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Increased Epinephrine and Skeletal Muscle Responses to Hypoglycemia
in Non-Insulin-dependent Diabetes Mellitus
Harry Shamoon, Seth Friedman, Carlos Canton, Leon Zacharowicz, Meizhu Hu, and Luciano Rossetti
Division of Endocrinology and Diabetes Research and Training Center, Albert Einstein College of Medicine, Bronx, New York 10461

Introduction

Weevaluated skeletal muscle counterregulation during hypo-
glycemia in nine subjects with non-insulin-dependent diabetes
mellitus (NIDDM) (HbA1, 9.4±0.5%, nl < 6.2%) compared
with six normal controls, matched for age (51±3 and 49±5 yr,
respectively) and body mass index (27.3±1.2 and 27.0±2.1 kg/
In2). After 60 min of euglycemia (plasma insulin 140 ;&U/
ml), plasma glucose was lowered to 62±2 mg/dl by 120 min.
Hypoglycemia induced a 2.2-fold greater increase in plasma
epinephrine in NIDDM(P < 0.001), while the plasma gluca-
gon response was blunted (P < 0.01). Hepatic glucose output
(13H-3jglucose) suppressed similarly during euglycemia, but
during hypoglycemia was greater in NIDDM(P < 0.005). Con-
versely, glucose uptake during euglycemia was 150% greater in
controls (P < 0.01) and remained persistently higher than in
NIDDMduring hypoglycemia. In NIDDM, plasma FFA con-
centrations were approximately fivefold greater (P < 0.001),
and plasma lactate levels were - 40% higher than in controls
during hypoglycemia (P < 0.01); the rates of glycolysis from
plasma glucose were similar in the two groups despite a 49%
lower rate of glucose uptake in NIDDM(3.4±0.9 vs. 6.9±1.3
mg/kg per minute, P < 0.001). Muscle glycogen synthase ac-
tivity fell by 42%with hypoglycemia (P < 0.01 ) in NIDDMbut
not in controls. In addition, glycogen phosphorylase was acti-
vated by 56% during hypoglycemia in NIDDM only (P
< 0.01). Muscle glucose-6-phosphate concentrations rose dur-
ing hypoglycemia by a twofold greater increment in NIDDM
(P < 0.01). Thus, skeletal muscle participates in hypoglyce-
mia counterregulation in NIDDM, directly by decreased re-
moval of plasma glucose and, indirectly, by providing lactate
for hepatic gluconeogenesis. Consequently, in addition to inher-
ent insulin resistance in NIDDM, the enhanced plasma epi-
nephrine response during hypoglycemia may partially offset
impaired glucagon secretion and counteract the effects of hy-
perinsulinemia on liver, fat, and skeletal muscle. (J. Clin. In-
vest. 1994.93:2562-2571.) Key words: hypoglycemia- muscle.
glycogen * NIDDM* insulin * epinephrine * glucagon * humans .
counterregulation * glycogen synthase * glycogen phosphory-
lase * glucose-6-phosphate * substrates * hepatic glucose output
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Hypoglycemia in insulin-dependent diabetes mellitus
(IDDM)' seems to result, in part, from defective counterregu-
lation due to deficiencies in secretion of glucagon and epineph-
rine (1, 2). Much less is known about counterregulation of
hypoglycemia in non-insulin-dependent diabetes (NIDDM).
Since many patients are insulin resistant (3), it may be that the
defect in glucose disposal is inherently protective. Onthe other
hand, when insulin is required for treatment of NIDDM, the
doses are generally high and in the range of values capable of
suppressing hepatic glucose output (HGO) (4).

In the most comprehensive study of hypoglycemia in
NIDDM, moderate experimental hyperinsulinemia sup-
pressed HGOand, together with impairment in glucagon secre-
tion, prevented the hepatic contribution to glucose recovery
seen in controls (5). Since a reduction of glucose disposal may
compensate for the impaired hepatic response to hypoglycemia
in both IDDMand NIDDM(2, 5), we hypothesized that skele-
tal muscle would be the major target for glucose counterregula-
tion in the periphery. First, reduction of glucose uptake by
muscle would make more glucose available to the brain. Sec-
ond, the inhibition by insulin ofgluconeogenesis from peripher-
ally derived substrates such as lactate may be mediated via
reduction of the flux of such substrates to the liver (6). In fact,
during hypoglycemia, it is likely that 3-carbon precursors from
the peripheral storage pools (i.e., muscle glycogen and adipose
tissue) are transferred to the liver to provide substrates for glu-
coneogenesis.

Lactate and alanine are the two major gluconeogenic pre-
cursors in humans (7) and in postabsorptive conditions are
mostly derived from the glycolysis of glycogen carbons (8).
Under hypoglycemic conditions, muscle glycogenolysis can be
expected to depend on the activities of glycogen synthase and
glycogen phosphorylase with either (a) activation of phosphor-
ylase; (b) inhibition of synthase; or (c) some combination of
both, ultimately resulting in a rise in muscle glucose-6-phos-
phate (G-6-P) concentrations. The rise in G-6-P could, in turn,
buffer the plasma glucose decline by either inhibiting glucose
transport or providing precursors for hepatic gluconeogenesis
via increased glycolysis of glycogen-derived glucosyl units in
muscle. The latter may be a particularly important mechanism
for the hepatic response to hypoglycemia in NIDDM since
gluconeogenesis accounts for a higher fraction of fasting
HGO(9).

