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Streptozotocin (STZ) is widely used as a strong in-
ducer of insulin-dependent diabetes in experimental
animals. Although nitric oxide (NO) generation from
STZ has been proposed to be responsible for the toxic-
ity of pancreatic B-cells, the mechanism is yet un-
known. We found that STZ generates NO in the pres-
ence of Cu(ll) plus ascorbate. In addition, nicotin-
amide, which is an antidiabetic agent against STZ, has
been found to inhibit NO generation from STZ during
the reaction with Cu(ll) plus ascorbate. Since rat pan-
creatic islets contain both ascorbate and Cu at the con-
centrations of 3.5 mM and 1.0 nmol/mg protein, respec-
tively, our present results indicate that (1) NO genera-
tion is responsible for the development of STZ-induced
diabetes and (2) mechanism for the protection of dia-
betes by nicotinamide is due to the inhibition of NO
generation from STZ through complex formation be-
tween nicotinamide and Cu (1), which is reduced by
ascorbate. © 1998 Academic Press
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ascorbate; nicotinamide.

Streptozotocin (STZ, 2-deoxy-D-glucose derivative of
N-methyl-N-nitrosourea) (1, 2), shows selective toxicity
to pancreatic B-cells (3, 4). Therefore, STZ is widely
used as a strong inducer of diabetes in experimental
animals (5) as well as the clinical treatment of the pan-
creatic neoplasm (6, 7). STZ is uptaken through glucose
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transporter into pancreatic B-cells (8) and causes im-
pairment of mitochondrial oxidative processes in terms
of glucose oxidation, inhibition of protein syntheses and
suppression of insulin release (9-12).

Recently, nitric oxide (NO) generation from STZ has
been proposed to be responsible for the toxicity of pan-
creatic B-cells (12-14), the factors affecting NO genera-
tion from STZ in solution being ultraviolet and fluores-
cence lights, temperature, and pH (15-18). STZ has also
been reported to generate NO in incubation with the
intact islet cells or hepatocytes (14). But the metabolic
pathway of NO generation from STZ within pancreatic
B-cells is yet unclear.

On the other hand, the toxic actions of STZ for pan-
creatic B-cells is known to be inhibited by nicotinamide
(19-22). When nicotinamide is given to rats before or
after the administration of STZ, this compound pre-
vents the destruction of pancreatic B-cells (19, 20).
However, the mechanism for the protective effect of
nicotinamide has not yet been understood.

During the investigations on the chemical induction
of diabetes in experimental animals (23, 24), we noticed
that the pancreatic islets of rats contain both ascorbate
and Cu in relatively high amounts rather than other
organs (25). Then, we studied the action mechanism of
STZ in terms of these two important factors, and found
that STZ generates NO in the presence of Cu(ll) plus
ascorbate. In addition, nicotinamide was found to in-
hibit NO generation from STZ during the reaction with
Cu(l) plus ascorbate. These results strongly suggested
that induction of diabetes by STZ and its protection by
nicotinamide are responsible for NO generation and
inhibition of NO generation, respectively.

MATERIALS AND METHODS

Materials. Streptozotocin (STZ), hemin, superoxide dismutase
(SOD), and catalase were purchased from Sigma Chemical Co. (St.
Louis, USA). Bathocuproine disulfonic acid and NOC7 were obtained
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from Dojin Chemical Co. (Kumamoto, Japan). All other reagents
were of analytical reagent quality. Stock solutions of STZ (0.02 M)
and ascorbate (0.04 M) were prepared in 1.0 mM HCI bubbled with
Argon gas for 20 min, and were kept in dark. Since we have found
that citrate acts as a Cu chelator, STZ was dissolved in 1.0 mM HCI.
Stock solution of 1,10 - phenanthroline (100 mM) was dissolved in
50% (V/V) EtOH. Hemin (1 mM) and NOC7 (2 mM) were dissolved
in 10 mM NaOH.

Reaction systems. A mixture of STZ, CuSQO,, and ascorbate was
dissolved in 20 mM sodium phosphate buffer (pH 7.4), and voltexed
in a light-protected 1.5-ml polypropylene tube. The reaction mixture
(0.5 ml) was incubated in shaking water bath at 60 cycle / min and
at 25°C or 37°C. After 1lhr, nitrite and nitrate (NOXx) concentration
was determined for an aliquot (0.1 ml) of the sample solution.

Determination of nitrite and nitrate (NOx) concentration. Total
nitrite and nitrate (NOXx) concentrations in the reaction solution were
determined by the Griess method after conversion of nitrate to nitrite
with a TCI-NOX 1000 automated NOx analyser (Tokyo Kasei Co.,
Tokyo, Japan) (26, 27). NOx concentrations were quantified by the
absorbance at 540 nm for the known amounts of KNO; as standard.

