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Abstract

Glucose cycling (GC; G 2 G6P) equals 14% of glucose produc-
tion in postabsorptive man. Our aim was to determine glucose
cycling in six lean and six overweight mild type II diabetics
(fasting glycemia: 139+10 and 152+7 mg/dl), in postabsorp-
tive state (PA) and during glucose infusion (2 mg/kg per min).
14 control subjects were weight and age matched. GC is a
function of the enzyme that catalyzes the reaction opposite the
net flux and is the difference between hepatic total glucose
output (HTGO) (2-[*H]glucose) and hepatic glucose produc-
tion (HGP) (6-H}-glucose). Postabsorptively, GC is a func-
tion of glucokinase. With glucose infusion the flux is reversed
(net glucose uptake), and GC is a function of glucose 6-phos-
phatase. In PA, GC was increased by 100% in lean (from
0.25+0.07 to 0.43+.08 mg/kg per min) and obese (from
0.22+0.05 to 0.50+0.07) diabetics. HGP and HTGO in-
creased in lean and obese diabetics by 41 and 33%. Glucose
infusion suppressed apparent phosphatase activity and gluco-
neogenesis much less in diabetics than controls, resulting in
marked enhancement (400%) in HTGO and HGP, GC re-
mained increased by 100%. Although the absolute responses of
C-peptide and insulin were comparable to those of control sub-
jects, they were inappropriate for hyperglycemia. Peripheral
insulin resistance relates to decreased metabolic glucose clear-
ance (MCR) and inadequate increase of uptake during glucose
infusion. We conclude that increases in HGP and HTGO and a
decrease of MCR are characteristic features of mild type II
diabetes and are more pronounced during glucose infusion.
There is also an increase in hepatic GC, a stopgap that controls
changes from glucose production to uptake. Postabsorptively,
this limits the increase of HGP and glycemia. In contrast,
during glucose infusion, increased GC decreases hepatic glu-
cose uptake and thus contributes to hyperglycemia. Obesity
per se did not affect GC. An increase in glucose cycling and
turnover indicate hepatic insulin resistance that is observed in
addition to peripheral resistance. It is hypothesized that in
pathogenesis of type II diabetes, augmented activity of glu-
cose-6-phosphatase and kinase may be of importance.

Introduction

In the liver, substrate cycles may be operative at the three
nonequilibrium reactions of glucose metabolism: glucose cycle
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(glucose = glucose-6-phosphate), fructose-6-phosphate cycle
(fructose-6-phosphate = fructose-1,6-diphosphate), and phos-
phoenol pyruvate cycle (pyruvate = phosphoenol pyruvate). It
appears that the most active of these is the first, namely the
glucose cycle. By using a combination of glucose labeled in
various positions, glucose cycling was detected in normal dogs
(1-3), ponies (4), mice (5), rabbits (6), chickens (7), rats (8),
and man (9, 10).

The rate of substrate cycling is determined by the enzyme
that catalyzes a nonequilibrium reaction in the direction op-
posite to that of the pathway. Hence, in the postabsorptive
state the glucose cycle (GC)' is a function of the enzyme glu-
cokinase and is measured as the difference between glucose
turnover rates determined by 2-[*H]- and 6-[*H]glucose (Fig. 1
A). This procedure is used with the assumption that the first
label is removed at an early stage in the glycolytic pathway
(isomerase reaction) while the second is preserved throughout
the glycolytic pathway. Hepatic total glucose output (HTGO)
is measured by 2-[*H]glucose and is a function of glucose-6-
phosphatase, while 6-[*H]glucose measures hepatic glucose
production (HGP) (Fig. 1 4). The glucose cycle was also mea-
sured by using the difference between 2-[*H]- and 3-[*H]-
glucose as labels. This is valid, however, only if the rate of the
second cycle is marginal, since 3-[*H]glucose is detritiated in
the glycolytic pathway immediately after the second cycle.
Therefore, in normal postabsorptive man where the second
substrate cycle may be active, the glucose cycle can be precisely
measured only by using the difference between 2-[*H]- and
6-[*H]glucose (9). The glucose cycle is increased in depancrea-
tized and alloxan-diabetic dogs (models of type I diabetes [3,
11]). In mild lean type II diabetics, glucose cycling was mea-
sured using 2-[*H] and 3-[*H]glucose, and it amounted to 14%
of glucose production (12). An increased glucose cycle was
noted in acromegalic patients despite the fact that they were
normoglycemic (13).

