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Abstract—Pancreatic B-cells exposed in vivo or in vitro to streptozotocin (SZ), the N-nitrosourea
derivative of glucosamide, present a long-lasting impairment in the production and release of insulin
while other cell functions are better preserved. This functional impairment is associated with a defective
mitochondrial function. To further study the mechanisms behind SZ actions, mouse pancreatic islets
were exposed in vitro to SZ (1.5 mM) or to different concentrations of methyl methanesulfonate (MMS;
2, 4 and 6 mM). The effect of the aglucone moiety of SZ, nitroso-N-methylurea (NMU;; 2, 4 and 6 mM)
was also tested. Islets were either studied immediately after exposure to the drugs (day 0) or after six
days in culture following toxin treatment (day 6). On day O the islets showed a decrease in the
NAD + NADH content, decreased glucose oxidation rates and an impaired insulin release in response
to glucose. Six days after exposure to SZ there was still impaired glucose oxidation and insulin release,
and decreased islet insulin mRNA and insulin content, but the NAD + NADH content was again similar
to the control group. On the other hand, islets which survived for 6 days in culture following exposure
to either MMS or NMU were able to regain normal B-cell function. The mouse islets exposed to SZ,
NMU and MMS showed on day 6 a 30-40% decrease in the content of the mitochondrial DNA encoded
cytochrome b mRNA and a 60-70% decrease in total mitochondrial DNA, as evaluated by dot and
Southern blot analysis. Only SZ decreased the insulin mRNA content whereas both MMS and NMU
decreased the glucagon mRNA content. As a whole, the data obtained indicate that SZ, NMU and
MMS induce damage to the mitochondrial genome, and this may contribute to the B-cell dysfunction
observed after SZ treatment. It is conceivable that the glucose moiety of SZ may direct the methylation
to other intracellular sites besides the mitochondrial DNA, thus explaining the different functional
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responses of islets following exposure to SZ and NMU.

There are several experimental and epidemiological
observations suggesting that environmental factors
may play a role in the etiology of insulin-dependent
diabetes mellitus [1]. Among these factors, chemical
toxins seem to be of relevance. There are several
different possible mechanisms by which these agents
could induce pancreatic B-cell impairment and/or
destruction. It has been suggested recently that
non-lethal doses of streptozotocin (SZ$), the N-
nitrosourea derivative of glucosamide [2], alter the
ability of the pancreatic B-cells to produce insulin.
Thus, B-cells exposed in vivo or in vitro to the toxin
present a long-lasting impairment in then ability to
produce and release insulin while other vital functions
of the cells are much less affected [3-5]. This SZ-
induced functional impairment has been associated
with defective substrate catabolism at the mito-
chondrial level [6], decreased ATP generation [4]
and a decrease in the mitochondrial encoded
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t Abbreviations: SZ, streptozotocin; NMU, nitroso-N-
methylurea; MMS, methyl methanesulfonate; Hepes, N-2-
hydroxyethylpiperazine-N'-2-ethanesulfonic acid; KRBH,
Krebs-Ringer bicarbonate buffer plus Hepes.

cytochrome b mRNA ([7,8]. Interestingly, the
capacity to induce long-lasting functional impairment
to the B-cells seems to be unique to SZ. Indeed,
following exposure to alloxan, interleukin-1 or heat
shock the surviving B-cells present a complete
functional recovery after one week in culture (for a
review see Ref. 9).

During decomposition of SZ, highly reactive
carbonium ions are formed which cause alkylation
of DNA bases, including alkylation of the exocyclic
oxygen atom of guanine, forming OS-alkylguanine
residues [10,11]. It has been suggested that the
DNA alkylation is followed by excision DNA repair
which induces DNA strand breaks and activation of
the nuclear enzyme poly(ADP-ribose) synthetase,
thus generating a critical decrease in the cellular
content of the substrate NAD leading to decreased
cell function, and eventually cell death [12,13].
Although this sequence of events can explain the
acute effects of SZ on the B-cells, the mechanisms
responsible for the long-lasting suppressive effects
of SZ remain to be elucidated. The initial event of
DNA damage described above could provide an
explanation for this phenomenon since DNA repair
processes, especially those at the mitochondrial
level, may not be entirely complete.

