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Nitroaromatic explosives like 2,4,6-trinitrotoluene (TNT) and 2,4,6-trinitrophenyl-N-
methyl-nitramine (tetryl) comprise an important group of toxic environmental pollutants,
whose toxicity is mainly attributed to the flavoenzyme electrontransferase-catalyzed redox
cycling of their free radicals (oxidative stress) and DT-diaphorase [NAD(P)H:quinone oxi-
doreductase, NQO1, EC 1. 6.99.2]-catalyzed formation of alkylating nitroso and/or hydroxyl-
amine metabolites. Because of the incomprehensive data on the immunotoxic effects of ni-
troaromatic explosives, we have studied the structure-cytotoxicity relationships in the action
of tetryl, TNT as well as its amino and hydroxylamino metabolites, and related nitroaromatic
compounds towards mouse splenocyte cells. The protective effects of desferrioxamine and the
antioxidant N,N’-diphenyl-p-phenylene diamine against the cytotoxicity of TNT and other
nitroaromatics showed that the oxidative stress-type cytotoxicity mechanism takes place. In
addition, the cytotoxicity of nitroaromatics is also partly prevented by an inhibitor of NQOI1,
dicumarol. The cytotoxicity of the amino metabolites of TNT is also partly prevented by a-
naphthoflavone and isoniazide, which points to the involvement of cytochromes P-450 in
their activation. In general the cytotoxicity of nitroaromatics in splenocytes increases with
an increase in their single-electron reduction potential, E. This points to the prevailing
mechanism of the oxidative stress-type cytotoxicity. The obtained structure-activity relation-
ship and the studies of other mammalian cell lines showed that the immunotoxic potential
of nitroaromatic explosives may decrease in the order tetryl = TNT = hydroxylamino metab-
olites of TNT > amino and diamino metabolites of TNT.
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Introduction

Nitroaromatic explosives like 2.4,6-trinitrotolu-
ene (TNT) and 2.4,6-trinitrophenyl-N-methyl-ni-
tramine (tetryl) (Fig. 1) are important toxic envi-
ronmental and workplace pollutants, causing
damage to liver, kidney, and spleen, as well as met-
hemoglobinemia in mammalian species (Dilley et
al, 1982; Levine et al., 1984, 1990; Reddy et al.,
1999). Their toxicity mechanisms involve the oxi-
dative stress caused by the formation of nitroanion

Abbreviations: TNT, 2,4,6-trinitrotoluene; 2-NH,-DNT,
2-amino-4,6-dinitrotoluene; 4-NH,-DNT, 4-amino-2,6-
dinitrotoluene; 2,4-(NH,),-NT, 2,4-diamino-6-nitrotolu-
ene; 4-NHOH-DNT, 4-hydroxylamino-2,6-dinitrotolu-
ene; cLsy, the concentration of compound for 50% cell
survival; clsp, the concentration of compound for 50%
inhibition; EJ, single-electron reduction potential; P-
450R, NADPH:cytochrome P-450 reductase; NQOI,
NAD(P)H:quinone oxidoreductase; DPPD, N,N'-di-
phenyl-p-phenylene diamine; ROS, reactive oxygen spe-
cies.

radicals and their redox cycling, which is initiated
by flavoenzymes dehydrogenases-electrontrans-
ferases, e. g NADPH:cytochrome P-450 reductase
(P-450R, EC 1.6.2.4) (Kong et al., 1989; Cénas et
al, 2001), the oxidation of oxyhemoglobin in
erythrocytes (Cossum and Rickert, 1987; Maro-
ziené et al., 2001), and the formation of nitroso-
and/or hydroxylamino products of two-electron
reduction which may modify proteins and DNA,
and induce methemoglobin formation (Facchini
and Griffiths, 1981; Leung et al., 1995; Sarlauskas
et al, 2004).

