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Summary. In cirrhotic patients with normal fasting glucose
levels both insulin insensitivity and a blunted early insulin
response to oral glucose are important determinants of the
degree of intolerance to oral glucose. It is not known wheth-
er the ability of hyperglycaemia per se to enhance glucose
disposal (glucose effectiveness) is also impaired. It is also
unclear whether overt diabetes is due to (1) more marked in-
sulin insensitivity; (2) impaired insulin secretion; (3) reduced
glucose effectiveness; or (4) a combination of these mechan-
isms. We used the “minimal model” to analyse the resultsof a
3-hintravenous glucose tolerance test to assess glucose effec-
tiveness, insulin sensitivity and insulin responses in 12 non-
diabetic cirrhotic patients, 8 diabetic cirrhotic patients and
10 normal control subjects. Fasting blood glucose levels were
4.8+0.2,7.5£0.6 and 4.7 £ 0.1 mmol/], respectively. Fasting
insulin and C-peptide levels were higher in both cirrhotic
patient groups compared with control subjects. The glucose
clearance between 6 and 19 min after i.v. glucose was lower
in both cirrhotic groups (non-diabetic, 1.56 £0.14, diabet-
ic,0.76 £0.06, control subjects, 2.49+0.16 min-'%, both
p <0.001 vs control subjects). Serum insulin peaked at 3 and
23 min in the non-diabetic cirrhotic patients and control sub-

jects; both peaks were higher in the non-diabetic cirrhotic pa-
tients and showed a delayed return to basal levels. In the
diabetic cirrhotic patients, the first phase insulin and C-pep-
tide response to i.v. glucose was absent; their early (22-
27 min) incremental insulin response to 1. v. tolbutamide was
however similar to that of control subjects but 43 % lower
than in the non-diabetic cirrhotic patients (p < 0.05). Insulin
sensitivity was markedly reduced in both cirrhotic groups
(non-diabetic, 1.11 £0.24 x 10-*, diabetic, 0.33 £0.53 x 104,
control subjects, 4.37+0.53 x10-* min-! per mU-1-%, both
p <0.001 vs controls). Glucose effectiveness was normal in
the non-diabetic cirrhotic patients but 29 % lower in the
diabetic group. It would appear that overt diabetes develops
in those cirrhotic patients who in addition to insulin insensi-
tivity have a marked impairment of insulin secretion. An as-
sociated reduction in glucose effectiveness may be a con-
tributory factor.
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tion, glucose effectiveness, tolbutamide.

Most cirrhotic patients are intolerant to oral glucose, even
when their fasting blood glucose concentration is normal
[1, 2]. Overt diabetes mellitus is common. We recently
showed, in cirrhotic patients with normal fasting blood
glucose levels, that both insulin resistance and a relative
impairment of insulin secretion are important determi-
nants of the degree of oral glucose intolerance [3], as they
are in Type 2 (non-insulin-dependent) diabetes [4, 5]. In
Type 2 diabetes, there is also an impairment of the ability
of hyperglycaemia per se to promote tissue glucose utilisa-
tion and to inhibit hepatic glucose production [5, 6]; this
decrease in “glucose effectiveness” interacts synergisti-
cally with tissue insulin insensitivity and impaired islet
beta-cell function to reduce glucose tolerance [5, 6]. It is
unclear whether progression to overt diabetes in patients

with cirrhosis is due to (1) more marked insulin insensitiv-
ity, (2) to impaired insulin secretion; (3) to decreased glu-
cose effectiveness, or (4) a combination of these mechan-
isms.

Bergman’s “minimal model” [5-7] provides a measure
of insulin sensitivity, glucose effectiveness and insulin se-
cretion within the same study. Indices of insulin sensitivity
(Sp) and glucose effectiveness (Sg) are calculated from
computer analysis of blood glucose and serum insulin
levels during a frequently-sampled i.v. glucose tolerance
test (FSIGT). The minimal model and the glucose clamp
technique [8] provide an equivalent measure of insulin
sensitivity in normal subjects [9]. The minimal model has
been used to assess insulin sensitivity and glucose effec-
tiveness in diabetes [10, 11], but not in cirrhosis. In this
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Table 1. Clinical characteristics of the cirrhotic patients and control
subjects studied

