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Relationships between Insulin Secretion,
Insulin Action, and Fasting Plasma
Glucose Concentration in Nondiabetic
and Noninsulin-dependent
Diabetic Subjects
C. Bogardus, S. Lillioja, B. V. Howard,
G. Reaven, and D. Mott
Phoenix Clinical Research Section, National Institute of Arthritis,
Diabetes, Digestive and Kidney Diseases, National Institutes
of Health, Phoenix, Arizona 85016

Abstract. The relationships between insulin
secretion, insulin action, and fasting plasma glucose
concentration (FPG) were examined in 34 southwest
American Indians (19 nondiabetics, 15 noninsulin-de-
pendent diabetics) who had a broad range of FPG (88-
310 mg/ 100 ml). Fasting, glucose-stimulated, and meal-
stimulated plasma insulin concentrations were negatively
correlated with FPGin diabetics but not in nondiabetics.
In contrast, fasting and glucose-stimulated plasma C-
peptide concentrations did not decrease with increasing
FPGin either group and 24-h urinary C-peptide excretion
during a diet of mixed composition was positively
correlated with FPGfor all subjects (r = 0.36, P < 0.05).
Fasting free fatty acid (FFA) was correlated with FPG
in nondiabetics (r = 0.49, P < 0.05) and diabetics (r
= 0.77, P < 0.001). Fasting FFA was also correlated
with the isotopically determined endogenous glucose
production rate in the diabetics (r = 0.54, P < 0.05).
Endogenous glucose production was strongly correlated
with FPG in the diabetics (r = 0.90, P < 0.0001), but
not in the nondiabetics. Indirect calorimetry showed
that FPG was also negatively correlated with basal
glucose oxidation rates (r = -0.61, P < 0.001), but pos-
itively with lipid oxidation (r = 0.74, P < 0.001) in the
diabetics. Insulin action was measured as total insulin-
mediated glucose disposal, glucose oxidation, and storage
rates, using the euglycemic clamp with simultaneous
indirect calorimetry at plasma insulin concentrations of
135±5 and 1738±59 ,uU/ml. These parameters of insulin
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action were significantly, negatively correlated with FPG
in the nondiabetics at both insulin concentrations, but
not in the diabetics although all the diabetics had
markedly decreased insulin action. We conclude that
decreased insulin action is present in the noninsulin-
dependent diabetics in this population and marked
hyperglycemia occurs with the addition of decreased
peripheral insulin availability. Decreased peripheral in-
sulin availability leads to increased FFA concentrations
and lipid oxidation rates (and probably also increased
concentrations of gluconeogenic precursors) that together
stimulate gluconeogenesis, hepatic glucose production,
and progressive hyperglycemia.

Introduction

Hyperglycemia may be due to decreased insulin action and/or
decreased insulin secretion, and there is evidence (1, 2) that
both defects occur in patients with noninsulin-dependent dia-
betes mellitus (NIDDM)'. There is also data suggesting that
reduced insulin action may develop as a result of decreased
insulin secretion (3-5). Thus, the relative contribution of either
abnormality to the pathogenesis of hyperglycemia in NIDDM
has been unclear. The hypothesis that decreased insulin-
mediated glucose disposal is primarily responsible for the
development of NIDDM is based on several observations.
Decreased insulin-mediated glucose disposal characterizes pa-
tients with either impaired glucose tolerance or NIDDM (2),
and Kolterman et al. (6) have reported a significant, negative,
linear correlation between magnitude of glycemia and maximal
insulin-mediated glucose disposal in subjects with varying
degrees of glucose intolerance. A similar correlation between
measures of insulin secretion and glycemia has not been

1. Abbreviations used in this paper: EGPR, endogenous glucose pro-
duction rate; FPG, fasting plasma glucose concentrations; M, total
glucose disposal rate; NIDDM, noninsulin-dependent diabetes mellitus.
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observed (7-9). In addition, some patients with NIDDMand
mild hyperglycemia have enhanced insulin responses after oral
glucose (7-9), and those with marked hyperglycemia have
meal-stimulated insulin responses equivalent to subjects with
normal glucose tolerance (10).