The effects of nitroaromatic explosives on the
mammalian immune system is an important but
insufficiently studied problem. The action of ni-
troaromatic pesticides or industrial pollutants on
mammalian species is accompanied by the sup-
pression of the immune response (Dandliker et al.,
1980; Burns et al, 1994). Analogously, TNT and
tetryl induce splenomegaly in rats and mice (Dil-
ley et al., 1982; Levine et al., 1984, 1990; Reddy et
al., 1999) and inhibit splenic macrophage phagocy-
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Fig. 1. Chemical structures of explosives and their metabolites studied in this paper.

tosis and production of reactive oxygen species
(ROS) (Johnson et al., 2000). TNT also impairs the
immune functions of earthworms FEisenia fetida
(Gong et al., 2007). According to several in vitro
studies, the products of TNT biodegradation may
be less immunotoxic than TNT. The extracts from
TNT-contaminated soil inhibited the growth and
cytokine production of human periferial blood
mononuclear cells, whereas the biodegradation of
TNT partly decreased the inhibition (Beltz et al.,
2001). However, these effects were not described
quantitatively, and the biodegradation products
were not characterized. In a rapid screening
assay, 2(4)-amino-4,6(2,6)-dinitrotoluenes [2(4)-
NH,-DNTs] quenched the chemiluminescence of
human monocytes less efficiently than TNT; how-
ever, another biodegradation product, 2,4-diam-
ino-6-nitrotoluene [2,4-(NH,),-NT] was as effi-
cient as TNT (Bruns-Nagel et al, 1999). This
shows that the link between the immunotoxic po-
tential and the structure or the electronic proper-
ties of nitroaromatic explosives and related com-
pounds remains insufficiently understood and
sometimes controversial, and requires a more
thorough evaluation.

Therefore we examined the cytotoxicity of tet-
ryl, TNT as well as its amino and hydroxylamino
metabolites (Fig. 1), and related nitroaromatic
compounds to mouse splenocyte cells. Our results
point to the prevailing oxidative stress-type mech-
anism of cytotoxicity, and reveal a possible link

between the immunotoxicity and single-electron
reduction potential E} of nitroaromatic com-
pounds.

Materials and Methods

4- to 8-week-old male and female BALB/c mice
[(24 £ 2.0) g] were kept under standard condi-
tions, and were given food and water ad libitum.
The mice were sacrificed by decapitation, and
their spleens were removed according to Stack et
al. (1999). These experiments were approved by
the Lithuanian Veterinary and Food Service (Li-
cense No. 0171, 2007). Spleens of 3—5 mice for
each experiment were used as a source of splenic
lymphocytes (splenocytes). Erythrocytes were
lysed by 5 min exposure in 3 ml ACK lysis solution
(155 mm NH,CI, 10 mm KHCO3, 0.1 mm EDTA).
After washing the cells twice with RPMI 1640 me-
dium, they were resuspended at the concentration
of 1.0 - 10° cells/ml in RPMI 1640 medium with 5%
heat-inactivated fetal bovine serum (Sigma), peni-
cillin (100 U/ml), and streptomycin (100 ug/ml),
and were used for further experiments. Cell viabil-
ity was determined after 24 h of incubation of
splenocytes with the examined compounds in 96-
well cell culture plates (200 ul cell suspension per
well) at 37 °C in a humidified atmosphere contain-
ing 5% CO,, according to the Trypan blue exclu-
sion test. The compounds were dissolved in
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Fig. 2. Dependence of cytotoxicity of nitroaromatic com-
pounds in splenocytes on their single-electron reduction
potential, EY, according to equation (1). The numbers of
compounds are taken from Table I.

-0.2

cytotoxicity mechanism may prevail, because the
single-electron reduction of nitroaromatics by fla-
voenzymes dehydrogenases-electrontransferases,
e.g. NADPH:cytochrome P-450 reductase (P-
450R), which may initiate their redox cycling, is
characterized by a coefficient Alog (rate constant)/
AE} ~10 V-! (Orna and Mason, 1989; Cénas et
al., 2001). We found that the activity of P-450R in
splenocytes is equal to (11 + 1.0) nmol cyto-
chrome ¢ reduced/(mg protein - min). The data of
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Table I show that the cytotoxicity of nitroaromatic
compounds in splenocytes increases with an in-
crease in their £ value (Fig. 2), and is described
by the regression:

log cLso [um] = —(0.627 + 0.401)
— (7.406 + 1.060) E% [V]
(r2 = 0.800, F(1,11) = 44.140).