Control  Cirrhotic patients
subjects Non-diabetic Diabetic
n 10 12 8
Age (vears) 50+12 5211 5717
Weight (kg) 7010 67110 75+11
BMI (kg/m?) 242£27 246+39 25634
Oesophageal varices (n) - 9 5
Oral hypoglycaemic agents:
tolbutamide - - 6
glipizide - - 2
Albumin (g/1) 413 35+6 41+3
Bilirubin (umol/1) 10£4 39+45 33435
Prothrombin time (s) 131 161 16+2

Values are given as mean = SD

study we used the minimal model to test the following hy-
potheses: (1) that glucose effectiveness would be relative-
ly unaffected in cirrhotic patients with normal fasting glu-
cose levels, but would be reduced in cirrhotic patients with
overt diabetes (i. e. with fasting hyperglycaemia); (2) that
diabetic cirrhotic patients would show an impairment of
insulin secretion, or more marked insulin insensitivity or
both, when compared with non-diabetic cirrhotic patients.
As the minimal model has not been used previously in
cirrhosis, we also examined the relationship between
indices of insulin sensitivity derived from the minimal
model and from a hyperinsulinaemic euglycaemic clamp.

Subjects and methods

We recruited 20 stable biopsy-proven cirrhotic patients with and
without overt diabetes and 10 normal control subjects. The non-
diabetic cirrhotic patients (nine alcoholic; three primary biliary) had

a normal fasting blood glucose concentration; the diabetic cirrhot-

ic patients (six alcoholic, two cryptogenic) were being treated with
oral hypoglycacmic agents (Table 1) and all had a fasting blood
glucose level while not being treated of greater than 6.6 mmol/l.
Clinical details are given in Table 1. None of the patients or control
subjects had a family history of diabetes and, apart from oral hypo-
glycaemic agents were not on treatment known to affect glucose
tolerance. All were out-patients; their level of physical activity was
similar to that of the control subjects. Five non-diabetic and three
diabetic cirrhotic patients were taking spironolactone, but none had
ascites at the time of study. Fourteen patients had oesophageal
varices as seen on endoscopy; nine had previously bled from varices
but not in the 3 months prior to study. Patients with alcoholic cir-
rhosis had abstained from alcohol for at least 1 month before study.
The study was approved by the local ethical committee.

All patients and controls were studied on two occasions. Oral
hypoglycaemic agents were discontinued 3 days before the study.
All subjects had an oral glucose tolerance test and a frequently sam-
pled i.v. glucose tolerance test (FSIGT). The non-diabetic cirrhotic
patients and the control subjects also were studied during a hyper-
insulinaemic euglycaemic clamp. The euglycaemic clamp data on
seven of the cirrhotic patients and eight of the control subjects have
been published previously [3}; their data is included in this study
for comparison of the euglycaemic clamp and “minimal model” as
measures of insulin sensitivity in cirrhosis. Euglycaemic clamp
studies were not performed in the diabetic cirrhotic patients. Sup-

pression of hepatic glucose output (HGO) during a glucose clamp
may be impaired in diabetic cirrhotic patients [12]; we would there-
fore have had to infuse *H-glucose to determine the contribution of
residual HGO to total glucose disposal in these patients. All stu-
dies were performed 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 65°C. After each blood
sample, the sampling cannula was flushed with 0.15 mol/l NaCl in
water. For infusion of substances a second cannula was inserted in a
vein in the antecubital fossa.

Oral glucose tolerance tests

Two basal blood samples were taken for estimation of blood glucose
and serum insulin concentrations; subjects then ingested 75 g glu-
cose in 390 ml of water. The glucose was divided into five aliquots
and was given at 1-min intervals. Blood samples for glucose and in-
sulin were taken at 15-min intervals until 60 min and then at 30-min
intervals until 180 min.

Euglycaemic clamp studies

After two basal blood samples were taken, for measurement of
blood glucose and serum insulin concentrations, insulin (Humulin S;
Eli Lilly, Basingstoke, UK) diluted in polygeline (Haemaccel;
Hoechst, Frankfurt am Main, FRG) was infusedi.v. at 0.1 U-kg~!-
h~* using a syringe pump. Blood glucose was measured every 5 min
and clamped at 4.0 mmol/l for 2.5 h by adjustment of the rate of infu-
sion of a solution of 20% (weight/volume) glucose in water [8].
Blood samples were taken at 30-min intervals throughout the study
for measurement of serum insulin.

