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Activation of 1,2-dimethylhydrazine (DMH) by pro-
longed auto-oxidation (24-h) induced proliferation of
mouse fibroblasts at low hydrazine concentrations
(0.1-1.0 mM) as determined by [*H-methyl]-thymidine
uptake of confluent quiescent cells. Incubations were
performed under conditions in which alkyl radicals
are slowly formed by DMH auto-oxidation. The prolif-
erative stimulus induced by DMH auto-oxidation com-
plements that induced by insulin, PMA, and EGF. Inhi-
bition by the iron chelators, o-phenanthroline and de-
sferrioxamine, demonstrates that the induction of the
proliferative effect is dependent on simple iron com-
plexes. Proliferation was also inhibited by superoxide
dismutase, catalase, and mannitol, implicating reac-
tive oxygen species, although superoxide dismutase
and catalase also inhibited alkyl radical formation, as
determined by spin-trapping. These results suggest
that cell proliferation induced by DMH auto-oxidation
is mediated by reactive oxygen species, mainly the hy-
droxyl radical, and is dependent on simple iron com-
plexes, possibly involving the Fenton reaction. o 1997
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Several hydrazine derivatives have pharmacological
applications such as anti-depressants (phenelzine),
anti-hypertensive agents (hydralazine), anti-cancer
agents (procarbazine) or anti-tuberculosis drugs (isoni-
azide) (1, 2). However, they also have toxic side effects,
including carcinogenic and mutagenic properties (3, 4).
DMH is a potent carcinogen, widely used as a model

Abbreviations used: DMH, 1,2-dimethylhydrazine.2HCI; DTPA,
diethylenetriaminepentaacetic acid; POBN, «a-(4-pyridyl-1-oxide)-N-
tert-butylnitrone; DBNBS, 3,5-dibromo-4-nitrosobenzenesulfonic
acid; DMPO, 5,5-dimethyl-1-pyrroline N-oxide; Tempol, 4-hydroxy-
2,2,6,6-tetramethyl-piperidine-N-oxyl; SOD, superoxide dismutase;
ESR, electron spin resonance; PMA, phorbol-12-myristate-13-ace-
tate; EGF, epidermal growth factor; FCS, fetal calf serum; DMEM,
Dulbecco’'s modified Eagle's medium; TCA, trichloroacetic acid.
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for colon cancer. Hydrazine derivatives are extensively
metabolized in vivo and their toxicity has been ascribed
to metabolism-generated reactive intermediates such
as alkyldiazonium ions (5-7), carbon-centered radicals
(8-11) and reactive oxygen species (12, 13).

The importance of de-regulated cell proliferation in
the induction of malignant transformation is well es-
tablished (14) and increased cell division has been con-
sidered to have a role in the mechanisms of carcinogen-
esis induction (15). On the other hand, it has been pro-
posed that the establishment of a pro-oxidant state
could have a role in chemical carcinogenesis (16, 17)
and proliferative properties have been demonstrated
for reactive oxygen species (18, 19). Administration of
DMH to rats has been shown to first inhibit and then
increase DNA synthesis in the colonic tissue with con-
current reduction of cAMP levels and increase in type
I protein kinase activity (20). Activation of protein ki-
nase C upon administration of DMH to rats has also
been demonstrated (21). The induction of a pro-oxidant
state by hydrazine derivatives and/or their metabo-
lites, with the expression of proliferative properties,
could constitute another mechanism which contributes
to the carcinogenic properties of these compounds.

