
Proc. Natl. Acad. Sci. USA
Vol. 82, pp. 2965-2969, May 1985
Medical Sciences

Increased activity of the glucose cycle in the liver: Early
characteristic of type 2 diabetes

(early diabetes/pathogenesis/futile cycle)

SUAD EFENDI(*t, ALEXANDRE WAJNGOT*, AND MLADEN VRANIt
*Department of Endocrinology, Karolinska Hospital, S-104 01 Stockholm, Sweden; and tDepartment of Physiology and Medicine, University of Toronto,
Toronto, Ontario M53 1A8, Canada

Communicated by Rolf Luft, December 14, 1984

ABSTRACT The aims were to assess in the mild, lean,
type 2 diabetics (i) the activity of the hepatic futile cycle (glu-
cose cycling) in the basal state and during an infusion of glu-
cose and (ii) the overall contribution of futile cycling and the
relative contributions of the liver and the periphery to exces-
sive hyperglycemia during a glucose challenge. To determine
hepatic futile cycling, we studied seven healthy controls (C)
and eight mild, lean, type 2 diabetics with decreased oral glu-
cose tolerance test and blood glucose of 123 ± 4 mg/dl. Experi-
ments included an equilibration period, followed by a 2-hr in-
fusion of glucose at 2 mg/kg of body weight per min. In each
subject, two such experiments were performed randomly with
infusions of (i) [2-3H]glucose or (ii) [3-3Hlglucose to calculate,
respectively, (i) total glucose output or total glucose phospho-
rylation and (ii) glucose production or irreversible glucose
loss. Futile cycling equals the difference between glucose turn-
over measured by the two tracers. In controls basal glucose
production was 2.0 ± 0.09 mg/kg per min, and it decreased by
75% during glucose infusion; futile cycling could not be detect-
ed. Plasma glucose increased by 30% and plasma C-peptide by
88%. In the diabetics total glucose output (2.41 ± 0.17 mg/kg
per min) was larger than glucose production (2.12 ± 0.16
mg/kg per min), indicating a glucose cycle. During the glucose
infusion, (i) glucose production in the diabetics as well as in
the controls decreased by 75% (to 0.6 mg/kg per min) despite
higher than normal plasma glucose and C-peptide; (ii) futile
cycling amounted to 0.6 mg/kg per min, which is half of the
total glucose output; (iii) increase of glucose uptake was essen-
tially only due to phosphorylation of glucose because irrevers-
ible uptake increased only marginally; and (iv) most glucose
taken up by the liver during the glucose challenge reenters the
blood stream without being oxidized or polymerized. These
findings, when compared to our previous work in which con-
trols were infused with glucose at 4 mg/kg per min, indicate
that excessive hyperglycemia in the diabetics during glucose
infusion is due to a decrease in irreversible glucose uptake (im-
paired phosphorylation and futile cycling) and to a decrease in
suppression of glucose production. The relative contributions
of the liver and periphery to hyperglycemia seem to be almost
equivalent. The mechanism behind the increased glucose cycle
activity is not clear; it may be due to a relative decrease of
glycogen synthase or increase in glucose-6-phosphatase or
both.

It is generally accepted that there are three futile cycles in
hepatic glucose metabolism causing ATP hydrolysis without
any corresponding change in reactants (1). They operate at
the three irreversible stages between glucose and pyruvate:
(i) the glucose cycle [glucose -* glucose 6-phosphate (Glc-6-
P) - glucose], (ii) the fructose 6-phosphate (Fru-6-P) cycle
[Fru-6-P -- fructose 1,6-bisphosphate -* Fru-6-P], and (iii)

the phosphoenolpyruvate cycle (pyruvate -* phosphoenol-
pyruvate -* pyruvate).
The first cycle may be measured without invasive meth-

ods by comparing total hepatic glucose output (or glucose
phosphorylation; estimated by use of [2-3H]glucose) with he-
patic glucose production (or irreversible glucose loss; as-
sessed by infusing either ['4C]glucose, corrected for recy-
cling, or tritiated glucose labeled in position three or six) (2,
3). When tritiated glucose is labeled in position two, it loses
its tritium in the hexose isomerase reaction (Glc-6-P i± Fru-
6-P), which is near its equilibrium. Therefore, this tracer
measures glucose appearance in plasma irrespective of
whether it is newly formed glucose or it merely originates
from glucose taken up by the liver and circulated through the
glucose cycle. Glucose cycle then equals total hepatic glu-
cose output or glucose phosphorylation minus the rate of
glucose production or irreversible glucose loss. The glucose
cycling fraction of total glucose output in resting dog
amounted to about 20% or more (3-5). This value is similar
to that found in rabbit (6) and somewhat lower than that in
the rat (2). However, the activity of the glucose cycle was
increased in depancreatized dogs and accounted for 48% and
60% of the measured glucose production in animals with
good and poor metabolic control, respectively (7).