In order to further clarify this issue, mouse
pancreatic islets were exposed in vitro to SZ or to
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different concentrations of MMS, or NMU, the
aglucone moiety of SZ. The main alkylation products
induced in DNA by MMS and NMU are N-7
methylguanine and N-3 methyladenine. In addition,
NMU gives a high yield of O®-methylguanine as well
as methylated phosphate groups [14-16]. Glucose-
induced insulin release, glucose oxidation and
the NAD + NADH content were determined
immediately after islet exposure to the different
drugs (day 0), or after 6 days in tissue culture (day
6). Furthermore, on day 6 the content of
insulin, glucagon, cytochrome » mRNA and total
mitochondrial DNA was evaluated in the different
experimental groups.

MATERIAL AND METHODS

Chemicals. The chemicals were purchased from
the following sources: culture medium RPMI 1640
and donor calf serum from Flow Laboratories
(Irvine, U.K.); bovine serum albumin from Miles
Laboratories (Slough, U.K.); alcohol dehydro-
genase, Hepes and MNU from the Sigma Chemical
Co. (St Louis, MO, U.S.A.): MMS from Eastman
Kodak Company (Rochester, NY, U.S.A.); oli-
gonucleotide labelling kit, [*2P]JdCTP, EcoRI,
Hyperfilm and [6-!*C]glucose (55 mCi/mM) from
Amersham International (Amersham, U.K.). SZ
(lot 1458F) was a generous gift from Dr A. Y.
Chang, Upjohn Co. (Kalamazoo, MI, U.S.A.). All
other chemicals of analytical grade were obtained
from E. Merck (Darmstadt, Germany).

Tissue culture and test agent treatment. Male NMRI
mice (Anticimex, Sollentuna, Sweden) which had
been starved overnight were used. Islets were
isolated from collagenase-digested pancreata with
the aid of Ficoll gradients [17] and subsequently
picked by means of a braking pipette. The islets
were maintained free-floating for 5-6 days at 37°
[18] before exposure to NMU, MMS or SZ. The
culture medium was RPMI 1640 containing 10% calf
serum, benzylpenicillin (60 mg/mL), streptomycin
(0.1 mg) and 11.1 mM glucose. The cuiture medium
was changed every 48hr. The islets were then
exposed in vitro to different concentrations of NMU,
MMS or SZ for 15min at 37°, according to a
previously described protocol [3]. Control islets were
exposed only to the vehicle for SZ (citrate buffer,
10 mM, pH 4.5). Immediately thereafter the islets
were used either for functional studies (day 0, see
below) or transferred to culture medium RPMI
1640 + 10% calf serum, and maintained in culture
for 6 days before further studies were performed.

Insulin  release,  glucose  oxidation and
NAD + NADH content. For the insulin release
determinations triplicate groups of 10 islets each
were transferred to sealed glass vials containing
0.25mL Krebs-Ringer bicarbonate buffer [19]
supplemented with 2 mg/mL bovine serum albumin
and 10 mM Hepes (KRBH). During the first hour
of incubation the KRBH was supplemented with
1.7mM glucose. The medium was then removed
gently and replaced by KRBH containing 16.7 mM
glucose, and the incubation was continued for a
second hour. The insulin concentration in the
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incubation medium was measured by radio-
immunoassay [20]. After the insulin release exper-
iments, the islets were pooled and disrupted
ultrasonically in 0.2 mL redistilled water. An aliquot
of the homogenate was mixed with acid ethanol and
the insulin was extracted overnight at 4°. DNA was
measured by fluorophotometry in another fraction
of the water homogenate [21, 22].

