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QSARs in prooxidant mammalian cell cytotoxicity 
of nitroaromatic compounds: the roles of compound 
lipophilicity and cytochrome P-450- and 
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Frequently, the  aerobic mammalian cell cytotoxicity of nitroaromatic 
compounds (ArNO2) increases with their single-electron reduction 
potential (E1

7), thus reflecting the  relationship between their enzy-
matic single-electron reduction rate and E1

7. This shows that the main 
factor of ArNO2 cytotoxicity is redox cycling and oxidative stress. In 
this work, we found that the  reactivity of a  series of nitrobenzenes, 
nitrofurans and nitrothiophenes towards single-electron transferring 
NADPH:cytochrome P-450 reductase and adrenodoxin reductase/ad-
renodoxin increases with their E1

7. However, their cytotoxicity in mouse 
hepatoma MH22a and human colon carcinoma HCT-116 cells exhibited 
a  poorly expressed dependence on E1

7. The  correlations were signifi-
cantly improved after the introduction of compound octanol/water dis-
tribution coefficient at pH 7.0 (log D) as a second variable. This shows 
that the lipophilicity of ArNO2 enhances their cytotoxicity. The inhibi-
tors of cytochromes P-450, α-naphthoflavone, isoniazid and miconazole, 
and an inhibitor of DT-diaphorase, dicoumarol, in most cases decreased 
the  cytotoxicity of several randomly chosen compounds. This shows 
that the observed cytotoxicity vs E1

7 relationships in fact reflect the su-
perposition of several cytotoxicity mechanisms. 

Keywords: nitroaromatic compounds, cytotoxicity, oxidative stress, cy-
tochrome P-450, DT-diaphorase

INTRODUCTION

Nitroaromatic compounds (ArNO2) such as ni-
trobenzenes, nitrofurans, nitrothiophenes and 

nitroimidazoles are widely used as antimicrobial, 
antiparasitic, antifungal and anticancer agents. 
Besides, nitroaromatic explosives and pesticides 
comprise an important group of toxic environ-
mental pollutants ([1–3], and references therein). 
The  quantitative structure–activity relationships 



A. Nemeikaitė-Čėnienė, J. Šarlauskas, V. Jonušienė, L. Misevičienė, A. Marozienė, A. V. Yantsevich, N. Čėnas171

(QSARs) of their cytotoxicity enable one to char-
acterize their action mechanisms and provide 
the  guidelines for the  design of new compounds 
with desired properties.

The simplest form of QSARs describing the cy-
totoxicity of ArNO2 under aerobic conditions is 
a  negative dependence of cL50 (compound con-
centration causing 50% cell killing) on their elec-
tron-accepting potency, e.g. single-electron re-
duction potential, E1

7. The  frequently observed 
relationships Δlog cL50/ΔE1

7 ~  –10  V–1 mirror 
the  log (rate constant) vs E1

7 relationships in sin-
gle-electron reduction of nitroaromatics by flavo-
enzymes dehydrogenases–electrontransferases, e.g. 
NADPH:cytochrome P-450 reductase (P-450R) [4–
8]. It could mean that the main cytotoxicity factor 
is the rate of formation of free radicals of nitroaro-
matics (ArNO2

–.). Further, their reoxidation with 
oxygen yields superoxide (O2

–.), H2O2 and hydroxyl 
radical (OH.), i.e. causes the oxidative stress [6, 9]. 
The presence of reactive substituents, e.g. aziridine 
or N,N-bis(2-chloroethyl)-amine group, may en-
hance the  cytotoxicity of ArNO2 above the  limits 
predictable by their E1

7 [7, 10].
However, the observed dependence of log cL50 

on E1
7 may result from the superposition of oxida-

tive stress and other cytotoxicity factors. The cyto-
toxicity of ArNO2 lacking bioreductively activated 
groups was modulated by the inhibitors of flavoen-
zyme DT-diaphorase (NAD(P)H: quinone oxido-
reductase, NQO1) and cytochromes P-450 [8, 11–
13]. NQO1 performs two(four)-electron reduction 
of ArNO2 into DNA-alkylating hydroxylamines 
(ArNHOH) ([14, 15], and references therein), and 
cytochromes P-450 catalyze the oxidative denitra-
tion of ArNO2 [16, 17].

Besides, ArNHOH and amines (ArNH2) may be 
formed as the reaction byproducts due to the dis-
mutation of ArNO2

–. or due to a  limited oxygen 
supply. However, it is unclear how do these pro-
cesses contribute to cytotoxicity vs E1

7 relationships. 
The data on the role of lipophilicity in the aerobic 
cytotoxicity of ArNO2 are also equivocal [4, 5, 8, 13, 
18]. This points to a need of more thorough charac-
terization of the above factors.

In this work, we demonstrated that the cytotox-
icity of a  series of structurally diverse nitrofurans, 
nitrobenzenes and nitrothiophenes in two cell lines 
increased with their E1

7, and possessed the prooxi-
dant character. Further, we attempted to characterize 

the possible contribution of compound lipophilicity 
and NQO1- and cytochrome P-450-catalyzed pro-
cesses to their cytotoxicity.

MATERIALS AND METHODS

Recombinant rat P-450R, bovine NADPH: ad-
renodoxin reductase (ADR) and adrenodoxin 
(ADX) were prepared as described in [19], their 
concentrations were determined according to 
ε456  =  21.4  mM–1  cm–1, ε450  =  11.0  mM–1  cm−1  and 
ε414 = 10.0 mM–1 cm–1, respectively. NQO1 was pre-
pared from rat liver according to Prochaska [20], 
its concentration was determined according to 
ε460  =  11.0  mM–1  cm–1. Nitrothiophenes 1a–c and 
vinylquinoline-substituted nitrofurans 2a–c (Fig. 1) 
were synthesized as described in [21] and [22], re-
spectively. The compound purity was characterized 
by IR and NMR spectrometry, melting point and el-
emental analysis. Other reagents were obtained from 
Sigma-Aldrich, and used as received.

