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Abstract-We have studied inhibition of glucose-stimulated insulin secretion in islets of Langerbsns isolated 
from adult Sprague-Dawley rats and treated with different alkylating agents. Streptozotocin (STZ), N-methyl- 
N-nitrosourea (MNU), and N-ethyl-N-nitrosourea (ENU) all released nitric oxide, as demonstrated by an in- 
crease in medium nitrite and cellular cyclic GMP. Methyl methanesulphonate (MMS) and ethyl methanesulpho- 
nate (EMS), which do not possess a nitroso group, did not show evidence of nitric oxide release. All five 
compounds, however, decreased glucose-stimulated insulin release, suggesting that nitric oxide release was not 
necessary for the inhibition of secretion. Lack of involvement of nitric oxide was further suggested by the failure 
of oxyhaemoglobin to reverse ST2 and MNU inhibition of insulin secretion. Since ENU was at least as effective 
as MNU in inhibiting insulin secretion, it appears that alkylation of DNA at the O6 position of guanine may not 
be involved in this process. 
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The widely used diabetogenic agent STZ,” a D-glucopy- 
ranose derivative of MNU, is an antibiotic isolated from 
Streptomyces achromogenes [ 11. As a methylnitrosourea 
derivative, STZ is a potent alkylating agent [2]. Al- 
though both STZ and MNU are highly toxic and carci- 
nogenic, MNU is either non-diabetogenic or weakly di- 
abetogenic (see refs. [3-S]). The specificity of STZ di- 
abetogenicity may arise because its glucose moiety 
causes it to be directed more effectively to insulin-se- 
creting cells [4], since a rat insulinoma line, lacking a 
glucose receptor, shows equal resistance to STZ and 
MNU [6]. Interestingly, STZ and MNU appear to alky- 
late DNA overall to an equal extent, even under condi- 
tions where STZ is substantially more cytotoxic [7]. An- 
other possibility is that the specificity of STZ is linked in 
some way to its ability to induce long-lasting mitochon- 
drial dysfunction [8]. 

Although the exact mechanism may be unclear, it has 
generally been assumed that the cytotoxicity and diabe- 
togenicity of STZ relate to the activity of its MNU moi- 
ety as an alkylating agent. Studies using cell lines with 
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altered DNA repair capacity provide strong evidence 
that the cytotoxicity of MNU relates to its capacity to 
alkylate DNA, especially at the O6 position of guanine 
(see e.g. refs. [9-l 11). An alternative hypothesis has re- 
cently been proposed that some of the diabetogenic 
properties of STZ may relate not to its alkylating ability, 
but to its potential to act as a nitric oxide donor [12]. 
Both STZ and MNU contain a nitroso group and may 
liberate nitric oxide [ 13, 141 in a manner similar to that 
of the nitric oxide donors, sodium nitroprusside, SIN-l, 
or S-nitrosoglutatbione. 

To investigate a potential role of nitric oxide in the 
mode of action of nitrosoureas, we have found that the 
alkylating agent MMS does not appear to act as a nitric 
oxide donor, and have confirmed its ability to inhibit 
insulin secretion [8]. We have also studied inhibition by 
the ethylating agents ENU and EMS. These differ from 
the corresponding methyl compounds in the proportion 
of different DNA alkylation products they form and in 
the cytotoxicity of these products. The structures of the 
five compounds tested are shown in Fig. 1. The propor- 
tions in which they induce four common DNA alkylation 
products, N’-alkylguanine, N’-alkyladenine, 06-alkyl- 
guanine, and phosphotriesters are shown in Table 1 [2, 
151. It is not clear that N’-alkylguanine and phosphotri- 
esters [ 161 make any significant contribution to cytotox- 
icity. N3-alkyladenine appears to be a cytotoxic lesion, 
but it is subject to effective repair by an N-glycosylase 
[17, 181, which also removes N’-alkylguanine from 
DNA. 06-metbylguanine appears to be IO- to lOO-fold 
more cytotoxic than 06-ethylguanine [ 111. Although the 
data in Table 1 relate to initial alkylation, and consider- 
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Fig. 1. Structure of the compounds used in this study: (a) STZ, 
(b) MNU, (c) ENU, (d) MMS, (e) EMS. 

able variation in repair capacity, especially of 06-alkyl- 
guanine, is known, repair would be unlikely to affect 
responses significantly over the time scale of the_ present 
experiments. 