NO determination by difference spectra using hemin. Real time de-
tection of NO was required to show the fact that STZ generates NO but
not NOx in the presence of Cu(ll) plus ascorbate. Thus, the difference
absorption spectra due to the nitrosyl-heme complex were measured
using hemin (28). The mixture containing 20 M hemin and 2 mM
ascorbate in 20 mM sodium phosphate buffer (pH 7.4) (total volume
of 8 ml) was preincubated for 10 min at 37°C under the dark, and
followed by addition of 0.1 mM CuSQ,. Aliquots (3.5 ml) were placed
in both sample and reference cuvettes. After recording the base-line,
NOC?7 (0.02 mM) or STZ (0.2 mM) was added to the sample cuvette
and the vehicle was to the reference. The difference absorption spectra
at 37°C were recorded from 700 to 500 nm at every 2 min with an
MPS-2000 spectrophotometer (Shimadzu, Kyoto, Japan).

ESR spectral measurement. A mixture of 0.1 mM CuSO, and 2
mM ascorbate in the presence of bathocuproine disulfonate (2.5 mM)
or nicotinamide (2.5 mM) in 20 mM sodium phosphate buffer (pH
7.4) was incubated for 10 min at 25°C. ESR spectra were measured
at liquid nitrogen temperature (77 K) with a JES-RE1X X-band ESR
spectrometer (JEOL, Tokyo, Japan). Conditions for ESR measure-
ment were as follows: microwave power 5 mW, modulation amplitude
width 0.63 mT, scanning field 300 = 100 mT, response time 0.1 s,
sweep time 4 min, and receiver gain 400.

RESULTS

We examined first whether STZ releases NO in the
presence of Cu(ll) and ascorbate in terms of NOx. Since
commercially available STZ (purity 98 %) contaminates
both NO; (0.12 = 0.01 %) and NO3z (1.5 + 0.1 %) (n =
21), the results are represented by subtracting 1.62%
from observed values in NOx measurements. NOx gen-
eration due to spontaneous degradation of 1 mM STZ
was not observed for 60 min at pH 7.4. However, incuba-
tion of STZ in the presence of Cu(ll) plus ascorbate was
found to induce dose-dependent formations of NOx, as
shown in Fig. 1(a). Neither Cu(ll) nor ascorbate alone
exhibited significant effects on NOx generation from
STZ. Fe(l1) instead of Cu(ll) had no effect on NOx gen-
eration from STZ with ascorbate (data not shown).

Fig. 1(b) shows the reaction time- and temperature-
dependent NOx generations from 1 mM STZ caused by
0.1 mM Cu(ll) and 2 mM ascorbate at pH 7.4 and 25°C
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FIG. 1. NOx generation from STZ in the presence of Cu(ll) plus
ascorbate. (a) The mixtures consisting of 1 mM STZ, 5 ~ 100 uM
Cu(ll) and 0.25 ~ 4 mM ascorbate were incubated at 37°C for 60
min. Cu(ll) concentration was 0 uM (A), 5 M (OJ), 10 xM (H), 50
oM (O) and 100 M (®). (b) The mixture containing 1 mM STZ, 0.1
mM Cu(ll) and 2 mM ascorbate was incubated at 25°C (O) or 37°C
(®). Each symbol is expressed as the mean + the standard deviation
of 4 determinations.

or 37°C. NOx generation from STZ was enhanced from
5 min to 60 min depending on the incubation period,
and at 37°C than at 25°C.

Then we examined whether addition of nicotinamide
or EDTA was able to prevent NOx generation from STZ
in the presence of Cu(ll) plus ascorbate. When 1 mM
STZ was incubated for 60 min in the presence of 0.1mM
Cu(ll) plus 2 mM ascorbate by addition of increasing
amounts of either nicotinamide or EDTA, both nicotin-
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FIG. 2. Dose-dependent inhibitory effects of nicotinamide or
EDTA on NOx generation from STZ in the presence of Cu(ll) plus
ascorbate. The mixture of 1 mM STZ, 0.1 mM Cu(ll) and 2 mM
ascorbate was incubated at 37°C for 60 min in the presence of nicotin-
amide (@) or EDTA (O). Each symbol is expressed as the mean +
the standard deviation of 4 determinations.
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amide and EDTA suppressed NOx generation in dose-
dependent manners (Fig. 2). The inhibitory effect of the
compound was evaluated by 1Cs, values, 50% inhibition
concentration of a compound to the generated NOX lev-
els, being 3.5 mM for nicotinamide and 0.05 ~ 0.1 mM
for EDTA. EDTA inhibited completely the NOx genera-
tion at 0.1mM, which corresponds to the equivalent
mole concentration of Cu(ll).

