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Summary. Decreased insulin sensitivity and glucose-depen- 
dent glucose disposal (glucose effectiveness) have been 
demonstrated in poorly-controlled Type 1 (insulin-depen- 
dent) diabetic patients. We have therefore examined the ef- 
fects of successful pancreas transplantation that results in 
long-term physiologic normoglycaemia as measured by in- 
sulin sensitivity index and glucose effectiveness in 14 Type 1 
diabetic recipients (Group 1) using the Bergman minimal 
model method. Their results were compared with those of 
five non-diabetic patients with kidney transplant alone 
(Group 2) and 10 healthy control subjects (Group 3). Mean 
plasma glucose levels were indistinguishable in Group 1 
when compared to Groups 2 and 3. However, mean basal 
plasma insulin levels were two- and eight-fold greater in 
Group 1 (36 + 6 gU/ml) than in Group 2 (17 + 7 gU/ml) and 
Group 3 (4.5 + 0.6 gU/ml), respectively. Following intra- 

venous glucose (t= 0 rain) and tolbutamide (t= 20), peak 
incremental insulin levels were significantly (p<0.001) 
greater in Group 1 vs Groups 2 and 3. Mean insulin sensitiv- 
ity index was 65 % and 50 % lower in Group 1 (2.89 _+ 0.45) 
and Group 2 (4.11 + 1.30), respectively, when compared to 
Group3 (8.40+l.24x10-1min -1 (gU/ml) -1. In contrast, 
glucose effectiveness was similar in the three groups 
(Group 1, 2.48 +0.26; Group 2, 2.05 _+0.21; and Group 3, 
2.10 + 0.17 x 10 -2-min-1). We conclude that, despite predni- 
sone-induced insulin resistance, normal glucose tolerance is 
achieved by hyperinsulinaemia and normalisation of glu- 
cose-dependent glucose disposal following pancreas-kidney 
transplantation in Type 1 diabetic patients. 

Key words: Pancreas transplantation, Type I (insulin-de- 
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Pancreas transplantation has improved the quality of life 
in Type i (insulin-dependent) diabetic recipients [1, 2]. 
When successful, pancreas transplantation achieves nor- 
mal or near-normal glycaemia, however, the mechanisms 
of the latter remain uncertain. Hyperinsulinaemia, which 
is often a consequence of systemic venous insulin delivery, 
occurs in the face of normoglycaemia in some Type 1 
diabetic pancreas allograft recipients with heterotopic, al- 
lograft location [3-6]. This hyperinsulinaemia indicates a 
state of severe insulin resistance in the diabetic allograft 
pancreas recipients. The insulin resistance has been as- 
cribed partly to the prednisone therapy which is an im- 
portant integral component of the currently used triple 
immunotherapy given to most organ recipients [3-8]. Sec- 
ondly, hyperinsulinaemia per se could induce the insulin 
resistant state by down-regulation of the tissue insulin re- 
ceptors [9]. Finally, poor glucose control prior to trans- 
plantation could also induce an insulin resistant state in 
Type 1 diabetic patients as a result of chronic glucose tox- 
icity [10]. Thus, a clear understanding of the respective 
roles of hyperinsulinaemia and immunotherapy in the 

aetiology of insulin resistance in Type i allograft reci- 
pients is needed. Luzi et al. [11], using an elegant eugly- 
caemic, hyperinsulinaemic technique have demonstrated 
improvement in insulin resistance in the skeletal muscles 
and normalization of hepatic glucose production follow- 
ing pancreas-kidney transplantation in Type 1 diabetic pa- 
tients. The mechanism of the insulin resistance was as- 
cribed to decreased insulin-mediated glucose disposal. 
However, whether glucose-dependent glucose disposal is 
decreased was not assessed in their study. 

