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Impact of cyclosporine and low-dose
steroid therapy on insulin sensitivity and
beta-cell function in patients with long-

term liver grafts

Abstract To examine whether fac-
tors controlling glucose tolerance,
i.e., insulin sensitivity (SI) and first-
(®,) and second-phase insulin se-
cretion (®,), are impaired in after
orthotopic liver transplantation
(OLT), they were assesssed in pa-
tients that had undergone OLT for
cirrhosis (n = 10) with cyclosporin A
and low-dose steroid therapy (5 mg
prednisone per day) and were com-
pared with those of healthy matched
control subjects (n = 10). These fac-
tors were determined by means of
computer-based analysis of fre-
quently sampled intravenous glu-
cose tolerance tests (FSIGTT). Glu-
cose and insulin profiles (posthepat-
ic insulin) did not differ between
both groups, whereas C-peptide lev-
els (prehepatic insulin) were elevat-
ed in the transplant group after the
FSIGTT, indicating an increased
hepatic insulin degradation. SI and
&, did not differ between both
groups. @,, however, was signifi-
cantly enhanced (23.94 + 2.63 vs
13.88 + 1.25 min!, P < 0.05). These

results indicate that cyclosporine
and low-dose steroid therapy do not
impair SI and @;. However, en-
hanced @, compensates the in-
creased hepatic insulin clearance.

Keywords Liver transplantation -
Glucose tolerance - Insulin
sensitivity - Beta-cell secretion -
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Abbreviations CyA Cyclosporin A -
FSIGTT Frequently sampled intra-
venous glucose tolerance tests -
OLT Orthotopic liver transplanta-
tion - @, @, First-phase, second-
phase insulin secretion - S Insulin
sensitivity

Introduction

Insulin resistance and impairment of beta-cell secretion
are commonly found in patients with liver transplants
and are mostly caused by steroid therapy in combina-
tion with cyclosporin A (CyA) [8, 11, 31]. Especially
the dose of steroids given to these patients plays a pre-
dominant role in the initiation of the impairment of glu-
cose metabolism by decreasing insulin sensitivity (SI)

[17,31] and affecting beta-cell secretion [7]. On the oth-
er hand, long-term steroid therapy in combination with
CyA is required to prevent graft rejection. To minimize
both any disturbance of glucose metabolism and adrenal
gland dysfunction, low-dose steroid treatment is consid-
ercd to be a suitable medication over longer periods of
time in patients with liver grafts [19].

The question arises whether the long-term applica-
tion of CyA and low-dose steroid treatment causes any



impairment of glucose tolerance. To answer this ques-
tion, it is necessary to determine the factors controlling
glucose metabolism in human beings. Oral glucose tol-
erance tests are commonly used for assessment in accor-
dance with the WHO criteria [25]. However, wide varia-
tions of plasma glucose and insulin levels are to be noted
after oral glucose loading [30], mostly due to different
capacities to suppress endogenous glucose production
and different rises in splanchnic and peripheral glucose
uptake [9, 18]. Furthermore, portosystemic shunting
and abnormal systemic hemodynamics, which are also
present after liver transplantation [14], may contribute
to widely dispersed results after oral glucose loading in
patients with liver grafts. Intravenous glucose loading,
i.e., the frequently sampled intravenous glucose toler-
ance test (FSIGTT), is not influenced by different rises
in splanchnic and peripheral glucose uptake and is regu-
lated by glucose disposal in hepatic and predominantly
peripheral tissues [2, 3]. Plasma C-peptide concentra-
tion is used to infer insulin secretion since it is secreted
equimolarly with insulin and its extraction by the liver
is negligible [6]. Glucose and insulin dynamics from the
FSIGTT can be analyzed by means of the computer-as-
sisted minimal modeling technique of glucose to calcu-
late the net effect of insulin of promoting glucose disso-
lution and inhibiting endogenous glucose production,
i.e., SI [3]. The minimal modeling technique of C-pep-
tide is able to provide two indexes describing beta-cell
sensitivity to glucose of first- (@;) and second-phase in-
sulin secretion (@,) [33]. Thus, the combinaton of both
techniques offers an integrated view of the regulation
of glucose tolerance in patients with liver grafts. Glu-
cose tolerance is maintained by the adjustment of SI,
@,, and @, from beta-cells after intravenous glucose
loading [3]. In healthy subjects and in nondiabetic pa-
tients with liver cirrhosis, a compensatory relationship
between these three factors exists, thus enabling normal
glucose tolerance [3, 4, 20]. The purpose of this study
was to measure SI, @, and @, in patients with long-
term liver grafts undergoing low-dose steroid therapy
and CyA treatment in order to assess the differences of
glucose tolerance factors between these patients and
healthy subjects.