Since both nicotinamide and EDTA inhibited NOx
generation derived from STZ in the presence of Cu(ll)
and ascorbate, we examined the effect of other metal
chelators and active oxygen scavengers (Table 1).
EDTA and bathocuproine disulfonate, which is a Cu(l)
chelator, exhibited the strongest inhibition, followed by
the effects of 1, 10-phenanthroline, histidine, citrate
and Tris, suggesting the participation of Cu(l) in the
reaction. - OH scavengers, such as mannitol and etha-
nol, had weak effects on the inhibition of NOx genera-
tion. In addition, SOD and catalase exhibited essen-
tially no effects on NOx generation, indicating that ac-
tive oxygen species involving O3, H,0,, and - OH were
less important for the NOx generation from STZ caused
by Cu(ll) plus ascorbate.

Since NOx generation from STZ in the presence of
Cu(ll) plus ascorbate has been confirmed, we examined
further whether NOx detected by the Griess method is
due to NO radicals generated in the reaction system.
As a reliable method for NO determination, we used
the difference spectral method based on the formation
of nitrosyl-heme complex. Authentic nitrosyl-heme
complex was obtained in the reaction of hemin and
NOC?7, which is a spontaneous NO donor generating 2
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moles of NO per mole of NOC7 (29). As shown in Fig.
3a, a mixture of hemin, NOC7, Cu(ll) and ascorbate
developed the absorption maximum at 575 nm and
minimum at 630 nm due to nitrosyl-heme complex for-
mation (28), giving an isosbestic point at 610 nm. The
spectrum was not obtained for the solution containing
0.02 mM nitrite instead of 0.02 mM NOCY7, indicating
the generation of NO from NOC7. Therefore, the
method was confirmed to be a specific one to detect NO
radicals, but not NOx. A reaction mixture consisting of
hemin, STZ, Cu(ll) and ascorbate developed the ab-
sorption maximum at 575 nm and the minimum at 630
nm, with an isosbestic point at 610 nm (Fig. 3(b)). STZ
itself showed no absorption above 500 nm, and the ni-
trosyl-heme formation was not observed without Cu(ll)
or ascorbate. Thus the reaction of STZ with Cu(ll) plus
ascorbate was found to form an identical spectrum to
that of NOC7 with Cu(ll) plus ascorbate. These results
indicated that STZ generates NO radicals during the
reaction with Cu(ll) plus ascorbate.

Agqueous Cu(ll) shows ESR spectrum (g = 2.076,
g = 2.399, A, = 138.6 X 10* cm™) at 77K (Fig. 4(a)).
A mixture of Cu(ll) and ascorbate also developed ESR
spectrum due to Cu(ll) (go = 2.077, g, = 2.356, A, =
143.5 x 10~*cm™ ) (Fig. 4(b)). However, when bathocu-
proine disulfonate or nicotinamide was added to the
solution, no ESR spectra due to Cu(ll) were observed
(Fig. 4(c) and (d)).

DISCUSSION

NO generation in pancreatic B-cells treated with STZ
has been proposed and discussed by several research-

TABLE |

Inhibitory Effects of Metal Chelators and Active Oxygen
Scavengers on NOx Generation from STZ in the Presence of
Cu(ll) and Ascorbate

Concentration Inhibition
Compound (mM) (%)
Chelators

EDTA 0.1 100
Bathocuproine disulfonate 1 100
1,10-Phenanthroline 1 88
Histidine 2 89
Citrate 2 66
Tris 2 54
Nicotinamide 10 73
2 36

Active oxygen scavengers
Mannitol 100 26
Ethanol 100 0
Sodium azide 50 49
SOD 400 unit/ml 17
80 unit/ml 0
Catalase 400 unit/ml 31
80 unit/ml 3
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FIG. 3. Difference spectra of nitrosyl-heme formation by the re-
action of hemin and NOC7 or STZ in the reaction with Cu(ll) plus
ascorbate. (a) The spectra were recorded for the reaction mixture
containing 20uM hemin, 0.02 mM NOC7, 0.1 mM Cu(ll) and 2 mM
ascorbate at 37°C. (b) The spectra were obtained for the reaction
mixture of 20uM hemin, 0.2 mM STZ, 0.1 mM Cu(ll) and 2 mM
ascorbate at 37°C. The spectra were recorded at every 2 min.

ers (12, 14, 30). However, the mechanism for the NO
generation from STZ has not been understood. In the
present investigation, we examined the factors affect-
ing NO generation from STZ under physiological condi-
tions and found that both Cu(ll) and ascorbate are in-
dispensable for enhancing NO generation from STZ at
pH 7.4 and 37°C (Fig. 1(a) and (b)). Furthermore, NO
generation from STZ was found to be suppressed by an
anti-diabetic agent against STZ, nicotinamide (Fig. 2).

