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Abstract

Weused a dual-isotope method (oral 11-_4C Iglucose and intra-
venous 16-3Hlglucose) to examine whether the oral glucose
intolerance of cirrhosis is due to (a) a greater input of glucose
into the systemic circulation (owing to a lower first-pass he-
patic uptake of ingested glucose, or to impaired inhibition of
hepatic glucose output), (b) a lower rate of glucose removal, or
(c) a combination of these mechanisms. Indirect calorimetry
was used to measure oxidative and nonoxidative metabolism.
Basal plasma glucose levels (cirrhotics, 5.6±0.4[SE1, controls,
5.1±0.2 mmol/liter), and rates of glucose appearance (Ra)
and disappearance (Rd) were similar in the two groups. After
75 g of oral glucose, plasma glucose levels were higher in cir-
rhotics than controls, the curves diverging for 80 min despite
markedly higher insulin levels in cirrhotics. During the first 20
min, there was very little change in glucose Rd and the greater
initial increase in plasma glucose in cirrhotics resulted from a
higher Ra of ingested 11-_4Cjglucose into the systemic circula-
tion, suggesting a reduced first-pass hepatic uptake of portal
venous glucose. The continuing divergence of the plasma glu-
cose curves was due to a lower glucose Rd between 30 and 80
min (cirrhotics 236±17 mg/kg in 50 min, controls 280±17
mg/kg in 50 min, P < 0.05, one-tailed test). Glucose metabolic
clearance rate rose more slowly in cirrhotics and was signifi-
cantly lower than in controls during the first 2 h after glu-
cose ingestion (2.24±0.17 vs. 3.30±0.23 ml/kg per min, P
< 0.005), in keeping with their known insulin insensitivity. De-
spite the higher initial glucose Ra in cirrhotics, during the en-
tire 4-h period the quantity of total glucose and of ingested
glucose (cirrhotics 54±2 g 172% of oral load], controls 54±3 g)
appearing in the systemic circulation were similar. Overall glu-
cose Rd (cirrhotics 72.5±3.8 g/4 h, controls 77.2±2.2 g/4 h)
and percent suppression of hepatic glucose output over 4 h (cir-
rhotics, 53±10%, controls 49±8%) were also similar.

After glucose ingestion much of the extra glucose utilized
was oxidized to provide energy that in the basal state was de-
rived from lipid fuels. Glucose oxidation after glucose ingestion
was similar in both groups and accounted for approximately
two-thirds of glucose Rd. The reduction in overall nonoxidative
glucose disposal did not reach significance (21±5 vs. 29±3 g/4
h, 0.05 < P < 0.1). Although our data would be compatible

Address reprint requests to Dr. Yolanta T. Kruszynska, University De-
partment of Medicine, Royal Free Hospital, Pond Street, London
NW32QG.

Received for publication 3 October 1991 and in revised form 4 Au-
gust 1992.

with an impairment of tissue glycogen deposition after oral glu-
cose, glucose storage as glycogen probably plays a small part in
overall glucose disposal.

Our results suggest that the higher glucose levels seen in
cirrhotics after oral glucose are due initially to an increase in
the amount of ingested glucose appearing in the systemic circu-
lation, and subsequently to an impairment in glucose uptake by
tissues due to insulin insensitivity. Impaired suppression of he-
patic glucose output does not contribute to oral glucose intoler-
ance. (J. Clin. Invest. 1993. 91:1057-1066.) Key words: glu-
cose intolerance , glucose kinetics * insulin resistance

Introduction

Most patients with cirrhosis have impaired tolerance to oral
glucose ( 1, 2), even though they have a greater insulin re-
sponse, and overt diabetes is two to four times more prevalent
than in the general population (3). For many years this im-
paired tolerance was attributed to reduced first-pass hepatic
extraction of ingested glucose (due to portal systemic shunting
and/or hepatocellular dysfunction), as it was believed that the
normal liver removes most of the absorbed glucose during its
first passage through the portal circulation. This explained a
paradox, namely that cirrhotics have impaired oral glucose tol-
erance but either no intolerance, or a much lesser degree of
intolerance, to glucose given intravenously as a bolus ( 1, 2).
However, first-pass hepatic uptake of glucose is now consid-
ered to be relatively unimportant in quantitative terms (4). In
dogs arterial blood glucose levels were similar when glucose
was infused either into the portal vein or into a systemic vein
(5), and in animal and human studies portacaval shunting
appears to have little or no effect on oral glucose toler-
ance (6-9).

It is now well recognized, contrary to earlier studies ( 10),
that peripheral tissues account for most of the uptake of in-
gested glucose ( 1 1, 12). Several studies using the hyperinsulin-
emic euglycemic clamp technique have documented marked
peripheral tissue insulin insensitivity in cirrhosis ( 13-16). Be-
cause the rate of glucose uptake by peripheral tissues depends
both on their sensitivity to insulin and on the magnitude of the
insulin response, both peripheral tissue insulin insensitivity
and an impairment of insulin secretion in cirrhosis could ex-
plain the oral glucose intolerance ( 13).

Another factor that might affect blood glucose levels after
oral glucose is the degree of suppression of hepatic glucose out-
put. If in cirrhotics the liver, like peripheral tissues, is insensi-
tive to the action of insulin, one might expect that after glucose
ingestion the rate of hepatic glucose production, and hence the
total amount of glucose entering the systemic circulation,
would be higher than in normal subjects. However, basal he-
patic glucose production is normal ( 15, 17) or decreased ( 18)
in cirrhotics with normal fasting glucose levels, and studies
using the euglycemic clamp have suggested a normal suppres-
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sion of hepatic glucose output (HGO)' in response to physio-
logical increases in plasma insulin concentration ( 15, 19).