Our recent studies have demonstrated that mono
and di-substituted hydrazines, activated by three dif-
ferent oxidation systems to generate alkyl radicals, in-
duced increased cytotoxicity to mouse fibroblasts, an
effect that correlated with alkyl radical formation, as
measured by ESR/spin-trapping (22). In these studies,
an apparent proliferative process occurring at low hy-
drazines concentrations was observed upon activation
of these compounds by incubation in a 24 h auto-oxida-
tion system. Here we further investigated the prolifera-
tive properties of DMH using a proliferation assay in
which [*H-methyl]-thymidine uptake of confluent qui-
escent cells was measured during the 24-h incubation
period with the hydrazine derivative and different
scavengers were used in order to identify the reactive
species involved in this process.
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MATERIALS AND METHODS

Chemicals. The following reagents were obtained from commer-
cial sources: DMH, DMEM, DTPA, POBN, DBNBS, DMPO, Tempol,
SOD from bovine erytrhocytes, catalase from bovine liver, desferriox-
amine, and o-phenanthroline were from Sigma Chemical Co
(St.Louis, MD, USA). [*H-methyl]-thymidine was from Amersham.
FCS was from Cultilab (Campinas, Sao Paulo, Brasil). Hydrazine
derivatives stock solutions were prepared immediately before use in
DMEM containing 0.1 mM DTPA. Milli-Q (Millipore) grade water
was used throughout.

Cells and culture conditions. The Myc 9E transfectant cell line
(gently provided by Dr. Mari C. S. Armelin) was derived from a Balb/
¢-3T3 (clone A31) by over-expression the mouse c-myc proto-oncogene
(23). These cells display normal cell morphology and have constitu-
tive c-myc expression to levels comparable to PDGF-stimulated Balb/
¢-3T3 cells (23). Cells were routinely cultured from stock cells stored
in liquid nitrogen. Cultures were maintained in tissue culture dishes
in DMEM supplemented with 10% fetal calf serum without antibiot-
ics, in a humidified 5% CO, atmosphere at 37°C and subcultured
twice a week, before reaching confluence.

Treatment of mouse fibroblasts with activated hydrazine deriva-
tives. Confluent quiescent Myc 9E cells seeded in 24-well trays, 3
days before treatment, were rinsed with PBS and incubated with
increasing concentrations of DMH in 0.3 mL of DMEM containing
0.1 mM DTPA, 0.5% FCS and 0.5 uCi/mL [*H-methyl]-thymidine for
24 h at 37°C in a 5% CO, atmosphere.

Proliferation assay. Cultures were seeded 3 days before treat-
ment at 2.5x10* cells/well in 24-well trays. Upon confluence, cells
were made quiescent by lowering the FCS concentration to 0.5% for
24 h. Following treatments, the reaction mixtures were immediately
removed, cells were rinsed with PBS, and lysed with 0.5 N NaOH
at 65°C for 15 min. The supernatants were transferred to pieces of
thick filter paper and serially washed with 5% TCA, ethanol (twice)
and acetone, air dried and the radioactivity incorporated into DNA
was determined in a scintillation counter. Three independent experi-
ments were performed in sixtuplicate.

Electron spin resonance studies. Standard reaction mixtures con-
taining DMH, 1 pg/mL insulin, 0.1 mM DTPA, 0.5% FCS and 100
mM POBN in DMEM were incubated at 37°C in a humidified 5% CO,
atmosphere for 24 h. Aliquots (100-200 pL) taken from the incubation
mixtures were transferred to flat quartz cells. Spectra were recorded
at room temperature on a Bruker ER 200D-SRC spectrometer. The
concentration of POBN-radical adducts was calculated by double in-
tegration using Tempol as standard.

