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Summary. Both streptozotocin and chlorozotocin, the 2-chlo-
roethyl analogue of streptozotocin, are diabetogenic chemi-
cals in rodents. Although these chemicals are similar structur-
ally, they appear to act on pancreatic B cells via different
mechanisms [1, 2]. In studies here, damage and repair of DNA
after exposure of an insulin-secreting cell line to streptozoto-
cin and chlorozotocin were assessed by nucleoid sedimenta-
tion and alkaline elution. Equitoxic concentrations of strepto-
zotocin and chlorozotocin caused significant single-strand
breakage of DNA (p<0.005). These lesions were repaired in a
time-dependent manner, with most repair completed by 24-h
post-exposure to chemicals. Additionally, chlorozotocin
caused DNA-DNA and DNA-protein crosslinks in insulino-
ma cells. When proteinase K was included in the crosslinking

assay, a substantial proportion of the chlorozotocin-associat-
ed crosslinks proved to be DNA interstrand in nature. Analy-
sis of the amount of interstrand crosslinking in insulinoma
cells after exposure to chlorozotocin for 1 h showed that for-
mation of interstrand crosslinks was slow. Increasing amounts
appeared over a 24-h period. These results suggest that the
formation of irreversible DNA interstrand crosslinks may be a
critical factor in cytotoxicity and diabetogenicity caused by
chlorozotocin.
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Streptozotocin (SZ) and chlorozotocin (CLZ) are
glucose-containing analogues of the N-nitroso com-
pounds, methylnitrosourea (MNU) and chloroethylni-
trosourea. Streptozotocin is a well-documented diabe-
togenic agent in laboratory animals [review, 3] and is
selectively toxic to B cells in comparison to pancreatic
fibroblasts in vitro [2]. Recent studies by this laboratory
have shown that CLZ exhibits a tropism similar to SZ
towards pancreatic B cells in culture [2] and is diabeto-
genic in hamsters and mice [1, 4].

The reason for the specificity of SZ and CLZ for
B cells is unclear, although several studies imply that the
presence of the glucose moiety is important. For exam-
ple, SZ-induced diabetogenicity in rodents is ameliorat-
ed after administration of 3-0-methylglucose or 2-de-
oxyglucose, analogues of glucose [5-7]. In addition, the
administration of equivalent amounts of SZ in compari-
son to its non-glucose containing analogue, MNU, re-
sults in a 3.8-fold higher accumulation of SZ in insular
tissue [3]. Thus, data suggest that the specificity of CLZ
for pancreatic B cells also may be related to the pres-
ence of glucose in its chemical structure.

The cytotoxic effects of SZ are thought to be related
to a depletion of pyridine nucleotides, specifically
NAD, in B cells [8-10]. After breakage of DNA, activa-
tion of the nuclear enzyme, ADP ribosyltransferase, and

enzyme using NAD as a substrate, occurs. Subsequent-
ly, reduction of levels of NAD in the B cell is associated
with cell death [10]. In support of this hypothesis, break-
age of DNA and reduction of NAD caused by SZ in is-
let cells can be prevented by administration of inhib-
itors of ADP ribosyltransferase such as nicotinamide
and picolinamide [11, 12]. Diabetes also is prevented in
animals when inhibitors of ADP ribosyltransferase are
administered with SZ[1, 4, 9, 13].

In comparative studies using SZ and CLZ, no allevi-
ation of diabetogenicity caused by CLZ in hamsters is
observed with use of nicotinamide [1]. Moreover, addi-
tion of nicotinamide prevents SZ- but not CLZ-induced
injury to B cells in vitro [2]. These studies indicate that
the cytotoxic effects of CLZ and SZ may involve differ-
ent mechanisms. Like SZ, the N-nitroso component of
CLZ is capable of spontaneously decomposing under
physiological conditions into two reactive products -
these can be alkylate or carbamoylate nucleophilic sites
[14, 15]. The major alkylating product, chloroethyl car-
bonium ion, may form chloroethyl adducts with nucleic
acids and proteins. These chloroethyl adducts then can
act as alkylating agents capable of reacting with a sec-
ond nucleophilic site by eliminating C1~ [16, 17]. As a
consequence, covalent crosslinks can occur between
complementary strands of DNA and/or between DNA



B. Mossman et al.: Effects of diabetogenic drugs on DNA

and protein. Both types of crosslinks have been detect-
ed in other cell types exposed to various chloroethylni-
trosoureas using the alkaline elution technique [18, 19].

