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Aims: Human liver cirrhosis is commonly associated with increased fasting and glucose induced insu-
lin concentrations. However, whether the hyperinsulinaemia is a consequence of increased pancreatic
insulin secretion, decreased hepatic insulin removal, or impaired feedback regulation of insulin secre-
tion is still doubtful. To investigate these issues, insulin secretion—during 24 hours of standardised liv-
ing conditions—insulin sensitivity, and hepatic insulin extraction were assessed in cirrhotic patients
compared with matched healthy subjects.

Patients: Nine Child’s disease grade B cirrhotic patients and seven healthy volunteers, participated in
the study. The subjects were studied on two separate days, one for the assessment of insulin secretion
during a standardised 24 hour life period (calorimetric chamber), and one for the determination of
insulin sensitivity.

Methods: Insulin secretion rates were reconstructed from plasma C peptide concentrations by decon-
volution, and indices of B cell function were derived using a mathematical model describing the func-
tional dependence of insulin secretion on plasma glucose concentrations. Insulin sensitivity was
determined using the euglycaemic hyperinsulinaemic clamp technique.

Results: Cirrhotic patients showed a marked hypersecretory response, both in absolute terms (mean
(SEM) 295 (53) versus 138 (11) nmol/m?, p<0.02), and in relation to glucose (175 (26) versus 57 (5)
pmol/min/m?, p<0.02). In particular, the B cell dose-response function was shifted upward compared
with controls. The sensitivity of insulin secretion to the rate of glucose change was also increased. Insu-
lin sensitivity, markedly reduced in cirrhosis (157 (10) versus 296 (30) ml/min/m?, p<0.002), was
strongly inversely correlated (r=0.89, p<0.002) in these patients with insulin secretion at 5 mM
glucose. Insulin clearance and hepatic insulin extraction were not reduced. A frank hypermetabolism
with increased lipid oxidation was found in this series.

Conclusions: This study suggests that hyperinsulinaemia, at least in Child’s disease grade B cirrhotic
patients, is the consequence of increased B cell sensitivity to glucose, while hepatic insulin extraction

tis commonly found that liver human cirrhosis is associated

with increased fasting and glucose induced insulin levels."”

However, these patients mostly have normal or increased
blood glucose concentrations. Coexistence of hyperinsulin-
aemia and normal or impaired glucose tolerance indicates the
presence of insulin resistance,*"" which has been confirmed by
several studies using the ecuglycaemic hyperinsulinaemic
clamp (EHC).* " Different explanations of the hyperinsulin-
aemia have been advanced by several authors. These include
increased insulin secretion by the pancreas,'” " decreased
insulin removal by the cirrhotic liver,'*"* escape of insulin from
liver degradation because of portal systemic shunting,"”* and
impaired feedback regulation of insulin secretion.” Thus, per-
ipheral hyperinsulinaemia in cirrhosis does not necessarily
imply increased insulin secretion.

As, in contrast with insulin, C peptide is not significantly
extracted by the liver some investigators have used peripheral
C peptide as an index of pancreatic insulin secretion. However,
even using the above method, conflicting results about insulin
secretion in cirrhosis® have been reported. The insulin
response to different stimuli, such as arginine,* tolbutamide,*
intravenous glucose bolus injection,” and oral glucose
ingestion® *" has been reported to be decreased,’ ** ¥ normal,”
or increased.”

In this study, for the first time, we have investigated these
issues by assessing in cirrhotic and healthy subjects insulin
secretion during 24 hours of standardised living instead of
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does not seem to play a significant part.

using acute phase response to a stimulus, such as intravenous
or oral glucose load. Insulin sensitivity and hepatic insulin
extraction were determined by means of the most reliable
methods currently available. In particular, insulin secretion
rates were reconstructed from plasma C peptide concentra-
tions by deconvolution, and indices of 3 cell function were
derived using a mathematical model describing the functional
dependence of insulin secretion on plasma glucose concentra-
tions. Insulin sensitivity was measured using the EHC.

METHODS

Study protocol

Subjects

Nine cirrhotic patients, with biopsy confirmed liver post-
hepatitis (HCV) cirrhosis, and seven healthy control subjects,
participated to the study. Table 1 shows details of the partici-
pants.