Wereasoned that coordinated changes in muscle enzyme
activities during hypoglycemia would regulate glucose disposal

1. Abbreviations used in this paper: BMI, body mass index; G-6-P,
glucose-6-phosphate; GIR, glucose infusion rates; HGO, hepatic glu-
cose output; IDDM, insulin-dependent diabetes mellitus; NIDDM,
non-insulin-dependent diabetes mellitus; UDPG, uridine dephos-
phoglucose.
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and the mobilization of glucosyl units from muscle glycogen.
The balance between peripheral insulin action, hormonal/
neuronal counterregulation, and hypoglycemia per se must ul-
timately control the delivery of gluconeogenic substrates to the
liver. In this paper, we evaluated the response of muscle glyco-
gen metabolism to hypoglycemia by combining in vivo glucose
kinetics with the measurements ofthe activities ofthe rate-limi-
ting enzymes and the muscle concentrations of G-6-P in hu-
mans with NIDDMand in controls.

Methods

Subjects
Two groups of subjects were studied (Table I). Nine subjects with
NIDDMwere compared with a group of nondiabetic controls (n = 6)
matched for age and body mass index (BMI). The NIDDMgroup
(aged 51±3 yr, mean±SE) was in good health with no evidence of
clinically significant diabetic vascular or neuropathic complications.
Two subjects were treated with insulin, six with sulfonylurea agents,
and one with diet alone; none of the subjects took other medications.
They were moderately obese (weight 79.1±2.8 kg, BMI 27.3±1.2 kg/
m2), were not intensively treated [hemoglobin (Hb) Al, 9.4±0.5%,
normal < 6.2% ], and had diagnosed diabetes for an average of 6±2 yr.

The controls were 49±5 yr of age and similarly obese (weight
80.5±6.4 kg, BMI 27.0±2.1 kg/M2). None took medications and all
were in good health. One subject with a family history of diabetes had
impaired glucose tolerance.

All subjects were assessed with a maximal treadmill exercise test
(modified Bruce protocol) before being studied. They were informed
of the possible risks of the experiments and gave written informed
consent in accord with the regulations of the Albert Einstein College of
Medicine.

Experimental procedures
On the day before study, NIDDMsubjects were admitted to the Dia-
betes Research Unit. Sulfonylurea agents had been discontinued for
2 72 h before. In the subjects who used insulin, long- or intermediate-
acting preparations were discontinued upon admission. At 10 p.m., a
variable short-acting insulin infusion was initiated via a peripheral vein
(Humulin Regular@; Eli Lilly Co., Indianapolis, IN, diluted in 0.9%
NaCl with 5%albumin added) in order to reduce and maintain plasma
glucose between 100 and 130 mg/dl (10). Hypoglycemia was avoided
by hourly blood glucose sampling. All subjects were studied after over-
night fast.

At 7:00 a.m. on the morning of study, two intravenous cannulae
were established, one for infusions and a second inserted retrograde in a
dorsal vein of the wrist for blood sampling. Both were kept patent by a
slow infusion of 0.9% NaCl; the hand with the retrograde cannula was
kept in a heated box (550C) to arterialize venous blood.

In diabetic subjects, the insulin infusion was adjusted to maintain
plasma glucose stable during the equilibration period ( 111±4 mg/dl).
This insulin infusion rate averaged 0.53±0.03 mU/kg per minute. At t
= -120 min, in both controls and NIDDM, a bolus dose (35 ACi) of

Table I. Clinical Characteristics of Study Subjects

NIDDM(n = 9) Controls (n = 6)

Age (yr) 51±3 49±5
Sex (M/F) 6/3 4/2
Weight (kg) 79.1±2.8 80.5±6.4
BMI (kg/rn2) 27.3±1.2 27.0±2.1
Diabetes duration (yr) 6.4±2
HbAIC(%) 9.4±0.5 (nl <6.2)

[3-3H]glucose (HPLC-purified, sterile solution, New England Nu-
clear, Boston, MA) was injected intravenously, followed by a continu-
ous infusion of 0.25 MCi/min for the remainder of the experiment. At t
= 0, a euglycemic, hyperinsulinemic clamp was initiated in both
groups at a constant insulin infusion rate of 40 mU/M2 per minute
(priming dose of 80 mU/M2for 10 min). A variable infusion of 20%
dextrose in water, calibrated for the measured glucose concentration
and with [3-3H]glucose added to a final specific activity of - 0.5 MCi/
mg, was used to adjust the plasma glucose concentration according to
5-min determinations. After 60 min of euglycemic hyperinsulinemia,
the glucose infusion rate was reduced to allow a gradual fall of plasma
glucose. The clamp was then continued at hypoglycemia for 120 min.
The insulin infusion dose was determined from prior studies to achieve
a sufficiently high physiologic plasma insulin concentration to produce
hypoglycemia in insulin-resistant subjects.