There have been no studies on the dynamics of the han-
dling of ingested glucose in cirrhosis. Leatherdale et al. (20)
found normal forearm glucose uptake after oral glucose in cir-
rhotics, albeit at higher plasma glucose and insulin levels than
in controls. To account for the higher plasma glucose levels,
they suggested that systemic delivery of glucose must be in-
creased in cirrhosis but they did not measure the systemic ap-
pearance rates of either total or ingested glucose. In the present
study on cirrhotics and controls given an oral glucose load we
used a dual-isotope technique, with infusion of [3H]glucose
intravenously and ingestion of [ '4C]glucose ( 12, 21, 22), to
test the following hypotheses: (a) there would be no difference
in the amount of oral glucose appearing in the systemic circula-
tion (i.e., in the amount of glucose escaping first-pass hepatic
uptake); (b) there would be no difference in the effect of oral
glucose on HGO; (c) the total systemic appearance rate of glu-
cose would be similar, but the rate of glucose disappearance
from plasma would be decreased in cirrhosis. As studies em-
ploying the euglycemic clamp technique have shown impair-
ment of stimulation of muscle glycogen deposition by insulin
( 14), but normal stimulation of oxidative glucose metabolism
(19), we also employed indirect calorimetry to ascertain
whether the pattern of glucose metabolism after glucose inges-
tion is altered in cirrhosis with more of the glucose taken up by
tissues being immediately oxidised.

Methods

Subjects. Eight patients with stable biopsy-proven alcoholic cirrhosis
and eight normal control subjects were studied. The study was ap-
proved by the local ethical committee. The clinical characteristics of
the patients and controls are given in Table I. Subjects with overt dia-
betes (fasting blood glucose > 6.6 mmol/liter) or a family history of
diabetes mellitus were excluded. None were on treatment known to
affect glucose tolerance. Three patients were taking spironolactone but
none had ascites at the time of study. Five patients had oesophageal
varices on endoscopy; three of these had previously bled from varices.
One patient had suffered from hepatorenal syndrome 6 mopreviously
but had normal renal function at the time of study. The patients had
abstained from alcohol for at least 1 mobefore study. All were in good
nutritional state and consumed a diet containing at least 200 g of carbo-
hydrate per day.

Protocol. Studies were performed in the morning after an overnight
fast. For blood sampling, a venous cannula was inserted retrogradely in
a hand vein, the hand being maintained in a hand warmer at 650C.
After each blood sample, the cannula was flushed with 0.15 mol/liter
NaCl in water. A second cannula was inserted in a vein in the antecubi-
tal fossa for infusion of glucose tracer. At 0800 h, a primed (30 'Ci),
continuous infusion of [6-3H]glucose (0.4 MCi/min) (Amersham In-
ternational, Amersham, UK) was begun and continued for 6 h. Four
basal blood samples were taken between 105 min (t = -15 min) and
120 min (t = 0 min) after the start of the infusion of the [6-3HIglucose,
for measurement of plasma glucose concentration and specific activity,
and of serum insulin, nonesterified fatty acids (NEFA) and blood in-
termediary metabolite concentrations. Subjects then (t = 0 min) in-
gested 75 g of glucose (containing 100 MCi [1- 4C] glucose) in 390 ml of
water. The glucose was divided into five aliquots and given at minute

1. Abbreviations used in this paper: HGO, hepatic glucose output;
MCR, metabolic clearance rate; NEFA, non-esterified fatty acids; Ra,
rate of appearance; RaO, rate of appearance of ingested glucose; Rd,
rate of disappearance.

Table I. Clinical Characteristics of the Subjects Studied

Controls Cirrhotics

n 8 8
Age 49±13 54±11
Weight (kg) 73±12 71±11
BMI (kg/M2) 24.2±3.2 25.6±2.7
Albumin (g/liter) 43±3 36±4
Bilirubin (ALmol/liter) 12±5 20±7
Prothrombin time (s) 13±1 17±1

Mean±SD.

intervals. Blood samples for glucose concentration and specific activity
were taken every 10 min until + 150 min and then every 15 min until
+240 min. Blood samples for serum insulin were taken every 5 min
from 0 to +60 min, every 10 min until + 150 min, and then every 15
min until +240 min. Blood samples for NEFAand intermediary metab-
olites were taken at 15-30-min intervals throughout the study.

Whole-body glucose and lipid oxidation. Substrate oxidation rates
in the basal state and after the oral glucose load were determined by
indirect calorimetry (Deltatrac Metabolic Monitor, Datex Instru-
ments, Helsinki, Finland). Briefly, a clear plastic ventilated hood was
placed over the subjects head and room air was drawn through the
hood at a constant rate of 40 liter/min. Oxygen consumption (para-
magnetic 02 sensor) and CO2production (infrared CO2sensor) were
measured for 15 min during each 30 min of the study, and the means of
the values during the last 10 min of the measurement interval were
used for calculations. The machine was calibrated before each study
and at intervals throughout the experiment. A 2-h basal urine sample
was obtained and a further sample was obtained at the conclusion of
the study for determination of basal and post-glucose urinary nitrogen
excretion rates. Nonprotein respiratory quotient was calculated from
the rates of oxygen consumption, carbon dioxide production, and uri-
nary nitrogen excretion (23, 24). Carbohydrate and lipid oxidation
and energy expenditure were calculated from standard equations (23,
24). In four cirrhotic patients negative rates of lipid oxidation were
observed after the oral glucose load. These negative values are thought
to be numerically equivalent to the net amount of lipid synthesized
(23, 25).

The stoichiometry of lipid synthesis from glucose is given by the
following equation: 1 g of glucose + 0.045 liter of 02 -- 0.35 g of fat
+ 0.25 liter of CO2. The respiratory quotient (RQ) for lipid synthesis
from glucose is 5.6. Under conditions of net lipogenesis, the standard
equation (glucose oxidized = 4.55 VCO2- 3.21 V02 - 2.87 N) will
give an overestimate of the amount of glucose oxidized (23, 25) by an
amount equal to that converted to fat. Therefore, when negative rates
of lipid oxidation were obtained (in the four patients) glucose oxida-
tion was calculated from the following equation (23): glucose oxidized
= 1.34(1.00 VC02 - 4.88 N). Energy expenditure in the basal period
(kcal/min) was subtracted from the mean energy expenditure during
the 4-h post oral glucose period to determine the thermogenic response
to the load. Total nonoxidative glucose disposal during the 4 h after the
oral glucose load was calculated by subtracting the amount of glucose
oxidized and the glucose excreted in the urine from total plasma glu-
cose disappearance rate (Rd).

