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The toxicity of conventional nitroaromatic explosives like 2,4,6-trinitrotoluene (TNT) is
caused by their enzymatic free radical formation with the subsequent oxidative stress, the
formation of alkylating nitroso and/or hydroxylamino metabolites, and oxyhemoglobin oxida-
tion into methemoglobin. In order to get an insight into the mechanisms of toxicity of the
novel explosives NTO (5-nitro-1,2,4-triazol-3-one) and ANTA (5-nitro-1,2,4-triazol-3-amine),
we examined their reactions with the single-electron transferring flavoenzymes NADPH:
cytochrome P-450 reductase and ferredoxin:NADP* reductase, two-electron transferring fla-
voenzymes mammalian NAD(P)H:quinone oxidoreductase (DT-diaphorase), and Entero-
bacter cloacae NAD(P)H:nitroreductase, and their reactions with oxyhemoglobin. The reac-
tivity of NTO and ANTA in the above reactions was markedly lower than that of TNT. The
toxicity of NTO and ANTA in bovine leukemia virus-transformed lamb kidney fibroblasts
(line FLK) was partly prevented by desferrioxamine and the antioxidant N,N’-diphenyl-p-
phenylene diamine, and potentiated by 1,3-bis-(2-chloroethyl)-1-nitrosourea. This points to
the involvement of oxidative stress in their cytotoxicity, presumably to the redox cycling of
free radicals. The FLK cell line cytotoxicity and the methemoglobin formation in isolated
human erythrocytes of NTO and ANTA were also markedly lower than those of TNT, and
similar to those of nitrobenzene. Taken together, our data demonstrate that the low toxicity

of nitrotriazole explosives may be attributed to their low electron-accepting properties.
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Introduction

Conventional nitroaromatic explosives like
2,4,6-trinitrotoluene (TNT, Fig.1) are toxic to
mammalian species, causing damage to liver, kid-
ney, and spleen, as well as methemoglobinemia
and hemolytic crisis (Dilley er al., 1982; Djerassi,
1998). The mechanisms of toxicity of TNT and
other polynitroaromatics involve the oxidative
stress caused by the flavoenzyme-catalyzed free-

Abbreviations: NTO, 5-nitro-1,2,4-triazol-3-one; ANTA,
5-nitro-1,2,4-triazol-3-amine; TNT, 2,4,6-trinitrotoluene;
cLso, the concentration of compound for 50% cell sur-
vival; FNR, ferredoxin:NADP* reductase; P-450R,
NADPH:cytochrome P-450 reductase; NQO1, NAD(P)H:
quinone oxidoreductase; NR, NAD(P)H:nitroreductase;
ka1, catalytic constant; k,/K,,,, bimolecular rate constant;
Hb-Fe3*, methemoglobin; Hb-Fe?*O,, oxyhemoglobin;
DPPD, N,N'-diphenyl-p-phenylene diamine; BCNU, 1,3-
bis-(2-chloroethyl)-1-nitrosourea; AHf(ArNO,™), en-
thalpy of the single-electron reduction of the nitroaro-
matic compound.

radical formation and their redox cycling (Kong
etal., 1989; Cenas et al.,2001), the direct oxidation
of oxyhemoglobin (Hb-Fe?*O,) in erythrocytes
(Cossum and Rickert, 1987; Maroziené et al.,
2001), and the formation of nitroso- and/or hy-
droxylamino products of two-electron reduction
which may modify proteins and DNA, and induce
methemoglobin (Hb-Fe3*) formation (Facchini
and Griffiths, 1981; Leung et al, 1995; Homma-
Takeda et al., 2002).

Nitrotriazoles NTO (5-nitro-1,2,4-triazol-3-one)
and ANTA (5-nitro-1,2,4-triazol-3-amine) (Fig. 1)
represent explosives of a novel generation, se-
lected for their performance analogous to classical
explosives, and the concomitantly higher stability
against physical constraints (Sikder et al, 2001,
and references cited therein). Their processing is
accompanied by the release of wastewater with
high compound concentration (10-15 g/l NTO),
which may represent a potential threat to the envi-
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ronment (Le Campion ef al., 1999). However, the
biochemical and toxicological studies of NTO and
ANTA are almost absent, except the preliminary
toxicity data of NTO in mice or rats (London and
Smith, 1985), and the studies of the NTO micro-
bial degradation (Le Campion et al., 1999).