(1

As in our previous studies (Cénas et al., 2001; Sar-
lauskas et al., 2004), the toxicity of TNT and tetryl
in splenocytes was partly decreased by the antioxi-
dant N,N'-diphenyl-p-phenylene diamine (DPPD)
(Ollinger and Brunmark, 1991) and the iron-che-
lating agent desferrioxamine, the latter preventing
the Fenton reaction (Fig. 3A).

Another important mechanism of activation of
nitroaromatic compounds is their two(four)-elec-
tron reduction by DT-diaphorase [NAD(P)H:
quinone oxidoreductase, NQO1, EC 1. 6.99.2] to
hydroxylamines (Miseviciené et al., 2006, and ref-
erences cited therein). The activity of NQO1 in
splenocytes is equal to (4.0 £ 1.0) nmol dichloro-
phenolindophenol reduced/(mg protein - min).
The toxicity of tetryl, TNT, and several dinitroben-
zenes in splenocytes was partly decreased by an
inhibitor of NQOI1, dicumarol (Fig. 3B). In con-
trast, dicumarol did not affect the toxicity of 2-
NH,-DNT, 4-NH,-DNT, and 2,4-(NH,),-NT (data
not shown). It is related most probably to the low
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Fig. 3. (A) The protecting effects of DPPD (3 um) and desferrioxamine (300 um) in the cytotoxicity of 10 um TNT
and 6.0 uM tetryl in splenocytes. 1, TNT; 2, TNT + DPPD; 3, TNT + desferrioxamine; 4, tetryl; 5, tetryl + DPPD; 6,
tetryl + desferrioxamine; n = 3; p < 0.01 for 2, 3 against 1, and for 5, 6 against 4. (B) The protecting effect of
dicumarol (30 um) against the toxicity of nitroaromatic compounds. 1, 10 um TNT; 2, 10 um TNT + dicumarol; 3,
6.0 um tetryl; 4, 6.0 um tetryl + dicumarol; 5, 100 um m-dinitrobenzene; 6, 100 uM m-dinitrobenzene + dicumarol; 7,
2.5 uMm p-dinitrobenzene; 8, 2.5 uM p-dinitrobenzene + dicumarol; n = 3; p < 0.02 for 1, 3, 5, 7 against 2, 4, 6, 8. Cell

viability in control experiments, (98 * 2)%.
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activity of the above compounds as the substrates
for NQOL1 (Sarlauskas et al.,, 2004).

Previously, we have found that the FLK cell cy-
totoxicity of amino and hydroxylamino metabo-
lites of TNT was higher than one may expect from
their reduction potential (Sarlauskas et al., 2004).
In splenocytes, the cLso values of NH,-DNTs do
not show significant deviation from the regression,
although the toxicity of 4-hydroxylamino-2,6-di-
nitrotoluene (4-NHOH-DNT) and 2,4-(NH,),-NT
seems to be slightly enhanced (Fig. 2). Apart from
their redox cycling, NHOH-DNTs may exert an
additional mode of cytotoxicity, the alkylation of
DNA. In turn, the enhanced cytotoxicity of amino
metabolites of TNT may be attributed to the for-
mation of corresponding hydroxylamines under
the action of cytochromes P-450 (Kim et al., 2004).
The exclusion of cLsy values of NH,-DNTs, 2.4-
(NH,),-NT, and 4-NHOH-DNT (compounds 8-
10, 13, Table I) from the regression improves the
correlation

log cLsy [um] = —(0.791 + 0.421)
~ (7570 £1233) EL[V] (2
(r? = 0.844, F(1,7) = 37.719).

Indeed, the inhibitor of cytochromes P-450 1A1/2
and 1B1, a-naphthoflavone (Shimada et al., 1998),
and the inhibitor of cytochrome P-450 2E1, isoni-
azide, partly decreased the toxicity of 2-NH,-DNT
and 2,4-(NH,),-NT, whereas the toxicity of TNT
decreased less significantly (Fig.4). The expres-
sion of cytochrome P-450 1B1 in mouse spleno-
cytes has previously been demonstrated (Miyata et
al, 2001). In control experiments, dicumarol, a-
naphthoflavone and isoniazide did not decrease
the cytotoxicity of 200-400um H,O, [cLsy =
(420 £ 50) um, data not shown)].