After 60 min of euglycemic hyperinsulinemia, before the induction
of hypoglycemia, a sample of vastus lateralis muscle was excised using a
5-mm Bergstrom-Stille needle using aseptic technique ( 11). The mus-
cle sample was immediately placed in liquid N2. At t = 180 min, at the
end of hypoglycemia, a second muscle sample was obtained and rap-
idly frozen in liquid N2. The insulin infusion was then discontinued,
plasma glucose was raised to euglycemic levels, and the subjects were
fed a meal.

From t = -30 min to t = 180 min, 5-1 0-min samples of blood were
obtained for determination of plasma glucose, insulin, glucagon, epi-
nephrine, norepinephrine, free fatty acids, lactate, cortisol, and growth
hormone. Additional samples for [ 3-3H]glucose and 3H20 determina-
tions were also obtained. Plasma for the insulin determinations was
immediately precipitated in polyethylene glycol as previously de-
scribed ( 12).

Measurements
The methods for determination of plasma glucose, insulin, glucagon,
epinephrine, norepinephrine, cortisol, growth hormone, and free fatty
acids have been previously described ( 13, 14). Plasma lactate was mea-
sured using an enzymatic spectrophotometric assay ( 15 ). The determi-
nation of glucose specific activity from deproteinized plasma using the
Somogyi method and calculation of glucose turnover using Steele's
equation modified for nonsteady state has been previously published
( 16). The method of Finegood and Vranic was used to reduce the
decline in glucose specific activity by employing the so-called "hot"
glucose infusate technique ( 17). Plasma tritiated water specific activity
was determined by liquid scintillation counting of the protein-free su-
pernatant (Somogyi filtrate) before and after evaporation to dryness.
Because tritium on the C-3 position of glucose is lost to water during
glycolysis, it can be assumed that plasma tritium is present either in
tritiated water or [3-3H]glucose ( 18, 19). Although tritium may also
be released during fructose-6-phosphate cycling and/or pentose phos-
phate cycling, these pathways account for only a small percentage of
glucose turnover (20-22). Additionally, some of the glucose carbons
that enter the pentose phosphate pathway will re-enter the glycolytic
pathway through glyceraldehyde and will be correctly interpreted as
glycolytic flux with the present methodology. Rates of glycolysis from
plasma glucose were thus estimated from the increment per unit time
in tritiated water (dpm/ml - min) X body water mass (ml)/[3-3H]-
glucose specific activity (dpm/mg). The methodology for estimating
whole-body glycolysis from plasma glucose has been previously vali-
dated in humans under euglycemic conditions of fasting insulinemia or
hyperinsulinemia (23). Muscle G-6-P concentrations were measured
spectrophotometrically as described by Michal (24).

Glycogen synthase. Muscle glycogen synthase activity was mea-
sured by a modification (24-26) of the method of Thomas et al. (27)
and is based on the measurement of the incorporation of radioactivity
into glycogen from uridine dephosphoglucose (UDP)-[U-14C]-
glucose. Tissue samples (7-12 mg) were homogenized in 1.0 ml of
Tris/HCl buffer, pH 7.8, containing 10 mMEDTA, 5 mMDTT, 50
mMNaF, and 2.5 g/liter rabbit liver glycogen Type III. The homoge-
nate was centrifuged at 2,000 g for 15 min (at 4VC), and the superna-
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tant was used for glycogen synthase assay by measuring the incorpora-
tion of UDP-[U- '4C]glucose into glycogen at 370C. Synthase activity
was assayed in the presence of 0.1 1 and 0.22 mMG-6-P. Total enzyme
activity was measured in the presence of 7.2 mMG-6-P. For the kinetic
analysis, the assay was conducted at final concentrations of 0.003,
0.0 17, 0.033, 0.09, 0.33, and 1.4 mMUDPG; the data were linearized
as Eadie-Hofstee plots and fitted using a linear-regression model. The
Kmfor UDPGis the reciprocal of the slope, whereas Vm,, is the y-inter-
cept divided by the slope. To approximate the in vivo conditions, incu-
bations were also carried out in presence of the UDPG(5-50MM) and
G-6-P (50-250 uM) concentrations physiologic for human skeletal
muscle. However, this in vitro estimate may not fully account for allo-
steric modification of the enzyme activity occurring in vivo.

