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SUMMARY

GUNNARSON, ROLF (1975) Inhibition of insulin biosynthesis by alloxan, streptozoto-
cm, and N-nitrosomethylurea. Mol. Pharrnacol., 11, 759-765.

Isolated mouse pancreatic islets were used to evaluate the effect of a single intravenous
injection of alloxan (100 mg/kg body weight), streptozotocin (200 mg/kg), or N-nitroso-
methylurea (78 mg/kg) on glucose-stimulated biosynthesis of insulin in the B-cell. The
animals were killed 10 mm after injection of the drugs, and the rate of insulin synthesis
was estimated by measurements of the incorporation of [3H]leucine into proinsulin and
insulin. Alloxan completely blocked insulin biosynthesis, whereas with streptozotocin
and N-nitrosomethylurea the inhibition was only partial. Nicotinamide restored insulin

biosynthesis after the latter drugs but was completely without effect on alloxan-induced
inhibition.

INTRODUCTION

The insulin-producing pancreatic B-cell

seems to have a unique susceptibility to
some cytotoxic drugs (1). Two of these
agents, alloxan and streptozotocin, have
been widely used to produce diabetes in

experimental animals. Although exten-
sively studied, the mechanisms behind the

toxic actions of these drugs on the pan-
creatic B-cell remain obscure. The inju-
rious effects of alloxan can be prevented in
vivo by a prior injection of glucose to the
experimental animal or in vitro by pre-
vious exposure of islets to a high extracellu-
lar glucose concentration (2-5). This pro-

tection by glucose against alloxan diabetes

may depend on the D-glucose a-anomer (6).
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Although streptozotocin diabetes cannot
be prevented by glucose (4, 7) nicotinamide

administered prior to streptozotocin pre-
vents diabetes and, if administered suffi-
ciently early after streptozotocin, may

even reverse the injury (7-10).
Attempts have been made to define the

toxic effects of alloxan and streptozotocin

on islet metabolism even before any signs

of morphological injury appear. Thus,
shortly after administration, both drugs
were found to inhibit glucose-stimulated
insulin secretion and to decrease islet glu-
cose oxidation (5, 11-20). In addition, strep-

tozotocin has been reported to affect insu-
lin biosynthesis in rat islets in vitro (21).

Streptozotocin markedly reduced islet
NAD content, and it was suggested that
NAD depletion of B-cells might be the pri-

mary toxic effect of this drug (19, 22-24).
The present study is an attempt to char-

acterize further the B-cytotoxic actions of
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alloxan and streptozotocin by studies of
their effects on insulin biosynthesis in the
B-cell.The aglycone of streptozotocin, N-

nitrosomethylurea, was included in the
study since it has recently been shown to
be B-cytotoxic in different animal species
(19, 25).

MATERIALS AND METHODS

Reagents. Alloxan (monohydrate) was
obtained from Nutritional Biochemicals
Corporation; streptozotocin, from Upjohn
Company; and N-nitrosomethylurea, from
Pfaltz and Bauer, New York. Crude colla-
genase was purchased from Worthington
Biochemical Corporation; bovine plasma

albumin (fraction V), from Armour Phar-
maceutical Company; guinea pig anti-in-

sulin (bovine) serum, from Miles Laborato-
ries; and Sephadex G-50 and Sepharose 4B
(activated with cyanogen bromide), from
Pharmacia Fine Chemicals. L-(4,5-3H)Leu-
cine (specific activity given below) and
(‘25I)insulin (bovine) were from The Radio-
chemical Centre, Amersham. Soluene 350
and Instagel were from Packard Instru-
ment Company. Other reagents used were
of analytical grade.

Animals. Male mice about 12 weeks old,

from a stock originating from the Naval
Medical Research Institute, Bethesda, Md.
(NMRI mice; Anticimex, Sollentuna, Swe-
den), were used. The animals were fed a
commercial pellet food (Anticemex 210)

with the following composition by weight
(except for trace elements and vitamins):

crude protein, 20.8%; crude fat, 3.7%; nitro-
gen-free extractable substances, 53.8%; fi-
ber, 5.8%; ash, 7.4%; water content, 8.3%.
The animals were fasted overnight before

the experiments, but were allowed free ac-
cess to water.