For the determination of [6-'*C]glucose oxidation,
triplicate groups of 10 islets were transferred to glass
vials containing 100 uL. KRBH and non-radioactive
glucose to a final concentration of 16.7 mM. Islet
glucose oxidation was subsequently measured as
described in detail elsewhere [23]. In these and the
experiments described above the mean of the
triplicate observations was considered as one
observation.

For the NAD + NADH measurements groups of
30 islets were transferred to plastic tubes containing
100 uL KRBH and incubated for 60 min at 37°
in air + 5% CO,; NAD + NADH content was
determined as described previously [4].

Dot-, Northern- and Southern-blot analysis. For
dot blot analysis, RNA was isolated from 100 islets
in each experimental group by the sodium dodecyl
sulphate phenol method followed by denaturation
with glyoxal and application to Genescreen filters™
(NEN, Boston, MA, U.S.A.) by a suction apparatus.
The blot was first hybridized with [3?P]dCTP labelled
pMTal probe in the presence of 50% formamide and
1% SDS at 42° [24,25] and washed 3 x 30 min in
15mM NaCl, 1.5mM sodium citrate at 50°. The
MTal DNA contains sequences coding for the
mitochondrial cytochrome b gene [26] and was
labelled by oligonucleotide-prime labelling. The
blots were washed at 75° in 1.5mM NaCl and
rehybridized to pRI-7, containing sequences coding
for the rat insulin I gene [27]. or to pshglu, containing
sequences coding for the Syrian hamster glucagon
gene [28].

For Northern blot analysis, RNA was prepared
from 1000 islets in each experimental group by the
guanidine isothiocyanate method and 20 ug total
RNA were denatured with formaldehyde [29]. This
was followed by electrophoresis on a 1% agarose/
formaldehyde gel. The gel was stained with
ethidium bromide and photographed, and RNA was
transferred to a Genescreen filter™. The blot was
hybridized after UV-crosslinking to *?P-labelled
pMTal.

For Southern blot analysis total DNA was prepared
from 200 islets in each experimental group by
dissolving them in 4 M guanidium isothiocyanate,
as described previously [30]. After repeated
precipitations with ethanol, 5 ug DNA was digested
with restriction endonuclease EcoRI, electro-
phoresed on a 0.7% agarose gel and transferred
onto a Genescreen™ filter [31]. The blot was
first hybridized with [*°P]dCTP labelled mouse
mitochondrial DNA probe in the presence of 50%
formamide and 1% SDS at 42° [24]. The mouse
mitochondrial DNA probe was generated by a
polymerase chain reaction between the nucleotides
15926 and 1478 [32]), and was labelled by
oligonucleotide-prime labelling after purification on
agarose gels, and electroelution. This probe contains
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Table 1. Effects of MMS, NMU and SZ on islet recovery, islet DNA content and islet insulin
content 6 days after exposure (day 6)

Islet DNA Insulin
Drugs recovery content content
(mM) (%) (ng/10 islets) (ng/10 islets) (ng/ng DNA)
MMS 0 931 252+ 14 562 = 43 2.20+0.26
2 93+1 227 +33 507 =91 2.38 £ 0.61
4 62 = 8t 211 £27 527 = 83 2.74 £ 0.54
NMU 0 96+ 1 194 =17 498 + 51 2.66 =0.11
2 93+2 186 * 14 544 + 56 3.06 £0.19
4 88 = 3* 154 = 7* 468 + 18 3.13x0.14
6 55+ 7% 118 + 14t 316 = 42* 2.68 £0.16
SZ 0 89*5 221 =16 728 + 81 3.20+0.17
1.5 53 £ 2% 152+ 13 292 * 56+ 1.95 = 0.41%