Patients and methods

The clinical characteristics of the patients with liver grafts and the
control subjects are shown in Table 1. Ten patients after liver trans-
plantation, screened as having normal glucose tolerance (glucose
concentrations of below 140 mg/dl after 75 g oral glucose load, in
accordance with the WHO criteria), underwent the FSIGTT. All
patients suffered from histologically proven liver cirrhosis before
transplantation (Child C) and had the characteristic signs of severe
portal hypertension at this stage. The mean time after orthotopic
liver transplantation (OLT) was 44 + 3 months (25-61 months).
None of the patients with liver grafts had diabetes melletius before

Table 1 Clinical characteristics and counter-regulatory hormones
of controls and liver transplant patients. Values given as mean +
SEM (STH Somatotrophic hormone, HbA,_ hemoglobin A, )

Controls CyA-group

(n=10) (n=10)
Age 43 +3 46 + 1
Gender (f = female, m = male) f=6,m=7 f=4,m=6;
Fasting glucose (mmoV/l) 452 +0.18 4.93 +0.65
Fasting insulin (pmol/l) 6734116 81.68+138
Fasting C-peptide (ng/ml) 1.73+£0.23 3.31 £0.42°
Fasting glucagon (ng/!) 99 +21 138 +29
Fasting STH (ug/l) 23101 3.8+05
Fasting cortisol (ng/dl) 9.6+1.8 11.2+28
Total cholesterol {mg/dl) 213+23 232+19
Triglycerides (mg/dl) 196 £ 25 202 £ 16
HbA,, (%Hb) 43+02 46+03

2 P < 0.01 vs controls

transplantation. Graft function and liver enzymes were in the nor-
mal range and stable over the long term. All patients had been re-
ceiving CyA and S mg/day prednisone for about 18 months. The
immunosuppressive medication was taken 2 h before the tests
started.

These patients were compared with healthy control subjects
matched according to body weight (body mass index,
24.8 + 0.9 kg/m?), age (43.8 = 1.2 years), and sex (n = 10; 7 males,
3 females), on whom the FSIGTT was also performed. Exclusion
criteria for controls and patients were present diabetes mellitus;
cardiovascular, renal, and infectious diseases; alcoholism and drug
abuse; estrogen therapy; and a positive family history of diabetes
mellitus. Written consent was obtained from all subjects before
the study. The study was approved by the ethic committee.

Plasma glucose concentration was measured in duplicate by the
glucose oxidase method on a glucose analyzer (Beckmann Clinical
System 700). Blood samples for plasma insulin were immediately
centrifuged at 4°C and stored at 20°C until analysis. Insulin con-
centrations were measured by microparticle enzyme immunoassay
(MEIA Insulin, IMx System, Abbott, Germany). Within the assay,
the coefficient of variation was 5.3 % the total assay variation was
6.2%. C-peptide immunoradiometric assay was purchased from
Diagnostic Products DPC, Bad Nauheim, Germany. Before the
FSIGTT was started, glucagon (Glucagon RIA, Serono Diagnos-
tics, Germany), cortisol (Enzymun-Test, Boehringer Mannheim),
and serum growth hormone (STH, HGH MAIAclone, BioChem
Immuno Systems) were measured. Cholesterol and triglycerides
were determined enzymatically by means of commercially avail-
able kits (CHOL, SYS3; TG, SYS 3; Boehringer Mannheim, Ger-
many). Hemoglobin A, . was measured by high-performance liquid
chromatography (normal range < 5.0% Hb). Cyclosporine serum
concentrations were measured by monoclonal antibody assay
(EMIT 2000, Behring, Germany).