Insulin secretory data are also the basis of an alternative
hypothesis that proposes abnormal pancreatic beta cell function
as the fundamental defect leading to the development of
NIDDM. In this hypothesis, reduced (glucose-stimulated) or
equivalent (meal-stimulated) insulin responses observed in
markedly hyperglycemic subjects with NIDDMare viewed as
insufficient insulin secretion for the degree of glycemia. Addi-
tional evidence of abnormal beta cell function, as recently
reviewed by DeFronzo and Ferrannini (11), are the absent
and/or delayed early insulin responses observed in subjects
with NIDDMand the low insulin response of normoglycemic
"4prediabetics."

Evaluation of the two hypotheses is potentially misleading,
however, since no study is available in which both insulin
secretion and insulin action were measured on one group of
individuals. Therefore, we initiated the present investigation
in which we have quantified insulin secretion and insulin
action in a group of southwest American Indians with a wide
range of fasting glycemia. Insulin secretion was assessed by
measuring insulin and C-peptide responses after oral glucose
and during a diet of mixed composition. In vivo insulin action
was estimated by using the euglycemic clamp technique, with
simultaneous indirect calorimetry, at both submaximal and
maximally stimulating insulin concentrations.

Methods

34 southwest American Indians were admitted to the clinical research
ward for study (Table I). After written informed consent was obtained,
all subjects were physically examined and a 12-lead electrocardiogram
recorded. After an overnight fast, blood was drawn for complete blood
count, liver function tests, blood urea nitrogen, creatinine, electrolytes,
calcium, total protein, and albumin. No subjects were taking medications

and all had a normal physical examination, electrocardiogram, and
blood tests. The percent body fat of each volunteer was estimated by
underwater weighing with correction for the simultaneously measured
residual lung volume (12). After 3 d of a weight-maintaining diet
containing at least 200 g carbohydrate/d, and after a 10-h overnight
fast, an oral glucose tolerance test was performed (13). Blood for
plasma glucose, insulin, and C-peptide determination were drawn
through an indwelling intravenous catheter at -15, 0, 30, 60, 120, and
180 min. Blood for determination of fasting plasma free fatty acid
(FFA) concentration was drawn into iced tubes containing EDTA
paraoxon (Sigma Chemical Co., St. Louis, MO) at -15, -7, and
0 min.

Each subject's glucose tolerance was classified according to the
National Diabetes Group Criteria (13). There were 19 nondiabetics (8
females, 11 males) and 15 noninsulin-dependent diabetics (11 females,
4 males). The nondiabetic group in this study included subjects who
had normal glucose tolerance, impaired glucose tolerance, or were
classified as "nondiagnostic." The diabetics were slightly older and
shorter than the nondiabetics but were equally obese.

Response to diet of mixed composition. After the oral glucose
tolerance test, and after a 10-h overnight fast, an indwelling intravenous
catheter was placed in an arm vein at 0700 h. Breakfast was offered at
0730 h, lunch at 1130 h, dinner at 1630 h, and a snack at 1930 h.
The meals were eaten over a 20-min period. The breakfast meal
contained 30%, lunch 30%, dinner 30%, and the snack 10% of the
weight-maintaining caloric requirements. The diet was comprised of
20% protein, 40% carbohydrate, and 40% fat. Blood for plasma insulin
was drawn through the indwelling catheter 15 min before and just
prior to starting the breakfast meal, and thereafter every 30 min for 9
h, or for 5 h following the lunch meal. Blood for plasma FFA
determination was drawn at - 15 and -7 min, and just prior to starting
the breakfast meal. On the same day beginning at 0700 h, a 24-h urine
collection was begun for determination of C-peptide excretion.

Euglycemic clamp. After the meal test and after a 10-h overnight
fast, an intravenous cathether was placed in an antecubital vein for
infusion of insulin, glucose, and [3-H3Jglucose. A primed continuous
infusion of [3-H3Jglucose was then begun and continued until the end
of the study. In normoglycemic subjects, the [3-H3]glucose was given
as a 30 uCi bolus followed by a continuous infusion of 0.30 MCi/min.
In subjects with fasting hyperglycemia, the bolus and continuous
infusion were increased by a factor equal to the fasting glucose

Table I. Subject Characteristics

Body Fasting
Age Height Weight fat* glucose

yr cm kg % mg/l00 ml

Nondiabetics
Mean±SEM 25±2 170±1.9 104.3±6.4 35±2 99±2
Range (n = 19) 18-45 154.0-183.0 59.8-169.8 21-49 88-116