Pancreatic islets obtained from NMRI mice were exposed for 15 min at 37° to MMS, NMU or
SZ at the concentrations given in the first column. The islets were either examined immediately
(data not shown) or after 6 days in culture. The recovery of islets on day 6 was expressed as the
percentage of islets remaining in culture on day 6 as compared to day 0. The results are
means = SEM of 5-6 (MMS and SZ) or 7-8 (NMU) experiments. *P < 0.05; +P < 0.01; P < 0.001
when compared to respective controls, using paired r-test.

sequences coding for tRNAP©, tRNAF'*  control
region and part of 12S RNA. The blots were washed
3 X 30 min at 50° in 15 mM NaCl + 1.5 mM sodium
citrate + 0.1% SDS. In some experiments, the
filter was washed at 75° in 1.5mM NaCl after
autoradiography and then rehybridized to MTal.

Statistical analysis. Data were computed as the
means = SEM and compared using Student’s r-test
for paired samples.

RESULTS

Exposure of pancreatic islets to increasing
concentrations of MMS and NMU induced a decrease
in the islet recovery after 6 days in culture (Table
1). At 6 mM MMS (data not shown) it was possible
to recover just 28% of the islets, precluding further
studies at that drug concentration. Treatment of the
islets with 1.5 mM SZ induced a similar decrease in
islet recovery as observed after treatment with 4 mM
MMS or 6 mM NMU. While treatment with MMS
did not decrease the DNA content of the surviving
islets, exposure to 4 and 6 mM NMU induced a 20-
40% decrease in the DNA values. SZ also decreased
the DNA content but this decrease did not reach
statistical significance (P < 0.1, paired ttest).
Exposure to MMS did not affect the islet insulin
content. Following NMU exposure there was a
significant decrease in insulin content only at 6 mM
but this difference was not evident when the data
were corrected per DNA content. On the other
hand, SZ induced a more than 50% decrease in
insulin content which was also evident when the data
were corrected per DNA. In none of the different
experimental groups was there any significant
difference in DNA or insulin content immediately
after drug exposure, as compared to the cor-
responding controls (day 0, data not shown).

Exposure of the mouse islets to the different test
agents did not affect the basal insulin release at
1.7mM glucose on either day 0 or 6 (data not

shown). The mean basal insulin release of the pooled
control groups was 0.8 = 0.1 ng/10 islets X 1 hr on
day 0 (N = 18) and 1.3 = 0.2 ng/10 islets X 1 hr on
day 6 (N = 18). However, there was a clear decrease
in glucose-stimulated insulin release (16.7 mM
glucose) immediately after exposure to MMS, NMU
and SZ (Table 2), both when the results were
expressed per islets and per DNA. Following 6 days
in cuiture the islets exposed to MMS were able to
recover a normal insulin release in response to
glucose. In the NMU groups there was still an
impaired insulin release but this difference was
probably due to smaller islets and disappeared
following correction of the values per DNA. The
SZ-treatedislets presented a similar 50-70% decrease
in insulin release on both day 0 and 6, and this
difference was not affected by recalculating the data
per DNA. The different experimental series shown
in Tables 1 and 2 were performed at different time
points which can probably explain the variations in
isletsize and glucose-induced insulin release observed
between the different control groups. Thus, all
comparisons described above were performed using
only the controls studied in parallel with the
experimental groups.

The oxidation of D-[6-'*C]glucose at 16.7 mM
glucose in the different experimental groups (Fig. 1)
followed a similar pattern to that observed for the
glucose-stimulated insulin release. Thus, there was
an acute reduction in the glucose oxidation rate
following exposure to MMS, NMU (4 and 6 mM)
and SZ which was maintained after 6 days in the SZ
and NMU groups (4 and 6 mM), but not in the islets
treated with MMS. Due to technical reasons, it was
not feasible to retrieve the islets for DNA
determinations following the measurements of
glucose oxidation. However, correcting the oxidation
values for the DNA values obtained from the islets
used in the insulin release experiments, the
differences observed on day 6 were maintained in
the SZ-treated but not in the NMU treated islets
(data not shown).
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Table 2. Effects of MMS, NMU and SZ on islet glucose-stimulated insulin release immediately (day
0) and 6 days after exposure (day 6)