Administration of drugs. All drugs were
injected as freshly prepared solutions into

a tail vein. The doses were 100 mg/kg for

alloxan, 200 mg/kg for streptozotocin, and
78 mg/kg for N-nitrosomethylurea. This
dose of N-nitrosomethylurea was equimo-
lar to that of streptozotocin. Alloxan was
dissolved in redistilled water, and the

other two drugs in acidified saline (0.154 M

NaCl adjusted to pH 4.5 with 0.05 M citric

acid). The drug concentrations were ad-

justed so that the volume injected was 2
p.l/g of body weight. Controls received the

same amount of saline alone.
Isolation of pancreatic islets. Two mice

were used in a single experiment and were
killed by decapitation 10 mm after admin-
istration of the drug. The pancreases were

immediately excised, and the islets of Lan-

gerhans were kept in Hanks’ balanced salt

solution (with 2.2 m� glucose) using a col-
lagenase method as described by Howell

and Taylor (26). In some experiments, de-
scribed below, 10 m� nicotinamide was
added to Hanks’ solution.

Incubation of isolated islets. In each ex-
periment four to six groups of 10 islets each
were incubated for 120 mm at 37#{176}in 100 p.1

of a bicarbonate buffer (27) supplemented
with 10 p.Ci of L-[4,5-3H]leucine (specific

activity, 46 Ci/mmole), 20 p.g/ml of each of
the amino acids in the mixture described
by Eagle (28) except for leucine, 0.2% (w/v)
albumin, and either 3.3 or 16.7 m� glu-
cose.

In some experiments 10 mM nicotin-

amide was added to the incubation me-
dium. All incubations were performed in
small glass vials (29). After the incubation
period the islets were quickly washed
twice in Hanks’ solution containing an ex-

cess of unlabeled leucine (10 mM) and ho-
mogenized by sonication in 200 p.1 of redis-

tilled water. Carrier insulin (see below)
was added when the islet homogenates
were subjected to gel chromatography.

Gel chromatography of islet homoge-
nates. Each islet homogenate was supple-
mented with 0.5 mg of crystalline bovine
insulin and 0.5 mg of bovine plasma albu-
min. Proteins were precipitated by addi-

tion of 200 p.1 of 10% (w/v) trichloracetic
acid, centrifuged, and washed twice with
5% trichloracetic acid. Extraction with
acid-ethanol was avoided because the to-
tal radioactivity incorporated into islet pro-
teins was to be estimated (30). The washed
precipitate was dissolved in 3 M acetic acid

and subjected to gel chromatography at 4#{176}
on a Sephadex G-50 (fine) column (67 x 1

cm inner diameter). The column was cali-
brated with blue dextran 2000, bovine
plasma albumin, horse heart cytochrome

c, bovine insulin, and bovine glucagon.
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The optical density of the eluate at 280 nm

was recorded continuously by an absorp-
tiometer (Uvicord II, LKB-Produkter,
Bromma, Sweden). A 0.8-mi sample of

each fraction (0.9 ml) was mixed with In-
stagel and counted in a liquid scintillation
spectrometer (Packard model 3380).

Quantitative measurements of insulin
biosynthesis. Proinsulin and insulin in the

islet homogenates were determined by an
immunoadsorption assay (31, 32). Dupli-
cate homogenate samples, 3.3 p.1 each,

were incubated with insulin antiserum
linked to Sepharose 4B (33).’ The binding
capacity of the antiserum was 1.5

units/mi, and about 90% of the activity
remained after coupling to Sepharose. The

antiserum was shown to react with both
proinsulin and insulin present in the islet
homogenates which were chromato-
graphed. The reaction between the Sepha-
rose-linked antibodies and the proinsulin
and insulin in the homogenates was al-

lowed to proceed during a 2-hr incubation

at room temperature in 0.04 M sodium
phosphate buffer, pH 7.4, with 0.1 M NaCl

and 0.2% (w/v) albumin. The tubes were
continuously rotated (20 rpm) in order to
keep the Sepharose beads in suspension.

