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Theophylline protects against diabetes in BB rats 
and potentiates cyclosporine protection 
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Summary. Type i (insulin-dependent) diabetes mellitus re- 
sults from autoimmune cell-mediated destruction of pancre- 
atic islet Beta cells. Since theophylline has suppressive effects 
on immune responses, we sought to determine if this agent 
might protect against destruction of islet Beta cells in 
diabetes-prone BB rats. Diabetes-prone rats were divided 
into four groups and treated, from age 30 to 125 days, with: 
(a) no treatment (control), (b) theophylline 2 mg. ml- 1 added 
to the drinking water, (c) cyclosporine 5 mg. kg -1. day -1 ad- 
ministered by gavage, and (d) theophylline plus cyclo- 
sporine. By age 125 days, diabetes (glucosuria and serum glu- 
cose > 11 mmol.l 1) had appeared in 15 of 17 (88%) of 

control rats, 10 of 18 (56%) on theophylline, 6 of 17 (35%) on 
cyclosporine, and 1 of 17 (6%) on theophylline plus cyclo- 
sporine. Protection against diabetes by theophylline and cy- 
closporine was associated with preservation of pancreatic 
Beta cell mass (insulin content). The protective effects of 
combination therapy with theophylline and cyclosporine 
were achieved at very low serum concentrations of cyclos- 
porine. These findings suggest that theophylline may be a 
useful adjunct in the immunosuppressive therapy of Type 1 
diabetes. 
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There is now abundant evidence that Type 1 (insulin-de- 
pendent)  diabetes mellitus results from destruction of 
pancreatic islet Beta cells by mononuclear cells of the im- 
mune system. The strongest evidence has been obtained 
in animal models with spontaneous diabetes, including the 
Bio-Breeding (BB) rat. A variety of immune-suppression 
procedures have been reported to prevent and/or cure 
diabetes in the diabetes-prone (DP) BB rat [1]. These in- 
clude neonatal thymectomy, total lymphoid irradiation, 
anti-lymphocyte globulin, monoclonal antibodies to T 
lymphocytes and/or NK cells, and cyclosporine (CsA). 

Another  approach to suppressing immune reactions 
involves increasing adenosine - 3' ,5'-monophosphate 
(cAMP) levels in lymphocytes [2]. Theophylline, a phos- 
phodiesterase inhibitor effective in elevating cellular le- 
vels of cAMR has been reported to prolong pancreatic al- 
lografls in rats [3], and to protect against diabetes induced 
by multiple low-dose streptozotocin in rats [4]. Also, theo- 
phylline has been reported to increase the frequency of 
clinical remission in a study of 18 recent-onset Type 1 
diabetic subjects [5]. 

The purpose of the present study was to assess theo- 
phylline as a possible protective agent against diabetes in 
the BB rat, and to determine whether theophylline could 
potentiate the protective effects of CsA. 

Materials and methods 

Animals 

Diabetes-prone (DP) BB rats were obtained from the National In- 
stitutes of Health contract colony at the University of Massachus- 
setts Medical School, Worcester, Mass., USA (Dr. A. A. Like). DP 
rats have been sib-mated for over 35 generations and develop spon- 
taneous Type 1 diabetes between -60 and 120 days of age (70-90% 
incidence). Diabetes-resistant (DR) BB rats have been inbred for 
resistance to diabetes ( < 1% incidence). 

Experimental groups 

DP rats (26 males, 43 females) from 101 were divided randomly 
into four groups at age 28-32 days. The first group (7 males, l0 fe- 
males) received no treatment (controls); the second group (7 males, 
11 females) received theophylline (2 mg. ml 1) added to the drink- 
ing water and made up fresh three times a week; the third group 
(6 males, 11 females) received CsA (5 mg .kg -1) dissolved in olive 
oil (2 mg.m1-1) and administered daily at 10.00 hours by gavage; 
the fourth group (6 males, 11 females) received both theophylline 
and CsA in the same doses as for groups 2 and 3 respectively. CsA 
was generously supplied by Sandoz Research Institute (East 
Hanover, NJ, USA). 
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Fig. 1. Time course for appearance of diabetes in diabetes-prone BB 
rats receiving no treatment (o, n = 17); and treated from age 30 to 
125 days with 2mg-ml 1 theophylline (A, n= 18) added to the 
drinking water, 5 mg. kg -1- day-~ cyclosporine ( I ,  n = 17) given by 
gavage in olive oil, and theophylline plus cyclosporine in the same 
doses (A., n = 17) 