Glycogen phosphorylase. Muscle glycogen phosphorylase activity
was measured as previously described (24, 28). This assay is based on
the measurement of the incorporation of carbon- 14 into glycogen from
labeled G-I-P. Glycogen phosphorylase a, the active phosphorylated
enzyme, was assayed in the absence of AMP, and phosphorylase b, the
total enzyme activity, was assayed in the presence of 5 mMAMP.
Tissue homogenates (7-12 mg) were prepared as described above. The
supernatant was used for glycogen phosphorylase assay by measuring
the incorporation of '4C-G-1-P into glycogen at 30°C in a mixture
containing 33 mMMES, 200 mMKF, 0.45% mercaptoethanol, 15
mMG- 1-P (50 MCi/mmol), and 3.4 mg/ml glycogen. Phosphorylase b
was assayed in the same manner except that the mixture contained 100
mMG-1-P (6 MCi/mmol), 13.4 mg/ml glycogen, and 5 mMAMP.

Statistical analyses
The data are presented in the text and figures as means±SE. The results
over time were compared using ANOVAwith repeated measures while
the differences between specific points were examined by two-tailed t
tests (29). A P value < 0.05 was considered significant.

Results

Plasma glucose and insulin
The plasma glucose and insulin concentrations during the
clamps are depicted in Fig. 1. As designed, the initial fasting
plasma glucose concentrations in NIDDM subjects were

20-30% higher. This was achieved (by overnight insulin in-
fusion rates averaging 3.5±1 U/h) in order to provide moder-
ate insulinization and to avoid the rise in counterregulatory
hormones that might have been provoked even at near-nor-
moglycemia. Subsequent to the insulin infusion, plasma glu-
cose in the two groups converged and were not significantly
different from each other from + 15 min onwards. Plasma insu-
lin concentrations were higher in NIDDMbefore the clamps
(P < 0.005, Fig. 1). During the clamps, plasma insulin levels
were similar in the two groups.

Plasma counterregulatory hormones and C-peptide
concentrations
Plasma concentrations of the major counterregulatory hor-
mones and of C-peptide are depicted in Fig. 2. Plasma epineph-
rine at baseline was slightly greater in NIDDM(P < 0.05). As
plasma glucose was further lowered in NIDDMto the euglyce-
mic clamp plateau, plasma epinephrine doubled, while in con-
trols it remained unchanged. When hypoglycemia was in-
duced, the increase in plasma epinephrine occurred in both
groups; by the final 30 min of hypoglycemia, however, plasma
epinephrine was 2.2-fold higher in NIDDMcompared with
controls (P < 0.001 ).

The pattern for the changes in plasma glucagon was more
complex. Baseline plasma glucagon concentrations were
slightly higher in NIDDM (P = NS) and tended to decline
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Figure 1. Plasma glucose and insulin concentrations during clamp
studies in control subjects (o) and NIDDMpatients (.). Before hy-
poglycemia, plasma glucose concentration was significantly greater
in NIDDM(*P < 0.001).

during euglycemia in both groups. During hypoglycemia,
plasma glucagon increased by 50-100% above basal in con-

trols, while no significant increase was observed in NIDDM(P
< 0.01). The changes in the remaining counterregulatory hor-
mones (norepinephrine, cortisol, and growth hormone) were

similar in the two groups, although plasma cortisol increased to
greater absolute concentrations in NIDDM(P < 0.05, Fig. 2).
Plasma C-peptide concentrations were higher at baseline in
controls compared with NIDDM(P < 0.05). In both groups,

there was a decline throughout the study, and by the end of
the hypoglycemic period the values in NIDDM converged
with those in controls. f3-cell secretion was not completely
suppressed in either group at this degree of moderate hypo-
glycemia.

Glucose turnover

[ 3- 3H]glucose specific activities were effectively maintained in
both groups during the clamps (Fig. 3). The difference between
the highest and lowest specific activities was < 20% in both
control and NIDDM throughout the basal, euglycemic, and
hypoglycemic periods. HGO(Fig. 4) was identical in the two
groups before the clamps, averaging 2.01±0.31 mg/kg per min-
ute in controls and 2.11±0.18 mg/kg per minute in NIDDM.
During euglycemia, HGOwas similarly suppressed by insulin
to values essentially indistinguishable from zero (3 normal and
2 NIDDM had small negative values calculated during this
period). Thereafter, as hypoglycemia was initiated, HGObe-
gan to increase in NIDDMto levels 40% of basal while it

remained suppressed in controls (P < 0.005). During hypogly-
cemia, HGOwas greater in NIDDMthan in controls. In con-

trast, glucose uptake was stimulated during euglycemia by a
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c~ although in both groups glucose uptake increased above base-
E line. During hypoglycemia, glucose uptake fell to near baseline

o0 values in NIDDM(P = NS); in controls, the decrease was less
X, pronounced and even by the end of hypoglycemia it remained

4- threefold above baseline. Glucose infusion rates (GIR) paral-
0 leled these changes in glucose uptake. Reflecting their periph-
° eral insulin resistance, NIDDM required a maximal GIR of

2000 X only 66% that of controls (P < 0.05), with these requirements
falling substantially during the hypoglycemia as endogenous

0 counterregulation occurred. By the final 60 min, GIR averaged
2.73±1.27 mg/kg per minute in NIDDM, accounting for 79%

-M of total glucose disposal. In contrast, during this same period
E normals required an almost twofold higher GIR to maintain
> glycemia and this was 99% of total glucose disposal.
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Figure 3. Plasma specific activities of [3H-3 glucose (o) and 3H20 (- )
in controls (A) and NIDDM(B) during the study period (see text

for details).