Previous investigators have shown that glucose-de- 
pendent glucose disposal is reduced in some Type 1 
diabetic patients [12] but not others [13] in the face of de- 
creased insulin-mediated glucose disposal using the eugly- 
caemic, hyperinsulinaemic technique. The advent of the 
minimal model method described by Bergman and co- 
workers [14] has provided an opportunity for simulta- 
neous determination of both insulin sensitivity (S~) and 
glucose-dependent glucose disposal (glucose effective- 
ness, Sa). Recently, this methodology has been adapted 
for and validated in patients with insulin deficiency using 
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Table 1. Clinical characteristics of subjects 
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Group n Age Sex 
(years) (female/ 

male) 

BMI 
(g/m 2) 

Body Duration Duration FPG FPI 
weight of diabetes of trans- mmol/1 gU/ml 
(g) (years) plantation 

(months) 

Group 1 
Pancreas and kidney 
transplantation 14 34 _+ 2 9/5 

(22-47) 

Group 2 
Kidney transplantation 5 
alone 

Group 3 
Healthy control subjects 10 

36_+3 4/1 
(32-46) 

28 + 3 7/3 
(21-49) 

24+1 
(20-28) 

23+3 
(19-34) 

68+3 22+3 12+3 4.06+0.17 36+6" 
(49--83) (8-48) (2.78-4.78) (12-65) 

61+6 - 25+6 4.81+0.31 17+7 b 
(45-84) (16-48) (3.44-5.61) (5-40) 

23+2 64+3 - - 4.12+0.17 4.6+0.6 
(20-27) (50-86) (3.28-4.94) (3-8.5) 

ap < 0.001; bp < 0.05 VS healthy control subjects 
Values are mean + SEM; numbers in parentheses represent range 
FPG, Fasting plasma glucose; FPI, fasting plasma insulin 

exogenous  insul in admin i s t r a t i on  resul t ing  in p e r i p h e r a l  
r a the r  than  p o r t a l  h y p e r i n s u l i n a e m i a  [15, 16]. Thus,  the  
objec t ive  of  the  p r e s e n t  s tudy  was to  e m p l o y  the  B e r g m a n  
m i n i ma l  m o d e l  m e t h o d  [14] to  inves t iga te  the  me c ha n -  
ism(s)  of  the  n o r m a l  g lucose  t o l e r ance  in Type  1 d iabe t i c  
pa t i en t s  who  have  u n d e r g o n e  successful,  who le  cadaver ic  
panc reas  t r a n s p l a n t a t i o n  ( resul t ing  in p e r i p h e r a l  hype r -  
i n su l inaemia  and  in su l in - independence )  and  to  c o m p a r e  
the  m o d e l - d e r i v e d  da t a  wi th  those  of  non -d i abe t i c  pa -  
t ients  wi th  k idney  t r a n s p l a n t  a lone  t r e a t e d  wi th  iden t i ca l  
t r ip le  i m m u n o s u p p r e s s i v e  agents  and  with  the  da ta  of  
hea l thy  con t ro l  subjects .  

Subjects and methods 

Three study populations were recruited. Group I consisted of 14 
Type I diabetic patients (nine females and five males) who under- 
went successful whole cadaveric pancreas and kidney transplanta- 
tions as previously described [17] and were maintained on triple im- 
munosuppressive therapy (cycl0sporin, 250-500 mg/day, prednisone 
10-15 mg/day and azathioprine 125-150 mg/day). All of the Type 1 
diabetic allograft pancreas recipients had achieved long-term physi- 
ologic normoglycaemia and insulin-independence for a mean of 
12 months (range 8-48 months). Thirteen of the diabetic patients 
underwent simultaneous pancreas and kidney transplantation. The 
remaining patient had previously received a kidney transplant ap- 
proximately 1 year prior to the pancreas transplantation (sequen- 
tial). The diabetic pancreas recipients were studied only if acute re- 
jection episodes had not occurred during the 3 months prior to their 
visit to our research centre. Group 2 comprised five non-diabetic pa- 
tients (four females and one male) who had received kidney trans- 
plantation alone for end-stage renal failure and were previously 
maintained on either haemo- or peritoneal dialysis. Following kid- 
ney transplantation, these patients were treated with a triple immu- 
notherapy (prednisone 10-15 mg/day, cyclosporin 300-600 mg/day 
and azathioprine 75-150 rag/day) similar to that of the Type 1 
diabetic patients in Group 1. Group 3 consisted of ten healthy age-, 
sex- and weight-matched subjects (seven females and three males) 
who served as a control group. None of these subjects was taking any 
medication known to influence glucose tolerance or were participat- 
ing in competitive or endurance sports. There was no family history 
of diabetes in the Group 3 subjects. Subjects in all three groups 
signed a written informed consent approved by the institutional re- 