On the basis of the results, we propose a possible
mechanism for the development of STZ-induced diabe-
tes and its protection by nicotinamide in terms of NO
generation, as follows.
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[1] NO generation from STZ required 250 uM or
more of ascorbate and 5 uM or more of Cu(ll) (Fig.1(a)).
Ascorbate and Cu in plasma are normally present at
50 = 20 uM (31) and 17 = 3 uM (32), respectively.
While, rat pancreatic islets have been shown to contain
ascorbate at 3.53 + 0.1 mM and total Cu at 1.04 nmol/
mg protein, and notably both mitochondria and secre-
tion granule fraction accumulate both Cu and ascor-
bate (25). Therefore, STZ is assumed to react with
Cu(ll) and ascorbate for generating NO radicals within
islet mitochondria and secretion granule, which in turn
damages pancreatic B-cells following the development
of diabetes.

[2] Reaction of Cu(ll) and ascorbate in the presence
of molecular dioxygen has been reported to produce
both H,0, (33, 34) and -OH (35-37) at physiological
pH and temperature. Ascorbate reduces Cu(ll) to Cu(l),
which reacts with molecular dioxygen to form superox-
ide anion radicals (-03), following the formation of
H,0O, (33, 34). Thus, resulting Cu(l) and H,O, react to
form - OH (35-37), as shown in the equations 1) ~ 4).

TCNQ-Li
@ CU(")/‘L/\/\/\/1 |
A
] g,

(b) Cu(ll) + ascorbate

=i Ay
9y

(c) (b) + bathocuproine

(d) (b) + nicotinamide

—

20mT

Magnetic field

FIG. 4. ESR spectra at 77K for a mixture of Cu(l1) and ascorbate
in the presence of bathocuproine disulfonate or nicotinamide. (a) 0.1
mM Cu(ll). (b) 0.1 mM Cu(ll) and 2 mM ascorbate. (c) (b) + 2.5 mM
bathocuproine disulfonate. (d) (b) + 2.5 mM nicotinamide.
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2Cu(ll) + ascorbate — 2Cu(l)

+ dehydroascorbate + 2H* 1)

Cu(l) + O, = Cu(ll) + - O3 2)
cu(l) + +0; + 2H" > H,0, 3)
cu(l) + H,0, = Cu(ll) + OH™ + -OH 4)

However, O, , H,0, and - OH have been found to play
no major roles in NO generation from STZ (Table I).
Recently, an alternative Cu(l)-OOH complex, which
has a similar reactivity to that of - OH but not inhibited
by - OH scavengers such as mannitol and ethanol, was
proposed to be formed in the reaction between Cu ion
and H,0, (39-41). Such Cu(l)-OOH complex might be
proposed to be formed in our present system. In a pre-
liminary spectrophotometric analysis, we observed the
disappearance of STZ with an absorbance maximum
at 390 nm due to —N—N=0 moiety, indicating the
cleavage of —N—N=0 bond followed by the genera-
tion of NO radicals.

[3] The complete inhibitory effect of bathocuproine
disulfonate and 1, 10-phenanthroline on NO generation
from STZ catalyzed by Cu(ll) plus ascorbate (Table 1)
suggests that Cu(l) plays a central role in NO generation
from STZ. Since auto-oxidation of Cu(l), which was
formed during the reaction of Cu(ll) and ascorbate, is
quite rapid (42), Cu(ll) state was observed in ESR spec-
trum (Fig. 4(b)). However, in the presence of nicotin-
amide or bathocuproine disulfonate, ESR spectrum due
to Cu(ll) was not detected, indicating rapid and stable
complex formation between the ligand and Cu(l). In fact,
ligands with a pyridyl ring such as 2-picolylamine and
3-picolylamine have been shown to form stable Cu(l)
complexes rather then the corresponding Cu(ll) com-
plexes (43). Thus, Cu(l) complex formation is important
to prevent NO generation from STZ catalyzed by Cu(ll)
and ascorbate. Nicotinamide is known to prevent the
pancreatic B-cells destruction caused by STZ in vivo and
in vitro (19-22). Therefore, the protection of pancreatic
B-cells by nicotinamide may be due to the inhibition of
NO generation from STZ in terms of complex formation
between Cu(l) and nicotinamide in the cells.

In conclusion, Cu(ll) and ascorbate, that are present
in pancreatic islet B-cells, were found to enhance re-
markable NO generation from STZ at pH 7.4 and 37°C.
In addition, nicotinamide, an antidiabetic agent against
STZ, was found to inhibit NO generation from STZ in
the presence of Cu(ll) plus ascorbate. The present results
indicate that both development and protection of STZ-
induced diabetes are responsible for NO radicals gener-
ated from STZ in the presence of Cu(ll) and ascorbate
in pancreatic islet B-cells. Further investigation is re-
quired to reveal the detailed mechanism of NO genera-
tion in vivo.
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