Plasma substrate concentrations and 3H20 specific activity
Plasma FFA (Fig. 5) was higher at baseline in NIDDM, al-
though not significantly. With institution of the clamp, plasma
FFA fell promptly in controls and continued to decline even
during hypoglycemia while in NIDDM, the insulin-induced
suppression never reached the absolute plasma FFA concentra-
tions in controls (P < 0.001). By the end of hypoglycemia,
plasma FFA was almost fivefold greater in NIDDM.

Plasma lactate concentrations were identical in the two
groups at baseline (Fig. 5) and rose in a very similar pattern
during euglycemic hyperinsulinemia by - 25% over basal.
Upon induction of hypoglycemia, however, the two groups di-
verged with plasma lactate in controls being consistently - 0.6
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15 enzyme activity (Fig. 7).
Skeletal muscle glycogen phosphorylase activity was also

E differentially affected by hypoglycemia in NIDDM subjects.
5 =. Whenexpressed as the ratio of phosphorylase a/b activity, the

baseline values were very similar for NIDDMand control sub-
jects (Fig. 7). During hypoglycemia, however, there was a 56%
activation of skeletal muscle phosphorylase in NIDDM, but

~90 none in controls (P <0.01).
Finally, the results of the intracellular G-6-P determina-

6° tions are shown in Fig. 8. At baseline euglycemic hyperinsulin-
emia, skeletal muscle G-6-P concentrations were similar in the

- 3.0 E two groups at - 200-250 nmol/g wet wt. During hypoglyce-
mia, consistent with the inhibition of glycogen synthase and
the stimulation of glycogen phosphorylase activities, there was
a fivefold increase in skeletal muscle G-6-P concentrations in

o the NIDDM. The magnitude of this rise was approximately
_ twofold greater than in controls (P < 0.01 ).
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Figure 4. Glucose turnover in control subjects (o) and NIDDMpa-

tients (e). During hypoglycemia, glucose output was greater in
NIDDMfrom 80 min onwards (*P < 0.005), while glucose uptake
was greater in controls between 20 and 140 min (*P < 0.01), span-

ning both the euglycemic and hypoglycemic periods. Glucose infusion
rates were also significantly higher in controls (*P < 0.05) during
this time.

mMlower than in NIDDMfor the final 60 min of hypoglyce-
mia (P< 0.01).

An estimate of the rate of glycolysis from plasma glucose
was obtained from the specific activities of plasma [3-3H]-
glucose and plasma 3H20 (Fig. 3). A constant, virtually linear,
increase in plasma 3H20 specific activity occurred in both
groups during hypoglycemia. Despite a - 50% lower rate of
glucose uptake in NIDDMsubjects (3.4±0.9 vs. 6.9±1.3 mg/
kg min; P < 0.001 ), the mean rate of flux of plasma glucose
through glycolysis during the hypoglycemic clamp study was

similar in NIDDM (2.3±0.2 mg/kg. min) and controls
(2.1±0.2 mg/kg-min).

Skeletal muscle glycogen synthase and phosphorylase
activities and G-6-P concentrations
Figs. 6-8 and Table II depict the results of the skeletal muscle
analyses conducted at the end of euglycemic hyperinsulinemia
and again after hypoglycemia. Representative Eadie-Hofstee
plots of glycogen synthase activity in one control and one
NIDDMsubject are shown in Fig. 6. During euglycemia, glyco-
gen synthase activity was reduced in NIDDMat all in vitro
concentrations of G-6-P. After 120 min. of hypoglycemia,
there was little or no change in the enzyme's activity in controls
but a 30-40% decline was observed in NIDDM (Table II).
Whenexpressed as the glycogen synthase activity at mid-physi-
ologic concentrations of G-6-P ( 11 0 ,M) and UDPG(33MuM),

Discussion

Our results suggest that at plasma insulin concentrations high
enough to produce mild hypoglycemia in conventionally
treated NIDDM subjects (albeit on varying treatment regi-
mens), the overall counterregulatory response is more vigor-
ous than in age- and weight-matched controls. During hypogly-
cemia, HGOremained completely suppressed in the controls,
but rose to - 40% of the basal level in the NIDDM. Further-

more, despite hyperinsulinemia, whole body glucose uptake
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NIDDM (o). Plasma FFA was higher at baseline in NIDDM(P
= NS) and did not decline as in controls (*P < 0.00 1). Plasma lactate
concentrations in the two groups were identical at baseline and during
euglycemia, but in the last 60 min of study plasma lactate continued
to increase in NIDDMbut remained lower in controls (*P < 0.01).