Nonspecific binding was estimated by si-
multaneous incubations of samples with

Sepharose-linked serum from nonimmun-
ized guinea pigs. As shown in separate

experiments, the amount of added antise-
rum exceeded by about 3-fold the amount
of antibodies which could completely ad-
sorb an added tracer dose of [‘25I]insulin

(bovine). This dose of Sepharose-linked an-
tiserum was sufficient to adsorb about 90%
of the proinsulin in the islet homogenates,
as indicated by the corresponding reduc-
tion of radioactive proinsulin in the super-
natant when this was extracted and gel-

chromatographed as described above.
After incubation of an islet homogenate

with antiserum the Sepharose beads were

centrifuged and washed three times with
the same sodium phosphate buffer without
albumin. The radioactivity on the Sepha-
rose beads was subsequently eluted with
Soluene 350, and after addition of scintilla-

tor the radioactivity was counted in a liq-
uid scintillation spectrometer (Packard

model 3380). The counting efficiency was
33%. Radioactivity adsorbed to the normal
guinea pig serum was subtracted (32). In

each experiment two islet samples were
incubated with either 3.3 or 16.7 m� glu-

cose and subsequently subjected to immu-

noadsorption. The mean value of these two

samples was used in the statistical calcula-
tions. Total islet protein synthesis was esti-

mated by precipitation of duplicate sam-
ples (6.6 p.1 each) from the islet homoge-
nates with 5% (w/v) trichloracetic acid.
The precipitates were washed twice and
dissolved in Soluene 350, and radioactivity
was determined as described above. The
quenching was the same as after elution of
radioactivity from the Sepharose beads.

To exclude the possibility that signifi-
cant amounts of newly synthesized prom-

sulin-insulin were released, the content of
3H-labeled hormone was measured in the

medium. It was found that in all experi-
mental groups the release of proinsulin-
insulin was less than 10% of that within
the islets. Only the incorporation of
[3H]leucine into the proinsulin-insulin of
islet homogenates was therefore meas-
ured.

RESULTS

Qualitative observations. Gel chromato-

graphs of islet homogenates from control
mice showed two discrete peaks of radioac-
tivity, one of which migrated with the void
volume proteins and the other in a region

between the void volume and the marker
insulin (Fig. 1). The labeled material in

the latter region had an approximate mo-
lecular weight of 9000 and was bound to an

excess of insulin antibodies (see above),
indicating that it represented proinsulin.
Likewise, labeled material migrating with
the insulin marker reacted with insulin

antibodies and, although this protein did
not form a distinct peak, it represented a
substantial amount of radioactivity. It was

therefore concluded that both newly syn-
thesized proinsulin and insulin were pre-

sent in the islet eluates. Figure 1 also
shows that administration of alloxan con-
siderably decreased the labeling both in
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FIG. 1. Gel filtration profiles of (3H)leucine incorporation into proteins of isolated islets obtained after in-

jection of the animals with either alloxan (A--A), streptozotocin (U- - -U) or saline (#{149}-I)

Islets were isolated from mice killed 10 mm after injection of the drug and incubated for 2 hours with

(3H)leucine in 16.7 m� glucose. The figure shows the elution patterns of islet proteins obtained with gel fil-
tration on a Sephadex G-50 (Fine) column. The profile plotted for each experimental group represents the

mean of three separate experiments.

the proinsulin and insulin regions and in
the void volume. Streptozotocin produced a
general decrease of incorporation of radio-
activity, although to a lesser degree than
after alloxan. The elution pattern for N-
nitrosomethylurea treatment was the

same as for streptozotocin.
Quantitative measurements. An in-

crease in glucose concentration from 3.3 to

16.7 m�i stimulated the incorporation of
labeled leucine into proinsulin-insulin

about 10-fold whereas the corresponding
stimulation for all the trichioracetic acid-
precipitable proteins was only 3-fold (Ta-
ble 1). The amount of label in proinsulin-
insulin, calculated as a percentage of the
radioactivity incorporated into the trichlor-
acetic acid-precipitable proteins at the
same time, increased from 8% to 25%.