Insulin release at 16.7 mM glucose

Day 0 Day 6
Drugs
(mM) (ng/10 islets X 1hr)  (ng/ugDNA)  (ng/10islets X 1hr)  (ng/ug DNA)
MMS 0 16.4 2.8 70+ 11 13426 53+ 10
2 8.2 = 1.4% 40 * 8* 13522 69 + 17
4 3.5x0.5% 16 = 2+ 13.0x2.0 65+13
6 22047 12 = 3¢ — —
NMU 0 20.9 3.7 110 = 20 185+2.4 96 = 8
2 13.1+3.9 65 + 14* 179+ 4.8 94 £ 20
4 4.6 £0.7F 22 + 5% 14.2 + 2.0* 102 = 10
6 1.9 = 0.3+ 11 = 3¢+ 11.1 = 1.9 100 = 14
SZ 0 22.8+3.3 13515 19.6 £ 3.3 88 + 10
1.5 6.4 + 1.8% 33+ 8t 7.4 1.5* 46 + 7t

The groups of islets were isolated and maintained in culture as described in the legend to Table 1.
Insulin release experiments were performed by initially incubating the islets in triplicate groups of 10
in KRBH containing 1.7 mM glucose (data not shown). After 60 min the medium was removed and
the islets incubated for another 60 min in medium containing 16.7 mM glucose. The results are
means + SEM of 5-7 experiments. *P < 0.05; P < (.01 when compared to the respective controls,

using paired r-test.

Immediately after exposure to MMS, NMU or SZ
there was a severe decrease in islet NAD + NADH
content (Fig. 2). However, after 6 days in culture
the NAD + NADH content was restored to a value
similar to that observed in the control group.
Correction per DNA of the data obtained on day 6
did not modify the above described observations
(data not shown).

Six days after exposure of the mouse islets to
MMS, NMU and SZ there was a 30-40% decrease
in the content of cytochrome b4 mRNA (Table 3).
The SZ-induced reduction in cytochrome » mRNA
was confirmed by Northern blot analysis (results not
shown). SZ, but not MMS or NMU, induced a 30%
decrease in the islet insulin mRNA content (Table
3). On the other hand, both MMS and NMU, but
not SZ, induced a marked decrease in the content
of islet glucagon mRNA. Southern blot analysis of
mitochondrial DNA, with the use of a probe able
to recognize several regions of the mitochondrial
genome, showed that the three tested agents induced
a similar and severe decrease in mitochondrial DNA
(Table 3 and Fig. 3). In line with these observations,
mouse islets exposed to SZ also showed a significant
decrease in cytochrome b DNA, to 54 £ 9% of the
values observed in the respective control islets (data
corrected per DNA content), as assessed by
densitometric analysis after hybridization with pMTal
(N = 3; P <0.05). Similar observations were made
with islets from rats. Thus, rat islets exposed to
0.55mM SZ and maintained in culture for 6 days
also presented a decrease in cytochrome b DNA
content, with values of 45+ 1% of the values
observedin the respective controls (N = 3; P < 0.001;
data corrected per DNA content and assessed by
densitometric analysis).

DISCUSSION

Exposure of the islets to the three different

alkylating agents, SZ, NMU and MMS, induced a
similar initial response. Thus, there was an acute
decrease in NAD + NADH content, a decrease in
glucose oxidation and an impaired insulin release.
These results are similar to data obtained in previous
studies dealing with the short-term actions of SZ
and NMU on pancreatic islets [4, 33, 34]. To our
knowledge, the effects of MMS on pancreatic islets
has not been studied previously, but the observed
decrease in NAD + NADH content is similar to
observations made in other cell types, reflecting
poly(ADP-ribose) synthetase activation [15]. Thus,
as proposed by Okamoto [13], it is conceivable that
the three agents induced DNA alkylation, DNA
strand breaks and activation of poly(ADP-ribose)
synthetase, resulting in NAD + NADH depletion
and impairment in the Krebs cycle, as assessed by
the D-[6-!C]glucose oxidation. Since substrate
metabolism and ATP generation at the mitochondrial
level are crucial for the glucose-induced insulin
release [35], an impaired mitochondrial function
could explain the observed decrease in insulin
release.