2566 Shamoon, Friedman, Canton, Zacharowicz, Hu, and Rossetti

4-

c 3-

2-

E 1-

o-

16-

C 12-

E

E 4-

0-

16-

, 12-

a -

o-



B

0.8

Figure 6. Eadie-Hofstee plots of glycogen syn-
thase activity during euglycemia (A) and hy-
poglycemia (B) in a representative control
subject, and during euglycemia (C) and hypo-
glycemia (D) in a NIDDMsubject. Note the
difference in ordinate scales for the two sub-
jects, denoting the decreased glycogen synthase
activity present at baseline in NIDDM. Plots
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did not rise above the basal level in NIDDMand it was twofold
higher in the nondiabetic subjects than in NIDDM. In these
moderately controlled NIDDM, the counterregulatory hor-
monal response to mild hypoglycemia was characterized by a
blunted plasma glucagon increment and by an earlier, aug-
mented rise in plasma epinephrine compared with controls.

Plasma FFA and lactate concentrations were also significantly
higher in NIDDMduring hypoglycemia. Hypoglycemia was
associated with marked inhibition of skeletal muscle glycogen
synthase activity and an increase in glycogen phosphorylase in
NIDDM, but not in controls. These coordinated changes in
enzyme activities resulted in a fivefold increase in the intracel-
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lular G-6-P concentrations in NIDDM, despite decreased glu-
cose uptake. In contrast, though controls displayed a 10-fold
increase in plasma epinephrine during hypoglycemia, there
was no significant change in skeletal muscle glycogen phos-
phorylase or synthase activities and only a modest rise in G-6-P
concentrations. Since the rates of peripheral glucose uptake
were markedly decreased in the NIDDMsubjects and the rate
of plasma glucose entering glycolysis was equivalent in the two
groups, it is likely that decreased glycogen formation and/or
increased glycogen breakdown were the sites that ultimately
resulted in the increased intracellular muscle G-6-P. The latter,
in turn, may have caused decreased glucose phosphorylation
and increased carbon flux through glycolysis. Consistent with
this interpretation, the plasma lactate concentrations rose to a
greater extent during hypoglycemia in NIDDMthan in con-
trols.

Counterregulatory hormone responses. The secretion of
counterregulatory hormones in this group of NIDDMsubjects
differed in several important respects from the pattern reported
in IDDM (1). In particular, hypoglycemia triggered a modest
glucagon response in NIDDM, although not commensurate
with that observed in nondiabetic controls. However, in con-
trast to the notion that a-cell secretion during hypoglycemia is
intact in NIDDM(30), our results are consistent with the re-

Table IL Kinetic Analysis of Skeletal Muscle Glycogen Synthase
during Euglycemic Hyperinsulinemia (EU) and Hypoglycemic
Hyperinsulinemia (HYPO) in Nondiabetic Controls and NIDDM
Subjects

Km V._

G-6-P EU HYPO EU HYPO

mM mM Amol/g wet wt per minute

Controls 0.11 0.16±0.03 0.20±0.04 0.49±0.08 0.57±0.08
0.22 0.10±0.02 0.13±0.03 0.50±0.13 0.58±0.08
7.2 0.06±0.01 0.07±0.02 0.52±0.08 0.57±0.07

NIDDM 0.11 0.15±0.02 0.28±0.04* 0.25±0.05 0.28±0.06
0.22 0.09±0.01 0.17±0.02* 0.26±0.05 0.29±0.07
7.2 0.06±0.02 0.09±0.02* 0.26±0.06 0.28±0.06

* P < 0.01 HYPOvs. EU.

1500

-1000 _

Figure 8. Skeletal muscle G-6-P concentrations in
NIDDMand controls during euglycemia and hy-

- 500E poglycemia. During euglycemic hyperinsuline-
mia, G-6-P concentrations were similar in the two
groups. However, during hypoglycemia, there
was a fivefold increase in G-6-P concentrations

0 in NIDDMthat exceeded the rise in controls by
approximately twofold (*P < 0.05, controls, eugly-
cemia vs. hypoglycemia; **P < 0.01, NIDDMvs.
controls, hypoglycemia).

port by Boll et al. (5) using a comparable design that suggest
that there may indeed be defective glucagon secretion. The
mechanism of this defect in NIDDMremains uncertain. There
was no relationship in our subjects between factors such as the
duration of diabetes and the type of treatment on the glucagon
response. Moreover, although it has been reported that pro-

longed hyperinsulinemia may attenuate hypoglycemia-in-
duced glucagon secretion (31, 32), the present results show
that neither the degree nor duration of similar insulin infusions
during the clamps prevented the glucagon response in controls.
Nevertheless, overnight insulinization in the NIDDMor other
factors may contribute to the lack of a glucagon response.

