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Long-term effects of exposure of pancreatic islets to nicotinamide in vitro 
on DNA synthesis, metabolism and B-cell function 
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Summary. Using 3H-thymidine labeling techniques, we found 
that rates of DNA synthesis in islet cells doubled when mouse 
pancreatic islets were cultured for 1 week with 10 mmol/1 ni- 
cotinamide, a potent poly(ADP-ribose) synthetase inhibitor. 
Culture with nicotinamide partially inhibited glucose-stimu- 
lated insulin release, whereas the islet insulin content and rate 
of (pro)insulin biosynthesis remained unchanged. Long-term 
exposure to nicotinamide decreased glucose oxidation and 

ATP content in the islets. The findings support the view that 
poly(ADP-ribose)synthetase inhibitors stimulate islet cell re- 
plication, but may be accompanied by significant inhibitory 
effects on islet cell function. 
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Poly(ADP-ribose)synthetase is a chromatin-associated 
enzyme which is involved in cellular D N A  repair  [1] 
and differentiation [2-4]. In pancreat ic  islets the activity 
of  this enzyme increases upon  exposure to streptozoto- 
cin, leading to cytotoxic cellular N A D  depletion [5, 6] 
coupled to increased D N A  repair  synthesis [7, 8]. The 
B-cytotoxic effects o f  streptozotocin can be counteract- 
ed by inhibitors of  poly(ADP-ribose)  synthetase such as 
nicot inamide and 3-aminobenzamide  [5, 6, 9, 10]. It was 
recently demonst ra ted  that such compounds  may  also 
induce B-cell regenerat ion in diabetic animals [11]. 
Okamoto  [12] postulated that the poly(ADP-ribose)  syn- 
thetase inhibitors may  counteract  a suppression of  
B-cell D N A  replication, thus inducing B-cell regenera- 
tion. An increased knowledge on how the B-cell growth 
is regulated is warranted.  Such informat ion may  point  
towards new approaches  in the t reatment  of  Type I (in- 
sulin-dependent)  diabetes mellitus, i.e. administrat ion 
o f  drugs which induce B-cell regenerat ion by affecting 
the nuclear control o f  D N A  replication. 

The aim of  the present  investigation was to study the 
long-term effects o f  a potent  poly(ADP-ribose)  synthe- 
tase inhibitor, nicotinamide,  on islet cells in vitro. The 
effects of  nicot inamide on islet cell D N A  synthesis were 
determined by 3H-thymidine labeling, and those on islet 
metabol ism by measur ing glucose oxidation and the 
contents o f  adenine and pyridine nucleotides. Specific 
B-cell functions were moni tored  by assaying glucose- 
st imulated insulin release and (pro)insulin biosynthesis. 

Materials and methods 

Islet preparation and culture 

Pancreatic islets were isolated from adult NMRI mice by a collagen- 
ase isolation technique [13]. The islets were cultured free-floating for 
7 days at 37 ~ in medium RPM11640 (11.1 mmol/1 glucose) supple- 
mented with 10% calf serum, in an atmosphere of humidified air 
+ 5% CO2 [14], with or without the addition of 10 mmol/1 nicotin- 
amide. The culture medium was changed every second day. 

D NA synthesis and content 

For estimation of islet DNA synthesis, 1 p~Ci/ml of [methyl-3H]thymi - 
dine (Amersham International, Amersham, UK) was added to the 
culture medium on day 6. After 18 h, duplicate groups of 50 islets were 
washed in Hanks' solution containing 10 mmol/1 thymidine and dis- 
rupted ultrasonically in redistilled water. Duplicate aliquots of the 
homogenates were precipitated with 5% (w/v) trichloroacetic acid, 
and the labeled DNA was separated from unbound 3H-thymidine by 
filtering through glass microfibre filters (GF/A 2.5 cm; Whatman, 
UK). After drying, the radioactivity on the filters was determined by 
liquid scintillation. In another sample of the homogenate, the islet 
DNA content was determined [15, 16]. From the dishes of islets ex- 
posed to 3H-thymidine, a group of about 50 islets was harvested and 
washed as above; after fixation in Bouin's solution, these islets were 
processed for autoradiography for calculation of the islet cell labeling 
index [17]. Labeled islet cells were identified, and at least 800 cells 
were scored to calculate the labeling index in each group of cultured 
islets. 

(Pro)insulin and total protein biosynthesis 

Groups of 10 islets were incubated at 37 ~ for 2 h (air + 5% CO2) in a 
bicarbonate buffer [18] containing 10 mmol/1 Hepes and 2 mg/ml al- 
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Table 1. DNA content, DNA synthesis and autoradiographic label- 
ing index of mouse pancreatic islets cultured for 1 week in medium 
RPM11640 with or without addition of 10 mmol/1 nicotinamide 

Controls + 10 mmol/1 
nicotinamide 

DNA content 
(lxg/10 islets) 

DNA synthesis 
(dpm x 10-2/10 islets) 

Autoradiographic islet 
cell labeling index (%) 

0.32+-0.043 (14) 0.34+0.034 (14) 

3.6 +0.34 (9) 5.7 _+0.34 (9) a 

2.3 +0.44 (9) 4.6 +-0.26 (9) a 

Values are given as means + SEM with numbers of culture experi- 
ments within parentheses. 
a p <0.001, unpaired Student's t-test. 