Assays 

The rats were monitored daily for glucosuria, from age 60 days. 
Diabetes was defined as the presence of 4 + glucosuria (Testape, 
Lilly Research Laboratories, Indianapolis, Ind., USA) and a tail vein 
plasma glucose > 11 retool-1-1, measured on a glucose analyser 2 
(Beckman Instruments, Inc., Fullerton, Calif., USA). The day of 
onset of diabetes was noted and the diabetic rats were anaesthetized 
with pentobarbital, 50 mg. kg- J body weight. The pancreas was ex- 
cised, minced with fine scissors, sonicated, and incubated at 4 ~ for 
16 h in acid ethanol (75% ethanol, 1.5% 12 mol.1 1HC1, and 23.5% 
H20) to extract insulin from the cells for determination of pancreatic 
insulin content by radioimmunoassay, using a kit for rat insulin 
(Pharmacia, Uppsala, Sweden). Also, at ages 60 and 90 days, blood 
was collected from tail veins of surviving non-diabetic rats for mea- 
surement of serum theophylline, and for serum CsA (24 hours after 
administration) using a radioimmunoassay kit (Sandoz Research In- 
stitute, East Hanover, NJ, USA). The study was terminated at 
125 days of age. Survivors (without diabetes) were anaesthetized, 
bled for serum theophylline and CsA assays, and pancreata were ex- 
cised for determination of insulin contents. 

Data analysis 

Statistical analyses of effects of treatment on diabetes incidence 
were carried out with the Chi Square test, using 2 x 2 tables, df = 1. 
Other data are presented as means + SEM and statistical significan- 
ces were analysed by one-way analysis of variance. 

Results 

Diabetes  first appeared  in control  D P  rats at age 75 days, 
and 15 of  17 (88%) of  the D P  rats had become  diabetic by 
125 days of  age (Fig. 1). The  incidence of  diabetes was de- 
creased to 56% (10 of  18) in D P  rats receiving theo-  
phylline (p < 0.05), 35% (6 of  17) in D P  rats receiving CsA 
(p < 0.001), and 6% (1 of  17) in D P  rats receiving theo-  
phylline and CsA (p < 0.001). T he  incidence of  diabetes in 
the group t rea ted  with theophyl l ine  and CsA (6%) was 
significantly less than  in the groups t rea ted  ei ther  with 
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theophyl l ine  a lone (56%, p < 0.002) or  with CsA alone 
(35%,p < 0.05). 

Adminis t ra t ion  of  theophyl l ine in a fixed dose (2 
mg.  m1-1) in the drinking water  p roduced  serum theo-  
phylline levels which decreased  with increasing age (and 
b o d y  weight)  of  the D P  rats. Serum theophyl l ine concen-  
trat ions ( g g  ml -  1) in D P  rats receiving theophyl l ine alone 
were  61.8 + 3.0 (n = 18) at 60 days, 45.3 + 3.6 (n = 13) at 
90 days, and 24.5 + 2.5 (n = 8) at 125 days; and in D P  rats 
receiving theophyll ine plus CsA, serum theophyl l ine con- 
centrat ions were 29.3 + 3.4 (n = 17) at 60 days, 26.5 +_ 3.4 
(n = 17) at 90 days, and 12.2 + 1.8 (n = 16) at 125 days. 
Thus,  serum theophyl l ine levels in D P  rats receiving theo-  
phylline plus CsA  were  only half  the values in D P  rats 
receiving theophyl l ine alone, at cor responding  ages. 
Nevertheless,  the combina t ion  of  theophyl l ine and C s A  
provided  greater  pro tec t ion  against diabetes (6% in- 
cidence) than that  observed  with theophyl l ine  alone (56% 
incidence).  Also, the greater  p ro tec t ion  against diabetes 
provided  by the combina t ion  of  theophyl l ine and Cs A 
(6% incidence) than by CsA alone (35% incidence) was 
no t  due to any effect of  theophyl l ine on serum Cs A levels. 
Thus,  se rum CsA levels (ng. ml -  1) were not  significantly 
different in rats receiving CsA alone: 23.3+ 2.3 (n = 17) at 
60 days, 24.2 + 3.4 (n = 17) at 90 days, and 30.1_+ 5.3 
(n = 11) at 125 days, and rats receiving theophyll ine plus 
CsA:  25.9 + 1.5 (n = 17) at 60 days, 24.0 + 4.4 (n = 17) at 
90 days, and 27.6 + 4.5 (n = 16) at 125 days. 