In IDDM, since the plasma glucagon response to hypoglyce-
mia is normal at the onset of diabetes but is progressively di-
minished with the duration ofthe disease (33), it is conceivable
that this is an acquired defect that develops subsequent to ,B-cell
failure. Recent evidence suggests that chronic hyperglycemia
per se may be involved in the progressive loss of glucagon re-

sponse. In fact, defective glucagon responses to hypoglycemia
have also been described in several animal models of diabetes.
Perhaps more importantly, Starke et al. (34) reported a restora-
tion of the glucose-induced inhibition of the high glucagon
concentrations in alloxan-diabetic dogs, after short-term (48 h)
phlorizin-induced normoglycemia, and Marynissen et al. (35)
found a paradoxical decrease in glucagon release in vitro in
response to a decreased glucose concentration perfusing iso-
lated pancreata from normal rats made hyperglycemic for 48 h
by glucose infusion. Hetenyi et al. (36) also reported an im-
provement in glucoregulation in alloxan-diabetic dogs after
phlorizin treatment; however, short-term correction of hyper-
glycemia with phlorizin did not normalize the glucagon re-

sponse to hypoglycemia, but restored the defective increase
in HGO.

In contrast to glucagon, the magnitude of the plasma epi-
nephrine response in NIDDMwas severalfold that in controls.
The most likely explanation for this observation is a parallel
with reports that suggest that poor glycemic control may lower
the glucose concentration required to trigger epinephrine secre-

tion in IDDM (37). Though we did not specifically examine
the glycemic threshold for hormone release in this study, it
should be noted that plasma epinephrine was higher at baseline
as euglycemia was induced in NIDDM, and a number of exper-
iments suggest that the magnitude of the adrenomedullary re-

sponse to hypoglycemia is proportional to the basal concentra-
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tion of the hormone. This explanation fails to account for the
lack of similar "resetting" of the glycemic thresholds for other
counterregulatory hormones, although in prior studies in
IDDM the phenomenon is by no means applicable to all coun-
terregulatory hormones (37). Regardless of the cause of this
robust epinephrine response, and absent any data to suggest
that the hormone's biologic effect is attenuated, we believe that
this response is a critical component of the metabolic changes
during hypoglycemia in NIDDM. Finally, in addition to circu-
lating plasma epinephrine, hypoglycemia may have also aug-
mented autonomic neural responses mediated by norepineph-
rine, although the magnitude of the plasma norepinephrine
response was similar in the two groups.

Hepatic glucose output. Despite marked hyperinsulinemia
and the lack of increase in the plasma glucagon levels, the
NIDDMsubjects were able to increase their HGO. The most
immediate explanation is that the markedly increased plasma
epinephrine response largely compensated for the lack of glu-
cagon effect. However, the elevated plasma FFA and lactate
concentrations may also have contributed to the hepatic re-
sponse in NIDDM. In fact, several in vitro (38) and in vivo
(39, 40) studies support the notion that the amount of FFA
supplied to the liver may modulate hepatic gluconeogenesis
(41 ) and its suppressibility by insulin (42). In addition, plasma
FFA may modulate glucose uptake in muscle via the glucose-
fatty acid cycle first proposed by Randle et al. (43).

Evidence supports the hypothesis that insulin may suppress
HGOthrough an indirect or extrahepatic mechanism: (a) pe-
ripheral insulin administration is as or more effective as portal
insulin in the inhibition of HGO(44, 45); (b) the time-course
of the insulin-mediated peripheral and hepatic actions are
identical (46); and (c) correction of the impaired insulin-me-
diated reduction in FFA levels in NIDDMrestores hepatic sen-
sitivity to normal (47). Jahoor et al. (48) have recently shown
that in normal humans a decrease in the rate of lipolysis during
fasting regulates HGOby its effect on the availability of glyc-
erol for gluconeogenesis. Similarly, changes in lactate, alanine,
and pyruvate availability have been shown to modulate the rate
of gluconeogenesis under several experimental conditions
(49). Their effect on HGOgreatly depends on the presence of
concomitant active glycogenolysis (50) and on the hormonal
signals presented to the liver (51 ). Under conditions of pro-
longed hypoglycemia, gluconeogenesis is expected to represent
the major portion of hepatic glucose release (52) and the hor-
monal signals, particularly increased plasma epinephrine and
glucagon concentrations, favor an increase in HGO. Consis-
tent with this hypothesis, Lecavalier et al. (53) have demon-
strated a decrease in HGOduring hypoglycemia when they
inhibited gluconeogenesis.

Although we did not directly evaluate gluconeogenesis, our
results implicate peripheral tissues in glucose counterregula-
tion in NIDDM. During hypoglycemia, it is likely that carbons
are transferred from large peripheral storage pools to the liver
in order to provide energy and substrates for gluconeogenesis.
Lactate is a major gluconeogenic precursor in humans (7) and

- 60% of the plasma lactate pool is derived from glycolysis of
glycogen carbons (6, 8). Thus, the insulin-induced inhibition
of net skeletal muscle glycogenolysis may modulate the hepatic
(gluconeogenic) response to hypoglycemia through the de-
creased transfer of 3-carbon compounds from muscle to liver;
hypoglycemia may represent one of the metabolic conditions
in which peripheral regulation of substrate availability for

gluconeogenesis plays a major role in the modulation of over-
all HGO.