view board after the risks entailed in the protocol had been thor- 
oughly explained. Patients with renal, liver, heart and thyroid dis- 
eases were excluded. The clinical characteristics of the subjects are 
shown in Table 1. 

Study protocol 

All the studies were performed after a 10-12 h overnight fast at the 
Clinical Research Center of the Ohio State University Hospitals. 
Three days prior to the study, the subjects incorporated 200 g of car- 
bohydrate in their regular weight-maintaining diet consisting of 
50 % carbohydrate, 40 % fat and 10 % protein in total energy con- 
tent. 

A standard oral glucose tolerance test was performed in all the 
subjects with 75 g glucose (Koladex Custom Laboratories, Balti- 
more, Md., USA). Using National Diabetes Data criteria, all the 
subjects were found to have normal glucose tolerance. The frequent 
sampling i.v. glucose tolerance (FSIGT) test was performed as pre- 
viously described by Bergman and co-workers [14]. In brief, with the 
subject in the supine position, two i.v. lines were placed in both 
forearm veins. One was used for infusion of test substances and 
the other for blood sampling. Four blood samples were drawn at 
t= -20,  -10,  - 5  and 0rain. An i.v. glucose (0.3 g/kg, 50% dex- 
trose) was infused over 1 min at t= 0 min. At t= 20 rain, i.v. tolbuta- 
mide (Diagnostic Orinase, Upjohn Pharmaceuticals Company, Ka- 
lamazoo, Mich., USA) was infused over i min. Subjects with body 
mass index (BMI) less than 30 kg/m 2 received 300 mg of tolbutamide 
while those with BMI greater than 30 kg/m 2 received 500 rag. Blood 
samples were drawn frequently at t = 0, 2, 3, 5, 6, 8,10, 12, 14, 16,18, 
20, 22, 25, 30, 35, 40, 45, 50, 60, 70, 80, 90, 100, 110, 120, 150 and 
180 min for plasma glucose and insulin concentrations. Blood sam- 
ples were immediately centrifuged at 4 ~ at a speed of 2,000 x g and 
3,000 rev/min. The plasma, stored at - 20~ was assayed for plasma 
insulin and glucose concentrations. 

Analytical methods 

Plasma glucose concentrations were measured by a glucose oxidase 
method using a glucose autoanalyser (Beckman Instruments, Fuller- 
ton, Calif, USA). Plasma insulin levels were determined by a stand- 
ard double-antibody radioimmunoassay technique in our labora- 
tory. The intra- and inter-assay coefficients of variation were 6 % and 
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Fig. 1. Plasma glucose (upper panel) and insulin (lower panel) given 
as mean + SEM before and after intravenous glucose (t = 0 min) and 
tolbutamide (t = 20 min) administration (arrows) in healthy control 
subjects ( O ), patients with kidney transplant alone (*) and patients 
with both pancreas and kidney transplants (x) 
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Fig.2. Insulin sensitivity index (SI), glucose effectiveness at basal in- 
sulin (Sa) and glucose effectiveness at zero insulin (GEZI)  
(mean + SEM) shown for healthy control subjects ( [] ), patients with 
kidney transplant alone ( �9 ) and patients with both pancreas and 
kidney transplants ( [] ), **p < 0.001 
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10 %, respectively. The lower limit of the sensitivity of the insulin 
assay was 2.5 p~U/ml of plasma. 