In light of the above data, we speculated that the
toxic effects of CLZ in pancreatic B cells might involve
both alkylation of DNA bases at specific sites and the
subsequent formation of DNA-interstrand and DNA-
protein crosslinks. Since it is difficult to obtain suffi-
cient amounts of DNA from normal pancreatic B cells
to allow these quantitative studies, a clonal isolate of a
rat insulinoma cell line (RINr clone 38) was used. This
study investigates the formation of DNA breaks and
crosslinking in RINr cells after exposure to either strep-
tozotocin or chlorozotocin.

Materials and methods

Cell culture

Insulinoma cells (obtained from Dr. William Chick, University of
Massachusetts Medical School, Worcester, MA, USA) were main-
tained as monolayers in M-199 medium supplemented with mycosta-
tin (25 U/ml), 10% fetal calf serum (Gibco, Grand Island, NY, USA),
gentamycin (100 pg/ml) and glucose (100 mg/dl). The specific clone
(RINr clone 38) used in studies here was selected because it secretes
insulin in relatively large amounts. These cells were subcultured by
gentle trypsinization twice weekly. For alkaline elution assays, insu-
linoma cells were split 24 h prior to each experiment and seeded at a
density of 10° cells/60 mm dish in the presence of methy-*H-thymi-
dine (43 Ci/mmol/l, Amersham; final concentration 0.2 uCi/ml me-
dium). Radiolabeled medium was removed and replaced with fresh
medium 4 h prior to each experiment.

Experimental protocol

Streptozotocin (Sigma Biochemicals, St. Louis, MO, USA) was pre-
pared as 0.1 mol/1 solution in citrate buffer (pH 4.5) and diluted in
Earle’s buffered salt solution before adding to cells. This procedure
yielded a solution with a pH within the range of 6.8-7.0. Chlorozoto-
cin (a gift from Dr. Robert Engle, National Cancer Institute, Bethes-
da, MD, USA) was dissolved in dimethyl sulfoxide and also diluted in
salt solution. The final medium was adjusted to give a concentration
of 1% (v/v) dimethyl sulfoxide or citrate. Cells were incubated with
drugs at 37 °C for 1 h before preparation for nucleoid sedimentation,
alkaline elution or re-incubation in drug-free medium for various pe-
riods. Control dishes received mock treatment with appropriately di-
luted citrate buffer or DMSO. Concentrations of drugs selected for
experiments were those producing a statistically significant decrease
in immunologically reactive insulin release during a 48-h period
(Table 1).

For alkaline elution studies, cells receiving x-irradiation were har-
vested using a rubber policeman and resuspended in 1 ml rinsing buf-
fer (75mmol/l NaCl, 24 mmol/! Na,EDTA, pH7.0). Cells were
placed on ice immediately and were exposed to 300 rad X-rays at a
dose rate of 50.9 rad/min (1.2 MeV® Co source, Theratron Jr. Atomic
Energy of Canada Ltd., Toronto).

Nucleoid assay

Nucleoid assays were performed as described by LeDoux and Wilson
[20]. Gradients of 15-30% sucrose, 1.95mol/1 NaCl, 0.01 mol/1 Tris,
and 0.001 mol/1 EDTA (pH 8.0) were prepared in 4.6 ml polyallomer
tubes using a Buchler density gradient maker. A 0.5 ml aliquot of 60%
sucrose was used as a cushion. Lysis solution (150 ul containing
2.6 mol/1 NaCl, 0.133 mol/1 EDTA, 2.6 mol/1 Tris, and 0.345% Triton
X-100) was then layered gently onto the gradients. Following trypsini-
zation, the cells were resuspended in 50 pl of ice-cold 0.01 mol/1 phos-
phate buffered saline (0.01 mol/]1 monobasic sodium phosphate,
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0.01 mol/1 dibasic sodium phosphate in 0.875 mol/1 NaCl solution at
pH 7.4). Subsequently, this suspension was layered gently on top of
the lysing solution. After a 30 min lysis period in the dark, the gra-
dients were centrifuged for 30 min at 25,000rpm at 20°C using a
Sw55Ti rotor in an ultracentrifuge (Beckman Model L-2, Palo Alto,
CA, USA). Gradients were pumped through a continuous flow cell in
an (ISCO Model UAS, Lincoln, NE, USA) absorbance monitor, and
absorbance was monitored at 254 nm. The migration ratio was calcu-
lated as the distance migrated by damaged nucleoids relative to the
distance migrated by undamaged control nucleoids.