Frequently sampled i.v. glucose tolerance test (FSIGT)

Four basal blood samples were taken over 20 min. Then at 0 min
0.3 g/kg glucose (50 % glucose in water) was given within 1 min from
a syringe pump. A bolus of tolbutamide (300 mg) was given i.v. at
20 min. The use of tolbutamide to augment and prolong the insulin
secretory response has been shown to improve the precision of S;
estimated by the minimal model [13]. Blood samples for measure-
ment of blood glucose and serum insulin were taken at the following
times after glucose injection: 2, 3,4,5,6,8,10,12,14,16,19,22,23, 24,
25,27,30, 40,50, 60, 70, 80, 90, 100, 120, 140, 160 and 180 min, and for
serum C-peptide at 3, 4, 19,23 and 24 min afteri.v. glucose. The peak
serum C-peptide responses to the i.v. glucose and tolbutamide are
presented as the average of the C-peptide levels in the 3- and 4-min
samples and the 23- and 24-min samples, respectively.

Assays

Blood glucose was measured by a glucose oxidase method (Yellow
Springs glucose analyser; Clandon Scientific, London, UK). Serum
insulin was measured using a double antibody technique [14]; the
intra- and inter-assay coefficients of variation were 6.8% and 7.9 %,
respectively. Serum C-peptide was measured by ethanol precipita-
tion radicimmunoassay [15] using the M1221 antibody and a syn-
thetic standard (Novo Research Institute, Bagsvaerd, Denmark).

Calculations

Intravenous glucose tolerance (Kg) was calculated as the slope of the
regression of the logarithm of blood glucose concentration against
time between 6 and 19 min afteri. v. glucose administration. S; and Sg
were calculated from the FSIGT results using the computer program
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Fig.1. Blood glucose and serum insulin responses to a 75 g oral glu-
cose load in 12 non-diabetic cirrhotic patients (0---0), 8 diabetic
cirrhotic patients (@-—@), and 10 normal control subjects (aA—a).
Mean + SEM

MINMOD (copyright R.N. Bergman). Details of the analysis have
been presented previously [9]. Briefly, the minimal model of glucose
kinetics describes the relationship between serum insulin levels dur-
ing the FSIGT and the decline in the blood glucose concentration
after i.v. glucose. The model assumes: (1) that glucose inhibits HGO
and increases tissue glucose utilisation in proportion to its concen-
tration in plasma [16-19]; (2) that insulin enhances these effects of
glucose; and (3) that the effect of insulin to promote glucose disap-
pearance from plasma depends on the concentration of insulin in a
compartment remote from plasma [20, 21]. These assumptions are
represented by the following two equations of the minimal model:

dG(t)/dt = — [p, + X(1)]G(t) + piGy (L
dX(1)/dt = — p,X(t) + ps[I(t) — L] 2

where G(t) and I(t) are plasma glucose and insulin concentrations at
time t, and Gy, and I, are the basal concentrations of glucose and in-
sulin prior to the glucose bolus. The variable X(t) is the accelerating
effect of insulin on glucose disappearance from plasma, and is pro-
portional to the concentration of insulin in a compartment remote
from plasma. Parameters p;, p», and p; are model parameters that
are estimated from least squares fitting of the glucose data.

Parameter p, represents the ability of glucose per se to lower its
own concentration independent of a rise in insulin. This effect is
termed “glucose effectiveness“ (S¢), with units min=* S; is the in-
crease in fractional glucose disappearance rate (i.e. glucose effec-
tiveness) per unit increase in plasma insulin (min~! permU-1"") and
is equal to the ratio (ps/p,).

Statistical analysis

Results are expressed as mean + SEM unless otherwise indicated.
Areas under the glucose and insulin concentration curves were cal-
culated by the trapezoidal rule. Correlations were sought by Pear-

son’s least squares method. The significance of differences between
groups was tested by Student’s paired or unpaired ¢-test or by ana-
lysis of variance (ANOVA) followed by Tukey’s multiple compari-
son test, as appropriate. A p value of less than 0.05 was considered
statistically significant.