Statistical analysis 

Results are presented as mean + SEM unless otherwise stated. Glu- 
cose disappearance constant (KG) after the i.v. glucose load was cal- 
culated from glucose concentrations between t = 8 and 19 min. K6 
was taken as the negative slope of the linear regression equation be- 
tween glucose concentrations (after natural log transformation) and 
time. Acute first phase insulin following i. v. glucose and totbutamide 
was calculated as the sum of incremental plasma insulin levels be- 
tween t = 0-5 min and t = 20-25 rain, respectively. 

The S: and SG were calculated by the software program (MINI- 
M a D )  as previously described by Bergman and co-workers [14]. 
The minimal model parameters were computed based on glucose 
and insulin kinetics in each subject. Because $o reflects the glucose 
effectiveness at basal insulin concentrations, we calculated the true 
glucose effectiveness at the theoretical zero insulin concentrations 
(GEZI)  as follows: (GEZI = S~ - SI x BI where BI represents the 
basal insulin concentration [18]. Also, since insulin sensitivity tends 
to be inversely related to basal insulin levels in the non-diabetic 
population, we calculated the disposition index (DI) which repre- 
sents a product of S: and Beta-cell insulin secretory parameter. DI 
was estimated for both the i.v. glucose and tolbutamide administra- 
tion and designated as DIg:u~ and DIto:b, respectively. 

Non-parametric data were analysed using Mann-Whitney or chi- 
square methods. Student's t-test and where appropriate analysis of 
variance (ANOVA) for repeated measures were used for analyses of 
parametric data. Linear regression and correlation coefficients (r) 
were calculated using the linear squares method. Probability value 
less than 0.05 was considered significantly different. 

Results 

As shown in Table 1, the mean age, sex ratio, body 
weight and body mass index were not significantly differ- 
ent between the immunosuppressant-treated patients 
(Groups i and 2) and the healthy control subjects 
(Group 3). 

Mean fasting plasma glucose concentrations were not 
significantly different between the three groups (Group 1, 
4.06 + 0.17 mmol/1, Group 2, 4.81 + 0.31 mmol/1 and 
Group 3, 4.12 + 0.17 mmol/1). Following i.v. glucose load, 
the mean peak plasma glucose levels occurred at 2 min in 
all the groups. Mean plasma peak glucose levels were not 
significantly different between the groups (Group 1, 
14.6 + 0.93 mmol/1, Group 2, 16 + 1.51 mmol/1 and 
Group 3, 13.80 + 1.10 mmol/1. Thereafter, the rates of glu- 
cose disappearance were similar (Fig. 1, upper panel). In- 
deed, KG values were 1.79 + 0.20 % per min for Group 1, 
2.11 + 0.6 % per min for Group 2 and 2.0 + 0.30 % per min 
for Group 3. The mean differences between the groups 
were not statistically significant. 

Mean fasting plasma insulin concentrations were sig- 
nificantly greater in Group I (36 + 6 gU/ml) when com- 
pared to Group 2 (17 + 7 gU/ml, p < 0.02) and Group 3 
(4.5 + 0.6 gU/ml, p < 0.001). Furthermore, after both i.v. 
glucose and tolbutamide administration, the peak and in- 
cremental plasma insulin responses were significantly 
greater in the pancreas transplant recipients (Group 1) 
when compared to the patients with kidney transplant 
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alone (Group 2) and healthy control subjects (Group 3) as 
shown in Figure 1 (lower panel). 