Six days after exposure to 1.5mM SZ the islets
still presented an impaired glucose oxidation and
insulin release, and a decreased insulin mRNA and
insulin content. Similar observations were made
previously in islets exposed to 1.1, 2.2 and 4.4 mM
SZ (3,4,6]. On the other hand, islets exposed to
both MMS and NMU were able to regain a normal
function after 6 days in culture, at least according
to the data corrected per DNA. These findings may
allow us to exclude some possible causes of the SZ-
induced long-lasting impairment in B-cell function.
The first is a role for NAD + NADH depletion.
Indeed, six days after SZ exposure the
NAD + NADH levels were similar between control
and SZ-treated islets. It could be argued that
the acute SZ-induced NAD + NADH depletion
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Fig. 1. Effects of different concentrations of MMS (A), NMU (B) and SZ (C) on islet D-[6-'*Clglucose

oxidation immediately and 6 days after exposure. Values are given as means = SEM of 5-6 experiments,

each performed in triplicate. *P < 0.05, **P <0.01 and ***P < 0.001 when compared to respective
controls, using paired t-test.

somehow induced a long-lasting impairment in the
islet metabolic machinery, despite the absence of
prolonged NAD + NADH depletion. However, the
observations that high concentrations of MMS and
NMU induced similar or even more severe
NAD + NADH depletion then observed after SZ
exposure, without inducing long-lasting functional
impairment, rule out this possibility.

Another possibility is related to SZ-induced
alkylation of the O®%position of guanine [10]. Indeed,
particular attention has been focused on alkylation
at this position, since OS-alkylguanine residues in
DNA can persist for long periods in some tissues
and have been shown to be correlated with

mutagenesis and tumor induction [36,37]. DNA
methylation at specific sites of the genome (e.g.
promotor regions) is also causally related to gene
inactivation [38], and it could be envisaged that SZ
long-term deleterious actions are related to DNA
methylation, especially at the exocyclic atom of
guanine. The observation that MMS, an alkylating
agent which induces similar amounts of N-7
methylguanine and N-3 methyladenine as methyl-
nitrosoureas but induces less alkylation at the O°-
position of guanine [14], could not induce long-
lasting suppression of islet function is in line with
this hypothesis. However, there is another important
difference between SZ and MMS to be considered,
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Fig. 2. Effects of MMS (4 mM), NMU (6 mM) and SZ (1.5mM) on islet NAD + NADH content
immediately and 6 days after exposure. Values are given as means = SEM of 7-8 experiments.

*P < 0.001 when compared to respective controls, using paired f-test.

Table 3. Effects of MMS (4 mM), NMU (6 mM) and SZ (1.5 mM) on islet content of
cytochrome b mRNA, insulin mRNA, glucagon mRNA and mitochondrial DNA on

day 6
mRNA or DNA MMS NMU sz
(% of the respective controls)
Cytochrome » mRNA 74 + 4% 62+ 11* 71 £ 9*
Insulin mRNA 104 + 16 107 + 41 67 + 14
Glucagon mRNA 29 + 5% 30 = 13* 7417
Mitochondrial DNA 42 = 14* 30+ 2% 7

The groups of islets were isolated and maintained in culture as described in the
legend to Table 1. The content of the different mRNAs was determined by dot blot
analysis and of mitochondrial DNA by Southern blot analysis, as described in Material
and Methods. The blots were evaluated by densitometric scanning and, after
normalization for islet DNA content, the values were expressed as percentages of the
respective control groups. The results are means = SEM of 3-5 experiments. *P < 0.05;
+P < 0.01 and P < 0.001 when compared to respective controls, using paired r-test.