Results

Oral glucose tolerance tests

Fasting blood glucose concentrations did not differ be-
tween non-diabetic cirrhotic patients and control subjects
(4.8£0.2 vs 4.7+ 0.1 mmol/l) but were significantly high-
er in the diabetic cirrhotic patients (7.5 0.6 mmol/l,
p <0.001). Fasting serum insulin levels were higher in
both cirrhotic groups (non-diabetic, 29.3 £2.9, diabetic,
42.4+5.6 mmol/l) compared to control subjects (5.9+
1.1 mUA) (p < 0.001 for both) and significantly higher in
the diabetic than in the non-diabetic patients (p < 0.05).
Following oral glucose, blood glucose concentrations
were significantly higher in both cirrhotic groups than in
control subjects, and much higher in diabetic than in the
non-diabetic cirrhotic patients (Fig. 1); serum insulin lev-
els were markedly increased in the non-diabetic patients
and remained elevated until 180 min (Fig.1). In the
diabetic cirrhotic patients, the increase in serum insulin
levels was delayed (Fig.1); the incremental area under
the 3h serum insulin concentration curve (AUC)
(126 £18 mU-17'-h ') was markedly reduced compared
to that of non-diabetic cirrhotic patients (579 £ 90 mU -
1=1.h~1) (p <0.001) but it was not significantly different
from that of control subjects (110 £15mU-17'-h ™).

Frequently sampled i.v. glucose tolerance tests (FSIGT)

After i.v. glucose, blood glucose levels in non-diabetic
cirthotic patients and control subjects were similar at
the initial peak (non-diabetic cirrhotic patients, 14.8 £
0.4 mmol/l; control subjects, 15.6+ 1.3 mmol/l) and at
later time points (Fig.2). However, glucose tolerance, as
reflected by the K¢ between 6 and 19 min, was impaired
(non-diabetic cirrhotic patients, 1.56 +0.14; control sub-
jects, 249+0.16 % min~*, p <0.001). In the diabetic cir-
rhotic patients peak blood glucose levels (18.0+
0.6 mmol/l) after i.v. glucose were higher than in both
non-diabetic cirrhotic patients and control subjects and
remained significantly higher until 180 min (Fig.2); their
Kg between 6 and 19 min was markedly reduced (0.76 +
0.06 % min~?, p <0.001 vs both control subjects and non-
diabetic cirrhotic patients). There was a good correlation
between K¢ and the area under the blood glucose concen-
tration curve after oral glucose in the two cirrhotic groups
combined (r = —0.809, p <0.001) and in the control sub-
jects (r = —0.775, p <0.01) (Fig.3); in the cirrhotic pa-
tients there was also a good relationship with the 2 h blood
glucose level after oral glucose (r = — 0.812, p < 0.001).
In the control subjects and non-diabetic cirrhotic pa-
tients serum insulin levels peaked at 3 min after i.v. glu-
cose (first phase insulin response); a second peak was ob-
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Fig.2. Blood glucose and serum insulin levels after i.v. glucose
(0.3 g/kg) at t =0 min and i.v. tolbutamide (300 mg) at t =20 min in
12 non-diabetic cirrhotic patients (0--0), 8 diabetic cirrhotic pa-
tients (@--@), and 10 normal control subjects (A—a). Mean + SEM

served at 23 min (i.e. following the i.v. tolbutamide). In
the non-diabetic cirrhotic patients both insulin peaks were
higher and the decline in serum insulin levels was more
gradual than in control subjects (Fig.2). The serum insulin
AUC during the first 6 min after i. v. glucose was greater in
the non-diabetic cirrhotic patients than in control subjects
(851115 vs 520£88mU-17"'-min~?, p <0.05). How-
ever, because cirrhotic patients had higher basal insulin
levels, the difference in the incremental insulin AUC dur-
ing the first 6 min, although greater in the non-diabetic
cirrhotic patients, did not reach statistical significance
(Table 2). The first 34 min C-peptide peak was not differ-
ent in the two groups (non-diabetic cirrhotic patients,
2.16 +0.37; control subjects, 2.33+0.19 nmol/l). In the
diabetic cirrhotic patients the first phase insulin response
was absent (Fig.2; Table 2) and the 34 min C-peptide
level showed only a small increase from basal (1.21+0.11
vs 1.03+ 0.10 nmol/l). Insulin levels in this group in-
creased gradually from a basal level of 54 £6mUI/l to
79 +7 mU/1 at 19 min. In the combined cirrhotic groups

(n =20) and the control subjects K was strongly related
to the incremental first phase insulin response after i.v.
glucose (Fig.4; cirrhotic patients; r = 0.797; control sub-
jects, r =0.877,both p <0.001).