Alkaline elution

Alkaline elution assays were performed as described by Ireland et al.
[21]. Cells were harvested into 1 ml rinsing buffer and applied to 2 um
pore size PVC filters (Millipore, type BSWP) in 2.5 ml lysing solution
(2 mol/1 NaCl, 20 mmol/1 Na,EDTA, 0.2% sarkosyl, pH 9.0). A7.5 ml
lysing solution then was pumped through the filters followed by 10 ml
of EDTA solution (20 mmol/l1 Na,EDTA, pH9.0). The DNA was
then eluted with tetrapropylammonium hydroxide solution contain-
ing 20 mmol/1 H;EDTA, pH 12.15, at a flow rate of 2 mi/h. The elu-
tion procedure was carried out in the dark at a constant temperature
of 27°C. In experiments using proteinase K, a concentration of
100 ug/ml was present in the lysing and EDTA solutions. Hourly
fractions were collected for 16 h and neutralized with 50 ul glacial
acetic acid. Radioactivity was determined by counting in 10 ml Insta-
gel (Packard, Downers Grove, IL, USA). At the end of elution, filters
were removed and heated at 80 °C for 30 min with 5 ml IN HCL. They
then were cooled and incubated for 30 min with 0.5ml of 1mol/1
NaOH. Filters were neutralized with 10 pl glacial acetic acid and
counted in 10 ml Instagel. Results are expressed as the fraction of ra-
dioactivity remaining on the filter at given elution times. Apparent in-
terstrand crosslink frequency in rad equivalents was determined using
the formula of Ewig and Kohn [19]:

(1-1)/(1-f) —1 x300R

where 1, and r are the fractions of DNA remaining on the filter after
12 h of alkaline elution for control and drug-exposed cells, respecti-
vely.

Statistical analysis

All data from experiments described above are expressed as the
mean + standard error for each group. Data were compared using the
Student’s t-test for unpaired samples. A value of p<0.005 was consid-
ered significant.

Results

Cytotoxicity of chemicals

Cytotoxicity studies were performed using release of
immunologically reactive insulin as a measure of cellu-
lar function. RINr cultures were exposed to log doses of
SZ and CLZ ranging from 1072-10~3mol/l. The re-
lease of immunologically reactive insulin after exposure
of cells to various concentrations of SZ and CLZ is
shown in Table 1. Whereas slight toxicity was observed
at 48 h with use of SZ at 10~?mol/1, CLZ was more po-
tent. Toxicity of RINT cells was noted at concentrations
of CLZ as low as 10~ mol/1.

Nucleoid assays

Changes in nucleoid sedimentation were used to assess
DNA damage induced by either CLZ or SZ. Nucleoids
are structures which result when cells are lysed in the
presence of nonionic detergent and high salt concentra-
tions. They resemble nuclei and contain all the nuclear
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DNA and some of the RNA, but are essentially deplet-
ed of protein. As nicks are made in supercoiled DNA, a
more relaxed and open structure results in a decreased
rate of sedimentation of the nucleoids. Values are ex-

Table 1. The effects of streptozotocin (SZ) and chlorozotocin (CLZ)
on immunologically reactive insulin release from insulinoma cells

mU Insulin released/culture?

Incubation conditions SZ CLZ
48 h Pre-treatment
Control 0.9+0.02 1.7+0.04
Concentration
10~ 2mmol/1 0.9+0.02 —
103 mmol/1 0.9+0.02 1.8+0.00
10-*mmol/1 1.0+0.02 1.7£0.02
10~ mmol/1 — 1.7+0.03
48 h Post-treatment
Control 6 +03 31£02
Concentration
10~? mmol/1 4 +0.5*% -
10~3 mmol/1 8 +05 0.4+0.03*
10~*mmol/1 9 04 0.7 +£0.02*
10~ mmol/1 - 1.9+£0.20%

2 RINr clone 38 cells were exposed for 1 h to SZ or CLZ. Control cul-
tures were exposed to HBSS containing 1% citrate phosphate buffer
(pH4.5) or 1% DMSO respectively. Culture medium was collected
from individual wells before addition of chemicals (pre-treatment
group) and at 48 h thereafter. Results are expressed as mU (mean *
SEM) of IRI released in each culture dish (n=6 per group). Experi-
ments were performed in duplicate. 2 A value of p<0.005 as deter-
mined by the Student’s t-test for unpaired samples was considered
statistically significant
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pressed as migration ratios calculated by the distance
migrated by damaged nucleoids relative to the distance
migrated by undamaged control nucleoids. In studies
here, the rate of sedimentation of nucleoids decreas-
ed as the concentration of SZ increased from
10~*-10~2mol/1 (Fig.1A). Concentrations of SZ less
than or equal to 10~%mol/1 did not affect sedimentation
velocity significantly, whereas CLZ at 10~*mol/1
caused a significant decrease (p<0.005) in the migra-
tion ratio (Fig.1B).