RESULTS AND DISCUSSION

Proliferation Induced by DMH Autooxidation

We had previously observed that prolonged incuba-
tion (24 h) with low concentrations of hydrazine deriva-
tives induced an apparent proliferative effect on mouse
fibroblasts (A31 or Myc 9E) and cytotoxicity became
evident at higher concentrations, correlating with alkyl
radical formation (22). Incubations were performed in
DMEM and DTPA, as to produce alkyl radicals slowly
for 24 h by auto-oxidation, and DMH auto-oxidation
led to a 10-fold increase in methyl radical formation
(when compared to 1 h incubations) as determined by
ESR/spin-trapping (spectra as in 11)(22) Growth of
sub-confluent cells was measured by [*H-methyl]-thy-
midine uptake after treatment with the hydrazines. In
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FIG. 1. DNA synthesis stimulation of mouse fibroblasts induced
by prolonged treatment (24 h) with DMH: Effect of proliferation sup-
plements. Confluent quiescent Myc 9E cells were incubated with
increasing concentrations of DMH in DMEM containing 0.1 mM
DTPA, 0.5% FCS, and the following hormones and/or growth factors:
1 pg/mL insulin and/or 10 ng/mL EGF and 0.5 nCi/mL [*H-methyl]-
thymidine for 24 h at 37°C in a 5% CO, atmosphere. The radioactivity
incorporated into DNA was determined as described in Materials
and Methods. Standard deviations were between 10 and 15%.

order to better characterize this proliferative response,
here we use an assay in which DNA synthesis of pre-
viously confluent and quiescent cells is measured upon
prolonged incubation with DMH. Myc 9E cells were
used because the response is more pronounced in this
cell line. It can be observed that also in quiescent cells,
low concentrations of DMH induce DNA synthesis mea-
sured by [*H-methyl]-thymidine incorporation (Figure
1). This effect was observed between 0.1 and 1.0 mM
DMH and varied between 15 and 30% in different ex-
periments. This variation can be due to cytotoxic and
proliferative processes competing in opposite direc-
tions.

Effect of Proliferation Complements

Since the induction of proliferation or the triggering
of cell division involves the establishment of compe-
tence and progression, we evaluated the effect of DMH
in the presence of insulin, EGF and PMA. Both progres-
sion factors, like insulin and EGF (Figure 1), and the
competence factor, PMA (not shown), all stimulated the
proliferative process induced by DMH auto-oxidation.
These results indicate that DMH auto-oxidation could
be acting at the level of both competence and progres-
sion.

Effect of Free Radical Scavengers

In order to investigate the possible involvement of
carbon-centered or oxygen free radicals in the induc-
tion of the proliferative process by DMH auto-oxida-
tion, the proliferation assays were carried out in the
presence of spin-traps. No inhibition of the proliferative
effect was observed when incubations were performed



Vol. 234, No. 1, 1997

150

9 4
S
'.g 1004
T
(=3
3
o 751
o
£
-
T 50
T —o— DMH treatment
254 —— + o-phenanthroline
-0~  + desferrioxamine

T T T T
0.5 1.0 1.5 2.0

DMH Concentration (mM)

FIG. 2. DNA synthesis stimulation of mouse fibroblasts induced
by prolonged treatment (14 h) with DMH: Effect of iron chelators.
Confluent, quiescent Myc 9E cells were incubated with increasing
concentrations of DMH in DMEM containing 0.1 mM DTPA, 0.5%
FCS, and the following iron chelators: 2 uM o-phenanthroline or 0.1
mM desferrioxamine and 0.5 yCi/mL [*H-methyl]-thymidine for 14
h at 37°C in a 5% CO, atmosphere. Incubations were maintained for
14 h due to toxicity of the chelators. The radioactivity incorporated
into DNA was determined as described in Materials and Methods.
Standard deviations were between 10 and 15%.

in the presence of POBN and DBNBS, which are effi-
cient in detecting alkyl radicals (24) (not shown). Un-
fortunately, DMPO, which is very efficient in detecting
oxygen radicals, was too toxic under these conditions.
However, we cannot rule out the involvement of free
radicals in DMH-induced proliferation due to possible
inaccessibility of the spin-traps to the site of free radi-
cal formation.