Also shown in Table 1 are Swain-Scott s values (ob- 
tained from ref. [19]). Agents with high s values attack 
nucleophilic sites with strong specificity, in the order S 
> N > 0. Agents with lower s values show less speci- 
ficity and form a higher proportion of 06-alkylguanine 
in their DNA. There is a good correlation between low s 
value and carcinogenicity. It was of interest whether 

inhibition of insulin secretion would correlate with a low 
or high Swain-Scott s value, which could be suggestive 
of the nature of the nucleophilic site responsible for cy- 
totoxicity (S vs 0, for instance), or whether the ethylat- 
ing agents would prove to be very much less inhibitory 
than their metbylating counterparts, arguing for a role for 
06-alkylguanine in inhibition. 

METHODS 

Materials 

STZ, MNU, ENU, MMS, EMS, and MetHb were all 
obtained from Sigma (Poole, U.K.). SIN-l was a gift 
from Dr. R. Henning, Cassella AG, Frankfurt. 

Islet isolation and cell preparation 

Islets of Langerhans were isolated from adult 
Sprague-Dawley rats (200 g) by a modification of a col- 
lagenase digestion technique [20]. Islets were separated 
from pancreatic acinar tissue and were picked, using a 
finely drawn out Pasteur pipette, into a bicarbonate buff- 
ered medium [21], pH 7.4, containing 2 mM glucose. 

Islet incubation for insulin secretion 

Groups of freshly isolated islets were precultured for 
30 min in 2 mM glucose-containing buffer. Insulin 
secretory responses were determined from groups of 
three islets challenged with buffer containing 20 mM 
glucose together with test compounds. At the end of a 1 
hr incubation, aliquots were removed for assay of insu- 
lin. Insulin was assayed using rat insulin standards 
(Novo-Nordisk, Basingstoke, U.K.), guinea pig insulin 
antiserum, and “‘I-bovine insulin (both antibody and 
label were prepared in this laboratory [22]). 

Cyclic GMP and protein determinations 

Freshly isolated islets were pre-incubated for 30 min 
in physiological buffer containing 2 mM glucose. 
Groups of 30 islets were incubated in buffer containing 
20 mM glucose plus test compounds for 30 min as de- 
scribed in a previous study [23]. The incubation medium 
was discarded and the islets were boiled for 3 min in 
sodium acetate buffer (50 mM, pH 4.75), centrifuged at 
10 000 g for 3 min, following which the supematant was 
removed for measurement of cyclic GMP using an ‘in- 
house’ radioimmunoassay [22]. Antibody was prepared 
in this laboratory in rabbit against succinyl cyclic GMP 
conjugated to albumin [24]. Cyclic GMP was used as 
standard, and succinyl cyclic GMP tyrosyl methyl ester 
was iodinated in our laboratory. The labelled product 

Table 1. Alkylation of DNA by compounds used in this study. Data from (a) Bennett and Pegg [2] and (b) Singer and Grunberger 
[15]. Swain-Scott s values are from Vogel and Nivard [19]. 