Table 2. (Pro)insulin and total protein biosynthesis, insulin content 
and insulin release, and glucose oxidation in mouse pancreatic islets 
cultured for 1 week in medium RPM11640 with or without addition 
of 10 mmol/1 nicotinamide 

Controls + 10 mmol/1 
nicotinamide 

(Pro)insulinbiosynthesis 34.2+ 5.5 (10) 35.9+ 5.5 (10) 
(dpm • 10-3/10 islets x 2 h) 

Total protein biosynthesis 130 +17.7 (10) 147 +_18.2 (10) 
(dpm x 10-3/10 islets x 2 h) 

Fraction (pro)insulin of total 25.7 + 1.0 (10) 24.0_+ 0.65 (10) 
protein biosynthesis (%) 

Insulin content 427 + 45.6 (22) 352 + 45.6 (22) 
(ng/10 islets) 

Insulin release 
(ng/10 islets x 1 h) 

1.67 mmol/1 glucose 4.1 + 0.67 (22) 4.2 + 0.76 (22) 
16.7 retool/1 glucose 44 + 6.7 (22) 24 + 3.3 (22) a 

Glucose oxidation 525 _+25.7 (11) 446 +37.4 (11) b 
(pmol glucose/10 islets 
• 90 min) 

Values are given as means + SEM with numbers of culture experi- 
ments within parentheses. 

p < 0.02, Student's unpaired t-test; b p < 0.05, Student's paired t-test 

Table3. Adenine nucleotide ( A M P + A D P + A T P )  and pyridine nu- 
cleotide ( N A D H + N A D )  contents of mouse pancreatic islets cul- 
tured for one week in medium RPM11640 with or without addition of 
10 mmol/ l  nicotinamide 

Controls + 10 mmol/1 
nicotinamide 

A M P + A D P + A T P c o n t e n t  7.4 +0.44 (15) 6.2 +0.44 (16) 
(pmol/islet) 

ATPcontent  4.2 _+0.18 (15) 3.3 +0.24 (16) a 
(pmol/islet) 

N A D H + N A D  content 5.0 _+0.30 (16) 6.0 +0.34 (16) a 
(pmol/10 islets) 

N A D H / N A D  0.106 _+ 0.013 (16) 0.112 _ 0.021 (16) 

Values are given as means_+ SEM with numbers of culture experi- 
ments within parentheses. 
a and b denote p < 0.05, Student's unpaired and paired t-test respec- 
tively 

bumin, hereafter referred to as KRBH, 16.7mmol/1 glucose and 
50 gCi/ml L-[4.5-3H]leucine (Amersham). After the incubation the is- 
lets were washed and homogenised, and the biosynthesis of total pro- 
tein and (pro)insulin was measured [19]. 

Insulin release and content 

Triplicate groups of 10islets were incubated for l h  in 250p] of 
KRBH containing 1.67 mmol/ l  glucose (37 ~ CO2/O2: 5/95). The 
medium was then replaced by KRBH supplemented with 
16.7 mmol/1 glucose for another l -h period. Insulin released to the 
media was determined by radioimmunoassay [20]. Insulin content 
was measured after extraction of the islets overnight at + 4 ~ in acid 
ethanol (0.18 M HCI in 70% (v/v) ethanol). 

Glucose oxidation 

The procedure has been described previously [21]. Groups of 10 islets 
in triplicate were incubated for 90 min in 100 !11 of KRBH containing 
D-(U-14C) glucose (Amersham) and non-radioactive glucose to give a 
final concentration of 16.7 mmol/1 and a specific radioactivity of 
0.5 mCi/mmol. 

Adenine and pyridine nucleotide contents 

Cultured islets in groups of 10 or 30 were transferred to plastic tubes 
containing 0.1 ml of KRBH plus 11.1 mmol/ l  glucose with or without 
10 mmol/1 nicotinamide. The tubes were incubated for 60 min at 37 ~ 
(air +5% Co2), and the incubation media were then rapidly with- 
drawn and exchanged for 40 p.1 of 0.02 tool/1 NaOH (adenine nucleo- 
tides) or 30 I-tl of 0.04 mol/ l  NaOH (pyridine nucleotides) and instant- 
ly frozen in liquid nitrogen. The islet contents of ATP + ADP + AMP 
and NADH + NAD were measured by bioluminescence methods [22] 
as described previously [9]. 

Statistical analysis 

Data were computed as means + SEM, and compared using the Stu- 
dent's t-test for unpaired samples. Levels of significance are as shown 
in Tables 1-3. 

