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         Role of Hyperglycemia in Isogeneic Islet 
Transplantation: An Experimental Animal Study    

sure of islets to hyperglycemia results in beta cell 
loss ( Biarnes et al., 2002 ;  Gray et al., 1989 ). 
 In this animal study we attempted to reassess the 
role of hyperglycemic stress in isogeneic pancre-
atic islet transplantation.   

 Material and Methods 
  &  
  Animals 
 Male inbred DA (RT1 a ), PVG (RT1 c ) and Lewis 
(RT1 � ) rats (approximately 200 grams) were used 
as islet donors and recipients. 

   Induction of diabetes 
 Experimental animals were rendered diabetic by 
intravenous administration of a single bolus of 
streptozotocin (55 – 65   mg / Kg). Diabetes was 
defi ned by consecutive blood glucose readings 
equal to or greater than 20   mmol / l.  

  Islet preparation, culture and 
transplantation 
 Pancreatic islets were prepared by collagenase 
digestion and hand picking technique as previ-
ously described ( Rajotte et al., 1984 ). Varying 
numbers of islets were transplanted beneath the 
kidney capsule of the recipients. Fresh islets were 

 Introduction 
  &  
 The ultimate objective of pancreatic islet trans-
plantation in the treatment of Type I diabetes is 
the restoration of normoglycemia in order to pre-
vent or stabilize long-term complications of the 
disease ( Meyer et al., 2007 ;  Ryan et al., 2004 ; 
 O ’ Connell et al., 2006 ). There are two important 
immune-mediated obstacles to islet grafting in 
spontaneous diabetes: a) Induction of allograft 
immunity resulting in graft rejection ( Lafferty 
et al., 1986 ), and b) Recurrence of disease patho-
genesis resulting in graft destruction ( Prowse 
et al., 1986 ;  Nomikos et al., 1986 ). While these 
immune processes are critical to understand and 
overcome, a third potential biological barrier to 
islet transplantation appears to involve hypergly-
cemia associated with disease ( Biarnes et al., 
2002 ;  Unger et al., 1985 ;  Gray et al., 1989 ). 
 Studies on pancreatic islet transplantation for 
the treatment of insulin dependent diabetes mel-
litus (IDDM) suggested that hyperglycemia itself 
is suffi cient to trigger islet graft destruction 
( Biarnes et al., 2002 ). Persistent hyperglycemia 
has long been suspected of having a detrimental 
effect on pancreatic islet function ( Unger et al., 
1985 ) and there is evidence that long term expo-

 Authors    I.       Nomikos   1      ,     K.       Kalogerakos   1      ,     E.       Athanasiou   2      ,     E.       Plakokefales   3        ,     D.       Sioutopoulou   2      ,     M.       Satra   2        , 
    N. C.       Vamvakopoulos   2     

 Affi liations           1       Department of Surgery (B ’  Unit),  “ METAXA ”  Cancer Memorial Hospital, Piraeus, Greece 
          2       Department of Surgery, Medical School, University of Thessaly, Larissa, Greece 
          3       Department of Biology and Genetics, Medical School, University of Thessaly, Larissa, Greece     

  Abstract 
  &  
  Objective:       Study the role of hyperglycemia-
induced  �  cell loss on grafted islet destruction.  
  Design:       Male inbred rats were made diabetic 
by streptozotocin administration and used as 
islet donors and / or isograft recipients to probe 
directly the role of hyperglycemia as an impor-
tant determinant of transplanted islet fate, fol-
lowing exclusion of immune-related causes of 
islet graft destruction like allograft immunity 
and disease recurrence.  

  Results:       Our studies showed that: a) Hypergly-
cemia destroyed islet but not pituitary isografts 
and b) Tight control of normoglycemia by suf-
fi cient islet mass engraftment prevented graft 
damage.  
  Conclusion:       While sustained hyperglycemia 
caused destruction of transplanted islet isografts, 
induction of normoglycemia by transplantation 
of suffi cient islet mass to diabetic recipients had 
a benefi cial long term effect on their functional 
engraftment.          
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transplanted within the matrix of a blood clot from the recipient 
as described ( Babcock et al., 1987 ). Where indicated islet cells 
were depleted of antigen presenting cells (APC ’ s) following cul-
ture in an atmosphere of 95    %  oxygen as described (Lafferty 
et al., 1987). Islet function in streptozotocin-induced diabetic 
recipients was determined by blood glucose measurements 
twice weekly. Graft failure was indicated by persistent blood 
glucose levels above the 95    %  confi dence interval for normal rats. 
The integrity of islet grafts in non-diabetic recipients was deter-
mined by histologic analysis 30 days post grafting.  