Analytical procedures. Plasma glucose was determined by a glucose
oxidase method (Yellow Springs Instruments glucose analyser, Clan-
don Scientific, London, UK). For determination of [3H]- and [14C]-
glucose specific activity, 1 ml of plasma was deproteinized with
Ba( OH)2/ZnSO4 (26) and the neutral supernatant after centrifugation
was passed through anion exchange columns (AG2X8, Sigma Chemi-
cal Co., Poole, Dorset, UK). The eluate was evaporated to remove
tritiated H20 and then reconstituted in 2 ml of water. To 1 ml of this
reconstituted eluate 10 ml of scintillation fluid (Cocktail T, British
Drug Houses, Poole, UK) was added, and 3H and '4C disintegrations
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per minute (dpm) were determined by dual-channel scintillation spec-
trometry in a model PW4700 liquid scintillation counter (NV Philips'
Gloeilampen-fabrieken, Lelyweg, Holland) using an external standard
to correct for efficiency and overlapping. The remainder of the recon-
stituted column eluate was taken for determination of the amount of
recycled '4C by determining '4C in the sixth position using periodate
degradation and subsequent trapping of the sixth carbon with dime-
done (27). The "4C dpm in the sixth carbon were corrected for the
efficiency of periodate degradation and recovery by simultaneous deter-
mination of 3H dpm on the sixth carbon. The 6- '4C dpm were multi-
plied by 4 and subtracted from total '4C dpm to give plasma [1-'4CI-
glucose dpm (28). Quadruplicate aliquots of the labeled glucose infu-
sate and the oral [ I - "'C ] glucose were added to nonradioactive plasma
and processed in parallel with the plasma samples to allow calculation
of the [ 6-3H Iglucose infusion rate and specific activity of the ingested
glucose.

Serum insulin was measured by a double-antibody technique (29).
The intra- and interassay coefficients of variation were 6.8% and 7.9%,
respectively. Serum NEFA were determined using an acyl-CoA oxi-
dase-based calorimetric kit (Wako NEFA-C; WakoChemicals, Neuss,
FRG). Blood for estimation of intermediary metabolites was depro-
teinized with perchloric acid (0.6 mol/liter) and the extract was as-
sayed for lactate and pyruvate by enzymic fluorimetric methods (30)
in a model LS50 luminescence spectrometer (Perkin-Elmer, Bea-
consfield, UK). Urinary nitrogen was measured by the method of
Kjeldahl (31 ).

Calculations. The rates of total glucose appearance (Ra) and disap-
pearance (Rd) were calculated from the [ 6- 3H I glucose data using the
non-steady-state equations of Steele et al. (32). A distribution volume
of 0.19 liter/ kg and a pool fraction of 0.5 were used in the calculation
(33). The rate of appearance of ingested glucose in the systemic circu-
lation (RaO) was calculated from the [ 1- "'C ] glucose data, after correc-
tion for recycling, using the equation of Chiasson et al. (34). This
represents a modification of the Steele equation; 1- 'C dpm/ml is sub-
stituted for the concentration of unlabeled glucose so that the [ 6- 3H ]-
glucose traces the appearance of the [1- 'C ]glucose instead of unla-
beled glucose. HGOwas calculated as the difference between total glu-
cose Ra and the rate of appearance of the ingested [1-'4C] glucose.
Splanchnic glucose uptake was calculated as the difference between the
amount of oral glucose given and the total systemic appearance of the
oral glucose, assuming complete absorption of the oral glucose load
within the 4 h of the study.

Statistical analysis. Results are expressed as mean±SEMunless
otherwise indicated. The areas under the glucose appearance, disap-
pearance, and oxidation curves were calculated using the trapezoidal
rule. Correlations were sought by Pearson's least squares method. The
significance of differences was tested by Student's paired or unpaired t
test as appropriate. A one-tailed test ( 1 P) was used to test the hypothe-
sis that Rd was lower in cirrhotics (35). A Pvalue of < 0.05 was consid-
ered statistically significant.

Results

Plasma glucose and serum insulin concentrations. Fasting
plasma glucose concentrations tended to be a little higher in the
cirrhotics (5.6±0.4 mmol/liter) than in controls (5.1±0.2
mmol /liter), but this difference did not reach significance. The
plasma glucose increased after oral glucose; the peak in both
groups was at 60 min. The glucose concentration was signifi-
cantly higher in cirrhotics than in controls from +20 min until
+ 150 min (Fig. 1). The two curves diverged from the begin-
ning and continued to diverge even after their peaks were
reached, the maximum difference between them occurring at
80 min.

Fasting serum insulin concentrations were six times higher
in the cirrhotic patients (47.0±12.5 vs. 8.3±2.9 mU/liter, P
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Figure 1. Plasma glucose and serum insulin concentrations in eight
cirrhotics (o ) and eight controls (. ) after an overnight fast and after
ingestion of 75 g of glucose at t = 0 min. Mean±SEM.

< 0.001). After glucose ingestion, serum insulin levels were
much higher in the cirrhotics and they remained elevated until
+240 min (Fig. 1 ).