In this paper, we examined the enzymatic reac-
tions of NTO and ANTA relevant to their cytotox-
icity, i.e., their single- and two-electron reduction
by flavoenzymes, and oxyhemoglobin oxidation.
The low reactivity of NTO and ANTA in the
above reactions correlated with their low observed
mammalian cell cytotoxicity and methemoglobin
formation activity in erythrocytes in vitro.

Materials and Methods

NTO and ANTA were synthesized according to
the established methods (Sikder et al., 2001). The
purity of nitroaromatic compounds was deter-
mined using melting points, TLC, NMR, IR, and
elemental analysis. All the other compounds were
obtained from Sigma or Aldrich and used as re-
ceived.

The kinetic measurements were carried out
spectrophotometrically using a Hitachi-557 spec-
trophotometer in 0.1 M K-phosphate buffer
(pH 7.0) containing 1 mm EDTA at 25 °C, unless
specified otherwise. NADPH:cytochrome P-450
reductase (P-450R, EC 1.6.4.2) from pig liver was
prepared as described by Yasukochi and Masters
(1976), its concentration being determined using
e460 = 22 mm~! em~!. The activity of P-450R using
50 um cytochrome c as an electron acceptor (the
concentration of NADPH, 100 um) was deter-
mined using Aesso = 20 mM~! cm~!, and was equal
to 77 umol mg~! min~!. Ferredoxin:NADP* re-
ductase (FNR, EC 1.18.1.2) from Anabaena was
prepared as described by Pueyo and Gomez-Mo-
reno (1991) and was a generous gift of Dr. M. Mar-
tines-Julvez and Professor C. Gomez-Moreno
(Zaragoza University, Spain). The enzyme concen-
tration was determined using e450 = 9.4 mm~!
cm~!. The activity of FNR using 1 mum ferricyanide
as electron acceptor (the concentration of
NADPH, 200 um) was determined using Aeyny =
1.0mm~! em~!, and was equal to 330 umol mg~!
min~!. Rat liver DT-diaphorase (NQO1, EC
1.6.99.2) was prepared as described by Prochaska
(1988), its concentration being determined using
e460 = 11 mM~! cm~L. In the experiments with
NQOL1, 0.01% Tween 20 and 0.25 mg/ml bovine
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serum albumin were added as activators (0.01%).
The activity of NQOI1 determined according to the
rate of the menadione-mediated reduction of 50um
cytochrome ¢ (concentration of NADPH, 100 um;
concentration of menadione, 10 um) was equal to
3300 umol mg~! min~!. The recombinant Entero-
bacter cloacae NAD(P)H:nitroreductase (NR, EC
1.6.99.7) was prepared as described by Koder and
Miller (1998), and was a generous gift of Dr. R. L.
Koder and Professor A.-F. Miller (University of
Kentucky, Lexington, USA). The enzyme concen-
tration was determined using e454 = 143 mm~!
cm~L. The kinetic studies of NR were performed
in 0.1 m Tris-HCI (pH 7.0), containing 0.5 mm des-
ferrioxamine. The rates of enzymatic oxidation of
NADPH by nitroaromatic compounds were deter-
mined according to Aesyy = 6.2 mMm~'cm~!, at the
concentration of 100 um NADPH. The catalytic
constant (k.,) and the bimolecular rate constant
(keadK,,) of the reduction of nitroaromatics were
calculated from the Lineweaver-Burk plots. k., is
the number of NADPH molecules oxidized by the
single active center of an enzyme per second. The
rates obtained were corrected for the intrinsic
NADPH-oxidase activity of the enzymes. The rate
of oxygen consumption was monitored using a
Clark electrode.

The culture of bovine leukemia virus-trans-
formed lamb kidney fibroblasts (line FLK) was
grown and maintained in Eagle’s medium supple-
mented with 10% fetal bovine serum at 37 °C as
described previously (Cénas er al., 2001). In the
cytotoxicity experiments, cells (3.0 x 10%/ml) were
grown in the presence of various amounts of aro-
matic nitrocompounds for 24 h, and counted using
a hematocytometer with the viability determined
by the exclusion of Trypan blue. Before the count,
the cells were trypsinized.