Diabeticsf
Mean±SEM 32±3§ 163.5±2.5§ 98.6±7.2 38±2 219±14§
Range (n= 15) 19-53 151.0-184.5 59.8-175.3 33-45 118-310

* Percent body fat was determined by underwater weighing. t Diabetic status was assigned according to the National Diabetes Group Criteria.
§ Significant difference between nondiabetics and diabetics, P < 0.05.
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concentration divided by 100. Another catheter was placed retrograde
in a dorsal vein of the contralateral hand for blood withdrawal. The
hand was kept in a warming box at 70'C. After 2.5 h, four blood
samples were drawn over a 30-min period for determination of [3-
H3]glucose specific activity. A primed-continuous (40 mU/m2- min)
insulin infusion (Nordisk; Bethesda, MD) was then started and continued
for 340 min. This resulted in a mean plasma insulin concentration of
135±5 MU/ml when measured on five blood samples drawn between
300 and 340 min. Another primed-continuous insulin infusion (400
mU/mi2 min) was then started and continued for 80 min. This resulted
in a mean plasma insulin concentration of 1738±59 gU/ml when
measured between 40-80 min later. After the start of the initial insulin
infusion, a variable infusion of 20% glucose was given as necessary to
maintain the plasma glucose concentration at 100 mg/100 ml for all
subjects. Thus, in the hyperglycemic subjects, the glucose infusion was
not begun until the plasma glucose concentration had declined to 100
mg/100 ml. In this way, all subjects were studied at the same plasma
glucose concentration and were exposed to insulin for the same time.
Blood for plasma glucose concentration was drawn every 5 min
throughout the test. The mean plasma glucose concentration was
102±0.4 mg/ 100 ml (mean coefficient of variance = 2.2%), and 101 ±0.4
mg/100 ml (mean coefficient of variance = 3.0%) during the last 40
min of the low (300-340 min) and high dose insulin infusion (380-
420 min), respectively. In addition to drawing blood for fasting insulin
and C-peptide determination, blood for plasma insulin and [3-H3Jglucose
specific activity was drawn every 10 min from 300-340 and from 380-
420 min.

Indirect calorimetry. I h before the start of the insulin infusions, a
clear, plastic, ventilated hood was placed over the subject's head.
Roomair was drawn through the hood and the flow rate measured by
a pneumotachograph (Gould, Inc., Cleveland, OH). A constant fraction
of expired air was withdrawn and analyzed for oxygen and carbon
dioxide content. The oxygen analyzer was a zirconium cell analyzer
and the carbon dioxide analyzer was an infrared analyzer (Applied
Electrochemistry, Sunnyvale, CA). The analyzers and flowmeter were
connected to a desktop computer (Hewlett-Packard, Palo Alto, CA).
This recorded continuous, integrated calorimetric measurements every
5 min for the hour before and from 280 to 420 min after the start of
the insulin infusion. The protein oxidation during the test was estimated
from the urinry urea production rate. The nonprotein respiratory
quotient was then calculated and the substrate oxidation rates deter-
mined from the equations of Lusk (14).

Calculations and analyses. The appearance rate (Ra) of glucose in
the plasma was calculated from the blood [3-H3]glucose specific
activities using Steele's equations (15). In the resting, absorptive state,
the Ra, which was calculated from Steele's steady state equations, is
equal to the endogenous glucose production rate (EGPR) since there
is no exogenous glucose infusion. During the euglycemic clamp, the
EGPRequals the difference between the exogenous glucose infusion
rate and the Ra calculated using Steele's nonsteady state equations
(EGPR = Ra - exogenous glucose infusion rate). When the Ra equals
the exogenous glucose infusion rate, the EGPR is assumed to be
completely suppressed so that the total glucose disposal rate equals the
exogenous glucose infusion rate. These data were calculated for each
20-min period between 300-340 and 380-400 min during the eugly-
cemic clamp, and then, averaged to calculate the total glucose disposal,
or M value, at the low and high insulin concentration, respectively.
The basal and insulin-stimulated carbohydrate oxidation rates were
calculated from the indirect calorimetric data by averaging the data
for 40 min prior to the beginning of the insulin infusion and for the

last 40 min during the low and high dose insulin infusion. The
carbohydrate storage rate during both insulin infusions was estimated
by subtracting the carbohydrate oxidation rate from the M.