After alloxan treatment the radioactiv-

ity adsorbed to the antibody-coated Sepha-
rose beads did not differ from the blank
values irrespective of the glucose concen-
tration in the incubation medium (Table
1). The radioactivity incorporated into the
trichloracetic acid-precipitable proteins at
3.3 m� glucose was in the same range as

observed in the control groups. There was,
however, no significant stimulation of the

total islet protein synthesis with the high
glucose concentration.

Administration of streptozotocin de-
creased the radioactivity in the proinsulin-
insulin pool although there was still a sig-
nificant stimulation of insulin biosyn-
thesis by glucose. As with alloxan, the
labeling of trichloracetic acid-precipitable
proteins at 3.3 m� glucose remained unaf-
fected by streptozotocin and the biosyn-
thesis of such proteins was not stimulated
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by increasing the glucose concentration.
The effect of N-nitrosomethylurea on islet

protein biosynthesis was similar to that of
streptozotocin, although less pronounced.

Nicotinamide is known to protect

against the diabetogenic effects of both
streptozotocin and N-nitrosomethylurea

(19). The extent to which insulin biosyn-
thesis could be restored by addition of nico-
tinamide to the media in vitro during isola-

tion and incubation of the pancreatic islets
was therefore evaluated. There was no ef-
fect of this drug after alloxan (Table 2). By

contrast, the biosynthesis of both insulin

TABLE 1

Radioactivity incorporated into proinsulin-insulin and islet trichioracetic acid-precipitable proteins

Treatment No. of ex-
periments

Glucose Proinsulin-insu- Trichloracetic
lin (I) acid-precipita-

ble proteins (II)

(I/Il) x 100

Saline 7

mM

3.3

16.7

cpm x 102/islet/2 hr (± SEM)

3.0 ± 0.6 38.1 ± 6.4

31.3 ± 6.8” 120.3 ± l’L2�

%

8 ± 2

25 ± 4#{176}

Alloxan 5 3.3

16.7

29.0 ± 4.5

36.0 ± 9.3

-C

C

Streptozotocin 7 3.3

16.7

1.4 ± 0�4d 33.3 ± 6.0

7.8 ± 0.9a.e 47.1 ± 3.2e

5 ± 1

17 ± 2#{176}

N-Nitrosomethylurea 7 3.3

16.7

2.6 ± 0.8 37.8 ± 13.9

16.4 ± 18a.d 73.2 ± 66d

7 ± 2

25 ± 2”

#{176}p <0.01 in comparison with incorporation at 3.3 m� glucose.
lIp <0.05 in comparison with incorporation at 3.3 m� glucose.

C Incorporation did not differ from blank values.

ii p <0.05 in comparison with saline-treated control.

p <0.01 in comparison with saline-treated control.

TABLE 2

Radioactivity incorporated into proinsulin-insulin and islet trichioracetic acid-precipitable proteins in the

presence of 10 mM nicotinamide

Treatment No. of ex-
periments

Glucose Proinsulin-insu- Trichloracetic
lin (I) acid-precipita-

ble proteins (II)

(I/I!) x 100

Saline 8

mM

3.3

16.7

cpm x 102/islet/2 hr (± SEM)

3.8 ± 0.6 31.6 ± 4.1

24.9 ± 3.6#{176} 79.3 ± 9.3#{176}

12

32

%

± 2

± 2

Alloxan 5 3�3

16.7

b 24.7 ± 4.9

37.1 ± 6.6c

Streptozotocin 7 3.3

16.7

3.9 ± 1.1 31.1 ± 4.4
23.9 ± 6.6#{176} 81.1 ± 12.9

13
28

± 4
± 4”

N-Nitrosomethylurea 7 3.3

16.7

1.9 ± 0.4 20.0 ± 3.1

19.3 ± 3.2#{176} 85.4 ± 19.6#{176}

12

24

± 3

± 2

#{176}p <0.01 in comparison with incorporation at 3.3 m� glucose.
� Incorporation did not differ from blank values.

C p <0.01 in comparison with saline-treated controls.

d p <0.05 in comparison with incorporation at 3.3 m� glucose.
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2 R. Gunnarsson, unpublished observations.

and trichloracetic acid-precipitable pro-

teins proceeded at a normal rate after

streptozotocin and N-nitrosomethylurea in

the presence of nicotinamide.