After i.v. tolbutamide, the 22-27 min incremental in-
sulin AUC in the non-diabetic cirrhotic patients was twice
that of control subjects (Table 2, p <0.05) but the in-
cremental 23-24 min C-peptide response not different. By
contrast, the diabetic cirrhotic patients had an incremen-
tal 22-27 min insulin response similar to that of control
subjects but 43 % lower than in the non-diabetic cirrhotic
patients (Table 2, 0.05 < p <0.1). Their incremental 23—
24 min C-peptide response tended to be lower than in con-
trol subjects and non-diabetic cirrhotic patients (Table 2)
but the difference was not statistically significant. The in-
tegrated 22-180 min insulin response above basal was
similar in the two cirrhotic groups (Table 2); in both cir-
rhotic groups it was more than three times that observed
in the control subjects (Table 2).

St was markedly decreased in both cirrhotic groups
(non-diabetic, 1.11+0.24 x 10~*; diabetic, 0.33+0.53 x
10~*; control subjects, 4.37+0.53 x 10"* min~! per mU -
171, p < 0.001 for both cirrhotic groups vs control subjects).
S¢ did not differ between non-diabetic cirrhotic patients
(0.0213 £0.0019 min~") and control subjects (0.0205+
0.0011 min~") but was lower in the diabetic cirrhotic pa-
tients (0.0146+0.0018 min~!) (p <0.05 vs non-diabetic
cirrhotic patients; 0.05 < p <0.1 vs control subjects).

In both the cirrhotic patients (7 = 20) and control sub-
jects, Kg after i.v. glucose was related to Sg (Fig.5;
r =0471 and r = 0.659 respectively, p < 0.05 for both), but
not significantly to S; (cirrhotic patients, r = 0.383, control
subjects, r =0.06). The area under the 3-h blood glucose
curve after oral glucose was however inversely related to
Siinthe cirrhotic patients (r = —0.482,p <0.05) butnotin
the control subjects.
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Fig.3. The relationship between glucose clearance (Kg) during the
frequently-sampled i. v. glucose tolerance test and the area under the
blood glucose concentration curve (AUC) after oral glucose in
12 non-diabetic cirrhotic patients ( O ), 8 diabetic cirrhotic patients
(@) and 10 normal control subjects (A ). There was a strong rela-
tionship between these two measures of glucose tolerance in. both
the control subjects (r = —0.78, p < 0.01) and the cirrhotic patients
(n=20) (r = - 0.81, p <0.001)
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Table 2. Serum insulin and C-peptide responses during the fre-
quently-sampled i.v. glucose tolerance test (FSIGT) in the cirrhotic
patients and control subjects. Glucose (0.3 g/kg i.v.) was given at
0 min; tolbutamide (300 mgi.v.) was given at 20 min

Control Cirrhotic patients

subjects Non-diabetic Diabetic
n 10 12 8
Fasting
Insulin (mU/1) 59108 26.0+6.1° 53.8+6.3¢%
C-peptide (nmol/l) 041+£0.04 068%£0.10° 1.03+0.10*¢
FSIGT
Incremental insulin-AUC (mU -1~ min)
0-6 min 485+£85 695+ 108 43 +19°f
22-27 min 529%76 1039 £172* 595196
22-180 min 1864 £380 6760 +1361° 6095 +709°
Incremental serum C-peptide (nmol/l)
34 min 1.92+0.19 1481028  0.19£0.04F
23-24 min 1.72+£026  1.81+£030 1.26+0.30

ip <0.05, *p <001, °p<0.001 compared with normal control
subjects, 4p <0.05, °p <0.005, *p <0.001 compared with non-
diabetic cirrhotic patients. Values are given as mean + SEM

AUC, area under concentration curve

Euglycaemic clamp

During the euglycaemic clamp steady-state serum insulin
levels were higher in the non-diabetic cirrhotic patients
(184 £ 13 mU/1) than in control subjects (132 =5 mU/)
(p <0.002). The glucose requirement to maintain the
clamp during the period 120-150 min was lower in the
non-diabetic cirrhotic patients (4.79+0.34 mg-kg™*-
min~! vs 8.05£046mg-kg~!-min~?!, p <0.001). There
was a more rapid increase in glucose requirement to main-
tain euglycaemia during the clamp in control subjects than
in the non-diabetic cirrhotic patients. The time required to
reach 75% of the steady-state glucose requirement was
43 3 min in control subjects compared to 61 + 6 min in
the non-diabetic cirrhotic patients (p <0.05).