Cirrhotic patients belonged to Child’s disease grade B status
(score 7.61 (0.73), mean (SEM)) according to the Child-Pugh
classification. No evidence of significant spontaneous portal
systemic shunting was detected by either ultrasonography or

Abbreviations: EHC, euglycaemic hyperinsulinaemic clamp; FFA, free
fatty acid; ISl insulin sensitivity index
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endoscopy. Drug treatment was suspended during the five
days preceding the study. On examination, the cirrhotic
subjects were in a stable clinical state: they were neither sep-
tic, nor febrile and suffered from no complications such as
encephalopathy, acid base imbalance, diabetes mellitus, or
renal failure. None had a history of thyroid dysfunction, neo-
plasm, or other acute or chronic diseases. All patients were on
a weight maintaining diet with the following average compo-
sition: 70% carbohydrates, 30% fat, and 1 g of protein per kg of
body weight. This dietary regimen was maintained for one
week before the study.

Control subjects were healthy volunteers as indicated by
physical examination and laboratory tests. None received any
medication. All had followed their usual unrestricted diets for
several months before the study.

The nature and purpose of the investigation were explained
to each subject before they agreed to participate in the study,
which followed the guidelines of the hospital ethics com-
mittee.

The subjects were studied on two separate days, one for the
assessment of insulin secretion during a standardised 24 hour
life period, and one for the determination of insulin sensitiv-
ity with the glucose clamp method.

24 Hour studies

The subjects spent a day (starting at 8 00 am) in the respira-
tory chamber (volume 23.6 m’) at the Metabolism Unit of the
Catholic University School of Medicine in Rome. The
characteristics of the device have been previously
described.**™

During the study day, all subjects were assigned a diet with
an energy content of 30 kcal per kg of fat free mass consisting
of 55% carbohydrate, 30% fat, and 15% protein. This amount
was divided as follows: 20% at breakfast, 40% at lunch, 10% as
an afternoon snack, and 30% at dinner. The four meals served
in the chamber were prepared by a dietitian using common
foods such as meat, fish, vegetables, bread, fruit, etc. The food
given and returned was weighed to the nearest gram on pre-
cision scales (KS-01, Rowenta, Berlin, Germany). The nutrient
content of all food items was calculated by using computerised
tables (Food Processor II, Hesha Research, Salem, OR,
modified according to the food tables of the Istituto Nazionale
di Nutrizione, Italy). The energy content of food was
computed as follows: 4.3 kcal/g for protein, 4.2 g for starch (or
starch equivalent), and 9.3 kcal/g for fat.”

At 4 00 pm, the subjects performed a physical exercise ses-
sion on the motorised treadmill by walking for 30 minutes at
a constant speed of 3 km/h up a 10% grade.

Hourly blood samples were drawn from a central venous
catheter derived outside the chamber through long plastic
tubing for the measurement of glucose, insulin, C peptide, and
free fatty acids (FFA) concentration.

Glucose clamp

Insulin sensitivity was determined using the EHC method.”
Whole body glucose uptake (M value in pmol/min per m’* body
surface area) was determined during a primed constant infu-
sion of insulin (at the rate of 6 pmol/min/1 kg) after an over-
night fast. Glucose and insulin measurements were made on
arterialised blood samples. At the time of the clamp studies,
subjects were on a weight maintaining diet consisting of at
least 250 g of carbohydrate a day for at least one week before
each study. The clamp derived insulin sensitivity index (ISI,
ml/min/m*) was the estimate of glucose clearance during the
clamp, calculated as the ratio of the M value to the average
insulin concentration during the clamp.

Analytical methods
Serum samples were stored at =70°C for an average duration of
six months. These samples were not thawed until hormone
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assays were performed. Serum glucose was measured by the
glucose oxidase method (Beckman, Fullerton, CA). Serum
insulin was assayed by microparticle enzyme immunoassay
(Abbott, Pasadena, CA). Serum C peptide was measured by the
ELISA method (Chematil, Scafati, Italy). FFA were deter-
mined by enzymatic colorimetric method (Boehringer Man-
nheim, Mannheim, Germany). All assays were performed in
duplicate.