The factors controlling glucose tolerance were determined per
single individual by means of the minimal modeling technique,
i.e., by fitting the minimal models of glucose {2, 3] and C-peptide
[33] kinetics to glucose and C-peptide data measured after a
FSIGTT. SI measures the increase in fractional glucose clearance
rate per unit change in plasma insulin [2, 3]. The minimal model
for C-peptide [33] kinetics was used to assess beta-cell function
from C-peptide from FSIGTT data. In keeping with the biphasic
pattern of beta-cell insulin secretion, the model assesses the first
phase, @,, and the second phase, D,, sensitivity to glucose. ¢, (di-
mensionless) is the amount of insulin secreted during the first
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phase, X,,, normalized to the maximum increment of glucose con-
centration, AG, following the injection. ®, (min™!) measures the
effect of glucose on the provision of new insulin {33]. The sampling
protocol for measurement of glucose and insulin concentrations
was used as described [3]. Glucose (300 mg/kg body weight, 50 %
solution) was administered intravenously within 2 min as described
[2]. Glucose, insulin, and C-peptide profiles were analyzed using
SAAM 11 software, version 1.0.2 (University of Washington, Seat-
tle, Wash.). The precision of parameter estimates is expressed as
fractional standard deviation (FSD, in percent).

Data are expressed as mean + SE. To evaluate the differences
between the control group and the patient group if normality
failed, the Student’s 7-test or the rank sum test were assessed. Cor-
relations were determined using linear regression, and a P value
of less than 0.05 was considered significant.

Results

Table 1 presents the clinical characteristics of the con-
trol subjects and subjects with liver grafts. Fasting glu-
cose and insulin did not differ between the patient and
the control group (Table 1, Fig.1). Fasting C-peptide,
however, was significantly higher in the group with liver
grafts (P <0.01) than in the control group (Table 1,
Fig.1). The rise of insulin levels after glucose loading
(Fig.1) and the subsequent decrease were similar in the
transplant group and in the controls. In contrast with
the insulin profiles, the C-peptide course of the patients
with grafts was different: a second increase followed the
first peak immediately after glucose stimulus, the de-
crease of C-peptide was slower, and the levels remained
higher (from 40 min on, to 240 min) in the transplant
group in comparison with the control group (Fig.1).

The analysis of glucose and insulin profiles revealed
that SI among patients was not different from that
among controls (Table 2). SI of both groups was nega-
tively related to body mass index (patients: r = —0.63,
P <0.05, controls: r=-0.80, P <0.01). ¢, (CV for X,
9-21%) did not differ between patients and controls.
@, responsiveness to glucose (CV 9-18 %), however,
was elevated in liver transplant patients (Table 2). @,
was positively related to fasting insulin (r=0.72,
P =0.02) and body mass index (r=0.86, P <0.01) in
our control subjects, but not in our patients with liver
grafts (P> 0.05). No relations were found between
CyA serum concentrations and any glucose tolerance
factor.

Fig.1a—c Glucose, insulin, and C-peptide profiles after the fre-
quently sampled intravenous glucose tolerance tests in controls
(*) and in liver transplant patients (Cyclosporin A, [])



Table 2 Model-derived parameters of insulin sensitivity (SI) and first (%;) and second beta-cell responsiveness (®,) after glucose stimu-
lus of controls and liver transplant patients. Values are given as mean + SEM (BMI Body mass index, CyA cyclosporin A)

Patients BM1 CyA SI D, @D,
(CyA) (kg/m?) ng/dl 10~ min™! per pU/ml 10° 10° min™’

1 21.9 150 6.85 202.1 22.16

2 22.5 145 6.36 149.9 29.37

3 218 90 3.26 286.3 33.51

4 245 73 7.66 71.7 16.57

5 229 60 1.56 168.6 20.54.