The freshly prepared suspensions of erythro-
cytes from healthy patients obtained from Vilnius
Blood Transfusion Center were washed twice by
centrifugation, resuspended in 0.01 m K-phosphate
(pH 7.4) containing 0.137 M NaCl, 0.0027 m KCI,
10 mMm glucose and 1 mm EDTA, and stored at
4 °C for not more than 7-10d. For the kinetics
studies, the erythrocytes were lysed in a buffer so-
lution containing 40 ug/ml digitonin. The oxyhe-
moglobin (Hb-Fe?>*O,) concentration was adjusted
to 20um [es;; = 15mm'em~! (Winterbourn,
1985)]. The kinetics of methemoglobin (Hb-Fe3*)
formation were monitored according to the absor-
bance rise at 630 nm and the absorbance decrease
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at 577nm [degzy = 3.46mM'cm~!, Aes;; =
10.55 mm~'em~! (Winterbourn, 1985)] after the
addition of excess oxidant (molar ratio 1:10-100)
at 37 °C. Intact erythrocytes at 40% hematocrite
(40% v/v in buffer solution) were incubated with
300 um NTO or ANTA for 24 h. The aliquots of
the reaction mixture were lysed in a digitonin solu-
tion, the Hb-Fe?>*O, and Hb-Fe3* concentrations
(um) were calculated according to the absorbance
at 577 nm and 630 nm: [Hb-Fe?*O,] = 66 As;7,—80
A6307 and [Hb-FCS+] =279 A630—3.O A577 (Winter-
bourn, 1985).

In the semiempirical calculations of compound
heat formation (Hf) by the AMI1) and PM3
method, PC Spartan Pro (version 1.0.1, Wavefunc-
tion) was used. For all calculations, the geometries
were fully optimized. The enthalpy of nitroanion-
radical formation [AHf(ArNO,™)] was calculated
from equation (1), where ArNO, denotes the nit-
roaromatic compound, and ArNO, " denotes its
anion-radical:

AHf(ArNO,~) = Hf(ArNO,~) — Hf(ArNO,) (1)

The statistical analysis was performed using Sta-
tistica (version 4.3, StatSoft, 1993).

Results and Discussion

In this work, we examined the redox reactions
of NTO and ANTA (Fig. 1) which may be impor-
tant in their toxicity: i) single-electron reduction
by flavoenzymes dehydrogenases-electrontrans-
ferases NADPH:cytochrome P-450 reductase (P-
450R) and ferredoxin:NADP* reductase (FNR)
which are frequently used as model systems to
study the free radical formation of nitroaromatic
compounds and their redox cycling (Orna and
Mason, 1989; Cénas e al., 2001);

ii) their direct oxidation of oxyhemoglobin into
methemoglobin

CH;
O,N NO,
N—N N—N
O,N N OH O,N N NH,
H H
NO,
TNT NTO ANTA

Fig. 1. Structural formulae of explosives studied in this
paper.

NTO (ANTA) + Hb-Fe**O, — NTO~ (ANTA ) +
Hb-Fe3* + O, )

which may be partly responsible for the methemo-
globin formation by nitroaromatic compounds in
organism (Cossum and Rickert, 1987), and

iii) their two-electron reduction by rat
NAD(P)H: quinone oxidoreductase (DT-diapho-
rase, NQO1) and Enterobacter cloacae NAD(P)H-
:nitroreductase (NR). These enzymes reduce nit-
roaromatics to the corresponding hydroxylamines
in two subsequent two-electron transfer steps
(Knox et al., 1993; Koder and Miller, 1998). Al-
though the nitroreductase activity of NQO1 is low
even for electron-deficient compounds like TNT,
this enzyme may enhance the mammalian cell cy-
totoxicity of certain nitroaromatics (Knox et al.,
1993; Cenas et al., 2001). The occurrence of Enter-
obacter sp. in the gastrointestinal tract which is one
of the sources of the formation of toxic aromatic
hydroxylamines in mammals (Koder and Miller,
1998; Sabbioni and Jones, 2002, and references
cited therein), and the high sequence homology
between E. cloacae NR and other ‘oxygen-insensi-
tive’ bacterial nitroreductases, make FE. cloacae
NR a potential target of nitroaromatics with pos-
sible relevance to their toxicity.

The reaction rates of NTO and ANTA with
P-450R and FNR followed the linear dependence
on compound concentrations up to the limit of their
solubility (3.5 mm). The reactions were accompa-
nied by the consumption of a stoichiometric
amount of O, per mole of NADPH. FNR catalyzed
the reduction of added cytochrome c¢ (50 uM) by
NTO and ANTA, at a rate of 175-185% NADPH
oxidation. The reduction of cytochrome c was in-
hibited by 70—-80% by 30 ug/ml superoxide dismu-
tase. Taken together, the data indicate that NTO
and ANTA undergo P-450R- and FNR-catalyzed
redox cycling with the formation of superoxide:

P-450R, FNR

2 NTO (ANTA) + NADPH
2 NTO™ (ANTA~) + NADP* + H*  (3)
NTO- (ANTA™) + O,

NTO (ANTA) + O,~ (4

The kinetic parameters of redox reactions of NTO
and ANTA are presented in Table I. Typically, the
reactivity of P-450R, FNR, E. cloacae NR, and
Hb-Fe?*O, increases with an increase in the sin-
gle-electron reduction potential (E’,) of nitroaro-
matics (Orna and Mason, 1989; Nivinskas et al.,
2001; Maroziené et al., 2001). The E’, values of
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Table I. The enthalpies of single-electron reduction [AHf(ArNO,~)] of 5-nitro-1,2,4-triazol-3-one (NTO) and 5-
nitro-1,2 4-triazol-3-amine (ANTA), and their bimolecular steady-state reduction rate constants (k.. x.,) DY
NADPH:cytochrome P-450 reductase (P-450R), ferredoxin:NADP* reductase (FNR), NAD(P)H:quinone oxidore-
ductase (NQOW1), and Enterobacter cloacae NAD(P)H:nitroreductase (NR), and their rate constants of oxyhemoglo-
bin (Hb-Fe?*O,) oxidation (k). The values of catalytic constants (k.4 [s~!]) are given in parentheses when available.
The analogous parameters of 2,4,6-trinitrotoluene (TNT) and nitrobenzene determined in our previous works
(Cénas et al., 2001; Nivinskas et al., 2001; Maroziené et al., 2001) are given for comparison.

No. Compound AHf(ArNO,™) [kJ/mol]

kea K or k [M~'s71]

a)AMI  b)PM3 a) P-450R b) FNR ¢)NQOI d)NR ¢) Hb-Fe?*0,
NTO 24158  -23635 9.0%02x102  55+50 (= 0.09) 27 £3.0 (=3.0) 1L7%02x10* 0.08 +0.02
ANTA ~ 14829  —15949 17+02x10° 26+02x102  (=0.09) 29430 (=50) 79+06x10° 0.12 % 0.02
TNT ~30844 -31643 17+01x10° 1.0+0.1x105 (1L.0%01) 6.7 +0.7x10> (143 +22) 9.8 + 1.5x10° 3.30 + 0.25
Nitrobenzene - 16776 - 17208 28%03x10°>  11£20 (= 0.06) =24 (10 +1.3) 3.0+03x10* 0.10 % 0.02

NTO and ANTA are still unavailable, however,
the enthalpies of their free radical formation
[AHf(ArNO2~)] calculated by quantum mechani-
cal methods show that these compounds may be
weaker electron acceptors than TNT with E/, =
- 0.253 V (Riefler and Smets, 2000) (Table I). It
is evident that in both single- and two-electron re-
duction by flavoenzymes and in Hb-Fe>*O, oxida-
tion, the reactivity of NTO and ANTA is much
lower than that of TNT, and similar to that of
nitrobenzene [E’; = —0.485 V (Wardman, 1989)]
(Table TI).

Next, we examined the FLK cell cytotoxicity of
NTO and ANTA, and their methemoglobin for-
mation in erythrocytes (Table IT). It is evident that
NTO and ANTA are markedly less cytotoxic and
Hb-Fe3*-forming agents than TNT. Previously, we
have shown that the oxidative stress was the main
factor of cytotoxicity of TNT and other nitroaro-
matics in FLK cells, and that the compound cyto-

Table II. The concentrations of 5-nitro-1,2.4-triazol-3-
one (NTO), 5-nitro-1,2,4-triazol-3-amine (ANTA), 2,4,6-
trinitrotoluene (TNT), and nitrobenzene for 50% sur-
vival of FLK cells (cLsg), and the content of methemo-
globin (Hb-Fe3*) formed during 24 h incubation of
300 um compounds with erythrocytes at 40% hema-
tocrite (n = 3). The content of Hb-Fe3* in control eryth-
rocytes was 0.6+0.2%.

No. Compound cLso [um] Hb-Fe3* (%)
1.NTO = 3500 1.2 £ 03
2. ANTA 3000 £ 400 22 £05
3. TNT 25 £ 5.02 48.1 £ 6.3
4. Nitrobenzene 4370 £ 14702 1.1 £ 0.3

2 From Cénas et al. (2001).

toxicity increased with an increase in their E’,
value and/or reactivity in P-450R- and FNR-cata-
lyzed reactions (Cénas et al., 2001). The cytotoxic-
ity of NTO and ANTA is similar to nitrobenzene
(Table 1II) which possesses similar reactivity
towards P-450R and FNR (Table I). As in our pre-
vious studies of TNT and other nitroaromatics
(Cénas etal., 2001), the prooxidant character of
NTO cytotoxicity is evidenced by the partial pro-
tection by the antioxidant N,N’-diphenyl-p-phe-
nylene diamine (DPPD) (Ollinger and Brunmark,
1991) and the iron-chelating agent desferrioxa-
mine, the latter preventing the Fenton reaction
(Fig. 2). In contrast, 1,3-bis-(2-chloroethyl)-1-nit-