Protec t ion  against diabetes,  assessed by detect ion of  
glucosuria, was fur ther  conf i rmed by measu remen t  of  
se rum glucose and pancreat ic  insulin in the different treat- 
men t  groups (Table 1). All  non-glucosuric  D P  rats had 
serum glucoses < 6.7 mmol .  1-1. Also,  m e a n  serum glu- 
cose values in the non-glucosuric  D P  rats of  the different 
t r ea tment  groups  were similar and no t  significantly differ- 
ent  f rom the m e a n  serum glucose value in the D R  group 
of  rats. All  glucosuric D P  rats had serum glucoses 
> 11 mmol .  1 -I, and pancreat ic  insulin contents  in these 

Table 1. Serum glucose concentrations and pancreatic insulin con- 
tents in BB rats 

BB Treatment Glucos- n Serum Pancreatic 
rat uria glucose insulin 

(mmol.1-1) (ng.mg -I) 

DP 0 + 15 22.8 + 0.9 a 0.7 • 0.2 a 
- 2 6.4 _+ 0.8 22.4 ~+ 3.7 b 

DP Theophylline + 10 19.4_+ 1.3 a 1.1 • 0.4 a 
- 8 5.7 +_ 0.3 37.7 _+ 4.9 

DP CsA + 6 18.4 + 1.0 a 1.1 _+ 0.5 a 
- 11 6.3 +_ 0.3 36.3 • 4.0 

DP Theophyl- + 1 24.9 1.4 
line + CsA - 16 5.9 + 0.2 36.7 _+ 2.4 

DR 0 - 12 5.4 _+ 0.3 38.4 _+ 4.5 

Diabetes-prone (DP) BB rats were treated from age 30 to 125 days 
with 2 mg-ml 1 theophylline added to the drinking water, 5 mg. 
kg- 1. day- 1 cyclosporine (CsA) given by gavage in olive oil, or theo- 
phylline + CsA. Mean values + SEM for serum glucose and pancre- 
atic insulin are shown for the numbers of animals (n) that were glu- 
cosuric ( + ) or not ( - ) by 125 days. 

p < 0.001 and b p < 0.05 VS values in diabetes resistant (DR) BB 
rats 
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diabetic animals were significantly decreased (>  95%) 
below the mean pancreatic insulin content in the D R  
group of rats. Pancreatic insulin contents in the DP  rats 
protected from diabetes by theophylline, CsA and theo- 
phylline plus CsA were similar to the value in D R  rats. By 
contrast, pancreatic insulin content in non-treated DP 
control rats that remained non-glucosuric was significant- 
ly decreased ( -40%)  compared  to the value in D R  rats. 

Discussion 
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[10]. Further  studies are in progress to determine the 
mechanism(s) of the protective effects of theophylline 
against autoimmune diabetes, and whether this can be re- 
lated to elevation of cAMP levels in immunocompetent  
cells. 
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In the present  study, we have shown that theophylline 
can significantly decrease the incidence of diabetes in BB 
rats. Also, addition of theophylline to a dose of CsA 
(5 m g . k g - l - d a y  1) which provided only partial protec- 
tion against diabetes, almost totally prevented the appear-  
ance of the disease. These additive protective effects of 
theophylline and CsA were achieved at serum concentra- 
tions of CsA (25-30 ng. ml -a) below levels considered 
necessary to suppress immunopathological  responses, 
and at serum concentrations of theophylline (10-30 
gg. ml -  1) in the therapeutic range for the t reatment  of pul- 
monary  diseases with bronchospasm. 

The protective effects of theophylline and CsA against 
diabetes were associated with preservation of pancreatic 
islet Beta  cell mass. Thus, recovery of pancreatic insulin in 
non-glucosuric DP rats treated with theophylline and/or 
CsA was the same as in D R  rats, and greater  than in non- 
glucosuric DP rats receiving no treatment.  Preservation of 
islet Beta cell mass by CsA and/or theophylline suggests 
that a destructive insulitis was prevented by these agents. 
CsA is known to prevent  insulitis in BB rats, including the 
initial entry of activated macrophages [6]. However, it re- 
mains to be determined whether theophylline protected 
Beta cells by preventing infiltration of mononuclear  cells, 
by inhibiting the cytotoxicity of these cells, and/or by di- 
rect protective effects on the Beta  cells themselves. 

Absence of a regulatory or suppressor subset of T lym- 
phocytes has been implicated as a permissive cause of im- 
mune-media ted cytotoxic destruction of islet Beta cells in 
BB rats [7]. According to this concept, our results suggest 
that theophylline may  substitute for regulatory T cells by 
preventing activation and/or action of cytotoxic effector 
cells. A large amount  of literature exists describing the 
suppressive effects of elevated cAMP levels on differen- 
tiated functions of cells of the immune system, including 
inhibition of production of lymphokines [8], and inhibi- 
tion of cytotoxicity of T cells [9] and natural killer cells 
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