During glucose infusions the direction of the metabolic
flux changes from net glucose production to net glucose up-
take. Under these conditions glucose-6-phosphatase and not
glucokinase catalyzes the metabolic reaction that is opposite to
the glucose flux. Therefore, GC is a function of the phospha-
tase activity. This enzyme activity also determines HTGO,
which is measured with 2-[*H]glucose (Fig. 1 B). HTGO in-
cludes GC plus glucose originating from gluconeogenesis and
glycogenolysis. During glucose infusion the component from
glycogenolysis is presumably negligible.

1. Abbreviations used in this paper: CV, coefficient of variation; GC,
glucose cycling; HGP, hepatic glucose production; HTGO, hepatic
total glucose output; MCR, metabolic clearance rate; PA, postabsorp-
tive state.
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Figure 1. (4) Glucose cycle and turnover (mg/kg per min) in normal subjects. During the postabsorptive state, glucose flux equals the glucose
production rate and the glucose cycle is a function of the activity of glucokinase. (B) During glucose infusion, glucose flux is reversed and there
is net glucose uptake by the liver, and the glucose cycle is a function of glucose-6-phosphatase.

The aim of the present study was to measure the rate of GC
in obese and lean type-II diabetes and in matched controls.
2-[*H] and 6-[*H]glucose were used as tracers. Glucose cycling
was measured in the postabsorptive state (function of gluco-
kinase activity) and during glucose infusion (function of glu-
cose-6-phosphatase activity). Thus, the input of diabetes and
obesity on the GC was probed under both metabolic condi-
tions. In addition to GC our studies included measurements of
glucose production and utilization. It should be noted that
conventional tracer methods measure the overall glucose dis-
posal while GC represents a probe that is specific to liver me-
tabolism.

Methods

Subjects. The study comprised four groups of participants, as summa-
rized in Table I. All diabetics had an elevated fasting plasma glucose on
several occasions. In all controls, fasting plasma glucose and the oral
glucose tolerance test was normal according to our criteria (14). The
data of the lean controls are derived from a previously published study
(13). However, all the experiments included in the present study were
performed concurrently and during an 18-mo period.

The slightly higher mean age and lower relative body weight in both
diabetic groups compared to the respective control was not significant.

In order to complete the experiments during a reasonable period of
time, and since it is difficult to recruit subjects for tracer studies, we
have included all available volunteers and patients irrespective of sex.
This has resulted in a sex difference between controls and diabetics,
especially in overweight groups. The analysis of data in normal weight
groups, however, indicates that the turnover results are not related to
the sex of the subjects. The following values for hepatic glucose produc-
tion (mg/kg per min) were measured: control males (1.70, 1.83, 1.84,
1.85, 1.90); control females (1.81, 1.83, 1.95); diabetic males (2.57,
1.95, 1.88, 1.90); and diabetic females (2.63, 2.88).

Except for diabetes in the patients, all participants were in good
general health and none were taking any medication. The diabetics
were prescribed a controlled diet, containing about 45% carbohydrate.
The controls were eating an ordinary Swedish diet with approximately
the same proportions of carbohydrate and fat. The experimental pro-
tocol was reviewed and approved by the Ethical Committee of the
Karolinska Hospital.

Infusions. All subjects were studied in the recumbent position at 8
a.m. after a 12-14-h overnight fast. An indwelling catheter was placed
in a cubital vein of each arm, one for infusion of unlabeled and isotopi-
cally labeled glucose and the other for blood sampling.

After cannulation, a primed constant infusion of sterile and non-
pyrogenic 2-[*H] and 6-[*H]glucose (New England Nuclear, Boston,
MA) in isotonic saline was started to be continued throughout the
experiment (240 min). The priming amount of labeled glucose was

Table I. Clinical Data for the Control Subjects and Those with Mild Diabetes

Sex ratio
Subjects n M/F Age Body weight Fasting plasma glucose
yr % of ideal® mM  mg/dl

Normal weight

Controls 8 5/3 43.8+2.3* 95+4 5.0+0.6 90+7

Diabetics 6 4/2 49.3+4.1 83+3 7.7+£0.5 13910
Overweight

Controls 6 0/6 49.0+2.0 135+5 5.540.2 99+3

Diabetics 6 6/0 53.0+2.9 121+1 8.4+0.4 152+7

* Mean+SEM, * Metropolitan Life Insurance Tables, 1959.