100

80 -

60 -

Viable cells (%)

20 -

Fig. 2. The effects of DPPD (2 um), desferrioxamine
(300 um), BCNU (20 um) and dicumarol (20 um) in the
cytotoxicity of 3 mm NTO in FLK cells. Additions: NTO
(1), NTO + DPPD (2), NTO + desferrioxamine (3),
NTO + DPPD + desferrioxamine (4), NTO + BCNU
(5), and NTO + dicumarol (6), n = 5, p = 0.02-0.04 for
2-5 against 1, and p = 0.073 for 6 against 1. Cell viability
in control experiments, 97+2%; DPPD, desferriox-
amine, BCNU, and dicumarol decreased cell viability by
1-3%.
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rosourea, which inactivates the antioxidant fla-
voenzyme glutathione reductase (EC 1.6.4.2) and
depletes intracellular reduced glutathione (Ol-
linger and Brunmark, 1991), potentiated the cyto-
toxicity of NTO (Fig.2). The analogous effects
were observed in the cytotoxicity of ANTA (data
not shown). In contrast, the protecting effect of
dicumarol, an inhibitor of NQO1 in the NTO cyto-
toxicity was less evident and statistically insignifi-
cant (Fig. 2), most probably, due to the low reac-
tivity of NTO towards NQO1 (Table I).

In contrast to the toxicity of TNT in rats and in
mice with LDsy = 0.6-1.3 g/kg when given per-
orally (Dilley et al., 1982), NTO was reported to
be nontoxic [LDsg > 5 g/kg (London and Smith,
1985)]. However, these summary investigations
did not account for the risk that NTO and ANTA
may possess, and did not explain the mechanism

Ceénas N., Nemeikaité—éénjené A., Sergediené E., Nivin-
skas H., AnuseviCius Z., and Sarlauskas J. (2001),
Quantitative structure-activity relationships in enzy-
matic single-electron reduction of nitroaromatic ex-
plosives: implications for their cytotoxicity. Biochim.
Biophys. Acta 1528, 31-38.

Cossum P. A. and Rickert D. E. (1987), Metabolism and
toxicity of dinitrobenzene isomers in erythrocytes
from Fischer-344 rats, Rhesus monkeys and humans.
Toxicol. Lett. 37, 155-163.

Dilley J. V., Tyson C. A., Spangoord R. J., Sasmore D. P,
Newell G. W,, and Decre J. C. (1982), Short-term oral
toxicity of 2,4,6-trinitrotoluene in mice, rats, and dogs.
J. Toxicol. Environ. Health 9, 565-585.

Djerassi L. (1998), Hemolytic crisis in G6P-deficient
individuals in the occupational setting. Int. Arch.
Occup. Environ. Health 71, 26-28.

Facchini V. and Griffiths L. A. (1981), The involvement
of the gastro-intestinal microflora in nitrocompound-
induced methaemoglobinaemia in rats and its rela-
tionship to nitro group reduction. Biochem. Pharma-
col. 30, 931-935.

Homma-Takeda S., Hiraka Y., Ohkuma Y., Oikawa S.,
Murata M., Ogawa K., Iwamuro T. L.S., Sun G. F,
Kumagai Y., Shimojo N., and Kawanishi S. (2002),
2,4,6-Trinitrotoluene-induced reproductive toxicity
via oxidative DNA damage by its metabolite. Free
Rad. Res. 36, 555-566.

Knox R. J., Friedlos F., and Boland M. P. (1993), The bi-
oactivation of CB 1954 and its use as a prodrug in
antibody-directed enzyme prodrug therapy (AD-
EPT). Cancer Metastasis Rev. 12, 195-212.

Koder R. L. and Miller A.-F. (1998), Steady-state kinetic
mechanism, stereospecificity, substrate and inhibitor
specificity of Enterobacter cloacae nitroreductase.
Biochim. Biophys. Acta 1387, 395-405.

403

of their activation/detoxification in the organism.
The data on the enzymatic reactivity, mammalian
cell cytotoxicity of NTO and ANTA, and their
methemoglobin formation in vitro obtained in our
work, imply that their low toxicity may be at least
partly attributed to their low bioreductive activa-
tion rates, which are in turn related to their weak
electron accepting potency.
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