There was a strong correlation between Sy derived from
the minimal model and the clamp glucose requirement
per 100mU- 17! of serum insulin (Fig.6; non-diabetic
cirrhotic patients, »r =0.902, p <0.001; control subjects,
r=0.750, p <0.02). The slopes of the regression lines
relating these two indices of insulin sensitivity were not
significantly different between non-diabetic cirrhotic pa-
tients (0.631 £0.096) and control subjects (0.748 +0.233).

Discussion

Several studies have suggested that in cirrhosis, intoler-
ance to oral glucose is more frequent and more pro-
nounced than intolerance to i.v. glucose [1, 2]. Conn et al.
[2] found abnormal oral glucose tolerance tests in 80 % of
145 cirrhotic patients but abnormal i.v. glucose tolerance
(defined as a 2-h serum glucose above 7.8 mmol/l after
25 gi.v. glucose) in only 19 % of these patients. There was
less discrepancy if the i.v. glucose tolerance data were ex-
pressed in terms of glucose clearance (K¢), which was ab-

normal in 68 % of their patients [2]. In our non-diabetic
cirrhotic patients, with relatively mild intolerance to oral
glucose we found a 37 % decrease in Kg, which was inver-
sely correlated with the 3-h area under the blood glucose
curve after oral glucose (r = — 0.77, p < 0.005). In diabetic
cirrhotic patients, K¢ was decreased by 70% (p < 0.001);
seven of these eightpatients had a K¢ less than 1.0 consis-
tent with a diagnosis of diabetes [22, 23]. Considering both
cirrhotic groups together there was a very good correla-
tion between Kg and the blood glucose AUC after oral
glucose (r = —0.81, p < 0.001). These results suggest that
the higher prevalence of oral glucose intolerance (com-
pared toi.v.) in cirrhosis may have been overemphasised;
the prevalence depends partly on the criteria chosen to
define glucose intolerance.
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Fig.4. The relationship between glucose clearance (K¢) during the
frequently-sampled i.v. glucose tolerance test and the incremental
area under the 0-6 min serum insulin concentration curve (AUC)
afteri.v. glucose in 12 non-diabetic cirrhotic patients (O ), 8 diabetic
cirrhotic patients (@) and 10 normal control subjects (). There
was a strong relationship between these two variables in both the
control subjects (r =0.873, p <0.001) and the cirrhotic patients
(n =20) (r =0.797, p <0.001)
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Fig.5. The relationship between glucose clearance (Kg) during the
frequently-sampled i. v. glucose tolerance test and glucose effective-
ness (Sg) in 12 non-diabetic cirrhotic patients (O), 8 diabetic cir-
rhotic patients ( @) and 10 normal control subjects ( A ). There was
a significant relationship in both the control subjects (r =0.66,
p <0.05) and cirrhotic patients (n = 20) (r =0.47, p < 0.05)
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trol subjects (A ). In both groups there was a strong relationship
between these two estimates of insulin sensitivity (cirrhotic patients,
r =0.902, p <0.001; control subjects r =0.750, p <0.02)

Fasting insulin levels were increased five-fold in the
non-diabetic cirrhotic patients and nine-fold in the
diabetic cirrhotic patients. Interpretation of peripheral
insulin levels in cirrhosis is complicated by their reduced
hepatic insulin extraction [3, 24]. C-peptide which is
co-secreted with insulin in equimolar amounts but not
extracted by the liver provides a much better index of in-
sulin secretion [25]. In our non-diabetic cirrhotic patients
fasting C-peptide was increased 1.7-fold suggesting that
both hypersecretion and decreased clearance contribute
to the basal hyperinsulinaemia, with reduced insulin clear-
ance being quantitatively the more important. The higher
fasting C-peptide levels in the diabetic group suggests that
increased insulin secretion accounts for the further in-
crease in fasting insulin levels compared to the non-
diabetic cirrhotic patients.