Since both compounds appear to cause damage to
DNA, the repair of DNA also was of interest. The abili-
ty of RINTr cells to repair the nicks and regain the super-
coiled configuration after exposure to SZ is shown in
Fig.2 A. As early as 7 h after exposure to 103 mol/1 SZ,
the migration of nucleoids was no longer significantly
different from undamaged controls. In contrast, repair
of lesions caused by 10~*mol/l1 CLZ was slower, as
demonstrated by a migration ratio at 14 h that remained
significantly different (p<0.005) from that of control
nucleoids (Fig.2 B).

Total DNA crosslinking

The technique of alkaline elution allows an estimation
of the fragmentation of high molecular weight DNA by
measurement of the rate at which DNA elutes in alka-
line solution from PVC filters [22]. The elution of DNA
is affected by both DNA interstrand crosslinking and
DNA-protein crosslinks [23]. In crosslink assays here,
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Fig.1A and B. Changes in nucleoid sedimentation after a 1-h exposure of insulinoma cells to A SZ or B CLZ. Values are expressed as migration
ratios calculated by the distance migrated by damaged nucleoids relative to the distance migrated by nucleoids from control (untreated cells)
(Mean + SEM of 4 determinations per point). * = p<0.005
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Fig.2 A and B. Changes in nucleoid sedimentation at various periods of time after a 1-h exposure of insulinoma cells to A SZ or B CLZ. Values
are expressed as migration ratios calculated by the distance migrated by damaged nucleoids relative to the distance migrated by nucleoids from
control (untreated cells) (Mean £ SEM of 4 determinations per point). * p<0.005

cells were subjected to 300 R of X-rays at 0°C to intro-
duce random single-strand breakage of DNA. The re-
sulting single-strand population of DNA fragments in
control cells eluted with first order kinetics. After expo-
sure to SZ, the DNA of insulinoma cells eluted even
more quickly than that of control X-irradiated cells, in-
dicating an additive effect between the single strand
breaks in DNA caused by SZ damage and x-irradiation
(Fig.3A). No evidence of crosslinking was observed.
Following exposure of insulinoma cells to CLZ, how-
ever, the elution of x-irradiated DNA was slower than
that observed in control x-irradiated cells. Data in Fig-
ure 3 A were obtained using RINr cells exposed for 1h
to SZ or CLZ and allowing a 24 h post-incubation peri-
od in the absence of drugs, although similar profiles
were obtained after various post-incubation periods.
Under these conditions, the crosslinking effect of CLZ
could be due to both DNA-protein and DNA-inter-
strand crosslinks.

DNA interstrand crosslinking

The effect of DNA-protein crosslinking on alkaline elu-
tion can be eliminated with the use of proteinase K. Any
remaining decrease in the elution of treated irradiated
cells compared to control irradiated cells then can be at-
tributed to DNA interstrand crosslinking [23]. Fig-

ure 3 B shows the elution of DNA from RINr cells ex-
posed to SZ or CLZ and eluted in the presence of
proteinase K. In non-irradiated cells, SZ caused a sig-
nificant increase in elution rate, presumably due to sin-
gle strand breaks induced by alkylation of SZ to DNA,
but caused no evidence of crosslinking. Exposure of
cells to CLZ increased the elution rate of DNA slightly
in non-irradiated cells, an observation which agrees
with the finding that CLZ induces single-strand breaks
in DNA as measured by the nucleoid assay. When the
crosslink assay was performed after exposure of cells to
CLZ in the presence of proteinase K, a marked retarda-
tion of the elution rate of DNA was seen in comparison
to that observed in control irradiated cells. These data
indicate the presence of DNA interstrand crosslinks
caused by CLZ.