1954  S. Efendic, S. Karlander, and M. Vranic

Eight lean controls have been included from our previous study (13).



24-30 uCi (1 Ci = 3.7 X 10'° bequerels) and the infusion rate was
0.20-0.25 pCi/min. After an equilibration period an infusion of unla-
beled glucose was started. It was given for an additional 120 min at 2
mg/kg per min by means of a Tecmar pump (Medical Market, Swe-
den). The concentration of glucose in the infusate was measured in
each experiment together with the same assay as the plasma samples.

Blood sampling. During the 120-min equilibration period, blood
samples were drawn at 0, 90, 100, 110, and 120 min. At the start of the
infusion of unlabeled glucose the clock was reset to zero and samples
were drawn every 10 min during the experiment.

Analytical procedures. Heparinized blood was kept on ice until
centrifuged at 4°C. A plasma sample was. used for determination of
plasma glucose in triplicate. The rest was frozen at —20°C for later
analysis of C-peptide, insulin, glucagon and specific activity of glucose.
Plasma glucose was determined by the glucose oxidase method (15).
C-peptide was measured by radioimmunoassay with a commercially
available kit (Novo Research, Bagsvaerd, Denmark). Insulin was mea-
sured by radioimmunoassay using antibodies raised in guinea pigs
against porcine insulin. Human insulin served as a standard (16).
Blood samples for analysis of glucagon were collected in prechilled
tubes containing Trasylol and EDTA. The radioimmunoassay was
based on the method of Faloona and Unger and used the 30K anti-
body (17). '

Tracer methods and calculations. Measurements of specific activity
of glucose were performed after deproteinization with Ba(OH), and
ZnSO,. The supernatant was passed through anion and cation ex-
change chromatography (AG 2-X8 and AG 50 W-X8; Bio-Rad Labo-
ratories, Richmond, CA) to remove labeled metabolites from glucose
metabolism. An aliquot of the eluate was evaporated to dryness under
reduced pressure at 40°C. After addition of water and liquid scintilla-
tion solution the total radioactivity from 2-[*H]- and 6-[*H]glucose was
measured in a beta scintillation counter. An external standard was
used for quenching. All samples and standards were counted for 50
min and the counts for the samples were at least four times higher than
for the background.

The radioactivity of 6-[*H]glucose was determined as described by
Dunn et al. (18). In short, 10.0 mg of glucose was added as a carrier to 2
ml of the eluate from ion-exchange chromatography. Glucose was then
oxidized with periodate to 5 molecules of formic acid (derived from
carbons 1-5) and 1 molecule of formaldehyde, derived from carbon 6.
After addition of dimedon, formaldehyde precipitates as formalde-
methone. The radioactivity of the precipitate was determined after
filtering, drying, and weighing. In the four groups studied, the percent
recovery for 6-[*H]glucose by the dimedon procedure was almost
identical: normal weight controls 91+1 (86-97), normal weight dia-
betics 88+2 (82-94), obese controls 874 (80-92), obese diabetics
90+1 (88-94). This suggests that the calibration of a critical experi-
mental measurement was consistent throughout the study. The radio-
activity of 2-[*H]glucose was calculated as the difference between total
radioactivity and that of 6-[*H]glucose as measured with the dimedon
procedure. Aliquots of the infused mixture of 2-[*H] and 6-[*H]glucose
were run along with the plasma samples to verify the concentrations of
the two labels in the infusate and to estimate possible losses of 6-[*H]-
glucose relative to 2-[*H]glucose during the dimedon procedure. On
the average, 6-[*H]glucose accounted for 50% of total radioactivity in
the infusate in patients and controls. Aliquots of 2-[*H]glucose did not
display any radioactivity above background after being passed through
the dimedon procedure.