In addition to diabetes, a number of other conditions asso-
ciated with increased glucose production also give rise to in-
creased glucose cycling-e.g., infusion of glucagon (4, 7),
exercise, infusion of manno-heptulose, and chronic treat-
ment with methylprednisolone (4). Glucose infusion per se
does not affect glucose cycling in control animals, but it does
increase it when glucose production is elevated, as is the
case in methylprednisolone-treated animals (4). The aims of
the present study were to assess in the mild, lean type 2 dia-
betics: (i) the activity of the glucose cycle in the basal state
and during a glucose infusion, and (ii) the overall contribu-
tion of futile cycling and the relative contributions of the liv-
er and the periphery to the excessive hyperglycemia during
glucose infusion.

MATERIALS AND METHODS

Subjects. This study of healthy volunteers and patients
with type 2 diabetes was approved by the Human Study and
the Isotope Committees of the Karolinska Hospital, Stock-
holm; informed consent was obtained from all subjects. The
group of healthy volunteers consisted of six men and one
woman with a mean body weight of 96 + 4.2% (SEM) of the
ideal weights (Metropolitan Life Insurance Company Ta-
bles) and a mean age of 46.0 ± 4.8 yr (Table 1). They had
fasting plasma glucose levels of <5.8 mM in repetitive deter-
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Table 1. Clinical data for the control subjects and those with mild diabetes

Body weight, Fasting plasma glucose
Group Patient Sex Age, yr % of ideal mg/dl mM

Controls HA M 62 94 98 5.5
TA M 42 106 100 5.6
CJ M 34 74 98 5.5
BN M 40 102 104 5.8
AH M 32 90 90 5.0
BE M 65 104 102 5.7
LE F 46 102 90 5.0

Mean ± SEM 46.0 ± 4.8 96.0 ± 4.2 97 ± 2 5.4 ± 0.1
Diabetics LH M 46 108 121 6.7

ID M 63 99 134 7.4
LB M 45 99 111 6.2
LT M 47 91 115 6.4
AS F 69 86 111 6.2
RB M 51 115 134 7.4
NR M 52 112 132 7.3
RB M 46 112 129 7.2

Mean ± SEM 46.0 ± 4.8 102.8 ± 3.8 123 ± 4 6.9 ± 0.2

minations and normal oral glucose tolerance (OGTT) accord-
ing to Reaven and Olefsky (8).
Seven of the subjects with mild diabetes were men and one

was a woman. Their mean body weight was 102.8 ± 3.8% of
ideal weights, and they had a mean age of 46.0 ± 4.8 yr (Ta-
ble 1). The fasting plasma glucose concentrations varied be-
tween 6.2 and 7.4 mM (112-133 mg/dl). Oral glucose toler-
ance was decreased in all of these subjects. They were out-
patients and kept on a controlled diet. The body weights and
the ages of the control and the diabetic groups were not dif-
ferent.

Infusions. All experiments were performed when the sub-
jects were in the postabsorptive state at 8 a.m. after a 12-hr
overnight fast. An indwelling catheter was placed in a cubital
vein of each arm, one for infusion of unlabeled or isotopical-
ly labeled glucose and the other for blood sampling. The sub-
jects were recumbent during the experiments. On each sub-
ject two experiments were performed in random order-i.e.,
after cannulation-primed constant infusions of sterile and
nonpyrogenic glucose, either [3-3H]- or [2-3H]glucose was
started. The infusions were continued throughout the experi-
ment at a rate of 0.1 ml/min (0.083-0.150 gCi; 1 Ci = 3.7
GBq). The priming dose of labeled glucose was the same as
the amount infused during 120 min. After an equilibration
period of 120 min in which the labeled glucose was infused,
an infusion of unlabeled 15% glucose was started and contin-
ued for 120 min with the help of a Tecmar Pump. The con-
centration of glucose in the infusing solution was measured
in each experiment by the same assay used for the plasma
samples.
During the equilibration period, blood samples were taken

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 40C. A plasma sample was used for deter-
mination of blood glucose in triplicate, and the rest was fro-
zen and kept at -20'C for later analyses of C-peptide and
specific activity of plasma glucose. Glucose was determined
by the glucose oxidase method (9). C-peptide was deter-
mined by RIA with a commercially available kit (Novo Re-
search, Bagsvaerd, Denmark). Blood samples for glucagon
were collected in prechilled tubes containing Trasylol and
EDTA; the RIA was based on the method of Faloona and
Unger using the "30K" antibody (10).