Agent N’-alkylguanine 

Lesion (percent of total alkylation) 

N3-alkyladenine 06-alkylguanine Phosphotriester 

Swain- 
Scott s 
value 

(a) STZ 89.0 6.5 4.0 0.79 
(b) MNU 68.0 2.4 4.9 lY5 0.42 
(b) ENU 12.7 0.8 7.9 57.0 0.26 
(b) MMS 84.0 6.3 0.28 0.8 0.83 
(b) EMS 67.5 3.5 1.8 14.0 0.64 
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was purified on paper chromatography. Briefly, stan- 
dards and unknowns were acetylated. The acetylation 
was performed with 2.5 pL of a mixture of triethyl- 
amine:acetic anhydride 2: 1 in ethanol-washed soda glass 
tubes. An overnight incubation at 4°C of 50 pL aliquots 
of sample, antibody, and label was used. Bound and free 
label was separated using polyethylene glycol/gamma 
globulin mix, and the cyclic nucleotide concentrations 
were determined using an RIA-talc program on an LKB- 
Pharmacia (St. Albans, U.K.) multigamma counter [22]. 

The islet protein pellet from the initial centrifugation 
was stored frozen, then dissolved in 0.2 mL of 0.1 M 
NaOH, immediately prior to analysis in ELISA plates 
using the Bradford assay [25]. 

Measurement of nitrite 

Incubation medium from experiments involving the 
treatment of cells was assayed for nitrite by the method 
of Green et al. [26]. For the nitrite assay, 75 pL samples 
were mixed with an equal volume of Griess reagent 
(0.1% naphthyl ethylenediamine and 1% sulphanilamide 
in orthophosphoric acid, 1:l v/v), and absorbance read 
against standard sodium nitrite solutions (IO-100 pM) at 
546 nm. 

Effect of haemoglobin on nitrosourea-induced 
inhibition of glucose-induced insulin secretion 

The oxygenated ferrous form of haemoglobin 
(OxyHb) was prepared from ferric haemoglobin 
(MetHb) by the addition of sodium dithionite, with sub- 
sequent purification using a Sephadex G-25 desalt col- 
umn as described by Murphy and Noack [27]. The 
OxyHb had an absorbance maximum at 413 nm, which 
changed to a maximum at 405 nm when saturated with 
nitric oxide. This change corresponds to the loss of a 
secondary peak at 576 nm, which can be measured to 
determine the extent of inactivation of OxyHb by nitric 
oxide. Groups of freshly isolated rat islets were prein- 
cubated in buffer containing 2 mM glucose for 30 min, 
followed by incubation in buffer containing 20 mM glu- 
cose plus test compounds for 60 min. The test com- 
pounds used for this experiment were STZ (1 mM), 
MNU (5 mM), or SIN-l 100 pM, each in the presence or 
absence of 10 pM OxyHb. Secreted insulin was assayed 
as described above. Supematants were retained and 
OxyHb determined by scanning spectrophotometry, as 
described by Hevel and Marletta [28]. 

Statistical methods 

Statistical differences between mean values were de- 
termined by an unpaired 2-tailed Student’s t test, with 
the levels of significance established at *P < 0.05, **P c 
0.01, ***p < 0.001. 

RESULTS 

Evidence for formation of nitric oxide 

Following exposure of freshly isolated islets to the 
agents for 30 min, nitrite (an oxidative product of nitric 
oxide) was measured in the incubation medium (Fig. 2a). 
Using doses of agents that inhibit insulin secretion, it 
was found that STZ, MNU, and ENU significantly in- 
creased medium nitrite over 30 min. There was no in- 
crease in nitrite with MMS and EMS. It appears that STZ 
gave more nitrite than MNU and ENU. Our purpose here 

was to use nitrite purely as a qualitative indicator of 
nitric oxide formation. It would have been necessary to 
measure both nitrite and nitrate to obtain a quantitative 
indication of nitric oxide formation from the ni- 
trosoureas. 

Nitric oxide can activate the haem-containing pros- 
thetic group of guanylate cyclase, resulting in the stim- 
ulation of guanylate cyclase and the accumulation of 
cyclic GMP [29]. Cyclic GMP accumulation over 30 
min increased 2.5-fold with STZ, 2.5-fold with MNU, 
and 2-fold with ENU. Both MMS and EMS did not raise 
cyclic GMP (Fig. 2b). 