At the end of the equilibration period HGP and HTGO (R,, rate of
appearance) was calculated as the rate of tracer infusion (R¥) divided
by the specific activity of glucose, or R, = R#/sp act. During the glucose
infusion, R, and Ry (rate of disappearance) were determined by a
method based on a modified single-compartment analysis of glucose
turnover (19). It is assumed that rapid changes in the specific activity
and concentration of glucose do not occur uniformly within the entire
glucose pool. To compensate for this non-uniform mixing, a term of
the non-steady state equation was multiplied by a correction factor
(pool fraction) of 0.65 (20, 21). This approach for calculating non-

steady state kinetics of glucose turnover was validated in vivo (21). A
sliding fit technique employing three consecutive values of glucose
concentration and specific activity was also used in the calculations as
described previously (22). Since very rapid changes in activity occur
immediately after the start of the glucose infusion, the first non-steady
state R, value was calculated at 20 min using specific activities at 10,
20, and 30 min.

During glucose infusion the HGP and HTGO were calculated by
subtracting the rate of infusion of exogenous glucose from the tracer-
determined total rate of glucose appearance. An integrated value of R,
during the glucose infusion was calculated as the area under the R,
curve between 20 and 110 min. This value was divided by 90 to obtain
the average value during this 90-min period. In order to obtain mean
data reflecting the final part of the experiment, the average Ra during
90-110 min was also calculated. Using the same technique the average
Rd was obtained for both time periods during the glucose infusion. The
glucose metabolic clearance rate (MCR) was calculated as R,/C, where
C is glucose concentration.

The rate of glucose cycling is determined by the activity of the
enzyme that catalyzes the flux that is opposite to the net flux of the
pathway (23). Taking into account the assumptions listed in the dis-
cussion, GC in the postabsorptive state is determined as the difference
between hepatic total glucose output (2-[*H]glucose) and hepatic glu-
cose production (6-[*H]glucose).

Statistical methods. Results in the text, tables and figures are ex-
pressed as the mean+SEM. Student’s ¢ test was performed for paired
and unpaired data after logarithmic transformation. Correlation analy-
sis was undertaken using the Spearman rank correlation coefficient.

Resuits

In all four groups an isotopic plateau was reached during the
last 30 min of the equilibration period (Fig. 2). The mean
coeflicient of variation (CV) was below 5.2% for both isotopes.
Plasma glucose was also stabilized during this period (Fig. 3)
with a CV below 1.8%. This implies that steady state condi-
tions prevailed for both labeled and unlabeled glucose at the
end of the equilibration period.

Glucose, C-peptide, and insulin concentrations. As seen in
Fig. 3 and in Table II, plasma glucose appeared to be higher in
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Figure 3. Effect of glucose infusion (0-120 min) on plasma concentrations of glucose, C-peptide, insulin and glucagon. Data are shown as

mean+SEM. :

overweight than in normal weight controls; this difference be-
came highly significant during the glucose infusion period. In
comparison with controls the diabetics had moderately but
significantly elevated plasma glucose levels throughout the ex-
periment. The basal and stimulated levels of plasma C-peptide
and insulin were significantly higher in the overweight groups.
Despite the more pronounced hyperglycemia during the glu-
cose infusion both diabetic groups had similar plasma C-pep-
tide and insulin levels as the corresponding controls. This in-
dicates a decreased C-peptide or insulin glucose ratio, an indi-

Table II. Plasma Glucose, C-Peptide, and Insulin Patterns

cation of inappropriate insulin secretion. Plasma glucagon
levels in the lean controls tended to be lower than in all other
groups. There was no significant change in glucagon levels
during glucose infusions.

Hepatic glucose production and irreversible glucose uptake.
In the postabsorptive state HGP (measured with 6-[*H]-
glucose) was higher in normal weight than in overweight con-
trols (Fig. 4, Table III). This difference, however, disappeared
when HGP was expressed in relation to body surface area
(70+5 and 71+7 mg/m? per min). Postabsorptive HGP was

Plasma glucose Plasma C-peptide Plasma insulin
Subjects Basal state } Glucose infusion Basal state Glucose i.nfusion Basal state Glucose infusion
meg/dl pmol/mi wU/ml

Controls

Normal weight 89+3 110+5 0.39+0.05 0.73+0.10 101 14+2

Overweight 95+3 133+3* 0.69+0.06* 1.29+0.15* 18424 29+4*
Diabetics

Normal weight 1 33t9’ 176+9% 0.42+0.09 0.60+0.10 12+1 13£1

Overweight 142498 196111 0.93+0.12* 1.25+0.12* 21+3% 30+4*

* P <0.01, * P < 0.05, normal weight vs. overweight subjects.