Tracer Methods and Calculations. Measurements of specif-
ic activity of glucose were performed on deproteinized plas-

ma. Under reduced pressure, the supernatant was evaporat-
ed to dryness at 40°C and, after addition of 1 ml of water and
liquid scintillation solution, its radioactivity was measured in
a ,B scintillation counter with the use of an external standard
for quenching. All samples and standards were assayed for
50 min, and the radioactivities of the samples were at least 4
times higher than that of background samples. Tritium
counting efficiency averaged 34%. The rates of glucose pro-
duction (the rate of appearance of glucose) and of glucose
uptake (the rate of disappearance of glucose) were deter-
mined by the method of primed constant tracer infusion (11).
This method is based on a modified single-compartment
analysis of glucose turnover, in which it is assumed that rap-
id changes in the specific activity and concentration of glu-
cose do not occur uniformly within the entire glucose pool.
To compensate for this nonuniform mixing, a term of the
non-steady-state equation was multiplied by a correction
factor (pool fraction) of 0.65 (12, 13). A sliding-fit technique
using three consecutive values of glucose concentration and
specific activity also was used in the calculations as de-
scribed (13). This approach for calculating non-steady-state
kinetics of glucose turnover was validated in vivo and con-
firmed (13). During glucose infusions the endogenous rate of
glucose production was calculated by subtracting the rate of
infusion of exogenous glucose from the tracer-determined
total rate of glucose appearance.

Statistical Methods. Results are expressed as mean +
SEM, and Student's t test was performed for nonpaired and
paired data.

RESULTS

Fig. 1 shows the concentration of glucose, C-peptide, and
glucagon on the two different days when tracer experiments
utilized glucose labeled either in position three or two. The
patterns of these parameters were essentially identical on the
two experimental days. During glucose infusion in healthy
subjects, plasma glucose concentration plateaued at 130
mg/dl, whereas in diabetics glycemia of about 160 mg/dl was
eventually achieved. C-peptide release increased to approxi-
mately the same extent in both groups, although basal C-
peptide levels were higher in the diabetics. However, these
concentrations of C-peptide at 160 mg/dl of glucose were
much smaller than those observed in a previous study in nor-
mal subjects where such high glucose levels were obtained
with a larger glucose infusion (14). Hyperglycemia sup-
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FIG. 1. Effect of glucose infusion on plasma concentration of glucose, C-peptide, and glucagon in controls (n = 7) (Upper) and subjects with
mild type 2 diabetes (n = 8) (Lower). Glucose was infused at a rate of 2 mg/kg per min (shaded horizontal bar starting at time 0). Experiments
with two tracers were performed in random order. o, [2-3H]glucose; e, [3-3H]glucose. Data are shown as means ± SEM. Probabilities, com-
pared with basal concentrations for that group: *, P < 0.05; **, P < 0.01; ***, P < 0.001.

pressed marginally glucagon levels in the controls and the
diabetics.

In control subjects basal rate of appearance of glucose was
2.0 ± 0.09 mg/kg per min as measured with [3-3H]glucose.
An almost identical value was obtained with the [2-3H]glu-
cose tracer (Fig. 2). During the glucose infusion, the rate of
appearance of glucose was suppressed by 75%, irrespective
of the tracer used. Thus, in basal state and during glucose
infusion, a glucose cycle could not be detected. There were
also no significant differences registered in the increase of
the rate of disappearance of glucose during the glucose infu-
sion, implying that the total rate of glucose phosphorylation
as measured by [2-3H]glucose was the same as the irrevers-
ible glucose loss measured by [3-3H]glucose.

In the diabetics basal total glucose output (2.41 ± 0.17
mg/kg per min) was larger (P < 0.05) than glucose produc-
tion by the liver (2.12 ± 0.16 mg/kg per min), indicating a
glucose cycle. This difference between total glucose output
and glucose production became more pronounced during
glucose infusion and was as high as 0.6 mg/kg per min (P <
0.01) at 80-110 min. At the end of the glucose infusion peri-
od, glucose production was about 0.60 mg/kg per min.
Hence, approximately half of the total glucose -output was
due to glucose released throughout the glucose cycle. The
figure for the rate of disappearance of glucose reveals that,
in basal state, total glucose phosphorylation but not irrevers-
ible glucose uptake was elevated in diabetics when com-
pared to controls. During glucose infusion, hyperglycemia in
the diabetics resulted in a markedly increased total glucose
phosphorylation, whereas the irreversible loss of glucose in-

creased only slightly above the basal value. It is also note-
worthy that, in the diabetics, the glucose infusion was initial-
ly accompanied by suppression of glucose uptake.