As shown in Figure 2 (upper panel), the mean insulin 
sensitivity index (SI) was significantly (p < 0.001) reduced 
by 65 % in Group 1 (2.89 _+ 0.45 units) and 50 % in 
Group 2 (4.11 + 1.30 units) when compared to the healthy 
control subjects in Group 3 [8.40 + 1.24 x 10-4.min -1. 
(gU/ml)- 1]. 

The mean disposition index (DI) after i.v. glucose was 
slightly but not significantly greater in Group1 
(1098 + 200 units) when compared to Group 2 
(668 + 340 units) and Group 3 healthy control subjects 
(662 + 153 x 10 -2- rain- 1). Mean Dltolb values were similar 
to that of DIgl,r and mean differences were not statistically 
significant in the three groups. 

Depicted in Figure 2 are the SG (middle panel) and 
GEZI (lower panel) data. Mean Sa values were not sig- 
nificantly different between the three groups (Group 1, 
2.48 _+ 0.26, Group 2, 2.05 _+ 0.21; and Group 3, 
2.10 + 0.17 x 10 -2.min-~). Similarly, the GEZI values 
were not different between the groups (Group 1, 
1.56 _+ 0.41; Group 2, 1.34 _+ 0.17 and Group 3, 
1.77 + 0.18 x 10 -2 -rain-l). 

The insulin sensitivity index (S~) correlated significant- 
ly but inversely with basal plasma insulin only in Group 1 
(r = - 0.528, p < 0.05) but not in Group 2 (r = - 0.177, 
p = NS) and Group 3 (r = - 0.482, p = NS), probably due 
to the clustering effects and smaller number of subjects in 
the latter two groups. Furthermore, no relationships 
existed between SI or Sa and age, body mass index, dura- 
tion of functional allografts and dose of immunosuppres- 
sant drugs. 

Discuss ion  

Previous studies from our laboratory [3] and those of 
other investigators [5, 6] have demonstrated insulin resis- 
tance and hyperinsulinaemia in the face of normogly- 
caemia in Type i diabetic patients who receive whole ca- 
daveric, heterotopic pancreas transplantation with 
exocrine drainage. Similarly, non-diabetic patients with 
kidney transplantation alone who receive triple immuno- 
suppressive therapy including prednisone often manifest 
modest hyperinsulinaemia and a severe insulin resistant 
state [3, 5, 6, 19, 20]. The insulin resistance in both situ- 
ations can result in recurrent glucose intolerance and 
diabetes in these immunosuppressed patients [19, 20]. 
Most importantly, in pancreas transplant patients, the 
burden of insulin resistance, whatever its cause, could be 
potentially detrimental to the long-term function of the al- 
lograft pancreas. Thus, it is important to know whether 
the insulin resistance observed in diabetic and non- 
diabetic patients who receive allograft transplants have a 
common aetiologic mechanism. 

We found that in Type 1 diabetic pancreas recipients, 
both fasting and post-stimulation plasma glucose concen- 
trations are indistinguishable from that of kidney trans- 
plant patients (who receive identical triple immunother- 
apy) and healthy control subjects which is in agreement 
with several previous reports [1, 3-6]. However, the nor- 
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mal glucose concentration in the Type 1 diabetic pancreas 
recipients was achieved at the expense of insulin levels at 
least twice as high when compared to the kidney trans- 
plant patients in our study and eight times higher when 
compared to the healthy control subjects. Thus, it is 
tempting to infer that the insulin resistance appears to be 
more severe in the diabetic aUograft recipients than the 
non-diabetic kidney patients. It is therefore possible that 
the mechanisms underlying the insulin resistant states 
may be different in both groups. 