1956  S. Efendic, S. Karlander, and M. Vranic

§ P <0.001," P <0.01 diabetics vs. weight-matched controls.
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higher in diabetics than in controls irrespective of body weight
(33 and 35%, respectively) (Fig. 5 4; Table III).

The glucose infusion caused a prompt suppression of HGP
in all groups (Fig. 4, Table III). The degree of maximum sup-
pression was less pronounced in diabetics either with normal
weight (64+7%, P < 0.001) or overweight (72+7%, P < 0.005),
than in the corresponding controls (90+7 and 91+4%, respec-
tively). This resulted in marked differences between lean
(450%) and obese (370%) diabetics and the respective controls
(Fig. 5 B). ' :

In the postabsorptive state, irreversible glucose uptake
equals glucose production (glucose turnover). This was higher
in diabetics than in controls (Fig. 4, Table IV). The glucose
infusion caused an increase in Ry in the controls (P < 0.01) but
had no effect in either lean or overweight diabetics. A very
minor increase in Ry was observed in normal weight diabetics
only at the end of the experiment (P < 0.025).

MCR. In the pdstabsorptiye state MCR was lower in over-
weight than in normal weight groups (Fig. 4, Table V). MCR
was lower in lean diabetics than in the controls while no signif-

Table III. R, (mg/kg per min) in Controls and Diabetics
’ Glucose infusion Glucose infusion
Subjects Basal state 20-110 min P vs. basal state 90-110 min P vs. basal state
mg/kg/min
Controls .
Normal weight 1.85+0.03 0.40+0.04 P <0.001 0.20+0.04 P <0.001
Overweight 1.59+0.06* 0.41+0.04 P <0.001 0.16+0.06 P <0.001
Diabetics :
Normal weight 2.47+0.18% 0.99+0.13¢ P <0.001 0.91+0.19* P <0.001
Overweight 2.14+0.12% 0.81+0.05¢ P <0.001 0.59+0.13" P <0.001

* P <0.01 normal weight vs. overweight subjects. P <0.05,* P <0.01, and P < 0.001 diabetics vs. weight-matched controls. During the glucose
infusion R, was averaged between 20 and 110 min as well as between 90 and 110 min. Data presented as mean+SE.
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Figure 5. Glucose turnover and cycling (mg/kg per min) in postab-
sorptive state (4), and during 90-110 min of glucose infusion (B).
Data are shown as mean+SEM. *P < 0.05, **P < 0.01, ***P < 0.001
diabetic vs. weight-matched contl_'ols. Total glucose output was sup-
pressed during glucose infusion in normal and obese controls and di-
abetics (P < 0.001). Glucose cycling was significant in all cases (P
< 0.01).

icant difference was found between the two obese groups.
Durmg the glucose infusion MCR decreased in the obese (P
< 0005) and in the lean diabetics (P < 0.001). There was no
change in normal weight controls.

Total glucose output and glucose cycle. Under postabsorp-
tive conditions (Figs. 4 and 5 4) HTGO (measured with 2-
[*H]glucose) was higher than hepatic glucose production
(measured with 6-[*H]glucose) in all groups of subjects, result-
ing in significant GC activity (P < 0.05). The activity of GC
was §1gn1ﬁ¢antly higher in the lean (72%) and obese (130%)
diabetic groups than in the respective control groups. When
the data of normal weight and obese control subjects were
pooled together and compared to all diabetic subjects, the dif-
ferénce in GC was highly significant (0.46+0.05 and
0.2420.04, P < 0.005). In the combined diabetic groups, GC
was positively correlated with fasting plasma glucose levels (r

Table IV. Rd (mg/kg/min) in Controls and Diabetics

= 0.59, P < 0.05). Within the control and diabetic groups GC
was not correlated to the body weight.