Plasma insulin concentrations were determined using the Herbert
modification (16) of the radioimmunoassay of Yalow and Berson (17).
Plasma and urinary C-peptide concentrations were determined by
radioimmunoassay as previously described (18). Bacterially synthesized
human C-peptide was used as standard (19) and was also used to
prepare '25I-C-peptide (20) and goat anti-human-C-peptide antiserum.
Materials for the C-peptide assay were generously provided by Lilly
Laboratories (Indianapolis, IN). Tritiated glucose specific activity in
blood samples was determined after precipitating protein with perchloric
acid as described by others (21). Plasma FFA concentration was
determined using the Saloni and Sardina cupric salt method modified
as described previously (22).

For comparisons between the results of the hyperinsulinemic,
euglycemic clamp, and the fasting plasma glucose concentration (FPG),
the FPG is the mean of four determinations performed on blood
drawn the same morning. The plasma FFA concentration, available
on 30 of the 34 subjects, is reported as the mean of determinations on
three fasting samples from the day of the oral glucose tolerance test
and three fasting samples drawn on the morning of the mixed diet.
For comparisons between the plasma FFA concentration and FPG,
the FPG is the mean of four blood samples drawn on the same days
as the blood for FFA determination. The insulin response (n = 32)
and the C-peptide response (n = 29) to oral glucose and the insulin
response (n = 32) to the mixed diet were calculated as the area under
the curves describing insulin and C-peptide concentrations vs. time.

Statistics. All data are expressed as the mean±SEM. All statistical
analyses were calculated using Statistical Analysis System, SAS Institute,
Inc., Cary, NC.

Results

Fasting values. Fasting plasma insulin concentrations tended
to increase up to a FPG of =l25 mg/100 ml, and declined
with further increases in glycemia (Fig. 1). There was a positive
relationship (r = 0.24) between FPGand insulin concentrations,
which was not significant in the nondiabetics, in contrast to a
significant negative correlation in the diabetics (r = -0.69, P
< 0.01). The mean (±SEM) fasting plasma insulin concentration
of the diabetics (52±7 gU/ml) was similar to that of the
nondiabetics (47±6 MU/ml).
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The relationship between fasting glycemia and plasma C-
peptide concentrations (Fig. 2) was generally similar to the
relationship between fasting insulin and glucose concentrations.
However, there were two differences in the diabetics. There
was no negative correlation between fasting glycemia and
fasting plasma C-peptide concentration in the diabetics. Fur-
thermore, if plasma C-peptide concentrations were considered
as an estimate of insulin secretion, diabetics secreted more

insulin than nondiabetics, 1.3±0.2 vs. 0.8±0.1 pmol/ml
(P < 0.05), respectively.

There was a simple, linear relationship between fasting
glucose and FFA concentration in the entire population
(r = 0.83, P< 0.001), and this was also found when nondiabetics
(r = 0.49, P < 0.05) and diabetics (r = 0.77, P < 0.001) were

considered separately (Fig. 3). FFA was also positively correlated
with the isotopically determined EGPR in the diabetics
(r = 0.54, P = 0.05) but not in the nondiabetics.

FPG was strongly and linearly correlated with EGPR(r
=0.93, P < 0.001) for all subjects (Fig. 4). The correlation
between these variables in the nondiabetic subjects (r = 0.33)
was not statistically significant when analyzed separately, but
a strong correlation was observed in the diabetics (r = 0.90, P
< 0.001). The simultaneously measured indirect calorimetry
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Figure 4. Relationships between the (A) EGPR, (B) basal glucose
oxidation rate, (C) basal lipid oxidation rate and FPG.

data showed that there was a negative correlation between
basal glucose oxidation rate and FPG (r = -0.61, P < 0.001)
for all subjects, with a significant correlation observed in
diabetics (r = -0.59, P < 0.02) but not in nondiabetics
(r = -0.25). In contrast, lipid oxidation rate correlated positively
with fasting glucose in all subjects (r = 0.74, P < 0.0001).
This correlation was not significant for nondiabetics (0.08),
but was significant in the diabetics (r = 0.75, P < 0.01).

