing 6-3H-labeled glucose during
the fast and measuring the decrease in radioac-
tivity as unlabeled glucose was produced. Glyco-
genolysis rates were determined by measuring
hepatic glycogen by 13C NMR as a function of
time (Fig. 6). In order to measure total hepatic
glycogen, volumetric measurements by magnetic
resonance imaging (MRI) were taken several
times during the fast to correct the 13C NMR
intensities which measured glycogen concentra-
tions by changes in liver volume. Gluconeogen-
esis accounted for 64 ± 5% of total glucose pro-
duction during the first 22 hr of the fast. In the
subsequent 14- and 18-hr periods, gluconeogen-
esis accounted for 82 ± 5% and 96 ± 1%, re-
spectively, of total glucose production. Based on
these in vivo measurements, gluconeogenesis ac-
counted for a larger fraction of glucose produc-
tion than had been previously reported.

In a similar study using NIDDM patients in
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FIG. 6. Typical course of 13C NMR spectra of
the naturally abundant Cl position of hepatic
glycogen in a representative normal subject
during 64 hr of fasting
Reprinted with permission from Rothman et al., Sci-
ence 254: 573-576. Copyright 1991. American Asso-
ciation for the Advancement of Science.

the first 23 hr of fasting, gluconeogenesis was
shown to account for 88 ± 2% of glucose pro-
duction in the NIDDM patients and 70 ± 6% in
their age/weight-matched controls. We con-
cluded that gluconeogenesis is the pathway re-
sponsible for the majority of glucose production
both in NIDDM patients and in normal controls
and that the increased rate of hepatic glucose
production in NIDDM patients is due to en-
hanced gluconeogenesis.

SUMMARY
In this review, the results of a series of NMR
experiments investigating glucose storage and
synthesis in NIDDM patients and normal con-
trols have been summarized. These have shown:

1. The deficit in nonoxidative glucose dis-
posal in NIDDM subjects results from a
defect in the muscle glycogen synthesis
pathway.

2. Reduced activity of glucose transporter/
hexokinase step in this pathway ac-
counts for the reduced rate of glycogen
synthesis in NIDDM patients.

3. This reduced activity of GT/Hk is a ge-
netic defect present before the clinical
onset of disease in prediabetic descen-
dants of diabetic parents.

4. In muscle from normal, healthy subjects
the rate of glycogen synthesis is con-
trolled by the glucose transport/hexoki-
nase activity step and not by the activity
of the muscle glycogen synthase en-
zyme.
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5. Hepatic gluconeogenesis is responsible
for most hepatic glucose production dur-
ing an overnight fast in both normal
and NIDDM subjects, and increases in
gluconeogenic flux are responsible for
the increased rate of hepatic glucose
production in NIDDM subjects.

6. In contrast to human muscle, where
glycogenesis ceases at rest, in the liver
gluconeogenesis and glycogenolysis are
always active.

Numerous previous studies were considered
prior to embarking in each of these NMR exper-
iments. In the original research articles we pub-
lished, the earlier studies were discussed in terms
of the relevant literature. Here, however, I have
chosen to present the NMR data as simply as
possible, in the hope of exposing the significance
of these studies by disentangling the results from
the complexities of NMR methodology.
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