Glucose infusion did not change GC in any of the four
studied groups, so that on the average, GC in the diabetics
continued to be about 100% higher than in controls (Figs. 4
and 5 B). In contrast, this infusion suppressed apparent glu-
cose-6-phosphatase activity much less in the diabetics than in
the controls, resulting in marked enhancement in HTGO in
the lean (330%) and the obese (400%) subjects (Fig. 5 B).

Discussion

In this study we demonstrate that in the postabsorptive state
0.43 mg/kg per min of glucose is turned through the GC in
normal weight patients with type II diabetes while in matched
healthy subjects GC activity amounted to about 0.25 mg/kg
per min (P < 0.01). Obesity had no effect on GC in healthy
and diabetic subjects. We presently calculated GC as the dif-
ference in turnover rates between 2-[*H] and 6-[*H]glucose.
This approach is based on two assumptions: (a) 6-[*H]glucose
provides an appropriate measure of hepatic glucose produc-
tion, and (&) there is no tritium retention in C-2 of glucose-6-
phosphate. With respect to the first assumption, tritium from
6-[*H]glucose is retained through the whole glycolytic process
(24) and is lost to a large extent by carboxylation-decarboxyla-
tion reactions between pyruvate and dicarboxylic acids as well
as by the action of glutamate-pyruvate transaminase (25).
When the incorporation of tritium from 3-[*H]lactate into
glucose in hamster hepatocytes (26) and in fasting rats was
measured (27) only ~ 10% of the administered activity was
recovered in glucose. This implies that even though some tri-
tium from 6-[*H]glucose can recycle it seems nevertheless that
this tracer measures the rate of hepatic glucose production
satisfactorily (28). The second assumption implies that tritium
in 2-[*H]glucose is completely lost in the hexose isomerase
reaction. This, however, has not been ascertained. In vitro data
suggest that a small amount of tritium is retained in hexose-6-
phosphates (29). If this occurs in vivo the activity of GC would
be underestimated.

It appeared that GC was negligible in lean nondiabetic
subjects when it was measured by comparing turnover rates of
2-[*H]glucose and 3-[*H]glucose (12). Also, GC in lean, mild
diabetics measured previously by 3-[*H]glucose (12) was lower
(0.29 mg/kg per min) than that measured by 6-[*H]glucose in
the present experiments (0.43 mg/kg per min). We demon-
strated that at least in some normal subjects, turnover mea-

Glucose infusion

Glucose infusion

Subjects Basal state 20-110 min P vs. basal state 90-110 min P vs. basal state
Controls
Normal weight 1.85+0.03 2.20+0.08 P <0.001 2.37+0.10 P <0.001
Overweight 1.59+0.06* 1.95+0.07¢ P <0.01 2.09+0.10 P < 0.005
Diabetics
Normal weight 2.47+0.18% 2.43+0.14 NS 2.65+0.16 P <0.025
Overweight 2.14+0.128 2.09+0.10 NS 2.23+0.14 NS

# P <0.05, and *P < 0.01 normal weight vs. overweight subjects.

§ P < 0.01 diabetics vs. weight-matched controls. During the glucose infu-

sion R, was averaged between 20 and 110 min as well as between 90 and 110 min. Data are presented as mean+SEM.

1958 S Efendic, S. Karlander, and M. Vranic



Table V. MCR (mg/kg/min) in Controls and Diabetics

Glucose infusion

Glucose infusion

Subjects Basal state 20-110 min P vs. basal state 90-110 min P vs. basal state
Controls
Normal weight 2.11+£0.09 2.06+0.13 NS 2.18+0.13 NS
Overweight 1.67+0.07* 1.54+0.05* P =0.05 1.58+0.09* NS
Diabetics
Normal weight 1.86+0.03¢ 1.48+0.05" P <0.001 1.52+0.03** P <0.001
Overweight 1.52+0.08* 1.18+0.1157 P <0.005 1.17+0.1257 P <0.01

TP < 0.05 and *P < 0.01 normal weight vs. overweight subjects. * P < 0.05, "P < 0.01, and **P < 0.001 diabetics vs. weight-matched con-
trols. During the glucose infusion R, was averaged between 20 and 110 min as well as between 90 and 110 min. Data are presented as mean+SEM.