  Histology 
 Removed kidneys were fi xed in formol saline. Paraffi n sections 
were stained with hematoxylin-eosin and aldehyde fuchsin 
( Nomikos et al., 1986 ;  Sioutopoulou et al., 2006 ). Immunoper-
oxidase was used for insulin and glycagon staining ( Prowse 
et al., 1986 ;  Vakalis et al., 1999 ).    

 Results 
  &   
 Tissue-specifi c destruction of cultured islet isografts by 
hyperglycemia 
 Six hundred cultured isogeneic islets were transplanted in the 
upper pole of the recipient ’ s kidney in three different strains of 
either normal or streptozotocin-primed diabetic rats (PVG ’ s, 
Lewis ’ s and DA ’ s). Potential generation of an allograft response 
was monitored by placing a pituitary graft from the same donor 
in the lower pole of the diabetic recipient ’ s kidney, as an endo-

crine control tissue. Normoglycemia was not attained in any of 
the diabetic animals. Kidneys carrying the grafts (islets and pitu-
itary) were removed 30 days post grafting and were examined 
histologically. In the non diabetic recipients the islet grafts 
remained intact (    �  �     Fig.   1a  ). However, in the diabetic recipients, 
the islet grafts demonstrated a dramatic form of tissue disrup-
tion characterized by islet vacuolization, hemorrhagic blood 
lakes, endothelial cell damage, mononuclear cell accumulation, 
and development of fi brous tissue (    �  �     Fig.   1b  ). In each case, the 
pituitary grafts remained intact, with minimal lymphoid infi l-
tration and no other demonstrable damage (    �  �     Fig.   1c  ). Similar 
results occurred with each of the three rat strains tested (PVG ’ s, 
Lewis ’ s and DA ’ s) (  Table 1  ).   

 Destruction of uncultured islet isografts by 
hyperglycemia 
 In order to exclude a possible culture effect on isografted islets, 
we tested two groups of 6 animals each grafted with the same 
preparation of uncultured islets. In the study group, six strepto-
zotocin pretreated DA rats were transplanted by 600 uncultured 
isogeneic islets via a clot of blood. In the control group, six nor-
mal DA rats were transplanted by 600 uncultured isogeneic 
islets via a clot of blood. Normoglycemia was not attained in any 
of the diabetic animals tested. Grafts were removed and exam-
ined 30 days after transplantation. The results of the histologic 
examination of the transplants are listed in   Table 2  .   

 Protective role of transplanted islet mass in graft 
damage prevention 
 In this set of experiments fi ve diabetic DA ’ s were transplanted by 
1000 – 2000 cultured isogeneic islets. Normoglycemia was attained 
in all of the diabetic animals in the immediate post transplantation 
period. The animals remained normoglycemic during the follow up 

   Table 1       Differential effect of hyperglycemia in islet and pituitary isografts 

   Histology Score  1   

 Strain / # animals  Islet Graft  2    Pituitary  2   

 PVG / 6  1,3,4,4,4  0,0,1,1 
 DA / 6  2,3,4,4  0,0,0,0 
 Lewis / 6  1,1,4,4,4,4  0,0,0,0,0,0 

   1    Histology Score: 0, no damage; 1, minor infi ltrate; 2, moderate infl ammatory 

infi ltrate with islet disruption; 3, hemorrhagic lakes in the graft, beta cell vacuoliza-

tion, mononuclear cell accumulation; 4, fi brous tissue development and complete 

destruction of the graft   

   2    Sections not available from all the animals   

  Table 2       Destruction of islet isografts by hyperglycemia 

 Recipients  Non diabetic  Diabetic 

 Histology Score  1    0, 0, 1, 1, 1, 2  3, 4, 4, 4, 4, 4 

   1    Histology Score: 0, no damage; 1, minor infi ltrate; 2, moderate infl ammatory 

infi ltrate with islet disruption; 3, hemorrhagic lakes in the graft, beta cell vacuoliza-

tion, mononuclear cell accumulation; 4, fi brous tissue development and complete 

destruction of the graft   

  Table 3       Function of islet isografts in diabetic recipients 

 Number of animals  Number of cultured islets  Days of normoglycemia 

 6  600   – ,   – ,   – ,   – ,   – ,   –  
 6  1200      >    100,      >    100,      >    100,      >    100,      >    100,      >    100, 