Conclusions

The data of this work enable us to make several
conclusions on the immunotoxic potential of ni-
troaromatic explosives and their metabolites in vi-
tro, which may be possibly important under the
conditions in vivo as well:

(i) The splenocyte cytotoxicity of nitroaromatic
explosives (tetryl, TNT) and their metabolites in-
creases with an increase in their E} values (Table
I, Fig. 2). This may also imply that tetryl may be
more immunotoxic that TNT (Table I). Taken to-
gether with the antioxidant protection (Fig. 3A),
these data point to the prevailing mechanism of
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Fig. 4. The protecting effects of a-naphthoflavone
(S5um) and isoniazide (1 mm) in the cytotoxicity of
10 um TNT, 700 um 2-NH,-DNT, and 250 um 2,4-(NH,),-
NT. 1, TNT; 2, TNT + a-naphthoflavone; 3, TNT + isoni-
azide; 4, 2-NH,-DNT; 5, 2-NH,-DNT + a-naphthofla-
vone; 6, 2-NH,-DNT + isoniazide; 7, 2,4-(NH,),-NT;
8, 2,4-(NH,),-NT + a-naphthoflavone; 9, 2,4-(NH,),-NT
+ isoniazide; n = 3; p < 0.05 for 1 against 2, 3; p < 0.02
for 4 and 7 against 5, 6, and 8, 9.

the oxidative stress-type cytotoxicity, which was
previously evidenced in FLK cells (Cénas et al.,
2001) and hepatocytes (O’Brien et al., 1990). Al-
though the inhibitor of NQO1, dicumarol, also ex-
erts protective effects in splenocytes (Fig. 3B), the
reactions of NQO1 may be a minor factor in their
cytotoxicity, because the reactivity of nitroaromat-
ics in NQO1-catalyzed reactions does not follow
the well-expressed dependence on their EY (Mis-
eviCiené et al., 2006, and references cited therein).

(ii) In splenocytes, like in other cell lines, the pro-
ducts of degradation of TNT, NH,-DNTs are less
toxic than the parent compounds (Table I), al-
though the degree of the cytotoxicity decrease is
highly variable. This probably reflects the super-
position of two opposite factors, a decrease in the
ROS-formation rate by NH,-DNTs due to a de-
crease in their E} (Sarlauskas et al, 2004) and
their activation by cytochromes P-450 (Fig.4),
which was first demonstrated in this work. Inter-
estingly, 2,4-(NH,),-NT was found to be much less
toxic than TNT in splenocytes, lymphoblasts and
in other mammalian cell lines, although it
quenched the monocyte chemiluminescence as ef-
ficiently as TNT (Table I). However, the biochemi-
cal mechanisms of the latter phenomenon were
not disclosed (Bruns-Nagel et al., 1999). Irrespec-
tive of the reasons for this discrepancy, we suppose
that a longer incubation time used in the cytotoxic-
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ity assays may more closely resemble the natural
conditions, i.e., the chronic intoxication by TNT
and its metabolites, than the data of 30 min chemi-
luminescence experiments.

(iii) 4-NHOH-DNT is less toxic than TNT in
splenocytes and FLK cells, whereas it is similarly
or even more toxic than TNT in the other two cell
lines investigated (Table I). In our opinion, this
discrepancy may be attributed to the additional
factor of the cytotoxicity of -NHOH-DNT, the di-
rect reactions with DNA (Kim ez al., 2004, and ref-
erences cited therein), whose cytotoxic consequen-
ces may depend on the cell type. Nevertheless, the
results of our study support the suggestion that
the products of biodegradation of TNT are less
immunotoxic than TNT (Beltz et al, 2001). We
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suggest that the net immunotoxicity of the studied
explosives and their metabolites to mammalian
species in general increases with an increase in
their electron-accepting potency, and follows the
order tetryl = TNT = hydroxylamino metabolites
of TNT > amino and diamino metabolites of TNT.
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