Appearance rates of total, hepatic, and ingested glucose.
The [3H ]glucose specific activity before glucose ingestion was
not significantly different in cirrhotics ( 1,210±144 dpm/
Atmol) and controls (980±45 dpm/,gmol) (Fig. 2) nor were the
calculated rates of glucose appearance in the basal state (cir-
rhotics 2.1±0.2 mg/kg per min, controls 2.4±0.1 mg/kg per
minm NS). After glucose ingestion, [3H I glucose specific activity
fell rapidly in both groups; between 80 and 130 min there was a
gradual increase in 3H specific activity in the cirrhotics, sug-
gesting a fall in total Ra; after + 165 min there was a similar
increase in 3H specific activity in both groups (Fig. 2). After
glucose ingestion total glucose Ra in the controls rose sharply
to a plateau from 15 to 55 min (being 6.0±0.3 mg/kg per min
at 35 min); it then fell gradually until 95 min, and more rapidly
from 135 min to levels not significantly different from basal at
210 min. In the cirrhotics there was a sharp initial peak at 15
min when the total Ra was higher than in controls (P < 0.05);
during the first 20 min the integrated total glucose Ra was
significantly greater in cirrhotics ( 105.0±7.8 mg/kg in 20 min)
than in controls (85.4±4.8 mg/kg in 20 min) (P < 0.05). After
the initial peak the total Ra fell more sharply in cirrhotics than
in controls, and this decline was sustained for longer (Fig. 3),
so that, from 80 to 130 min when the glucose curves were
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converging, the integrated 50-min total Ra was lower in cir-
rhotics (191.5±14.5 mg/kg in 50 min) than in controls
(250.3±18.1 mg/ kg in 50 min) (P < 0.05). There was a second-
ary rise in total Ra in cirrhotics, coinciding with a shoulder in
the plasma glucose curve between 130 and 140 min (Fig. 1).
The total integrated glucose appearance was not significantly
different in the two groups (cirrhotics 71.6±3.3 g/4 h, controls
76.1±1.8 g/4 h, NS).

There was a sharp initial increase in plasma [1- '4C ]glucose
specific activity in both groups, which was followed by a more

gradual rise (Fig. 2). In the controls the peak [1- "4C] glucose
specific activity at 165 min was 404±11 dpm/ tmol, which was

77±2% of the specific activity of the ingested glucose; in cir-
rhotics the peak, reached at 225 min, was 429±28 dpm/Amol,
which was 81±5% of that of the ingested glucose. In both
groups the early increase in total Ra was entirely due to the
increase in Ra of ingested [1-14C ]glucose (RaO). In the cir-
rhotics RaOshowed a biphasic pattern similar to that seen for
total glucose Ra (Fig. 3). There was a peak at 15 min (10-20-
min period), and a significant difference in the 20-min inte-
grated RaO (cirrhotics 81.1±6.2 mg/kg in 20 min, controls
55.2±1.8 mg/kg in 20 min; P < 0.002). However, the overall
systemic appearance of ingested glucose during the 4 h after
oral glucose was identical in the cirrhotics (53.8±2.4 g [72% of
the oral glucose load]) and controls (54.2±2.7 g [72%]). As-
suming complete absorption of the glucose load, initial
splanchnic retention of the glucose load was 21.2±2.4 g in cir-
rhotics and 20.9±2.7 g in the controls.
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Figure 3. Rates of total glucose appearance, oral glucose appearance,

and hepatic glucose appearance in eight cirrhotics (o) and eight con-

trols (-) after ingestion of a load of 75 g glucose at t = 0 min. The
data have been plotted at the midpoint of each measurement interval.
Mean±SEM. Ra, rate of appearance.

In both groups the systemic appearance of recycled [ "C]-
glucose paralleled that of the oral [1- "'C]glucose, and at no

time did it exceed 10% of total "'C counts. The proportion of
total glucose Ra accounted for by recycled glucose was not
different between cirrhotics and controls.

After oral glucose there were similar changes in calculated
HGOin both groups. Initially there was a very rapid and
marked reduction in HGO, which was followed by a more

gradual decline over the next 3 h (Fig. 3), so that during the 4th
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h after oral glucose it was only 18±10% of basal values in the
cirrhotics and 34±8% of that in the basal state in the controls.
The extent of HGOsuppression, averaged over the 4 h period,
was similar in the cirrhotics (53.0±10.2%) and controls
(48.8±7.7%) (Fig. 3). Overall HGOduring the 4 h after glu-
cose ingestion was also similar in cirrhotics ( 17.8±4.8 g/4 h)
and controls (21.9±3.9 g/4 h).

Rates of glucose disappearance. Because the fasting glucose
levels did not change, the glucose disappearance rate (Rd) in
the basal state was the same as the Ra in both groups (cirrhotics
2.1±0.2 mg/kg per min; controls 2.4±0.1 mg/kg per min;
NS). Basal glucose metabolic clearance rate (MCR) was signifi-
cantly lower in cirrhotics (1.92±0.15 vs. 2.56±0.08 ml/kg per
min: P < 0.005). The overall Rd after glucose ingestion was
similar in cirrhotics (1,022±31 mg/kg in 4 h) and controls
(1,074±46 mg/kg in 4 h), and represented the removal of
72.5±3.8 and 77.2±2.2 g of glucose, respectively, during the
4-h period (Fig. 4). However, there was little or no change in
Rd in either group during the first 20 min, and reduction in Rd
could have accounted neither for the rapid increase in plasma
glucose in both groups, nor for the divergence in the plasma
glucose curves during this period. Glucose Rd then rose more
slowly in cirrhotics (Fig. 4) and between 30 and 80 min the

8

integrated Rd was significantly lower than in controls (236±17
mg/kg in 50 min vs. 280±17 mg/kg in 50 min, 1P < 0.05).

After glucose ingestion cirrhotics had a markedly delayed
rise in glucose MCR(Fig. 4). Whereas glucose MCRrose in
controls to about 4 ml/kg per min by 60 min and remained
around this level until + 180 min, cirrhotics did not reach their
maximum rate of glucose clearance until + 195 min. During
the first 2 h after glucose ingestion the mean glucose MCRwas
2.24±0.17 ml/kg min in cirrhotics compared to 3.30±0.23
ml/kg per min in controls (P < 0.005). In both groups glucose
MCRremained significantly higher than in the basal state until
+240 min and was not different between the two groups during
the last hour (Fig. 4).