Inhibition of glucose-stimulated insulin secretion 

Groups of islets were incubated with the agents in 
buffer containing 20 mM glucose and insulin secreted 
over 1 hr was determined (Fig. 2~). There was a decrease 
in insulin secretion relative to control with all of the 
compounds tested. Thus, the capacity to release nitric 
oxide was not required for an alkylating agent to induce 
short-term inhibition of insulin secretion. 

The addition of OxyHb (Fig. 3) did not reduce the 
inhibition of glucose-induced insulin secretion caused by 
STZ or MNU, whereas OxyHb significantly reversed (P 
< 0.02) the inhibition of insulin secretion caused by the 
nitric oxide donor SIN-l. The difference between SIN- 1 
+ OxyHb and the OxyHb control was not significant. 
Interestingly, OxyHb itself significantly increased (P < 
.OOl) stimulation of insulin secretion by 20 mM glucose. 
The reason for this is unclear. Residual OxyHb was de- 
termined after each experiment. There was complete 
conversion of OxyHb by SIN-l, almost complete con- 
version by STZ, but little or no conversion by MNU. 
These results confirm that release of nitric oxide did 
occur with STZ, but it did not appear to be required for 
the inhibition of insulin secretion. 

To compare inhibition of insulin secretion by MNU 
and ENU more precisely, a dose response curve was 
obtained. From Fig. 4 it can be seen that inhibition of 
glucose-stimulated insulin secretion is at least as effi- 
cient with the ethylating as with the methylating agent. 
To compare long-term toxicity, in four additional exper- 
iments islets were cultured for five days following treat- 
ment for 1 hr with the same doses of MNU and ENU as 
used in Fig. 4. They were then tested for insulin secre- 
tory responses to a I-hr challenge with 2 mM and 20 
mM glucose. No long-term inhibition of 20 mM glucose- 
stimulated insulin secretion was observed. With either 
agent there was some evidence of increased nonspecific 
islet damage, and basal level insulin secretion in 2 mM 
glucose-containing medium was increased (expressed as 
a % of 2 mM control, treatment with 1 mM MNU gave 
an increase of 47% and with 1 mM ENU gave an in- 
crease of 75% in basal insulin secretion). After 5 days’ 
culture, islets treated with either compound at 5 mM 
showed considerable disaggregation; under these condi- 
tions, islet selection for secretion experiments is subject 
to bias. 

DISCUSSION 

Incubation of rat islets of Langerhans with strepto- 
zotocin, N-methyl-N-nitrosourea, and N-ethyl-N-nitro- 



C. A. DELANEY et al. 

8 

;G 

Compound 
Fig. 2. Response of rat islets to alkylating agents. (A) Medium 
nitrite levels. (B) Islet cGMP levels. (C) Inhibition of insulin 
secretion. Significance IeveIs refer to differences from control; 
**P < 0.01; ***P c 0.001; ns, not significant. Data presented 
from 2-3 separate experiments: n = 8 (A), 9 (B), and 10 (C). 

sourea results in exposure of the cells to nitric oxide. 
This is indicated (a) by the generation of nitrite as an 
oxidation product of nitric oxide and (b) by a more than 
two-fold increase in cyclic GMP, suggesting activation 
of guanylate cyclase. Neither release of nitric oxide nor 
elevation of cyclic GMP, however, seems essential for 
the inhibition of glucose-stimulated insulin secretion, 
since EMS and MMS (which do not produce nitric oxide 
or raise cyclic GMP) also cause inhibition. Further evi- 
dence that nitric oxide was not necessary for nitrosourea- 
induced inhibition came from the experiments with 