Stimulated plasma glucose and C-peptide levels. The rela-
tionship between FPG and insulin responses to 75 g of oral
glucose and to mixed meals are depicted in Figs. 5 and 6,
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respectively, and resemble the relationship between fasting
plasma insulin concentration and FPG. Thus, insulin responses
to both stimuli increased in general up to fasting glucose
concentrations of 125 mg/100 ml, and then declined as
magnitude of hyperglycemia increased further. As a result,
there was a significant negative correlation between magnitude
of glycemia and insulin response in diabetics to both oral
glucose (r = -0.70, P < 0.01) and to meals (r = -0.65, P
<0.01). The mean insulin response of the diabetics (22±4
mU/ml- 180 min) was approximately half that of the nondi-
abetics (44±7 mU/ml- 180 min) (P < 0.01) following oral
glucose,'whereas the mean insulin responses of the two groups
to the test meals were similar (77±4 and 87±1 1 mU/ml. 180
min, respectively).

There was no significant correlation between C-peptide
response and fasting glycemia in the entire population, or in
either subgroup (Fig. 7). Specifically, there was not a negative
correlation between' C-peptide response to glucose and severity
of diabetes. Furthermore, total C-peptide responses to oral
glucose was similar for both subgroups, 304±46 vs. 351±47
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Figure 7. Relationship between FPGand the plasma C-peptide re-
sponse after oral glucose.

mol/ml. 180 min in diabetics and nondiabetics, respectively.
Daily urinary C-peptide excretion was positively correlated
(Fig. 8) (r = 0.36, P < 0.05) with fasting glycemia in all subjects,
and patients with NIDDM excreted significantly more (P
< 0.05) C-peptide (66±8 nmol/d) than did the nondiabetics
(45±7 nmol/d).

Hyperinsulinemic, euglycemic clamp studies. Although there
was a significant, negative relationship within the whole pop-
ulation between FPGand Mduring the low dose (r = -0.67)
and high dose (r = -0.68) clamps, inspection of Figs. 9 and
10 indicated that this was a misleading generalization. M
declined over a narrow range of plasma glucose concentration
in nondiabetics, resulting in a significant negative relationship
between Mand fasting glucose during both clamp studies (r
=-0.64 and -0.60, P < 0.01). In contrast, there was essentially
no further fall in M in diabetics over almost a threefold
increase in degree of hyperglycemia. As a result, there was not
a significant relationship between degree of fasting hypergly-
cemia and glucose disposal in diabetics.

The relationship between fasting glycemia and glucose
storage and oxidation displayed the same pattern. FPG corre-
lated inversely with glucose oxidation rate during the low dose
and high dose insulin infusion in the nondiabetic group (r
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= -0.59, P < 0.01 and r = -0.46, P < 0.05, respectively), but
not in the diabetic group. The glucose storage rate also
inversely correlated with fasting glucose in the nondiabetics (r
=-0.54, P < 0.02 and r = -0.58, P < 0.01), but not in the
diabetics. As can be seen in Figs. 9 and 10, decreased glucose
storage and oxidation appeared to contribute approximately
equally to the decreased net glucose disposal in the diabetic
subjects during the low dose insulin infusion. During the high
dose insulin infusions, decreased glucose disposal in the diabetics
was mainly due to decreased glucose storage rates.
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During the low dose insulin infusion, EGPRwas inhibited
between 31 and 100%. The suppressibility of the EGPRwas
unrelated to degree of fasting hyperglycemia. During the higher
dose insulin infusions, EGPRwas completely suppressed in
31 of 34 subjects.

Discussion

The current study was initiated to examine the relationship
between insulin secretion, insulin action, and fasting glycemia
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in nondiabetic- and noninsulin-dependent diabetic subjects. If
the major defect responsible for the development of hypergly-
cemia in both nondiabetic and diabetic subjects was decreased
insulin action, it might be anticipated that a negative linear
correlation would exist between the rate of insulin-mediated
glucose disposal and the magnitude of glycemia over the entire
range of glycemia. It was obvious on inspection of Figs. 9 and
10 that the relationship was more complicated. There was a
marked fall in total insulin-stimulated M, glucose oxidation,
and storage over a small range of FPG in nondiabetic subjects
(normal glucose tolerance, nondiagnostic, and impaired glucose
tolerance), and these variables of insulin action were well
correlated with FPGduring both insulin infusions. In contrast,
there was no significant fall in M, glucose oxidation, or glucose
storage over a wide range of FPG in patients with NIDDMat
either insulin concentration.