DISCUSSION

The present results demonstrate a
marked inhibitory effect of the B-cytotoxic

drugs on the biosynthesis of insulin. Al-
loxan appeared most potent in this respect,
since it virtually abolished the incorpora-
tion of radioactivity into proinsulin and
insulin, whereas streptozotocin and N-ni-

trosomethylurea only partially suppressed
the incorporation. It was also clear that a
high glucose concentration in the incuba-

tion medium could not overcome the al-
loxan-induced noxious effects on the B-

cell. This was in marked contrast to the
observation that nicotinamide was able to
suppress entirely the inhibitory effects of
both streptozotocin and N-nitrosomethylu-
rea on insulin biosynthesis. Nevertheless,
the apparent difference in toxicity between

alloxan and streptozotocin so far must be
regarded as tentative, since only one con-

centration of each drug and only one time

of exposure were evaluated.
The present data confirm previous obser-

vations (30)’ 2 indicating that glucose has

a stimulatory action not only on the syn-
thesis of insulin but also on islet protein
synthesis in general. The total islet pro-
tein synthesis appeared, however, to be
less affected by the B-cytotoxic drugs, at
least at a low glucose concentration. The
residual protein synthesis after alloxan
treatment may in part reflect protein syn-
thesis in the non-B-cell portion of the is-
lets, e.g., A ,- and A2-cells, endothelium,
and connective tissue.

The marked depression of the glucose-
stimulated insulin synthesis presently ob-
served after alloxan, streptozotocin, and
N-nitrosomethylurea may be either pri-
mary or secondary effects of the drugs. In
view of the marked effects of the B-cyto-

toxic agents on islet oxidative metabolism
mentioned above, it seems most plausible
to interpret the diminished synthesis of
insulin in response to glucose as secondary
to this metabolic deterioration. The rever-

sal of the functional disturbance after

streptozotocin and N-nitrosomethylurea
by nicotinamide suggests that mainte-
nance of normal ,B-cell NAD concentra-

tions may be essential for insulin biosyn-
thesis. Parry and Taylor (34), however,
reported no inhibition of insulin biosyn-
thesis in rabbit islets by the glutamine
analogue azaserine, which has been found
to reduce NAD in rat islets (35). The fail-
ure of azaserine to reduce protein synthe-
sis in rabbit islets could reflect species dif-

ferences in the action of this compound.
This raises the additional question to what
extent the drugs are organ-specific in re-
ducing the rate of protein synthesis. N-

Nitrosomethylurea has recently been
shown to reduce protein synthesis in sev-

eral organs and tissues, e.g., liver and
muscle (36), but nothing is known so far
about the general effects of alloxan and

streptozotocin on protein synthesis.
In conclusion, the present study shows

that a brief exposure of the B-cell in vivo to
alloxan, streptozotocin, or N-nitroso-
methylurea induces a blockade in glucose-

stimulated insulin biosynthesis. It is of
interest in this context that defective insu-
un biosynthesis in response to glucose has

recently been observed in spontaneously
diabetic mice homozygous for the mutation
“diabetes” (gene symbol db).2 In contrast
with the present situation, the reduced in-
sulin biosynthesis in diabetic mice was not
associated with a decrease in islet glucose

metabolism.

ACKNOWLEDGMENTS

The author is indebted to Associate Professor

Claes Hellerstr#{246}m for valuable advice and review of

the manuscript. The skillful technical assistance of

Mrs. Pam Wentzel is gratefully acknowledged.

REFERENCES

1. Rerup, C. C. (1970) Pharmacol. Rev., 22, 485-

518.

2. Bhattacharya, G. (1954) Science, 120, 841-843.

3. Scheynius, A. & T#{228}ljedal, 1.-B. (1971) Diabetolo-

gia, 7, 252-255.

4. Zawalich, W. S. & Beidler, L M. (1973) Am. J.

Physiol., 224, 963-966.
5. Tomita, T., Lacy, P. E., Matschinsky, F. M. &

McDaniel, M. L. (1974) Diabetes, 23, 517-524.

6. Rossini, A. A., Berger, M., Shadden, J. & Cah-

ill, G. F., Jr. (1974) Science, 183, 424.