Results 

Tissue culture of isolated islets in the presence of 
10 mmol/1 nicotinamide increased 3H-thymidine incor- 
poration by about 60% (Table 1). The possibility that 
this increase was due to enhancement of islet cell DNA 
synthesis was supported by the finding that the autora- 
diographic islet cell labeling index was doubled. Fur- 
thermore, there was a significant correlation between 
the rates of DNA synthesis in the islets and their label- 
ing index (r=0.69, p<0.01, n= lS) .  The increased 
DNA replication in the islets cultured with nicotin- 
amide was not, however, accompanied by a net increase 
in the islet content of DNA (Table 1). 

Culture in the presence of 10 mmol/1 nicotinamide 
did not affect either the rates of (pro)insulin and total 
protein biosynthesis or the islet insulin content 
(Table 2). Glucose-stimulated insulin release was re- 
duced, however, by about 50% in islets cultured in the 
nicotinamide-supplemented medium. Likewise, the rate 
of glucose oxidation in the islets was slightly inhibited 



S. Sandier and A. Andersson: Long-term effects of nicotinamide on islet function 201 

(Table 2). In acute experiments with freshly isolated is- 
lets, the presence of 10 mmol/1 nicotinamide did not in- 
fluence the islet glucose oxidation rate (data not 
shown). There was no difference in the total content of 
adenine nucleotides between islets cultured in the pres- 
ence and absence of nicotinamide, but the content of 
ATP was reduced in the former islets (Table 3). It was 
also found that the total islet content of NADH + NAD 
was increased by about 20% in the experimental group, 
but the redox state as reflected by the N A D H / N A D  ra- 
tio was unaltered. 

Discussion 

The present study shows that long-term exposure of iso- 
lated pancreatic islets to nicotinamide in vitro at a con- 
centration which inhibits the poly(ADP-ribose) synthe- 
tase activity by about 90% [10] has a number of effects 
on the islets. The observation of a nicotinamide-in- 
duced increase of the islet DNA synthesis as measured 
by incorporation of 3H-thymidine cannot be explained 
by an effect on the intracellular thymidine pool. Thus, 
the number of grains covering the labelled cells in the 
autoradiographs was very high in both experimental 
groups and well above the number defined to constitute 
a labelled cell (>  15 grains/cell). The increased DNA 
replication in the islet cells found in this study supports 
the in vivo findings by Yonemura et al. [11]. However, 
these authors also observed enlargement of the islets in 
animals treated with poly(ADP-ribose) synthetase in- 
hibitors, whereas in the present experiments we failed 
to demonstrate an elevated DNA content of the mouse 
islets cultured with nicotinamide. Enhanced DNA syn- 
thesis in the islet cells without an accompanying in- 
crease in their total DNA content has been reported af- 
ter islet culture with 3-isobutyl-l-methylxanthine [23]. 
This phenomenon may suggest a loss of cells in vitro of 
sufficient magnitude to prevent a net growth of the is- 
lets. It should also be noted that in the study by Yone- 
mura et al. (1984) the animals were hyperglycaemic and 
a growth of the islet mass could well be supported by a 
high glucose concentration. 

The impairment of glucose-stimulated insulin re- 
lease from the islets cultured with nicotinamide is ob- 
scure. A reduction of ATP in the B cells, which is re- 
quired for the energy-dependent process of insulin 
secretion, may contribute to this impairment. However, 
it was not evaluated in this investigation if the islets cul- 
tured with nicotinamide are able to increase their gener- 
ation of ATP in response to a high glucose concentra- 
tion. On the other hand, the biosynthesis of both total 
protein and (pro)insulin was intact, despite the distur- 
bance in oxidative metabolism. The most probable rea- 
son for net increase in islet NADH + NAD content af- 
ter culture with nicotinamide is that nicotinamide had 
been metabolized as a precursor of NAD synthesis. The 
observed reduction in islet ATP is in accordance with 

the finding by Hoshino et al. [24] that ATP was de- 
creased in liver cells cultured with nicotinamide. To 
what extent the long-term effect of nicotinamide on islet 
glucose oxidation reflects an inhibition of poly(ADP-ri- 
bose) synthetase is unclear, and obviously this impair- 
ment has to be induced over a prolonged period. Thus, 
we observed no acute effects of nicotinamide on islet 
glucose oxidation and previously demonstrated a lack 
of effect on (pro)insulin biosynthesis, oxygen uptake, 
and adenine and pyridine contents in islet cells [9]. Simi- 
larly, Zawalich et al. [25] found that nicotinamide did 
not affect islet glucose utilization. In their study, how- 
ever, nicotinamide potentiated glucose-stimulated insu- 
lin release, in contrast to the long-term inhibitory effect 
shown in this study. In conclusion, the present investi- 
gation supports the view that poly(ADP-ribose) synthe- 
tase inhibitors can stimulate the generation of new islet 
cells. It is clear that nicotinamide exerts several effects 
which may well be separated from an inhibition of po- 
ly(ADP-ribose) synthesis. As pointed out by Milam and 
Cleaver [26], such other effects on metabolic processes 
emphasize the risks of attributing data obtained by us- 
ing poly(ADP-ribose) synthetase inhibitors to reduc- 
tions of poly(ADP-ribose) concentrations alone. 
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