DISCUSSION
Present studies confirm our previous observations suggest-
ing that in lean, mild type 2 diabetics, two defects are re-
sponsible for carbohydrate intolerance: a decreased insulin
responsiveness to a glucose challenge and a decreased insu-
lin sensitivity (14, 15). The basal rate of the irreversible loss
of glucose from plasma (measured with [3-3H]glucose) in dia-
betics was not elevated and increased only marginally during
glucose infusion despite the fact that hyperglycemia and C-
peptide levels were higher than in the controls (Fig. 2). This
indicates insulin resistance. A part of insulin resistance was
apparently due to incomplete suppression of glucose produc-
tion despite hyperglycemia of 160 mg/dl. Glucose produc-
tion was suppressed to the same extent in both the controls
and the diabetics when the i.v. glucose was administered,
although the latter group had considerably higher glucose
and C-peptide levels. It is amply documented that hypergly-
cemia per se can suppress glucose production (16).
To shed some light on the mechanisms behind insulin

resistance that is combined with less insulin response to hy-
perglycemia, we also studied glucose turnover with [2-3H]-
glucose, which measures total glucose output from the liver
and total glucose phosphorylation in the body. The differ-
ence between the total glucose output and the glucose pro-
duction reflects activity of the glucose cycle. In healthy sub-
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FIG. 2. Effect of glucose infusion on the rate of appearance of glucose (Ra) and the rate of disappearance of glucose (Rd) in controls (Left)
and in subjects with mild type 2 diabetes (Right). Glucose was infused at a rate of 2 mg/kg per min (shaded horizontal bar starting at time 0).
Data are shown as means ± SEM. See the legend of Fig. 1 for n and P values. o, [2-3H]glucose; e, [3-3H]glucose.

jects the glucose cycle could not be detected, implying that
essentially all phosphorylated glucose was further metabo-
lized both during normo- and hyperglycemia. In contrast, in
the diabetics basal glucose output was significantly larger
than glucose production, indicating a glucose cycle. During
glucose infusion, the difference between total glucose output
and glucose production increased and became as high as 0.6
mg/kg per min at 80 min. Since glucose production at the
end of glucose infusion was also about 0.6 mg/kg per min,
approximately half of the total glucose output was due to
glucose released through the glucose cycle. Thus, in the dia-
betics with a basal glucose production of 2.12 mg/kg per
min, an additional amount of glucose (0.29 mg/kg per min) is
taken up by the liver, phosphorylated, and then promptly
dephosphorylated. We do not know how much glucose is
taken up by the liver, but the amount of glucose flowing
through the futile cycle seems quite significant. This be-
comes even more noticeable during glucose infusion, when
as much as 0.6 mg of glucose per kg/min was metabolized
through futile cycle. Hyperglycemia in the diabetics resulted

in a markedly increased glucose phosphorylation, whereas
the irreversible loss of glucose increased only marginally. By
the end of the glucose infusion period, the irreversible glu-
cose uptake was about 2.44 mg/kg per min, and the total
phosphorylation amounted to 3.05 mg/kg per min.
To assess the relative contributions of liver and periphery

to the excessive hyperglycemia in the glucose-infused dia-
betics, we compare in Table 2 some data from the present
experiments with those from a previous study (14) in which
healthy subjects were infused with glucose at 4 mg/kg/min.
In both studies during glucose infusion, the glucose levels
reached were about 160 mg/dl. However, whereas in healthy
subjects irreversible glucose uptake was 4 mg/kg per min, in
diabetics it was only 2.4 mg/kg per min. If one assumes that
in healthy subjects glucose cycle does not operate at this lev-
el of glycemia (4), the rate of glucose phosphorylation also
would amount to 4 mg/kg per min. It appears that, in the
diabetics at this level of glycemia (160 mg/dl), irreversible
glucose uptake was decreased by 1.6 mg/kg per min (Table
2). From this amount 1.0 mg was due to defective phospho-

Table 2. Comparison of glucose production and uptake in healthy subjects and lean type 2 diabetics

Glucose uptake, mg/kg/min
Glucose Plasma Glucose Total
infusion, glucose production, Futile cycle, Irreversible phosphorylation