6 27.3 100 7.17 165.4 35.68

7 23.9 125 6.26 144.6 30.09

8 21.8 167 322 160.8 25.95

9 20.4 227 7.01 135.1 13.90.
10 213 210 4.36. 189.8 11.63

22.8 +0.6 134 +17.7 5.38 + 0.66 168.0 £ 16.9 23.94 +2.63*

Controls (n = 10) 248 +32 - 499 +£1.20 189.9 £21.5 13.88 + 1.25

2 P < 0.05 vs controls

Discussion

This study yields evidence that long-term treatment
with the combination of CyA and low-dose steroid
treatment does not affect SI and ;. This is important
to note since both parameters are prognostic factors for
the development of diabetes mellitus [13, 23]. The over-
all factor influencing SI in liver transplant patients, as
generally recognized in healthy subjects, is body mass
index [1]. Low-dose steroid therapy over a longer period
of time does not affect the relationship between body
mass and SI. The adverse effects of corticosteroids are
dosage related [16]. Dosages below 7.5 mg/day are rare-
ly associated with clinically significant effects on glucose
metabolism [19]. Therefore, we can conclude that long-
term treatment with steroids at a dosage of 5 mg/day
has no detrimental effect on both predominant parame-
ters of glucose metabolism, i.e., &, and SI. Diminished
SIis commonly found in nearly all patients with liver cir-
rhosis [28] and is independent of liver function and clin-
ical and nutritional state of the patient [24]. In this re-
gard, we can assume that liver transplantation is capable
of correcting this characteristic abnormality of glucose
metabolism present in liver cirrhosis. The fact that the
close relationship between SI and body weight in these
patients is restored after liver transplantation may also
reflect the normalization of insulin-mediated glucose
disposal [22, 27] as well as fat and muscle recovery in
these subjects [32].

Glucose and insulin levels in the fasting state and af-
ter the FSIGTT did not differ between controls and pa-
tients with liver grafts, whereas C-peptide concentra-
tions were significantly elevated in the patient group.
Since C-peptide is not removed by the liver, its kinetic
behavior can be used as an indirect monitor of prehepat-
ic insulin clearance [6, 33]. Therefore, the elevated fast-
ing C-peptide in contrast with normal insulin levels and
the rapid decay of insulin (posthepatic insulin) in con-

trast with the increased C-peptide concentrations
(prehepatic insulin) during the FSIGTT may point to
an accelerated hepatic insulin clearance. Subsequently,
the analysis of glucose and insulin dynamics during the
FSIGTT, which evaluates the effect of posthepatic insu-
lin, resulted in a similar SIin controls and the liver trans-
plant group. The analysis of C-peptide profiles after the
FSIGTT, however, assesses the prehepatic insulin kinet-
ic and revealed normal @, response, but significantly
enhanced &, in the group with liver grafts. Perseghin
et al. were able to show that the suppression of beta-
cell secretion under euglycemia and hyperinsulinemia
was intact [27] in spite of higher fasting C-peptide levels
in contrast with normal insulin levels in liver transplant
patients. Francavilla et al. also measured elevated fast-
ing C-peptide levels in contrast with lower insulin levels
in liver transplant patients [10]). The authors of both
studies suggested that this difference may have been
due to increased hepatic insulin clearance. Portal hyper-
tension and portal systemic shunting characterize the
hemodynamic alterations in cirrhotics [14]. Although
most of the hemodynamic abnormalites appear to be re-
versed after liver transplantation [26], hepatic blood
flow is still increased for years [5, 12, 15] with subse-
quently accelerated higher first-pass-clearance of insu-
lin. The discrepancy between insulin and C-peptide lev-
els, however, only appears to be present in patients
with advanced chronic liver diseases, and not in patients
with normal liver function [10}, indicating that pancreat-
ic hypersecretion after OLT is specific to chronic liver
disease per se and appears to be related to persistent
hemodynamic abnormalites after OLT.

P, response after intravenous glucose loading con-
tributes to the early loss of glucose by inhibiting hepatic
glucose production [21]. @, normally adjusts the overall
glucose tolerance to individual parameters such as body
mass [3] and is strongly influenced by fasting insulin
[29]. The close relationship of @, with fasting insulin in
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our control group may reflect this interplay. This rela-
tion, however, was lacking in our transplant patients,
probably due to the enhanced hepatic insulin clearance,
which may produce higher variations of insulin concen-
trations in the fasting state. Steroid treatment with a
dosage of 5 mg/day does not influence the fasting insulin
levels since we found similar results in patients with
single immunosuppressive CyA therapy (66.42 +4.27
pmol/l, paper under review).