Treatment 
Fig. 3. Effect of Oxyhaemoglobin on nitrosourea-induced inhi- 
bition of insulin secretion. Combined results from 2 separate 
experiments, n = 12. 20 mM glucose + OxyHb gave greater 
insulin secretion than 20 mM glucose alone (P < 0.001). ST2 + 
OxyHb gives significantly lower glucose-stimulated insulin se- 
cretion than OxyHb alone (P < O.OOl), but not significantly 
higher than ST2 alone. MNU + OxyHb gives significantly 
lower glucose-stimulated insulin secretion than OxyHb alone (P 
c 0.001). but not significantly higher than MNU alone. SIN-l + 
OxyHb does not show significantly lower glucose-stimulated 
insulin secretion than OxyHh alone, but shows significantly 

higher secretion than SIN-I alone (P c 0.02). 

OxyHb. OxyHb is an effective protective agent against 
nitric oxide-induced cytotoxicity [30], and it substan- 
tially reversed the inhibition by SIN-l of glucose-stim- 
ulated insulin secretion. It did not, however, give any 
significant reversal of inhibition by STZ or MNU. In the 
case of STZ, substantial loss of OxyHb was seen, which 
was further evidence for formation of nitric oxide. Our 
result contrasts with the observations of Kroncke ef al. 

0 1 2 3 4 5 

Dose (mM) 
Fig. 4. Dose response for inhibition of insulin secretion by 
MNU and ENU. -O_ MNU; + ENU. Data from 2 

experiments, n = 6. 
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[31], who obtained protection against STZ-induced 
strand breakage with the nitric oxide trap Fe/DETC. 
Their results were obtained, however, with different cell 
strains, a different nitric oxide trap, and a different in- 
dicator of damage to that used in the present study. In 
our experiments, although nitric oxide release from ni- 
trosoureas appears to occur, its contribution to the bio- 
logical effect of these compounds is unclear. 

Studies on cell lines with altered DNA repair capac- 
ities [9, 10, 32-351 suggest that 06-alkylguanine is of 
major importance as a cytotoxic, as well as a mutagenic 
lesion. Since O”-ethyl- is at least IO-fold less cytotoxic 
than 06-methylguanine [ 111, if 06-alkylation of guanine 
were important in inhibiting insulin secretion, MNU 
would be expected to be substantially more effective 
than ENU. In reality, ENU appears to be at least as 
potent as MNU. It may be that DNA is not the cellular 
target for this short-term effect. It has been suggested 
that the toxicity induced by STZ may be due to alkyla- 
tion of proteins, possibly those related to the glucose- 
sensing mechanism of the p-cell [6] or mitochondrial 
proteins [8], although the actual target has not been 
found. If, however, alkylation of thiols were important, it 
would be expected that those agents with higher s values 
[19], such as MMS, would be more effective. 

The results with post-treatment incubation with MNU 
and ENU show nonspecific toxicity, but no evidence of 
a persistent effect on glucose-induced insulin secretion. 
This is consistent with the data of Eizhik ef al. [8], who 
found such an effect with STZ but not MNU. Although 
our results suggest that nitric oxide formation is not a 
necessary condition for inhibition of glucose-stimulated 
insulin release, it is of interest that our results, especially 
with OxyHb, suggest that STZ may be a more effective 
nitric oxide donor than MNU. Whether this is coinci- 
dence, or is related to the specificity of STZ as a diabe- 
togenic agent, remains to be determined. 

STZ and MNU have been shown to produce quite 
marked mitochondrial dysfunction IS], and this may be 
through the alkylation of mitochondrial DNA. Repair of 
mitochondrial DNA may be distinct from repair of over- 
all genomic DNA [36,37], and it is possible that 06MeG 
and 06EtG show similar toxicity in mitochondria. If so, 
it would remain to be determined why mitochondria 
should be the critical cellular target in f%cells, as op- 
posed to alkylation of genomic DNA in other cell types. 
The comparison of a wider range of alkylating agents, 
with different spectra of damage, may be helpful in elu- 
cidating these and other questions. 
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