Serum NEFA and blood intermediary metabolite concen-
trations. Serum NEFAconcentrations were higher in cirrhotics
than in controls, both fasting (1,059±119 vs. 686±109 imol/
liter, P < 0.05) and during the first 30 min after oral glucose
(Fig. 5) but then fell to similar low levels. Fasting blood lactate
concentrations were similar in cirrhotics (744±43 ,imol/l) and
controls (757±147 ,umol/l), but mean levels were significantly
higher in cirrhotics over the 4 h after the glucose load
(1,136±54 vs. 790±61,umol/liter, P < 0.001) (Fig. 5). In both
groups, blood pyruvate concentrations followed a similar pat-
tern to blood lactate levels (data not shown).

Substrate oxidation rates and energy expenditure. After an
overnight fast, the rate of carbohydrate oxidation was not signif-
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Figure 4. Rates of glucose disappearance and glucose metabolic
clearance (MCR) in eight cirrhotics (o) and eight normal controls
(.) after a load of 75 g oral glucose at t = 0 min. The data have been
plotted at the midpoint of each measurement interval. Mean±SEM.
Rd, rate of disappearance.

1

1.5,

1.0

0.5

o .

-30 0 60 1 20 180 240

Minutes

Figure 5. Blood lactate concentrations and serum NEFAlevels in
eight cirrhotics (o) and eight normal controls (.) after an overnight
fast and after ingestion of a 75-g glucose load at t = 0 min. Mean±SEM.
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Table I. Rates of Whole-Body Glucose Disposal (Rd), Glucose
Oxidation, and Nonoxidative Glucose Disposal in the Basal State
and during the 4 h after a 75-g Oral Glucose Load in Cirrhotic
Patients and Normal Control Subjects

Controls Cirrhotics
(n= 8) (n = 8)

Basal
Glucose Rd (g/h) 10.25±0.50 9.06±1.31
Glucose oxidation (g/h) 7.22±1.28 4.94±0.79
Percent of total glucose

Rd oxidized (%) 69±11 60±11
Nonoxidative glucose

Rd (g/h) 3.03±1.12 4.12±1.19
After oral glucose

Glucose Rd (g/h) 19.29±0.55 18.11±0.96
Glucose oxidation (g/h) 12.11±0.67 12.74±0.92
Percent of total glucose

Rd oxidized (%) 63±4 72±7
Nonoxidative glucose

Rd (g/h) 7.17±0.83 5.28±1.35

Mean±SEM.

icantly different in cirrhotics (82.4±13.2 mg/min) and con-
trols ( 120.4±21.4 mg/min), but inter-individual variation was
high in both groups. The proportion of total basal glucose Rd
metabolized via oxidative and nonoxidative pathways did not
differ between the two groups (Table II). Basal lipid oxidation
(cirrhotics 65.6±7.2 mg/ min, controls 48.2±8.3 mg/min; NS)
and basal protein oxidation (cirrhotics 1.63±0.14 g/h vs. con-
trols 2.22±0.28 g/h; NS) were also not significantly different.
Resting energy expenditure after an overnight fast was identical
in the two groups (Table III).

After glucose ingestion, lipid oxidation was suppressed in
both groups (Fig. 6). The temporal pattern of whole-body lipid
oxidation paralleled that of serum NEFA levels (Fig. 4). The
total quantity of lipid oxidized during the 4 h after the glucose
load was similar (cirrhotics 7.55±1.86 g/4 h, controls
7.66±1.44 g/4 h). In both groups glucose oxidation increased
after glucose ingestion, concomitantly with the fall in lipid oxi-
dation (Table II, Fig. 6). The total amount of glucose oxidized
during the 4 h after glucose ingestion was similar in cirrhotics
(50.9±3.7 g/4 h) and controls (48.4±2.7 g/4 h), and glucose
oxidation rates did not differ significantly at any time point
(Fig. 6). In both groups glucose oxidation accounted for ap-
proximately two-thirds of total glucose Rd after glucose inges-

Table III. Resting Energy Expenditure after an Overnight Fast
and during the 4 h after Ingestion of 75 g of Glucose

Controls Cirrhotics
Energy expenditure (n = 8) (n = 8)

Basal (kcal/min) 1.12±0.07 1.09±0.07
Post oral glucose

(kcal/min) 1.20±0.08 1.17±0.07
Incremental (%) 7.19±1.23 8.22±1.16

Mean±SEM.
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Figure 6. (Top) Rates of whole-body lipid and glucose oxidation in
eight cirrhotics (o ) and eight normal controls ( ) after an overnight
fast and after ingestion of a 75-g glucose load at t = 0 min. (Bottom)
Nonoxidative glucose disposal in eight cirrhotics e and eight normal
controls o before and after glucose ingestion. Mean±SEM. *P < 0.05
compared to normal controls.

tion (Table II). The increase in energy expenditure after the
glucose load was identical in cirrhotics and controls (Ta-
ble III).

Nonoxidative glucose disposal, calculated by subtracting
whole-body glucose oxidation and urine glucose excretion
from glucose Rd, was similar after an overnight fast (Table II,
Fig. 6). In both groups, nonoxidative glucose disposal in-
creased after glucose ingestion. It was significantly lower in
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cirrhotics than controls (Fig. 6, bottom, P < 0.05) during the
interval 75-90 min corresponding to the maximal divergence
of the plasma glucose curves. However, the reduction in non-
oxidative glucose disposal calculated for the entire 4-h period
did not reach statistical significance (cirrhotics 21.1±5.4, con-
trols 28.7±3.3 g/4 h; NS). The incremental nonoxidative glu-
cose disposal after glucose ingestion was lower in cirrhotics
than controls (5.4±2.3 vs. 16.7±4.7 g/4 h: P < 0.05).

Discussion

The pathophysiological changes underlying the oral glucose
intolerance of cirrhosis have not been clearly defined. The rate
of change of the plasma glucose concentration is determined by
the difference between the rate of entry into the glucose space
(Ra) and the rate of disappearance (Rd). Ra depends on the
rate of glucose absorption into portal blood, the amount of
absorbed glucose that escapes first-pass hepatic uptake, and the
rate of glucose release from the liver. Rd includes glucose lost
into liver and peripheral tissues, but only from the systemic
circulation (thus excluding absorbed glucose removed on first
passage through the liver). Rd depends on the timing and mag-
nitude of the insulin secretory response, the insulin sensitivity
of the tissues, and on the plasma glucose concentration. We
recently showed that insulin insensitivity of peripheral tissues,
and a relative impairment of insulin secretion in response to
oral glucose, are both factors in the oral glucose intolerance of
cirrhosis ( 13). They would cause glucose intolerance even if
there were no difference in the amount of glucose appearing in
the systemic circulation.