sured with 3-[*H]glucose is higher than turnover measured
with 6-[*H]glucose suggesting an active fructose-6-phosphate
cycle (9). In addition, the dimedon technique used presently
permitted us to determine simultaneously the turnovers of
2-[*H]- and 6-[*H]glucose whereas previously 2-[*H]glucose
and 3-[*H]glucose were administered in separate experiments
(12). The latter design may lead to intraindividual variations
that would overshadow small differences in detritiation rates
between the two isotopes. The rate of substrate cycling in gen-
eral corresponds to the activity of a nonequilibrium enzyme
that catalyzes a reaction opposite to the net metabolic flux
(23). In the postabsorptive state the rate of glucose production
reflects the difference between the activity of glucose-6-phos-
phatase and the activity of glucokinase. Phosphatase catalyzes
the reaction that is in the same direction as the net flux while
the kinase reflects GC. In the normal weight controls GC rep-
resents only 14% of the net flux (glucose production) or, in
other words, the apparent activity of glucose-6-phosphatase is
eight times larger than that of glucokinase. In lean and obese
diabetic subjects, the relative increase in production was 33
and 44%, respectively, while GC increased more (72 and
130%, respectively). Since we have demonstrated a correlation
between glucose concentration and GC it is feasible that, at
least in part, the cycling increases with hyperglycemia because
glucose is the substrate for glucokinase. The increase in GC in
postabsorptive state could be seen as a protective mechanism
that in diabetes limits the rate of glucose production, and
therefore also the magnitude of hyperglycemia. It also appears
that the measurement of glucose cycling is a more sensitive
yardstick to detect defects in carbohydrate metabolism than
measurements of net glucose fluxes. We have illustrated this
point previously in normoglycemic acromegalic patients. Sim-
ilar to the diabetics, the relative increase of GC was more
marked than that of glucose production (13).

It is considered that substrate cycling has a number of im-
portant regulatory roles in glucose metabolism. Newsholme
(23) has suggested that in the muscle the glycolytic pathway
can be greatly accelerated when substrate cycling is already
high. Such large and rapid acceleration of the glycolytic path-
way is of particular importance during a short bout of intense,
mainly anaerobic exercise. In contrast, in the liver the maxi-
mum increases of glucose production in nondiabetic and dia-
betic dogs are not in excess of three- to fivefold (30, 31), but the
hepatic net flux changes its direction with the feeding-fasting
cycles. In the liver glucose-6-phosphate is a branch point for
several pathways with at least four outflows (glucose, fructose-

1,6-diphosphate, glycogen and the pentose cycle) and an equal
number of inputs. The glucose cycle could be an important
stop gap that can prevent inappropriate changes in fluxes, be-
cause in order to change the direction of the flux one needs
either to induce a very large change in one enzyme or change
the activities of the two enzymes in opposite directions. This
implies a more complex control than simple changes in net
fluxes that occur in near-equilibrium reactions.

When glucose is infused, the net flux is reversed from glu-
cose production to net glucose influx. The enzyme that cata-
lyzes the reaction that is opposite to the net flux is glucose-6-
phosphatase, which corresponds to total glucose output mea-
sured by 2-[*H]glucose. Radziuk (32) suggested that the liver
will take up ~ 25% of the glucose presented. Therefore, during
an infusion of 2 mg/kg per min the net uptake of glucose could
amount to 0.5 mg/kg per min. This would mean that GC
could amount to 40% of the net glucose flux. In general, glu-
cose infusion decreased the activity of glucose-6-phosphatase,
and it is debated whether this is a primary effect of hyperglyce-
mia (33, 34). This mechanism facilitates the reversal of the
metabolic flux. It is defective in diabetes where the activity of
glucose-6-phosphatase is less suppressed than in the controls
despite much higher glucose levels. Such residual high activity
of the phosphatase could contribute to hyperglycemia during a
glucose challenge. Thus, it appears that in the postabsorptive
state, GC has a protective role against hyperglycemia, while
postprandially, it could further aggravate postprandial hyper-
glycemia.