In the non-diabetic cirrhotic patients insulin levels
were also higher after both i.v. glucose and tolbutamide.
Their C-peptide responses (both peaks) were however
similar to those of control subjects suggesting that the
higher insulin levels during the FSIGT were due to re-
duced insulin clearance. In the control subjects, the in-
cremental insulin and C-peptide responses to glucose and
tolbutamide were similar. By contrast, in the non-diabetic
cirrhotic patients the early incremental insulin response to
tolbutamide was 1.5-fold that seen following the i.v. glu-
cose bolus (p < 0.05) and nearly twice that of control sub-
jects (p < 0.05). However, their incremental C-peptide re-
sponses to glucose and tolbutamide were not significantly
different. Our previous studies [3, 26] and that of Tillil
et al. [27] suggested that first pass hepatic extraction of
insulin falls at high rates of insulin secretion. Thus, the

greater insulin response to tolbutamide compared toi.v.:

glucose, in the non-diabetic cirrhotic patients could be due
in part to a fall in hepatic insulin extraction, since insulin
levels at 20 min were three times higher than in the basal
state. :

The most striking abnormality was the complete loss of
first phase insulin and C-peptide responses to i.v. glucose
in the diabetic cirrhotic patients, but relative preservation
of the insulin and C-peptide responses toi.v. tolbutamide.
This finding is similar to that seen in patients with Type 2
diabetes [28-30]. Brunzell et al. [23] reported a complete
loss of first phase insulin responses in subjects with a fast-
ing blood glucose above 6.4 mmol/l. The mechanisms for
this loss of the first phase insulin response to glucose, but
preservation of the early insulin response to other secreta-
gogues in diabetes (at least in the early stages), is un-
known. Given the higher blood glucose level at 20 min in
the diabetic cirrhotic patients, the insulin and C-peptide
responses to tolbutamide may be considered to be subnor-
mal. A reduction in islet beta-cell mass or in the quantity
of insulin available for rapid release could explain the
blunted insulin response to tolbutamide. However, the
striking contrast between the response to glucose and tol-
butamide in these patients seems to imply a specific defect
in the ability of islet beta cells to sense glucose, in addition
to any decrease in beta-cell number or diminished capac-
ity for insulin synthesis.

The finding of reduced S in diabetic cirrhotic patients,
is in keeping with the reductions in Sg found in both
Type 1 (insulin-dependent) [10, 11] and Type 2 diabetic
patients [5, 6]. S¢ was normal in the non-diabetic cirrhotic
patients, which helps to explain their relatively good i.v.
glucose tolerance and their normal rates of glucose dispo-
sal under hyperglycaemic clamp conditions [3, 31], al-
though in the latter situation interpretation is complicated
by the striking increase in plasma insulin levels [3]. Sg de-
pends on the inhibitory effect of the plasma glucose level
on HGO as well as on its mass action effect on peripheral
glucose uptake [32]. Therefore, impaired suppression of
HGO could account for the 29% reduction in Sg in our
diabetic cirrhotic patients. Another possible explanation
for the reduction in Sg is a depletion of tissue glucose
transporters, or a reduction in their activity as hyper-
glycaemia causes a depletion of the insulin-regulated glu-
cose transporter (GLUT 4) in skeletal muscle [33]; thus
chronic hyperglycaemia rather than a primary genetic ab-
normality may be responsible for the lower S¢ in diabetic
patients. The normal Sg in non-diabetic cirrhotic patients
is consistent with this hypothesis.

One would expect K¢ to be related to both Sg, and also
to first phase insulin response, as a prompt insulin se-
cretory response is important for normal tolerance to i.v.
glucose [34, 35] as well as to oral glucose [34, 36, 37]. In
keeping with earlier reports [38] we found a good correla-
tion between the 6-19 min K¢ value and the incremental
first phase insulin response to glucose in both control sub-
jects (r =0.873, p <0.001) and the combined cirrhotic pa-
tient groups (r = 0.797, p <0.001). It is unlikely that this
relationship simply reflects the effect of insulin on periph-
eral tissues, as there is a substantial delay between an in-
crease in plasma insulin and the effect of this increase on
glucose disposal [20, 21, 39]. Although, there was a signifi-
cant relationship between K¢ and Sg in the control sub-
jects and in the two cirrhotic groups combined, this was
not as striking as the relationship between K¢ and the in-
cremental first phase insulin response to glucose. The re-
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lationship between K and both the incremental first
phase insulin response to glucose and Sg may be explained
by an effect on HGO. There is evidence that suppression
of HGO contributes substantially to the early decline in
plasma glucose levels after i.v. glucose [32], and an early
insulin response is important for this suppression of HGO
[35]. In normal subjects inhibition of first phase insulin se-
cretion during i. v. glucose infusion reduced the suppres-
sion of HGO by nearly 50%, but was without effect on
tissue glucose uptake [35]. Hyperglycaemia itself sup-
presses HGO but only if there is adequate basal hepatic
insulinisation; complete suppression depends on a con-
comitant increase in hepatic insulin delivery [40]. Fasting
hyperglycaemia in Type 2 diabetes [41] and diabetic cir-
rhotic patients [12] is due mainly to increased basal HGO
implying inadequate basal hepatic insulin delivery in our
diabetic cirrhotic patients. In the absence of an acute in-
sulin response to i.v. glucose one would expect an impair-
ment of suppression of HGO following i.v. glucose and
this would result in a lower Sg.