In the current study we used a dual-isotope technique to
determine whether, in cirrhotics, higher glucose levels after glu-
cose ingestion are due simply to a lower Rd, or whether there is
also more rapid entry of glucose into the systemic circulation
(owing to more rapid absorption, to reduced first-pass hepatic
uptake of absorbed glucose, or to impaired suppression of he-
patic glucose output). Our results suggest that the higher post-
prandial glucose levels in cirrhotics were due initially to a
higher Ra of ingested glucose (RaO), and subsequently to a
lower Rd than that found in controls.

After an overnight fast our cirrhotics had normal plasma
glucose levels. After glucose ingestion their plasma glucose lev-
els were higher than in controls despite a much greater insulin
response (Fig. 1 ). The plasma glucose curves diverged rapidly;
both peaked at 60 min but continued to diverge until 80 min,
when they started to converge. While the curves were diverg-
ing, [Ra - Rd] must have been greater in cirrhotics than con-
trols. Inspection of the curves for Rd, and for total Ra, RaO,
and HGO, should therefore indicate whether the higher [Ra
- Rd] was due primarily to a higher total Ra or to a lower Rd.

During the first 20 min after glucose ingestion, total Ra and
RaOwere significantly higher in cirrhotics than in controls; the
fall in HGOwas similar in the two groups, and there was little
change in Rd, which accords with the known delay in the ac-
tion of insulin on peripheral tissues (36, 37). Thus the greater
initial increase in plasma glucose in the cirrhotics was ac-
counted for by the sudden rise in RaO. From the difference in
plasma glucose concentration and the estimated distribution
volume, it can be estimated that - 1.5 g of extra glucose must
have been added to the glucose space to explain the higher
plasma level in cirrhotics at 20 min; the net difference in the

integrated RaOduring the first 20 min was 1.82 g (cirrhotics
5.85±0.69 g, controls 4.03±0.30 g in 20 min).

The continuing divergence of the plasma glucose curves
from 30 to 80 min could not be explained by a higher Ra in
cirrhotics, as both total Ra and RaOduring this period were
similar to those of controls. However, from 30 to 80 min Rd
was lower in cirrhotics (1P < 0.05); a difference of 2.6 g of
glucose was needed in the glucose space to explain the in-
creased plasma glucose in cirrhotics between 30 and 80 min;
the net difference in Rd during this period was 3.4 g. The re-
duction in Rd is compatible with their known insulin insensitiv-
ity ( 13-16), which also accounts for their much lower glucose
MCRover the first 3 h. The more obvious difference in MCR
than in Rd is due to the higher plasma glucose in cirrhotics
because, at any given Rd, MCRis inversely proportional to the
plasma glucose level (38). The convergence of the curves be-
tween 80 and 130 min was due largely to the more pronounced
fall in total Ra and RaOin the cirrhotics after their initial peak
at 15 min (Fig. 3). As the glucose transporter on the serosal
surface of the intestinal epithelial cells (Glut 2) has a high Km
for glucose (- 17 mM)and transports glucose down its con-
centration gradient (39), it seems possible that a high plasma
glucose concentration will slow the rate of transfer of ingested
glucose from intestinal epithelial cells into portal blood (40).
The higher plasma glucose levels in cirrhotics would then ex-
plain the more marked fall in RaOafter its initial peak, and the
subsequent fall in glucose levels would explain the secondary
rise in RaO. In that Glut 2 is also the main transporter in
hepatocytes, the higher glucose levels in cirrhotics might also
have contributed to the reduction in HGOand total Ra and
hence to the convergence of the glucose curves.

The higher total Ra and RaO in the cirrhotics during the
first 20 min was unexpected. Wehad hypothesized that they
would show no difference in the amount of oral glucose ap-
pearing in the systemic circulation, as first-pass uptake has
been considered quantitatively unimportant in normal sub-
jects (4, 12), and a portacaval shunt has little effect on oral
glucose tolerance (6-9). However, significantly more [1- 14C ]-
glucose dpm appeared in plasma in cirrhotics than in controls
during this initial period. The higher RaOin cirrhotics can only
be explained if they absorbed glucose more rapidly or if, ini-
tially, they had a reduced first-pass hepatic uptake of portal
venous glucose.

There is no obvious reason why cirrhotics should have an
increased rate of glucose transport across the intestinal mucosa.
The function of the intestinal Na+-glucose co-transporter
which transfers glucose from the gut lumen into intestinal epi-
thelial cells has been found to be normal (41 ), and intestinal
perfusion studies have shown a normal rate of glucose absorp-
tion in cirrhotics (42). Thus more rapid glucose absorption is
an unlikely explanation for the higher initial RaO in our cir-
rhotics, and it would be surprising if it had been present only
for the first 20 min or so. The more likely explanation is that
our original hypothesis was wrong, and that our cirrhotics had
a lower first-pass uptake of glucose than controls. Curiously,
however, the results over the entire 4-h period appear to sup-
port our original hypothesis. Not only was the overall rate of
glucose appearance (from gut plus liver) similar in the two
groups, but there was also a remarkable similarity between the
[ "'C Iglucose specific activity curves from 40 to 165 min, indi-
cating a similar admixture of the glucose derived from these
two sources.
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Decreased first-pass hepatic uptake of oral glucose would
result from the presence in cirrhotics of large collaterals shunt-
ing blood directly from the portal system into the systemic
circulation, and of smaller intrahepatic shunts connecting por-
tal and hepatic venous tributaries. Hepatic glucose uptake
might alsobe impaired if there is a reduced functioning hepato-
cyte mass and/or capillarization of hepatic sinusoids (43),
which might be expected to slow the rate of glucose exchange
between hepatocytes and sinusoidal blood. Maintenance of
normal basal rates of HGO(Fig. 3) from a reduced number of
hepatocytes, or in the presence of capillarization, might require
a greater hepatocyte-sinusoidal glucose gradient; if basal hepa-
tocyte glucose concentrations are raised in cirrhotics, then after
glucose ingestion there would be a delay (compared to con-
trols) before this gradient was reversed to allow net hepatic
glucose uptake.