namely that SZ possesses a glucose moiety which is
probably related to the specificity of the effects of
the drug to the pancreatic B-cells {1]. This specificity
was confirmed by the current data which show that
SZ affected to a larger extent the islet insulin mRNA
content, as compared to glucagon mRNA content.
To address this problem, NMU, the N-nitrosourea
derivative of SZ without glucose was also tested. As
already mentioned, NMU could not induce long-
lasting damage to the surviving B-cells. This suggests
that the key issue for understanding the action of
SZ is not only the purine position that will be
alkylated but the possibility that the alkylating agent,
i.e. N-nitrosourea, when coupled to glucose will be
targeted to specific intracellular sites of the B-cells
related to glucose-induced insulin release [39].

Our previous studies suggested that chronic
impairment in mitochondrial function was a
consequence of SZ exposure [3, 4, 6]. Nitrosourea
scan alkylate both nuclear and mitochondrial DNA
[40, 41], and the findings that SZ treatment induced
a clear decrease in the mitochondrial encoded
cytochrome b mRNA, cytochrome b DNA and
mitochondrial DNA were in good agreement with a

S$Z-mediated damage to the mitochondrial DNA.
Furthermore, in accordance with the above described
“targeting hypothesis”, mitochondrial DNA could
be a primary target of the N-nitrosourea coupled to
glucose, i.e. SZ. The observations that NMU and
MMS also decreased the cell content of mitochondrial
DNA without inducing a long-lasting impairment in
cell function suggest that either damage to
mitochondrial DNA is not the complete explanation
for the actions of SZ or that the effects of MMS and
NMU are mainly confined to non-B-cell populations.
Indeed, when the long-term effects of these drugs
on glucagon mRNA were tested, MMS and NMU
but not SZ induced a marked decrease in the content
of this messenger, suggesting targeting of these
compounds to peripheral A-cells. The volume
fraction of B-cells in mouse islets maintained in
culture for 6-7 days, under similar conditions as
used in the present experiments, is around 75% [8]
and it is conceivable that severe damage to the
remaining 25% non-B cell population by NMU and
MMS can affect measurements of total islet
mitochondrial mMRNA and DNA.. The reasons behind
this apparently preferential effect of MMS and NMU
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Fig. 3. Southern blot analysis of mouse islets six days after
exposure to SZ (1.5 mM), MMS (4 mM) or NMU (6 mM).
DNA was digested with EcoRI and hybridized to the
mitochondrial DNA probe. The lines indicate the positions
23, 9.4, 6.6 and 4.4 kb (top to bottom). The experiment is
representative of three to four separate experiments (see
densitometric quantification in Table 3). Lane 1, controls;
lane 2, SZ; lane 3, MMS; lane 4, NMU.

on A-cells remains to be clarified. One possibility is
that A-cells located in the periphery of the islets
could be slightly more exposed to the drugs than the
B-cells located in the islet core.

It has been shown that SZ treatment also induces
a chronic impairment in the expression of two genes
coded at the nuclear level, i.e. the insulin and the
adenine nucleotide translocator genes [3,42].
Although these findings could be secondary to an
impaired substrate metabolism due to mitochondrial
damage, they raise the possibility that long-lasting
nuclear DNA damage could be a simultaneous
consequence of SZ exposure. The possibility of $Z-
induced damage to other cell components, besides
the mitochondrial genome, could perhaps explain
the observed discrepancies between the effects of
SZ and the other alkylating agents. Finally, other
SZ actions independent of genomic damage cannot
be excluded, like activation of the xanthine oxidase
system and generation of oxygen free radicals [43].

As a whole, the present data suggest that further
clarification of the molecular mechanisms behind
S$Z-induced B-cell damage demands new experiments
aimed at an improved characterization of the
mechanisms behind preferential genetic damage to
and repair of the B-cells [44].
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