INHIBITION OF INSULIN SYNTHESIS BY B-C�ro’roxIc DRUGS 765

7. Dulin, W. E. & Wyse, B. W. (1969) Diabetes, 7,

459-466.

8. Schein, P. 5., Cooney, D. A. & Vernon, M. L.

(1967) Cancer Res., 27, 2324-2332.

9. Dulin, W. E. & Wyse, B. M. (1969) Proc. Soc.

Exp. Biol. Med., 130, 992-994.

10. Stauffacher, W., Burr, I., Gutzeit, A., Beaven,

D., Veleminsky, J. & Renold, A. E. (1970)

Proc. Soc. Exp. Biol. Med., 133, 194-200.
11. Howell, S. L. & Taylor, K. W. (1967) J. Endocri-

nol., 37, 421-427.

12. Lundquist, I. & Rerup, C. (1967) Eur. J. Pharma-

col., 2, 35-41.

13. Creutzfeldt, W., Frerichs, H. & Creutzfeldt, C.

(1969) in Diabetes (Ostman, J. & Milner, R. D.

G., eds.), pp. 110-122, Excerpta Medica Foun-

dation, Amsterdam.

14. Hellerstr#{246}m, C. & Gunnarsson, R. (1970) Acta

Diabetol. Lat., 7, Suppl. 1, 127-151.

15. Golden, P., Baird, L., Malaisse, W. J., Ma-

laisse-Lagae, F. & Walker, M. M. (1971) Dia-

betes 20, 513-518.

16. Wyse, B. M. & Dulin, W. E. (1971) Proc. Soc.

Exp. Biol. Med., 136, 70-72.

17. Dixit, P. K., Bang Tham, B. & Hernandez, R. E.

(1972) Proc. Soc. Exp. Biol. Med., 140, 1418-
1423.

18. Gunnarsson, R. & Hellerstr#{246}m, C. (1973) Horm.

Metab. Res., 5, 404-409.

19. Gunnarsson, R., Berne, C. & Hellerstr#{246}m, C.

(1974) Biochem. J., 140, 487-494.

20. Hinz, M. & Pfeiffer, E. F. (1974) Diabetes, 23,
373.

21. Maldonato, A., Trueheart, P. & Renold, A. E.

(1974) Diabetologia, 10, 396.

22. Ho, C. K. & Hashim, S. A. (1972) Diabetes, 21,

789-793.

23. Hinz, M., Katsilambros, N., Maier, V., Schatz,

H. & Pfeiffer, E. F. (1973) FEBS Lett., 30,

225-228.

24. Schein, P. 5., Cooney, D., McMenamin, M. G. &

Anderson, T. (1973)Biochem. Pharmacol., 22,
2625-2631.

25. Wilander, E. & Gunnarsson, R. (1975) Acta Pa-

thol. Microbiol. Scand., Sect. A: Pathol., 83,

206-212.
26. Howell, S. L. & Taylor, K. W. (1968) Biochem.

J., 108, 17-24.

27. Gey, G. 0. & Gey, M. K. (1936) Am. J. Cancer,

27, 45-49.

28. Eagle, H. (1959) Science, 130, 432-437.

29. Keen, H., Field, J. B. & Pastan, I. H. (1963)

Metab. (Clin. Exp.) 12, 143-147.

30. Schatz, H., Maier, V., Hinz, M., Nierle, C. &

Pfeiffer, E. F. (1973) Diabetes, 22, 433-441.
31. Howell, S. L. & Taylor, K. W. (1966) Biochim.

Biophys. Acta, 130, 519-521.
32. Permutt, M. A. & Kipnis, D. M. (1972) J. Biol.

Chem., 247, 1194-1199.

33. Akanuma, Y., Kuzuya, T., Hayashi, M., Ide, T.
& Kuzuya, N. (1970) Biochem. Biophys. Res.

Commun., 38, 947-953.
34. Parry, D. G. & Taylor, K. W. (1974) Biochim.

Biophys. Acta, 353, 344-352.
35. Deery, D. J. & Taylor, K. W. (1973) Biochem. J.,

134, 557-563.
36. Kleihues, P. & Magee, P. N. (1973)Biochem. J.,

136, 303-309.