Using the euglycaemic clamp technique, Luzi et al. [11] 
have demonstrated similar degrees of insulin resistance in 
Type 1 diabetic pancreas recipients and patients with kid- 
ney transplants who were treated with comparable triple 
immunosuppressive agents. The insulin resistance has 
been ascribed predominantly to the prednisone therapy 
rather than cyclosporin and azathioprine components of 
the triple immunotherapy [19, 20]. In the present study, we 
have quantitated the insulin sensitivity indices using Berg- 
man's minimal model method. The SI values were reduced 
by 65 % and 50 % in the diabetic pancreatic allograft reci- 
pients and kidney transplant patients respectively, when 
compared to the healthy control subjects. It is important 
to note however, that the reduced S~ in the diabetic pan- 
creas recipients occurred in the face of two- to three-fold 
greater plasma insulin levels than the kidney transplant 
patients. Thus, the marked insulin resistance in the Type 1 
diabetic pancreas recipients cannot be explained solely by 
the prednisone therapy as suggested by previous investi- 
gators. Moreover, the doses of prednisone in the two im- 
munosuppressant groups were similar. We found that S~ 
correlated significantly but inversely with the basal plas- 
ma insulin levels only in the pancreatic transplant reci- 
pients but not in the kidney transplant patients and 
healthy control subjects. These correlation data should be 
interpreted cautiously since the lack of significant rela- 
tionship between SI and basal insulin in the kidney trans- 
plant recipients could be due to the small number of sub- 
jects and a possible clustering effect. We, however, 
speculate that the marked systemic hyperinsulinaemia in 
the pancreas recipients could play a significant aetiologic 
role in the lower insulin sensitivity index following whole 
cadaveric, heterotopic, pancreas transplantation in 
Type i diabetic recipients [9]. It is noteworthy that hyper- 
insulinaemia could theoretically down-regulate the in- 
sulin receptors on insulin sensitive tissues. However, Sau- 
dek et al. [21] did not find any abnormality in insulin 
binding on erythrocytes of pancreas transplant recipients 
who manifested decreased insulin action and systemic 
hyperinsulinaemia. 

Previous investigators have demonstrated that Type 1 
diabetic patients with poor metabolic control manifest in- 
sulin resistance, and this is substantially improved by long- 
term intensive insulin therapy [10, 15]. However, similar 
studies on $6 have been very limited in immunosup- 
pressed diabetic patients [15]. In this light, a recent report 
has demonstrated that both SI and SG are reduced in pa- 
tients with Type 2 diabetes [22] and non-diabetic patients 
with Cushing's disease [23]. In contrast, Baron et al. [24] 
have shown that acute hydrocortisone infusion decreased 
only S~ but not $6 in humans. Thus, it is important to 



680 

examine  bo th  pa ramete r s  in pat ients  who receive chronic 
cor t icosteroid  the rapy  as an integral  c o m p o n e n t  of  their  
immunosuppress ive  p rogramme.  We found,  in our  pres- 
ent  study, a normal  So in the two t ransplant  groups  com- 
parable  to that  of  the heal thy control  subjects in Group  3. 
Similarly, the  Ko, a surrogate  of  So, was also similar in the 
three groups. Thus,  the immunosuppress ive  agents em- 
p loyed  in our  s tudy do no t  appear  to impair  So in allograft  
recipients. 

In  summary,  the present  s tudy demons t ra tes  that,  in 
Type 1 diabetic allograft  pancreas  and k idney t ransplant  
recipients receiving similar immunosuppress ive  agents,  SI 
is r educed  by 65 % and 50 %, respectively, when  com-  
pared  to hea l thy  cont ro l  subjects. O u r  data  indicate tha t  
the insulin resistance in pancreas  allograft  recipients m a y  
be m o r e  severe when  c o m p a r e d  to that  o f  k idney  trans-  
plant  pat ients  and perhaps  the m a r k e d  systemic hyper-  
insul inaemia pe r  se could be  par t ly  implicated. Thus,  the 
normal  So in conjunct ion  with hyper insul inaemia  may  be 
responsible for  the normal  glucose concent ra t ions  ob- 
served in prednisone- induced ,  insulin-resistant pat ients  
receiving chronic  immunosuppress ive  therapy. 
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