Why does first-pass hepatic uptake appear important ini-
tially, but not later after glucose ingestion? In normal humans
the hepatic total glucose extraction ratio (total amount in
minus total amount out per total amount in) must also define
the proportion of absorbed glucose removed on first passage;
this is also true for glucose passing through the liver in cir-
rhotics, but in the presence of large portal-systemic shunts the
extraction ratio from portal venous blood must be lower than
the hepatic extraction ratio. Ferrannini et al. ( 12), using intra-
venous [3H]glucose infusion and hepatic venous catheteriza-
tion in normal subjects, found a splanchnic extraction ratio for
recirculating [3H]glucose of - 2.7% in the basal state, and
little change in the ratio over 3.5 h after glucose ingestion.
However, the total glucose extraction ratio (oral + recirculat-
ing) was significantly greater (- 7.5%) during the first 30 min
after glucose ingestion, falling subsequently to values similar to
those for recirculating glucose alone. The authors emphasized
that this was a minimal estimate for the total glucose extraction
ratio because, in order to calculate total hepatic glucose input,
they used the rate at which ingested glucose appeared in the
systemic circulation and not the true but unmeasurable rate of
its absorption into the portal venous blood.

These results explain why first pass uptake of ingested glu-
cose has been considered to be quantitatively unimportant in
the overall disposal of an oral glucose load. They are clearly
relevant to our findings in cirrhotics, and to earlier findings in
patients with portacaval shunts (8, 9). If, throughout the pe-
riod after glucose ingestion, the extraction ratio was only 2-3%
it would be difficult to detect first-pass uptake in controls from
measurements made on systemic blood; consequently one
would be unable to demonstrate, in patients with portal-sys-
temic shunting, that significantly more ingested glucose had
appeared in the systemic circulation (e.g., 99%vs. 97%) -even
if the patients had an end-to-side portacaval shunt.

Insulin appears to play a permissive role in promoting he-
patic glucose uptake. The main determinant of glucose trans-
port into and out of the liver is the glucose concentration gra-
dient between sinusoids and hepatocytes (3). Before glucose
ingestion there is net glucose output, and the glucose concen-
tration in hepatocytes is higher than that in the sinusoids (44).
Net glucose uptake will occur when the sinusoidal glucose con-
centration rises above that in the hepatocyte. Ferrannini et al.
( 12) found that net splanchnic glucose uptake, like the total
glucose extraction ratio, was at its highest during the first 30
min after oral glucose ( 12). This high glucose uptake suggests
that in our study the glucose gradient between sinusoids and

hepatocytes would be at a maximum during the first 30 min; it
may fall subsequently due to an increased glucose concentra-
tion within hepatocytes. The enrichment of sinusoidal blood
with ingested glucose would also be maximal in the first 30 min
because, while the arterial glucose level was still relatively low
the glucose absorption rate was at its highest during this period
(Fig. 3). The combination of a high net uptake of sinusoidal
glucose and its enrichment with absorbed glucose would cause
a disproportionate increase in the absolute amount of ingested
glucose taken up by the liver on first pass in controls. Webe-
lieve that this allowed us to find a significantly greater initial
RaO in our cirrhotics. Later in our study the arterial glucose
rose and RaO fell; this would have led to a relative enrichment
of sinusoidal blood with recirculating glucose which, together
with a fall in net glucose uptake after 30 min ( 12), would have
caused a marked fall in the amount of absorbed glucose re-
moved on first pass. This would explain the similarity of the
overall RaO(i.e., over 4 h) in our two groups.

In both groups [1-I4C]glucose was still appearing in the
systemic circulation at 240 min (at - 1.8 mg/kg/min of glu-
cose; Fig. 3), suggesting incomplete absorption of the glucose
load. Studies in humans (45) and in dogs (46) have estimated
that only 80-85% of an oral glucose load is absorbed within 4 h.
Assuming that 80-85% of the oral glucose load was absorbed
during the period of our study, it can be estimated that the total
amount of ingested glucose removed by first pass hepatic up-
take over 4 h was 6.2-9.9 g (8.3-13.2% of glucose ingested) in
the cirrhotics and 5.8-9.6 g (7.7-12.8% of glucose ingested) in
the controls. These estimates are similar to those of other inves-
tigators (4, 12, 22) and are likely to be maximal estimates, as
some glucose may be utilized directly by the intestine during
absorption.

Measurement of glucose Ra using [ 3H ] glucose is bedevilled
by methodological problems, attributed to a slowly eliminated
nonglucose metabolite (47), an isotope effect (48-50), and/or
the use of noncompartmental analysis in a non-steady state
(49, 51 ). These may have affected our absolute estimates of
total Ra and HGO; the relatively slow changes in glucose Rd,
and the absence of negative estimates of HGO, however, sug-
gest the error is not large. Furthermore, there is no obvious
reason why the error inherent in the measurement of glucose
Ra should differ between cirrhotics and controls; comparisons
between patient and control groups should therefore remain
valid. For [ '4C]glucose these problems do not appear to arise,
and compartmental effects will be minimized if there is a con-
stant ratio of absorption of the isotope and native glucose from
the gut.