Glucose uptake and skeletal muscle enzyme activities. We
(2) and others (5) have suggested that the impairment of the
liver's ability to release glucose during hypoglycemia due to
defects in glucagon and epinephrine secretion in IDDMis par-
tially offset by reduction in whole-body glucose disposal. We
hypothesize that such a compensatory action (a) probably oc-
curs in skeletal muscle, the largest compartment accounting for
insulin-mediated glucose uptake, and (b) may be one mecha-
nism that could mitigate the lack of substrate (glucose) avail-
able for the brain. Bolli et al. (5) hypothesized that a reduction
in whole-body glucose uptake also played a role in hypoglyce-
mia counterregulation in NIDDM (5), but did not directly
examine the role of skeletal muscle in this formulation.

The skeletal muscle ("counterregulatory") response to hy-
poglycemia may be defined as the sum of the reduction in
glucose uptake compared with the effect of insulin alone during
euglycemia and of the mobilization of gluconeogenic sub-
strates from glycogen stores. The adipose tissue response to
hypoglycemia consists of enhanced lipolysis with resulting in-
creased availability of glycerol and FFA. Their contribution to
increased HGOand decreased peripheral glucose uptake dur-
ing hypoglycemia may differ in healthy volunteers and
NIDDM subjects. Our data are consistent with the observa-
tions of Bolli et al. (5) and indicate a major role for the limita-
tion of peripheral glucose uptake to compensate for the de-
creased glucagon response to hypoglycemia in NIDDM. In
fact, the resistance to the antilipolytic effect of insulin may
provide a protective mechanism against hypoglycemia by re-
ducing insulin-stimulated glucose oxidation (thus, decreasing
glucose disposal and/or increasing glycolysis to lactate) and by
stimulating hepatic gluconeogenesis, through the combined ef-
fects of enhanced FFA and glycerol availability (53-56).

The balance of glycogen synthase and phosphorylase activi-
ties determines net glycogen flux in muscle. Net glycogen flux,
by changing G-6-P concentration, may be pivotal for glucose
uptake and for hepatic gluconeogenic substrate availability
from glycolysis in muscle. During insulin-induced hypoglyce-
mia, glycogen metabolism is regulated by the opposing signals
of insulin and epinephrine. Although insulin does not directly
decrease glycogen phosphorylase activity in skeletal muscle, it
is noteworthy that epinephrine can increase its activity and
insulin can antagonize the cAMP-mediated activation of gly-
cogen phosphorylase (57-59). The effect of insulin-induced
hypoglycemia on muscle glycogen phosphorylase has not been
previously examined in humans. Our results in healthy volun-
teers suggest that, at high insulin concentrations, there is no
detectable activation of glycogen phosphorylase during hypo-
glycemia. However, hypoglycemia stimulated the glycogen
phosphorylase in insulin-resistant skeletal muscle of NIDDM
subjects. This may be due to the decreased effect of insulin on
the c-AMP-dependent protein kinase (57, 58) in NIDDM. Fi-
nally, in view of the greater plasma epinephrine response in
NIDDM, it is likely that the same magnitude of epinephrine
secretion in controls would have had similar effects (e.g., had
the hypoglycemic stimulus been more intense). This would be
in keeping with an in vitro effect of epinephrine to activate the
glycogen synthase c-AMP-dependent protein kinase (58, 59).

Furthermore, we recently proposed that skeletal muscle
glycogen synthase plays a central role in the regulation of glyco-
gen balance even in the absence of net glycogen deposition
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(60). It is therefore conceivable that the activity of glycogen
synthase modulates net skeletal muscle glycogenolysis and the
decrease in its activity during hypoglycemia favors an in-
creased mobilization of glucosyl units from muscle glycogen.

The measurement of skeletal G-6-P may help to define the
rate-limiting step(s) of insulin action in humans under normo-
glycemic and hypoglycemic conditions. In fact, if glucose trans-
port/phosphorylation were rate limiting for muscle glucose dis-
posal during hypoglycemic hyperinsulinemia, G-6-P concen-
trations should have fallen compared with euglycemia.
Conversely, if a distal intracellular step were rate limiting, G-6-
P should have increased during the hypoglycemic insulin
clamp. The marked increase in muscle G-6-P levels we ob-
served during hypoglycemia suggests that the major site of
"skeletal muscle counterregulation" is distal to glucose phos-
phorylation, most probably at the level of glycogen synthesis/
breakdown.

In conclusion, impaired peripheral insulin sensitivity in
NIDDMappears to influence hypoglycemia counterregulation
through at least two major mechanisms: (a) a "direct" mecha-
nism, i.e., decrease in peripheral (muscle) glucose disposal; (b)
an "indirect" mechanism, i.e., increased substrate availability
for hepatic gluconeogenesis, by lipolysis and skeletal muscle
glycogenolysis. This indirect mechanism(s) may be of particu-
lar importance in diabetes, where gluconeogenesis is substan-
tially increased and where it may play the predominant role in
the hepatic response to hypoglycemia. Our results support the
hypothesis that during hypoglycemia skeletal muscle glycogen
mobilization and lipolysis contribute to the metabolic response
to hypoglycemia more so in NIDDMthan in controls.
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