Mathematical modelling

Model of B cell function

The model used for assessing insulin secretion” is a combina-
tion of a B cell model, which relates insulin secretion to
glucose concentration, and a model of C peptide kinetics.

In the B cell model (fig 1), insulin secretion (S(t)) is
expressed as the sum of three components. The first
component (S,(t)) expresses a static relation between insulin
secretion and glucose concentration—that is, it embodies a 3
cell dose response function. The B cell dose-response function
is assumed to be modulated by a circadian oscillation,
represented by a sinusoidal function with a 24 hour period:

Ss(t) = pa[In(1 + p2e“") — In(1 + py)]

+ps +q(t) (12)

av = pssin (57 0+ ps (1b)

where G (mM) is the glucose concentration, t is time (hours),
and p,-p, are parameters. The term q(t) represents the
circadian modulation. When the modulating term q(t) is zero,
the dose-response function (equation la) is a curvilinear, con-
vex function. The parameter p, represents the intercept for
G=0, p, is the slope of the curve for high G values, and p,
determines the curvature—that is, for high (with respect to 1)
values of p, the dose-response function is quasi-linear,
whereas for low values of p, the dose-response curve exhibits
a appreciable convexity. The parameters p, and p, are the
amplitude and phase (0=p,<2m) of the 24 hour oscillation,
respectively.

The second insulin secretion component (S,(t)) expresses a
dynamic dependence of insulin secretion on the rate of change
of glucose concentration. S (t) is proportional to the derivative
of glucose concentration when the derivative is positive, and is
zero otherwise:

dG(t)  dG(1)
Pe—3> >0
Sa(t) = oo 2)

dG(1)
0, =g =0

The third insulin secretion component represents a residual
secretion term (S (t)), which accounts for the possibility that
the secretory controls represented in equations 1 and 2 are not
exactly modelled, or that other secretion components are
present. S (t) is modelled in discrete form as a generic
piece-wise linear function over 20 minute intervals, with zero
mean. Because S, (t) may take on both positive and negative
values, it represents an additive correction term rather than a
real secretion component.

Total insulin secretion is the sum of the three components
described above:

S(t) = S,(t) + Sy(t) + S,(t) (3)

Total insulin secretion is calculated every 20 minute for the
whole 24 hour period. Insulin secretion and its components
are normalised to body surface area, and expressed in
pmol/min/m’.
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Table 1 Subjects’ characteristics

Mean 24 hour

Glucose

Age (y) Sex (M/F) BMI (kg/m?  (mM) Insulin (pM)  FFA (mM)
Controls 55 (4) 3/4 26 (0.4) 5.7 (0.2) 88 (4) 0.33 (0.04)
Cirrhotics 52 (1) 4/5 26 (0.9) 4.8 (0.2)* 145 (9)* 0.57 (0.03)*

*p<0.02 or less versus control subjects. Data shown as mean (SEM).

The model for C peptide kinetics is the two exponential
model proposed by Van Cauter et al,* in which the model
parameters are determined in each individual on the basis of
the subject’s sex, weight, height, and age. C peptide
concentration (C(t)) is the convolution between the individu-
alised, two exponential C peptide impulse response and C
peptide secretion (S(t), equation 3).

The model parameters p,-p, and S.(t) (equations 1 to 3)
were determined by fitting the model to the glucose and C
peptide data using least squares techniques, as previously
described.”

From the estimated model parameters, other parameters
useful for describing the [ cell dose response characteristics
were calculated. From equation la, by letting G=5 and
q(t)=0, the insulin secretion value corresponding to the fixed
glucose concentration of 5 mM (ISR, pmol/min/m®) was
calculated. This parameter quantifies insulin secretion around
the normal basal glucose value. The slope of the dose response
function at 5 mM glucose concentration (Slope,, pmol/min/m?/
mM) was also obtained from equation la. This parameter
quantifies the sensitivity of [ cells to glucose concentration
changes around 5 mM. A measure of the average amplitude of
the residual insulin secretion component (SD,, pmol/min/m?)
was obtained from the standard deviation of S (t). Total 24
hour insulin secretion (ISR, nmol/m?) was calculated as the

tot”

integral of total insulin secretion over the 24 hours.