The delay between a rise in plasma insulin and the
effect of this rise on glucose metabolism [20, 21, 39] is
thought to be due mainly to the time required to transport
insulin into the interstitial space. In dogs the rate of glu-
cose utilisation correlates better with changes in lymph in-
sulin (thought to be representative of interstitial insulin)
than with changes in plasma insulin concentration [42]. In
this and our previous study [43] we found a slower in-
crease in clamp glucose requirement in cirrhotic patients.
A similar defect has been reported in obese subjects [44].
This dynamic component of insulin insensitivity would
clearly be important under physiological conditions, e. g.
during meals, when hyperinsulinaemia may not persist
long enough to attain steady-state at its site of action. The
index of insulin sensitivity based on steady-state glucose
requirements during the euglycaemic clamp does not take
into account the dynamic component of insulin insensitiv-
ity and may thus underestimate the real degree of insulin
insensitivity present in cirrhotic tissues.

In the current study insulin sensitivity was measured
both by the euglycaemic clamp and by the minimal model
method. The insulin infusion rate used during the eugly-
caemic clamp was considerably higher than that shown to
completely suppress HGO in both control subjects and
non-diabetic cirrhotic patients [45, 46]. Both methods
confirmed the presence of marked insulin resistance in the
non-diabetic cirrhotic patients and there was a strong
correlation between indices of insulin sensitivity derived
by the two methods, suggesting that the minimal model
provides a useful measure of insulin sensitivity in cir-
rhosis. However, whereas S; in the non-diabetic cirrhotic
patients was only 25% of that in control subjects
(1.11£0.24x107*vs4.37£0.53 x 10" *min ' permU-1"",
p <0.001), clamp glucose requirement per 100 mU -1~ in-
sulin was reduced to a lesser extent (2.84 £0.35 vs 6.27 £
0.53mg-kg™'-min~" per 100mU-1"!, p <0.001). The
minimal model, by contrast with the euglycaemic clamp,
takes into account the delay in the onset of insulin action,
by assuming that the efffects of insulin on glucose metabo-
lism are related to the concentration of insulin in a com-
partment remote from plasma. An impairment of insulin

transport into, or an increase in the removal of insulin
from, this compartment would lower S;. Thus, the more
profound defect in S;, when compared to the euglycaemic
clamp index of insulin sensitivity, is probably due to the
dynamic defect in insulin action in the cirrhotic patients.
Another possible explanation for the lower S; compared
to the clamp index of insulin sensitivity is decreased clear-
ance of insulin in the cirrhotic patients, as demonstrated
by their higher clamp insulin levels. The minimal model
assumes that the action of insulin is linear over the physio-
logical range of insulin concentrations. While this may be
correct in normal and insulin-resistant subjects without
liver disease, this assumption may no longer be valid at the
insulin levels seen in cirrhotic patients during the FSIGT;
the effect would be to overestimate the degree of insulin
resistance.

It would appear that as in Type?2 diabetes, overt
diabetes develops in those cirrhotic patients who have a
marked impairment of insulin secretion in addition to in-
sulin insensitivity. One possibility is that a genetic factor,
present in both Type 2 diabetic patients and those cir-
rhotic patients who develop diabetes, is responsible for
the impairment of insulin secretion, although cirrhotic pa-
tients with a family history of diabetes were excluded in
our study. Further work is needed to test this hypothesis,
and to determine whether the reduction in Sg in diabetic
cirrhotic patients is due to an impairment of HGO sup-
pression or an impairment of the mass action effect of glu-
cose on tissue glucose uptake.
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