However, all the diabetics had decreased insulin action,
and during the high dose insulin infusion, this was primarily
due to reduced insulin-mediated glucose storage rates. The
cause of the defect remains unknown but we have previously
reported a good correlation between muscle glycogen synthase
activation and glucose storage rates during high and low dose
insulin infusions in 25 of these 34 subjects (23). This suggests
that the measured decrease in glucose storage rates may reflect
reduced insulin-stimulated glycogen synthetic rates. Decreased
insulin-mediated glucose oxidation rates also contributed to
reduced insulin action, but was quantitatively more important
during the low dose insulin infusions. Recent preliminary data
from our laboratory (24) suggests that decreased glucose oxi-
dation is a result of higher plasma FFA concentrations and
associated increased lipid oxidation rates, as predicted by the
"glucose-fatty acid cycle" hypothesis (25).

The alternative view to the primary importance of abnormal
insulin action in the pathogenesis of NIDDM is that glycemia
is related to decreased peripheral insulin availability over the
entire range of glycemia. This hypothesis would predict a
negative relationship between FPGand insulin concentrations
over the entire range of fasting glycemia. Figs. 1, 2, and 5
suggest that this also was not the case. Fasting and postglucose
load insulin concentrations displayed the "horseshoe" relation-
ship first described by Reaven and Miller (7) and subsequently
confirmed by many groups (11). Thus, the plasma insulin
response to oral glucose tended to rise with small increases in
FPG, followed by a progressive decline as the magnitude of
hyperglycemia continued to increase. Secondly, although glu-
cose-stimulated insulin concentrations in some patients with
NIDDMwere high or higher in absolute terms than those of
normal glucose tolerant subjects, on the average, the postglucose
insulin responses of diabetics were reduced. This was not true
of either fasting or postmeal-stimulated insulin concentrations,
which were similar in diabetics and nondiabetics.

Analysis of the C-peptide data suggested that glycemia may
not be negatively related to pancreatic beta cell function. Both
fasting plasma C-peptide concentration and 24-h urinary ex-
cretion of C-peptide were significantly increased in diabetics
as compared with nondiabetics. There also was no negative

relationship between C-peptide response to an oral glucose
challenge and fasting hyperglycemia in diabetics, and the mean
C-peptide response was equal to that of the nondiabetic group.
Finally, 24-h urinary C-peptide excretion was increased in
diabetics. Therefore, if C-peptide concentrations provide an
estimate of insulin secretory function, the patients with NIDDM
secreted as much or more insulin than the nondiabetics.

It was apparent that neither decreased insulin action or
decreased peripheral insulin concentration by themselves could
account for differences in glycemia in both diabetic and
nondiabetic subjects. Contributions of both defects were nec-
essary to explain the pathogenesis of hyperglycemia throughout
the entire range of FPG. Small increases in fasting glycemia
were associated with decreased insulin action, and hyperinsu-
linemia prevented more marked hyperglycemia in the nondi-
abetics. Thus, markedly reduced insulin action and increased
secretion were characteristic of both nondiabetics with the
highest glucoses within this group and of mildly hyperglycemic
diabetics. If it is assumed, a priori, that any increase in fasting
glycemia, even within this low range, should be prevented by
even higher insulin concentrations, then the insulin secretory
responses might be considered "relatively" insufficient. How-
ever, there is no data to support the assumption that "normally"
functioning beta cells in the presence of mild hyperglycemia
would secrete more than was observed in our subjects. Fur-
thermore, recent evidence (26) suggests that mild hyperglycemia
is necessary for "normal" subjects' pancreatic islets to com-
pensate for insulin resistance and avoid more severe hypergly-
cemia. Whether decreased acute insulin responses also contrib-
uted to the development of mild hyperglycemia was not
studied. However, analysis of previously published data from
this population showed that subjects with FPG < 85 mg/100
ml, independent of the percent ideal weight, achieve similar
peak acute insulin concentrations after intravenous glucose
compared with subjects with plasma glucose concentrations
from 95 to 117 mg/100 ml (27).