      Fig. 1           Histologic documentation of male DA rat isograft fates:  a.  In 
the non diabetic recipient, an intact islet isograft underneath the kidney 
capsule was observed;  b.  in the diabetic recipient, the islet isograft 
demonstrated a dramatic degree of tissue disruption characterized by 
islet vacuolization, hemorrhagic blood lakes, damage of endothelial 
cells and mononuclear cell accumulation;  c.  in the diabetic recipient, an 
intact pituitary graft (endocrine control tissue), with minimal lymphoid 
infi ltration was observed.  
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period (more than 100 days) and returned to a hyperglycemic state 
when the kidney carrying the graft was removed (  Table 3  ).    

 Discussion 
  &  
 Our present animal study showed that islet tissue isografts 
either depleted of APC ’ s or not, are destroyed in the hypergly-
cemic environment. The main histological fi ndings of this type 
of damage are the complete destruction of endothelium of blood 
vessels along with the formation of large blood lakes and 
mononuclear cell accumulation through the grafted tissue 
(    �  �     Fig.   1b  ). Islet damage was tissue specifi c, since pituitary 
grafts (endocrine tissue control) remained intact in the diabetic 
rats (    �  �     Fig.   1c  ). To exclude auto- or allo- immune damage and 
test directly the role of hyperglycemia in islet rejection, we 
transplanted islet isografts to streptozotocin-primed diabetic 
animals. The comparable development of hemorrhagic lakes 
and the associated disruption of vascular endothelium by all 
three animal strains examined, supported the damaging effect 
of hyperglycemia in grafted islet destruction. Interestingly, in 
diabetic animals there was a selective damage of beta cells while 
the alpha cells remained positive for glycagon (not shown). Fur-
ther support in favor of the observed impairment of islet graft 
vascularization by hyperglycemia, was provided by a Swedish 
study demonstrating the ability of 400 islets to reverse diabetes 
in streptozotocin-primed diabetic rats treated for a short time 
during the peritransplantation period with insulin. The same 
amount of islets did not restore normoglycemia in the non insu-
lin treated animals ( Ar ’  Rajab Ahren et al., 1992 ). Finally our data 
indicate that this hyperglycemic damage was not the result of 
allo immunity from poorly inbred strain, since three different 
strain combinations showed the same effect (  Table 1  ). In agree-
ment to previous reports our present fi ndings indicated that 
tight control of blood glucose at the time of transplantation was 
crucial for long term protection of functional transplanted islets 
( Merino et al., 2000 ;  Ferrer-Garcia et al., 2003 ;  Morsiani et al., 
2002 ). 
 The close similarity between the present vascular lesions (hem-
orrhagic lakes and disruption of vascular endothelium) and 
those of newly formed small vessels and capillaries at the site of 
a resent wound (e.g. abdominal wall, intestinal anastomosis), 
suggested that hyperglycemic vascular damage may also be 
viewed as an acute perioperative phenomenon ( Nomikos et al., 
2006 ). A possible pathophysiologic linkage between high glu-
cose levels and development of vascular endothelial defect was 
suggested in one study, where hyperglycemia was shown to 
induce free radical formation and glucose oxidation leading to 
delay of endothelial cell replication ( Inoguchi et al., 1992 ). Simi-
lar fi ndings from another study suggested that high glucose con-
ditions facilitate the susceptibility of serum proteins to sulfhydryl 
oxidation forming disulfi de crosslinks and this oxidative process 
may contribute to the inhibition of endothelial cell proliferation 
and early apoptotic death of transplanted islets ( Stafani et al., 
1992 ;  Emamaullee et al., 2007 ). 
 Our fi ndings support the detrimental effect of perioperative 
hyperglycemic state on new capillary formation at the sites 
where a healing process is taking place and underscore the pro-
tective role of tight normoglycemic control in the prevention of 
associated surgical complications.        

  Confl ict of interest  :    None.              
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Erratum
Please note that the correct author’s name is E. Plakokefalos.
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