Overall HGOduring the 4 h after glucose ingestion was,
like basal glucose turnover, slightly but not significantly lower
in cirrhotics ( 17.8±4.8 g) than in controls (21.9±3.9 g); inas-
much as the rate of fall of HGOwas similar in the two groups
(Fig. 3), failure of suppression of HGOcould not have contrib-
uted to the impairment of oral glucose tolerance. By contrast
both type 2 (52) and poorly controlled insulin-deprived type 1
diabetics (53) show a reduced suppression of HGOafter glu-
cose ingestion; in type 2 diabetes this is due to a combination of
decreased insulin secretion and hepatic insensitivity to insulin
(52). Unlike type 2 diabetics, cirrhotics have markedly in-
creased insulin levels, both fasting and after oral glucose (Fig.
1), owing to increased secretion and decreased clearance of
insulin ( 13). Hepatic sensitivity to insulin is difficult to assess
in cirrhosis, as portal-systemic shunting and architectural dis-
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tortion affect both the delivery of insulin to the liver and its
distribution within it. Hepatic insensitivity to insulin might
have been present in our patients as their basal glucose turn-
over was normal, despite serum insulin levels that were six
times higher than in controls.

Glucose uptake by tissues other than brain rises in propor-
tion to the plasma glucose concentration (39). Using Berg-
man's "minimal model" of insulin and glucose dynamics after
an intravenous glucose bolus, we have shown that the ability of
hyperglycemia per se to promote glucose disposal is normal in
cirrhotics with normal fasting blood glucose levels (54), and
insulin insensitive cirrhotics have normal rates of glucose utili-
zation during a hyperglycemic clamp ( 13, 55). The rise in glu-
cose MCRafter oral glucose reflects the enhancing effect of
insulin on glucose uptake, and is largely independent of glucose
levels within the physiological range. In keeping with their
marked decrease in whole-body insulin sensitivity (13-16),
our cirrhotics had a lower glucose MCRover the 4 h after oral
glucose (P < 0.05; Fig. 4) despite insulin levels that were four to
six times higher than in controls. Furthermore, although the
timing of the insulin response was similar in the two groups
(maximum levels occurring at 50-60 min, Fig. 1), the rise in
glucose MCRafter glucose ingestion was much slower in the
cirrhotics (Fig. 4) suggesting that, in addition to insulin insensi-
tivity, an abnormality of insulin delivery to the effector com-
partment may play an important role in oral glucose intoler-
ance. A similar delay in the onset of action of insulin was found
in cirrhotics during an euglycemic clamp ( 13, 14).

Uptake of glucose by insulin-sensitive tissues is influenced
by the availability of lipid fuels (56). Our cirrhotics had in-
creased basal serum NEFAlevels (Fig. 5), and basal lipid oxi-
dation rates tended to be higher in our cirrhotics, with a recipro-
cal decrease in the rates of carbohydrate oxidation (Fig. 6).
Others found that overnight fasted cirrhotics derive more en-
ergy from the oxidation of lipid than matched normal subjects
(57, 58). In view of the small number of subjects studied, and
the quantitatively minor contribution of insulin sensitive tis-
sues to overall glucose disposal in the basal state (59, 60), our
failure to find a significant difference in the basal lipid or carbo-
hydrate oxidation rate may represent a type 2 statistical error.
After glucose ingestion serum NEFA levels fell to similar low
levels, with a concomitant decrease in lipid oxidation. Much of
the enhanced glucose utilisation after oral glucose therefore
represents glucose oxidized to provide energy that in the basal
state was provided by lipid oxidation. Additional energy is
needed to support synthetic processes such as glycogen and fat
storage. Indeed, in our control subjects 55% of the increased
glucose uptake after oral glucose was accounted for by an in-
crease in glucose oxidation. Although glucose oxidation after
glucose ingestion was similar in both groups (Table II), in cir-
rhotics 88%of the suprabasal glucose utilization was accounted
for by the increase in glucose oxidation as their basal rate
tended to be lower. Nevertheless, the proportion of glucose
oxidized after the oral load was similar in the cirrhotics (72%)
and controls (63%).

After glucose ingestion lactate and pyruvate levels were
higher in the cirrhotics. Because HGOand glucose carbon re-
cycling were similar to those of controls, we believe that in-
creased production, rather than decreased hepatic clearance, is
the more likely explanation for the higher lactate levels. Skele-
tal muscle is an unlikely source of this lactate as muscle lactate
release decreases after glucose ingestion (21, 22). The most

likely explanation is that the higher plasma glucose levels in
cirrhotics after glucose ingestion result in higher rates of non-
oxidative glycolysis in tissues other than muscle (61 ). Nonoxi-
dative glucose disposal includes, in addition to glucose stored
as glycogen, glucose metabolized via glycolysis to lactate and
pyruvate, and glucose that may be converted to triglyceride.
Thus, although the reduction in nonoxidative glucose disposal
in cirrhotics was not statistically significant (21±5 vs. 29±3
g/4 h), and it formed a similar proportion of total glucose
disposal (28±6% vs. 37±4%), the lactate data (suggesting in-
creased glycolytic flux in cirrhosis) could mean lower muscle
glycogen deposition. Impaired muscle glycogen deposition in
cirrhosis has been found under euglycemic clamp conditions
and is associated with impaired activation of muscle glycogen
synthase by insulin ( 14). The mass action effect of glucose
might be expected to overcome any impairment of muscle glu-
cose transport, but unless intracellular glucose-6-phosphate lev-
els are increased above those in controls hyperglycemia cannot
compensate for a defect in muscle glycogen synthase activation
by insulin (62). It can be estimated that suprabasal nonoxida-
tive glucose disposal in the normal subjects was only - 16 g.
Thus, while our data would be compatible with an impairment
of tissue glycogen deposition after oral glucose, in quantitative
terms glucose storage as glycogen must play a small part in
overall glucose disposal as suggested by earlier reports (22).

Our findings suggest that oral glucose intolerance in cirrho-
sis is due (a) to an initial decrease in first-pass hepatic uptake of
ingested glucose so that more glucose enters the systemic circu-
lation and (b) to insulin insensitivity of peripheral tissues. A
delay in the onset of insulin action may also play a role. Hyper-
glycemia and hypersecretion of insulin ( 13) are important com-
pensatory mechanisms so that overall glucose Rd is normal.
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