The rate of formation of CLZ-induced DNA inter-
strand crosslinks also was examined (Fig.4). At various
periods after exposure to 1073 mol/1 CLZ, RINr cells
were subjected to X-irradiation and alkaline elution in
the presence or absence of proteinase K. While the total
apparent crosslinking observed in RINr cells did not
vary greatly with the post-incubation period, the level of
interstrand crosslinking increased markedly between 6
and 24 h to levels of 40-50rad equivalents. After 48 h
post-incubation, marked necrosis and visible sloughing
of the cell layer had occurred. Thus, further measure-
ments were precluded.
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Fig.3 A and B. Results of alkaline elution studies after exposure of insulinoma cells to CLZ (10~ mmol/1) or SZ (10~ mmol/1). A Without addi-
tion of proteinase K. Cells were exposed to drugs for 1h and maintained in the absence of drugs for 24 h. 00 =untreated (control) cells without
exposure to X-rays. All other groups were exposed to 300R at 0°C. W =no drugs; A =CLZ at 107> mmol/1; @ =SZ at 10~>mmol/1. B With
addition of proteinase K. Open symbols =no x-ray exposure; filled symbols =exposure to 300 R at 0°C; Oand M =no drug; Aand A =CLZ at

10~*mmol/1l; Oand ® =SZ at 10~ ?mmol/1
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Fig.4. DNA interstrand crosslinking at various time periods after ex-
posure of insulinoma cells for 1h to CLZ (103 mmol/l). Apparent
crosslink frequency was calculated as described in [19]: ( v/(1-r, (1-1)
—1 X 300R, where 1, and r are the fractions of DNA remaining on
the filter

Discussion

In comparative studies with SZ, the mechanism of ac-
tion of CLZ, a diabetogenic and cancer chemothera-
peutic agent [24], was explored using quantitation of
DNA strand breaks and interstrand crosslinks in a B
cell-derived rat insulinoma cell line. Release of immu-
nologically reactive insulin from RINTr cells revealed
that these cells were sensitive to both drugs, although
CLZ was more toxic than SZ at identical concentra-
tions.

As shown in nucleoid assays, SZ, and especially
CLZ, alkylate the DNA of RINr cells. These findings
correlate well with the relative cytotoxicity of drugs as
measured here by inhibition of the release of immuno-
logically reative insulin. After examining the nucleoid
sedimentation at varying time intervals following expo-
sure to 10~3mol/1 CLZ or 10~2mol/1 SZ, it becomes
evident that the nicks are repaired and the DNA is su-
percoiled again by 24 h. However, repair in cells ex-
posed to CL.Z was slower than that observed in cells ex-
posed to SZ. While data here indicated that the majority
of DNA lesions are repaired rapidly by the B cell, spe-
cific adducts, like O®-methyl or -ethyl guanine, might
not be repaired as readily by this cell type. Thus, addi-
tional experiments to determine the nature and extent
of the remaining adducts are warranted. Work by others
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shows that methylating carcinogens (SZ, MNU) cause a
greater overall extent of DNA alkylation but a lower
proportion of O-alkylated DNA bases than ethylating
or chloroethylating agents at equimolar concentrations
[25].

When RINr cells were examined to determine cross-
linking by SZ, no crosslinking was observed. Exposure
to CLZ, however, caused significant amounts of total
DNA crosslinking. Under these conditions, a major
proportion of the crosslinks was due to CLZ-mediated
covalent binding between DNA strands. The formation
of these DNA interstrand crosslinks was slow, an obser-
vation consistent with the time course of formation of
DNA interstrand crosslinks by CLZ in other mamma-
lian cells [19]. In these situations, the crosslinking reac-
tion follows biphasic kinetics with a rapid initial but
slower second alkylation phase generating a bifunction-
al adduct between DNA strands. To enable formation
of interstrand crosslinks, the monoadduct must persist
in the DNA for a sufficient period of time for the sec-
ond reaction to occur. Thus, the repair of monoadducts
is an important factor in the extent of crosslink forma-
tion. Repair of adducts such as O°-ethylguanine does
not require excision repair but depends on the transfer
of the alkylation species onto a specific enzyme (O%-me-
thyltransferase) [26]. Although it remains to be deter-
mined, the degree of interstrand crosslinks produced by
CLZ in RINr cells suggests a defect in levels or activity
of this enzyme in these cell types.

This study shows that both CLZ and SZ alkylate the
DNA of insulinoma cells. Additionally, CLZ induces
the formation of both DNA-protein and DNA inter-
strand crosslinks. While formation of interstrand cross-
links may not be the only factor governing the enhanced
cytotoxicity of CLZ in RINr cells, it is reasonable to
speculate that these crosslinks are important in en-
hanced cellular damage by the compound.
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