Effect of Iron Chelators

In view of the possible catalysis of DMH oxidation
by transition metals, incubations were carried out in
the presence of o-phenanthroline, a compound known
to complex and remove iron from DNA, or desferrioxa-
mine, a peptide which binds iron with a very high con-
stant but does not penetrate all types of cells (25). Nei-
ther compound removes iron from the active sites of
enzymes. Iron chelation with either compound elimi-
nates or greatly inhibits the proliferative process in-
duced by DMH auto-oxidation (Figure 2), although they
neither inhibit substantially methyl radical formation
(Table 1) nor alter DMH cytotoxicity (Figure 2). These
results indicate that, in this system, iron is not im-
portant in the oxidation of DMH to methyl radicals
(the reaction mixture already contains DTPA), but acts
mainly in the subsequent steps leading to proliferation.
In addition, these results suggest that methyl radicals
are not likely to be involved in the induction of prolifer-
ation, but are in agreement with our previous results
implicating alkyl radicals in the cytotoxicity of acti-
vated hydrazine derivatives.
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TABLE |

Relative Methyl-POBN Radical Adduct Formation upon
DMH Auto-Oxidation

Methyl-POBN

radical adduct?®
System (%)
DMH 24 h* 100
+0-Phenanthroline (2 uM) 79
+Desferrioxamine (0.1 mM) 89
+SOD (20 ug/mL) 34
+Albumin (20 pg/mL)° 80
+Catalase (0.5 pg/mL) 52
+Albumin (0.5 pg/mL)¢ 80
+Mannitol (300 uM) 100

#Values are means of two independent determinations. Differ-
ences between determinations were below 10%. Radical concentra-
tions were calculated as described in Materials and Methods.

P The standard reaction mixtures containing 5 mM DMH, 0,1 mM
DTPA, 1 pg/mL insulin, and 100 mM POBN were incubated in
DMEM with 0.5% FCS for 24 h at 37°C in a 0.5% CO, atmosphere.

¢ Albumin concentration was the same as SOD to evaluate the
protein effect.

4 Albumin concentration was the same as catalase to evaluate the
protein effect.

Effect of Reactive Oxygen Species Scavengers

Reactive oxygen species have been implicated in the
toxicity of hydrazine derivatives and have also been
shown to induce cell proliferation at low doses (18,19).
The reactive oxygen species scavengers, SOD (superox-
ide anion), catalase (H,O;) or mannitol (hydroxyl radi-
cal), all inhibited the proliferative effect induced by
DMH auto-oxidation (Figure 3). SOD and catalase, but
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FIG. 3. Proliferation of mouse fibroblasts induced by prolonged
treatment (24 h) with DMH: Effect of reactive oxygen species scaven-
gers. Confluent, quiescent Myc 9E cells were incubated with increas-
ing concentrations of DMH in DMEM containing 0.1 mM DTPA,
0.5% FCS, and the following scavengers: 20 ug/mL SOD (3750 U/
mg) or 0.5 pug/mL catalase (10,000-25,000 U/mg) or 300 M mannitol
and 0.5 uCi/mL [*H-methyl]-thymidine for 24 h at 37°C in a 5% CO,
atmosphere. The radioactivity incorporated into DNA was deter-
mined as described in Materials and Methods. Standard deviations
were between 10 and 15%.
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not mannitol, also substantially inhibited methyl radi-
cal formation in this system (Table I), but the experi-
ments with the iron chelators have ruled out the
involvement of methyl radicals in this proliferative pro-
cess (Figure 2, Table 1). These results strongly suggest
the involvement of an iron catalyzed reduction of H,0,
to hydroxyl radicals (Fenton reaction (26)), since both
mannitol and iron chelators inhibit the proliferative
process.

Our results implicate reactive oxygen species, mainly
the hydroxyl radical, in the induction of cell prolifera-
tion, which may be generated by the iron-catalyzed re-
duction of H,0, formed during DMH auto-oxidation.
Thus, hydrazine-induced proliferation may be medi-
ated by reactive oxygen species and could constitute
another mechanism in the carcinogenic properties of
these derivatives.
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