The mechanism of increased GC in mild type II diabetics is
not clear. At the present time one cannot distinguish between
the cause or the effect. For example, the increased activity of
glucose-6-phosphatase both in the postabsorptive state and
during glucose challenge could indirectly result from insulin
resistance through an unknown chain of metabolic events. It is
unlikely that it is related to hyperglycemia per se because this
should reduce and not increase activity of this enzyme.

Apart from increased GC, our investigation revealed other
metabolic derangements in normal weight diabetics. Although
the subjects had only mild hyperglycemia (fasting values
133+9 mg/dl) HGP was increased in the basal state and was
not effectively suppressed during glucose administration de-
spite marked hyperglycemia and a significant increase in C-
peptide levels. Using 3-[*H]glucose an increase in basal HGP
was not demonstrated in patients with type II diabetes who
had a mean fasting blood glucose of 117 mg/dl (35), 123 mg/dl
(12), 129 mg/dl (36), and 149 mg/dl (37). It is possible that by

Glucose Cycling in Type II Diabetes 1959



using 3-[*H]glucose a small but significant elevation of basal
R, in mild type II diabetes is overlooked. Also, during large
glucose infusions (hyperinsulinemic euglycemic clamps), en-
dogenous glucose production is underestimated (38, 39).

This study with 6->H tracer corroborates our previous ob-
servation with 3-[*H]glucose that a glucose infusion suppresses
HGP to a lesser degree in mild type II diabetics than in con-
trols in spite of a more pronounced hyperglycemia (12, 36).
With a sequential hyperinsulinemic euglycemic clamp tech-
nique (40-42) an impaired suppressibility of HGP was also
found in subjects with impaired glucose tolerance and in type
II diabetes. Such a difference could not be detected when in-
sulin levels were clamped at 100 xU/ml (43). Peripheral insu-
lin resistance was also revealed since MCR was lower and
glucose infusion did not augment glucose uptake in lean dia-
betics in spite of hyperglycemia and significant C-peptide re-
lease. Indeed, insulin resistance is generally recognized as an
important feature of the diabetic state (44, 45). During glucose
infusion, plasma glucose increased more in obese than in the
lean controls despite higher insulin levels. This indicates insu-
lin resistance as also shown by the hyperinsulinemic euglyce-
mic clamp (46). The significant drop in MCR shows that at
least part of this insulin resistance is related to glucose uptake.
The activity of GC in postabsorptive state and during glucose
infusion was not affected by obesity. This implies that insulin
resistance observed in the obese is not related to hepatic glu-
cose uptake as assessed by measurements of the rate of glucose
cycling. The postabsorptive ATP consumption accounted for
by glucose cycling was ~ 0.3 mol/24 h (23). This corresponds
to a daily heat production of ~ 5 kcal, an amount much too
small to play any role in the pathogenesis of obesity. Obese
diabetics had metabolic alterations very similar to lean dia-
betics. There was an increase in basal glucose production that
was not adequately suppressed with hyperglycemia. Hence,
hepatic and extrahepatic insulin resistance is pronounced in
the obese diabetics more than in the obese controls.

An interesting question is whether oscillation in R, and Ry
are related to oscillations in insulin secretion (47). Infrequent
and peripheral insulin measurements in our study cannot an-
swer this question.

In conclusion, in mild lean and obese type II diabetics we
have observed inappropriate insulin release and decreased in-
sulin sensitivity. Manifestations of the overall insulin resis-
tance relate to decreased metabolic clearance of glucose and
inadequate increase of glucose uptake during glucose infu-
sions. Hepatic insulin resistance is indicated because there is
an increased postabsorptive glucose production and impaired
suppression of glucose production during glucose infusion.
Another marked hepatic abnormality noted was an increase in
GC of 72 to 130% in the postabsorptive state. This increase in
GC limits a further increase in glucose production and, there-
fore, in glycemia. During glucose infusion, glucose-6-phos-
phatase determines the rate of GC. In diabetes this activity is
not adequately suppressed during glucose infusion and GC is
actually threefold larger than in controls. This could contrib-
ute to postprandial hyperglycemia. It appears that GC, a po-
tential stop gap in the control of changes from glucose produc-
tion to uptake, represents a very sensitive probe to assess early
diabetic metabolic disorders and is specific for metabolism in
the liver.
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