Insulin clearance and hepatic extraction
Peripheral insulin clearance was calculated as the ratio of
insulin infusion to average insulin concentration during the
last 40 minutes of the clamp. Endogenous insulin clearance
was calculated as the ratio of the average insulin secretion to
the average insulin concentration over the whole 24 hour
period.

Hepatic insulin fractional extraction (E) was calculated
from the equation

peripheral insulin clearance
endogenous insulin clearance

Residual | Selt)

component

Dynamic Sqlt)

This equation yields the correct hepatic insulin extraction
value under the hypothesis that hepatic and extrahepatic
insulin clearance are the same during the clamp and the 24
hour experiments.

Statistical analysis

Data and results are presented as mean (SEM). Differences
between groups were tested the with Mann-Whitney U test.
Linear regression analysis was performed using standard
methods.

RESULTS
Figure 2 shows the 24 hour profiles of glucose, C peptide,
insulin, and FFA. Mean insulin and FFA concentrations were

Glucose (mM)

C peptide (nM)

1
Egﬂ;

Glucose component \‘ Insulin = 06 I I i I 3
concentration secretion £ = PSS I &8 .
@ S(t) E 04| 550 Illiii
Static / IIII °r . o2

component | s (1 0.2+ . i LI 4 lI hd

\ \ \ \ \ \ \
4 alt) 8:00  12:00 16:00 20:00 24:00  4:00  8:00
Circadi Time
m(I)r(:I:l?lolriconn Figure 2 Mean (SEM) glucose, C peptide, insulin, and free fatty

Figure 1 Model of insulin secretion. See eqations 1 to 3.
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acids concentrations. Closed circles: control subjects; open circles:
cirrhotic patients. The solid lines in the two top panels represent the
model fit.
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Figure 3 Mean (SEM) insulin secrefion and its components (all
expressed in pmol/min/m?) calculated using the model. S(t), total
insulin secretion; S,(t), dynamic component; q(t) circadian
modulation of the dose-response; S (1), residual component. See
eqations 1 to 3. Closed circles: control subjects; open circles:
cirrhotic patients. Insulin secretion and its components are calculated
every 20 minutes, but the error bars are shown every hour for clarity.

higher in cirrhotic patients, while glucose concentration was
lower (table 1).

Figure 3 shows insulin secretion and its components, calcu-
lated using the model. The parameters of [ cell function are
shown in table 2. Cirrhotic patients showed a marked
hypersecretory response, not only in absolute terms (total 24
hour insulin secretion, ISR ), but also in relation to glucose. In
particular, the (3 cell dose response function (fig 4) was shifted
upward, and its slope increased, albeit the increase fell short of
statistical significance. The parameter expressing the sensitiv-
ity of insulin secretion to the glucose rate of change (p,) was
increased.

Insulin sensitivity was markedly reduced in cirrhotic
patients (table 3). Insulin sensitivity (ISI) was strongly
inversely correlated with insulin secretion at 5 mM glucose
(ISR,) (fig 5, r=0.91, p<0.0001, control and cirrhotic subjects
pooled, variables log transformed). The correlation was highly
significant in cirrhotic subjects (r=0.89, p<0.002), and
borderline in control subjects (r=0.70, p=0.08). As figure 5
shows, a simple function can describe the relation between IST
and ISR, in both groups.

Insulin clearance and hepatic insulin extraction were not
reduced in cirrhotic patients (table 3). Indeed, insulin
clearance, as calculated from the glucose clamp, was 10%
higher in cirrhotic patients.

FFA concentration was not correlated either with the
parameters of 3 cell function or with insulin sensitivity when
correlation was tested in the individual groups.

Twenty four hour energy expenditure was 8.38 (0.71) kJ/d
in cirrhotic patients and 7.26 (0.37) kJ/d in controls (p<0.01).
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Figure 4 Mean (SEM) dose-response (equation Ta with g(f)=0).
Closed circles: control subjects; open circles: cirrhotic patients. Error
bars are shown at 1 mM increments.