Subjects mg/kg/min mg/dl mg/kg/min mg/kg/min (T-3) (T-2)
Controls* 4 160 0 0 (assumed) 4.0 4.0 (assumed)
Diabeticst 2 160 0.6 0.6 2.4 3.0

Difference 0.6 1.6 1.0

*Infused with glucose at 4 mg/kg per min.
tInfused with glucose at 2 mg/kg per min.
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rylation, whereas 0.6 mg/kg per min would correspond to
activity of the glucose cycle in the liver. These calculations
also can provide some indication on the participation of the
liver and the periphery in the rate of glucose utilization in the
diabetics. Namely, one could assume that phosphorylation
of glucose in the liver is not rate-limiting, so that the main
defect relates to futile cycling (0.6 mg/kg per min). On the
other hand, since glucose cycle does not operate in the pe-
riphery, the decrease in the rate of total phosphorylation
would reflect the peripheral deficiency (1 mg/kg per min).
Thus, of the total defect of irreversible glucose uptake in the
diabetics, two-thirds would reside in the periphery and one-
third in the liver. Furthermore, because at hyperglycemia of
160 mg/dl glucose production was completely suppressed in
the normal subjects but in the diabetics was maintained at
0.7 mg/kg per min, it could be that the relative contribution
of the liver (glucose production in spite of the hyperglycemia
plus the glucose cycle) and the periphery (decreased phos-
phorylation) to hyperglycemia of diabetics is almost equal.
The reason for the increased futile cycling in diabetes is

not yet known. In healthy subjects hyperglycemia inhibits
glucose phosphatase and activates glycogen synthase (17,
18). The activity of the glucose cycle depends on the rate of
glucose phosphorylation in the liver, its polymerization to
glycogen, oxidation, and dephosphorylation. Since the hex-
ose isomerase reaction is considered to be non-rate-limiting,
it could be that the increased glucose cycle could be due to
decreased activity of glycogen synthase or to increased ac-
tivity of glucose-6-phosphatase or to both of these defects.
In alloxan-induced diabetic rats, an increased activity of glu-
cose-6-phosphatase was found (19-21), implying that this en-
zyme may play a key role in augmentation of the glucose
cycle also in patients with type 2 diabetes.

It is not yet clear how glucose administration affects me-
tabolism of Glc-6-P. Hers and co-workers (17, 18) proposed
that glucose binds to glycogen phosphorylase a, which in
turn initiates the following processes: conversion of phos-
phorylase a into less-active phosphorylase b -- deinhibition
of glycogen-synthase phosphatase -> conversion of glycogen
synthase b into the more-active glycogen synthase a -- ac-
celerated glycogen synthesis with concomitant reduction in
the tissue concentration of UDP-glucose and Glc-6-P. The
declining Glc-6-P is seen as the main factor responsible for
the diminished output of free glucose from the liver (Pull hy-
pothesis). An opposite approach was advocated by El-Refai
and Bergman (22) and Nordlie et al. (23)-i.e., glucose
causes an increase in hepatic Glc-6-P by inhibiting glucose-6-
phosphatase, which in turn serves to force glucose carbon
into glycogen (Push hypothesis). Thus, suppression of glu-
cose phosphatase would be the primary event. Finally, it has
been suggested recently that glucose initially stimulates gly-
cogen synthase and later on directly inhibits glucose-6-phos-
phatase (24). Thus, this unified concept of Newgard et al.
(24) suggests that the pull and push mechanisms are impor-
tant, since activation of synthase and inhibition of phospha-
tase are both primary events. The latter authors also propose
that the membrane translocase that transports Glc-6-P from
the extramicrosomal to intramicrosomal compartment may
be an important site for metabolic regulation. If indeed the
translocase plays such an important role, one could question
whether, in patients with diabetes, an altered recognition of
hyperglycemia by this enzyme leads to increased activity of
glucose-6-phosphatase, which in turn augments activity of
the glucose cycle.
We conclude that glucose intolerance in mild, lean, type 2

diabetics is not only due to a decreased peripheral glucose
phosphorylation but also to a defect in the liver. As a result
of this, a significant part of glucose phosphorylated in the
liver cannot be further utilized because it is dephosphorylat-
ed through a glucose cycle. In addition, glucose production
in liver is inadequately suppressed by hyperglycemia. We
speculate that contributions of liver and periphery to glucose
intolerance could be of similar magnitudes. We believe that
these observations in mild, lean, type 2 diabetics have impli-
cations also in some other types of diabetes, since we have
demonstrated recently that futile cycling is even more
marked in obese type 2 diabetics and that it could account in
part for the diabetogenic effect of growth hormone in the
acromegalics (25).
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