Although we did not evaluate the hepatic and portal
flow in these patients after OLT, this study yields some
evidence that other factors than body mass index and
immunosuppressive therapy are involved in the regula-
tion of beta-cell function in patients with stable long-

term liver grafts. The difference between lower fasting
insulin and higher fasting C-peptide concentrations as
well as the computer-assisted evaluation of pre- and
posthepatic insulin and C-peptide kinetics by means of
minimal modeling techniques point to an enhanced he-
patic insulin clearance. The higher hepatic insulin deg-
radation, probably caused by an increased hepatic blood
flow, seems to play the predominant role in regulating
insulin secretion in patients after OLT. The persistence
of such hemodynamic alterations may have detrimental
metabolic consequences in patients after liver trans-
plantation, resulting in a prolonged insulin production
and, finally, in an exhaustion of beta-cells and post-
transplant diabetes mellitus.

References

1. Bergman RN (1989) Toward physiolog-
ical understanding of glucose tolerance.
Diabetes 38: 1512-1527

2. Bergman RN, Ider ZY, Bowden CR,
Cobelli C (1979) Quantitative estima-
tion of insulin sensitivity. Am J Physiol

9.

10.

Ferrannini E, Bjorkman O, George
AR, Pilo A, Olsson M, Wahren J, De
Fronzo AR (1985) The disposal of an
oral glucose load in healthy subjects.
Diabetes 34: 580-588

Francavilla A, Polimeno L, Van Thiel

16.

Hricik DE, Bartucci MR, Moir EJ, Ma-
yes JT, Schulak JA (1991) Effects of
steroid withdrawal on posttransplant
diabetes mellitus in cyclosporine-treat-
ed renal transplant recipients. Trans-
plantation 51: 374-377

236: E667-E677 DH, Todo S, Kam I, Lynch S, Starzl TE ~ 17. Jindal RM (1994) Posttransplant diabe-
3. Bergman RN, Phillips LS, Cobelli C (1987) Pancreatic hormones and amino tes mellitus — a review. Transplantation
(1981) Physiologic evaluation of factors acid levels following liver transplanta- 58:1289-1298
controlling glucose tolerance in man. tion. Hepatology 7: 918-924 18. Kelley D, Mitrakou A, Marsh H, Benn
J Clin Invest 68: 1456-1467 11. Gillison SL, Bartlett ST, Curry DL J, Sonnenberg G, Arcangeli M, Aoki T,
4. Bogardus C, Lillioja S, Howard VB, (1991) Inhibition by cyclosporine of in- Sorensen J, Berger M, Sonksen P, Ge-
Reaven GM, Mott D (1984) Relation- sulin secretion — a beta-cell-specific al- rich J (1988) Skeletal muscle glycolysis,
ship between insulin secretion, insulin teration of islet tissue function. Trans- oxidation, and storage of an oral glu-
action, and fasting glucose concentra- plantation 52: 890-895 cose load. J Clin Invest 81: 1563-1571
tion in nondiabetic and non-insulin-de-  12. Hadengue A, Lebrec D, Moreau R, 19. Krentz AJ, Dmitrewski J, Mayer D,
pendent diabetic subjects. J Clin Invest Sogni P, Durand F, Gaudin C, Bernuau Nattrass M (1995) Effects of immuno-
74: 12381246 J, Belghiti J, Gayet B, Erlinger S, Ben- suppressive agents on glucose metabo-
5. Chezmar JL, Redvanly RD, Nelson hamou JP (1992) Persistence of system- lism. Clin Imunother 4: 103-123
RC, Henderson MJ (1991) Persistence ic and splanchnic hyperkinetic circula-  20. Kruszynska YT, Harry DS, Bergman
of portosystemic collaterals and sple- tion in liver transplant patients. Hepa- RN, McIntyre N (1993) Insulin sensi-
nomegaly on CT after orthotopic liver tology 17: 175-178 tivity, insulin secretion and glucose ef-
transplantation. Am J Roentgenol 159:  13. Haffner SM, Miettinen H, Gaskill SP, fectiveness in diabetic and nondiabetic
317-320 Stern MP (1995) Decreased insulin se- cirrhotic patients. Diabetologia 36:
6. Cobelli C, Pacini G (1988) Insulin se- cretion and increased insulin resistance 121-128
cretion and hepatic extraction in hu- are independently related to the 7-year ~ 21. Luzi L, DeFronzo RA (1989) Effect of
mans by minimal modeling of C-pep- risk of NIDDM in Mexican-Americans. loss of first-phase insulin secretion on
tide and insulin kinetics. Diabetes 37: Diabetes 44: 1386-1391 hepatic glucose production and tissue
223-231 14. Henderson MJ (1993) Abnormal glucose disposal in humans. Am J Phys-
7. Delaunay F, Khan A, Cintra A, Davani splanchnic and systemic hemodynamics 10l 257: E241-E246
B, Ling ZC, Andersson A, Ostenson of end-stage-liver disease: what hap- 22. Luzi L, Perseghin G, Regalia E, Sereni
CQG, Gustafsson JA, Efendic S, Okret S pens after liver transplantation? Hepa- LP, Battezzati A, Baratti D, Bianchi E,
(1997) Pancreatic S-cells are important tology 17: 514-516 Terruzzi I, Hilden H, Groop LC, Pul-
targets for the diabetogenic effects of 15. Henderson MJ, Millikan WJ, Hooks M, virenti A, Taskinen MR, Gennari L,
glucocorticoids. J Clin Invest 100: Noe B, Kutner MH, Warren DW (1989) Mazzaferro V (1997) Metabolic effects
2094-2098 Increased galactose clearance after liv- of liver transplanation in cirrhotic pa-
8. Dresner LS, Anderson DK, Kahng KU, er transplantation: a measure of in- tients. J Clin Invest 99: 692-700
Munshi IA, Wait RB (1989) Effects of creased blood flow through the de- 23. Martin BC, Warram JH, Krolewski AS,