Markedly hyperglycemic diabetics were characterized by
both reduced insulin action and decreased peripheral insulin
availability. The physiologic impact of relatively decreased
peripheral insulin concentrations, in the presence of established
"insulin resistance," were increased FFA concentrations, in-
creased lipid oxidation rate, and decreased basal glucose oxi-
dation rates. FFA and lipid oxidation were positively correlated
with EGPR(r = 0.54 and r = 0.74) in the diabetics. In turn,
FPGwas strongly correlated with EGPR(r = 0.90). FFA and
fat oxidation have been reported to stimulate gluconeogenesis
and glucose production in other studies (28-30) in animals
and man. Increased plasma concentrations of three carbon
substrates are also known to stimulate gluconeogenesis and
have previously been reported to be increased in subjects with
NIDDM(31). The mechanisms for this increase is likely to be
an inhibition of muscle pyruvate dehydrogenase by FFA (32).
These three carbon compounds probably also have contributed
to increased EGPR. We hypothesize therefore that, in these
diabetic subjects, decreased insulin action and decreased pe-
ripheral insulin availability result in increased FFA concentra-
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tions, fat oxidation, and three carbon substrate concentrations.
Together these stimulated hepatic gluconeogenesis, increased
hepatic glucose production rate, and lead to progressive hy-
perglycemia.

An alternative hypothesis is that the liver is the central
abnormal organ in the pathogenesis of marked hyperglycemia
because of an intrinsic defect leading to decreasing sensitivity
to insulin's and glucose's ability to decrease glucose production.
If this defect was present, we would have predicted that the
suppressibility of EGPRduring the low dose insulin infusion
would have been significantly, linearly correlated with fasting
glycemia. This was not the case, and therefore, this seems a
less satisfactory working hypothesis, at least with respect to
insulin's action on the liver.

The inability to maintain the necessary degree of hyperin-
sulinemia may not be entirely due to beta cell failure. If
estimates of insulin secretory function based upon plasma C-
peptide concentration and 24-h urinary C-peptide excretion
are valid, our data suggested that diabetics actually secreted
more insulin than did nondiabetics. Insulin secretory function
in these subjects may be considered "insufficient," however,
in the presence of the severe hyperglycemia. This could be a
result of an inherited incapacity to increase insulin secretion
to sufficient levels, rather than a result of a failing beta cell. In
addition, the discordance of fasting and stimulated insulin and
C-peptide concentrations in the diabetics indicated either
increased insulin disappearance rates or decreased C-peptide
clearance rates. Faber et al. (33) have previously reported
normal C-peptide clearance rates in insulin-dependent diabetics,
so that increased insulin disappearance may be more likely.
This agrees with an earlier, preliminary report from our
laboratory (34), but has not been a universal finding (35-40).
More detailed studies of insulin and C-peptide kinetics in these
diabetics are needed before firm conclusions can be drawn
regarding possible abnormalities of insulin or C-peptide cata-
bolic rates.

Our rejection of the view that marked hyperglycemia in
subjects with NIDDM is a result merely of decreased insulin
action is based upon our inability to document a significant
negative correlation between insulin-stimulated glucose disposal
rates and degree of fasting hyperglycemia. DeFronzo and
associates (41), using a "low-dose" insulin infusion, reported
a weak (r = -0.30, 0.05 < P < 0.1) correlation between FPG
and glucose metabolic clearance rate in 27 lean Caucasian
subjects with NIDDM. Wealso analyzed the data of Kolterman
et al. (6) including only results from subjects with NIDDM.
Their data show a significant relationship (r = -0.48, P < 0.02)
between insulin action and fasting serum glucose concentration
at maximally stimulating insulin concentrations. Overall, how-
ever, the implication of the three studies appear similar. We
found that none of the variance in FPG of diabetics was
attributable to differences in insulin-stimulated glucose disposal
rates, whereas DeFronzo et al. (41) and Kolterman et al. (6)
found that differences in insulin action could account for 9
and 23% of the variance in their studies. It appears that
decreases in insulin-stimulated glucose disposal can explain

only a small part of the variation in fasting hyperglycemia in
noninsulin-dependent diabetic subjects.

In conclusion, moderately increased fasting glycemia in
some nondiabetics and in mildly hyperglycemic noninsulin-
dependent diabetics appeared to be primarily a result of
decreased insulin action. Marked hyperglycemia in the diabetics
occurred as a result of both decreased insulin action and
decreased peripheral insulin concentrations. We hypothesize
that the major results of these changes in insulin action and
secretion are increased FFA concentrations, increased fat oxi-
dation, and increased flux of gluconeogenic substrates to the
liver, leading to increased EGPRand progressive hyperglycemia.
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