The resting energy expenditure was also significantly
(p<0.01) higher in cirrhotic patients than in controls (7.03
(0.82) versus 5.96 (0.49)). A prevalent lipid oxidation was
observed in cirrhotic patients (24 h RQ=0.77 (0.03) versus
0.83 (0.04); p<0.01).

DISCUSSION

Insulin secretion, insulin sensitivity, and hepatic insulin
extraction have been studied extensively in cirrhotic patients,
but conflicting results, in part because of inadequate method-
ologies, have been reported.'” ”” Another important problem
in the interpretation of metabolic alterations in cirrhosis is
attributable to the heterogeneity of patients regarding both
the aetiology of the liver disease and the clinical stage.
However, a large consensus has been progressively reached on
the lack of significant relation between insulin resistance, or
impaired glucose tolerance, and the aetiology of liver cirrhosis,
liver function, or the clinical or nutritional status of the
patients." ** ' In patients with alcoholic cirrhosis an insulin
hypersecretion was observed, while estimated hepatic insulin
extraction was reduced in only the most advanced stages of
the disease.® Using the deconvolution of plasma C peptide
concentrations the insulin secretion rate was found to be dou-
bled in alcoholic cirrhotic patients, while the insulin clearance
was 40% reduced." To our knowledge no data are reported in
the literature about the insulin secretion rate in pure
post-HCV cirrhosis. Therefore, this represent the first report in
which the insulin secretion was assessed in a group of patients
suffering with HCV related liver cirrhosis.

The value of this study is that it uses accurate methods for
the assessment of these variables in physiological conditions.
Firstly, the experimental design simulates normal living, with
a 24 hour observation period and the administration of mixed
meals and exercise. Secondly, calculation of insulin secretion
is based on the C peptide deconvolution approach, which
yields true B cell output and is not affected by hepatic insulin
extraction. Thirdly, insulin secretion is assessed not only in
absolute terms, but also in relation to the glucose stimuli by
means of a model that gives multiple parameters of f cell
function. Fourthly, insulin sensitivity is determined with the
EHC glucose clamp method, which is the gold standard for
insulin sensitivity.” Fifthly, the role of hepatic insulin extrac-
tion is studied with different methods—that is, from insulin
infusion and concentration during the glucose clamp, from
the 24 hour C peptide and insulin profiles using the model,
and from the combination of the two.

A key method of this study is the model of B cell function.
This model builds on the classic C peptide deconvolution
approach developed by others,” the application of which to
cirrhotic patients is expected to be accurate, as C peptide
clearance in cirrhosis is normal.” The purpose of the model is
to assess B cell sensitivity to glucose by taking into considera-
tion the main known determinants of the f cell response to
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Table 2 Parameters of B cell function

Slope; (pmol
ISR; (pmol min/m?)  min/m?/ mM) ps (pmol m?/ mM)  p, (pmol min/m?) SD, (pmol min/m?) ISR, (nmol/m?)
Controls 57 (5) 43 (6) 1327 (425) 35(11) 32 (6) 138 (11)
Cirrhotics 175 (26)* 112 (34)t 5385 (1586)* 84 (27)t 108 (21)* 295 (53)*

ISRs, insulin secretion at 5 mM glucose; Slopes, of the dose-response at 5 mM g

the 24 hour modulation (eq 1); SD,, standard deviation of the residual insulin secretion component (S (t), Eq. 3); ISR,

*p<0.02 or less versus control subjects. 10.08<p<0.12 versus control subjects.

lucose; p,, parameter of the derivative component (eq 2); p,, amplitude of

o 24 hour integral of insulin secretion.

Table 3 Insulin sensitivity and insulin clearance
Peripheral insulin  Endogenous insulin
Insulin sensitivity clearance clearance Hepatic insulin
(ml/min/m?) (ml/min/m?) (ml/min/m?) extraction (%)
Controls 296 (30) 484 (13) 1096 (86) 54 (4)
Cirrhotic patients 157 (10)* 531 (10) 1480 (299) 59 ()t

*p<0.02 or less versus control subjects. TOne cirrhotic patient with a negative value of hepatic insulin
extraction (~13%) was excluded from the mean. With that subject included, hepatic insulin extraction was 51

(10), with no change in statistical significance.