cyclosporine on glucose metabolism.
Surgery 106: 163-170

nerved liver? Hepatology 10: 288-291

Bergman RN, Soeldner SJ, Kahn RC
(1992) Role of glucose and insulin re-
sistance in the development of type 2
diabetes mellitus: results of a 25-year
follow-up study. Lancet 340: 925-929



11

24.

25.

26.

Miiller MJ, Willmann O, Rieger A,
Fenk A, Selberg O, Lautz HU, Biirger
M, Balks HJ, Miihlen A von zur,
Schmidt WF (1992) Mechanism of in-
sulin resistance associated with liver
cirrhosis. Gastroenterology 102:
2033-2041

National Diabetes Data Group (1979)
Classification and diagnosis of diabetes
mellitus and other categories of glucose
intolerance. Diabetes 28: 1039-1057
Navasa M, Feu F, Garcfa-Pagdn JC, Ji-
ménez W, Llach J, Rimola A, Bosch J,
Rodés J (1992) Hemodynamic and hu-
moral changes after liver transplanta-
tion in patients with cirrhosis. Hepatol-
ogy 17: 355-360

27.

28.

29.

30.

Perseghin G, Regalia E, Battezzati A,
Vergani S, Pulvirenti A, Terruzzi I, Ba-
ratti D, Bozzetti F, Mazzaferro V, Luzi
L (1997) Regulation of glucose homeo-
stasis in humans with denervated livers.
J Clin Invest 100: 931-941

Petrides AS (1994) Liver disease and
diabetes mellitus. Diabetes Rev 2: 2-18
Piatti PM, Pontiroli AE, Caumo A,
Santambrogio G, Monti LD, Costa S,
Garbetta F, Baruffaldi L, Cobelli C,
Pozza G (1994) Hyperinsulinemia de-
creases second-phase but not first-
phase arginine-induced insulin release
in humans. Diabetes 43: 1157-1163
Reaven GM, Brand RJ, Chen I, Mathur
AK, Goldfine I (1993) Insulin resis-
tance and insulin secretion are determi-
nants of oral glucose tolerance in nor-
mal individuals. Diabetes 42: 1324-1332

31.

32.

33.

Roth D, Milgrom M, Esquenazi V,
Fuller L, Burke G, Miller J (1989) Post-
transplant hyperglycemia. Transplanta-
tion 47: 278-281

Thomas LE, Taylor-Robinson SD, Bar-
nard ML, Frost G, Sargentoni J, David-
son BR, Cunnane SC, Bell JD (1998)
Changes in adipose tissue composition
in malnourished patients before and af-
ter liver transplantation: a carbon-

13 magnetic resonance spectroscopy
and gas-liquid chromatography study.
Hepatology 25: 178-183

Toffolo G, De Grandi F, Cobelli C
(1995) Estimation of S-cell sensitivity
from intravenous glucose tolerance test
C-peptide data. Diabetes 44: 845-854