350 —
300

- N N
oL O W
o O O
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ISI (ml/min/mz]

Figure 5 Relation between B cell sensitivity to glucose (as
represented by ISR;) and insulin sensitivity (ISI). Closed circles:
control subjects; open circles: cirrhotic patients. The solid line
represents the equation ISR,=e**',

glucose. The model in fact represents the {3 cell response as the
sum of three components: the first is a quasi-linear function of
glucose concentration (the dose-response function), modu-
lated by a night-day fluctuation, the second is a response to
the rate of glucose change, and the third is a secretion compo-
nent that is apparently unrelated to glucose (residual compo-
nent, S (t)). While the dose-response and the derivative com-
ponent are present in previous models of insulin secretion, the
night-day modulation and the residual component are specific
to the model, and are essential to explain the observed insulin
secretion changes.” Thus, within the limitations that any
mathematical model inevitably has, our approach describes all
the features of the relation between glucose concentration and
insulin secretion observed in our experiments.

One main finding is that cirrhotic patients are hypersecre-
tory, not only in absolute terms, as expressed by the total 24
hour secretion, but also in relation to the glucose stimulus, as
expressed by the model parameters of (3 cell function, which
were all increased in cirrhotic patients, albeit not all to a sta-
tistically significant extent. In particular, in cirrhotic patients
the (3 cell response to a fixed 5 mM glucose level (ISR;) was
almost threefold, the sensitivity to the glucose derivative (p,)
was fourfold, and standard deviation of the residual compo-
nent (SD,) more than threefold. These results, while are in
agreement with the majority of the studies on insulin
secretion, ™ ™ 7 add the notion that hypersecretion in cir-
rhosis originates from an increased [ cell sensitivity to
glucose, which seem to concern most, if not all, of the mecha-
nisms by which the B cells respond to glucose stimuli.
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In agreement with previous findings,*"” > * our results

show that cirrhotic patients were markedly insulin resistant.
Because compensation mechanisms exist between insulin
sensitivity and B cell sensitivity to glucose, B cell sensitivity
may be higher in cirrhotic patients solely because they are
insulin resistant. Unfortunately, there is no exact way to nor-
malise B cell sensitivity to insulin sensitivity, in order to assess
if the compensation between the two is normal. Because there
is almost no overlap of the insulin sensitivity indices in control
and cirrhotic subjects (fig 5), it is not possible to predict safely
by extrapolation what would be {3 cell sensitivity in normal
subjects in presence of a severe insulin resistance such as that
observed in cirrhotic patients. Figure 5 shows that there is no
discontinuity in the increase in the 3 cell sensitivity, and thus
adaptation of f cell sensitivity to insulin resistance in cirrhotic
patients may be normal. Whether increased 3 cell sensitivity is
the cause or the consequence of insulin resistance cannot be
obviously established from the present data.

We did find increased FFA concentrations in our cirrhotic
patients similar to other investigators.* However, the
average 24 hour FFA concentration was not correlated with
the parameters of B cell function and total insulin secretion,
either in control or in cirrhotic subjects. Average FFA concen-
trations were also not correlated with insulin sensitivity in the
two groups.

As far as the energy expenditure and the respiratory
quotient measured in the respiratory chamber is concerned,
this study confirms a previous report™ in which we found that
Child’s disease grade B, post-hepatitis cirrhotic patients show
a hypermetabolism and a preferential lipid oxidation.

In conclusion, this study clearly shows that hyperinsulin-
aemia in our cirrhotic patients is entirely the consequence of
increased B cell sensitivity to glucose, while hepatic insulin
extraction does not play a part. That insulin clearance and
hepatic extraction are not decreased in cirrhotic patients is
shown by three concordant figures—that is, insulin clearance
calculated from insulin infusion and concentration during the
clamp, insulin clearance calculated from average insulin
secretion and concentration in the 24 hour experiments, and
hepatic insulin extraction calculated from these clearance
values.
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