The kinetic measurements were carried out spec-
trophotometrically using a PerkinElmer Lambda 25 
spectrophotometer in the 0.1 M K-phosphate buffer 
(pH 7.0) containing 1 mM EDTA at 25°C. The enzyme 
activities determined according to the rate of reduc-
tion of 50 µM cytochrome c (∆ε550 = 20 mM–1 cm–1) 
at substrate concentrations indicated below were 
close to those reported previously [23]: 39  s–1 
(P-450R, [NADPH]  =  100  µM), 7.5  s–1  (ADR, 
[ADX]  =  0.5  µM, [NADPH]  =  50  µM), and 
1750  s–1  (NQO1, [NADPH]  =  150  µM, [menadi-
one]  =  10  µM). In this case, 0.01% Tween 20 and 
0.25  mg/mL bovine serum albumin were added 
as NQO1 activators. The  initial rates of enzymatic 
NADPH-dependent nitroreduction were deter-
mined according to ∆ε340  =  6.2  mM–1  cm–1  after 
the subtraction of intrinsic NADPH oxidase activi-
ties of enzymes, 0.05  s–1  (P-450R), 0.1  s–1  (NQO1) 
and 0.11 s–1 (ADR + 0.5 µM ADX). The stock solu-
tions of oxidants were prepared in DMSO (dilution 
factor 100). The values of turnover rate, kcat, reflecting 
the maximal number of moles NADPH oxidized or 
oxidant reduced per mole of the enzyme active cen-
tre per second, and kcat/Km, the bimolecular rate con-
stant (or catalytic efficiency constant), correspond 
to the inverse intercepts and slopes in Lineweaver–
Burk coordinates, [E]/v  vs 1/[oxidant]. These rate 
constants were obtained by fitting the experimental 
data to the parabolic expression using the SigmaPlot 
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2000 (Version  11.0, Systal Software). In some ex-
periments, the NADPH regeneration system (20 µM 
NADPH, 10 mM glucose-6-phosphate and 0.3 mg/mL 
glucose-6-phosphate dehydrogenase) was used. 

Murine hepatoma MH22a cells, obtained from 
the Institute of Cytology of the Russian Academy of 
Sciences (St. Petersburg, Russia), were grown and 
maintained at 37°C in DMEM medium, supple-
mented with 10% fetal bovine serum and antibiotics 
[23]. In the  cytotoxicity experiments, 3.0  ×  104/ml 
cells were seeded in 5-mL flasks in the  absence or 
in the presence of compounds, and were grown for 
24  h. The  cell viability was determined by Trypan 
blue exclusion. In control experiments, the  cell vi-
ability was 98.5–99.3%. Human colon adenocarcino-
ma cells HCT-116, obtained from ATCC (Manassas, 
VA, USA), were grown and maintained at 37°C in 
5% CO2 in the RPMI 1640 DMEM medium, supple-
mented with 10% fetal bovine serum, 2 mM l-gluta-
mine and antibiotics [23]. In the cytotoxicity experi-
ments, 1.0 × 105/ml cells were seeded in the absence 

or in the presence of compounds, and were grown 
for 48 h. Their viability was determined by staining 
with crystal violet. Stock solutions of compounds 
were prepared in DMSO. Its concentration in cul-
tivation media did not exceed 0.2% and did not af-
fect cell viability. The  experiments were conducted 
in triplicate. The  statistical analysis was performed 
using Statistica (Version 4.3, Statsoft). Octanol/water 
distribution coefficients at pH 7.0 (log D) were calcu-
lated using LogD Predictor (https://chemaxon.com).

RESULTS

In this work, we used a  number of nitroaromatic 
compounds whose E1

7 varied between –0.191 and 
–0.485 V (Table 1). The formulae of nontrivial com-
pounds are given in Fig. 1. One may note that these 
compounds lack bioreductively activated or other 
reactive substituents. First, we studied their single-
electron reduction with P-450R, which probably 
plays the  most important role in redox cycling of 

Ta b l e  1 .  Single-electron reduction potentials of nitroaromatic compounds (E1
7
), their octanol/water distribution coefficients at pH 7.0 (log 

D), bimolecular reduction rate constants (k
cat

/K
m

) by NADPH:cytochrome P-450 reductase (P-450R) and adrenodoxin reductase/ adrenodoxin 
(ADR/ADX), and their concentrations causing 50% cell death (cL

50
) or 50% cell growth inhibition (GI

50
)

No. Compound E1
7, V 

[21, 24, 25] log D
kcat/Km, M–1s–1 cL50 (GI50

a), µM

P-450R ADR/ADX MH22a HCT-116a

1. Nitrobenzene –0.485 1.91 6.8 ± 0.8 × 102 3.4 ± 0.2 × 103 1800 ± 200 >5000

2. 4-Nitrobenzoic acid –0.425 –1.66 2.3 ± 0.2 × 103 2.0 ± 0.2 × 103 >6000 >6000

3. 2-Nitrothiophene –0.390 1.86 1.4 ± 0.1 × 104 4.2 ± 0.3 × 104 341 ± 42 n.d.

4. 4-Nitroacetophenone –0.355 1.47 1.7 ± 0.2 × 104 3.2 ± 0.3 × 104 239 ± 19 400 ± 80

5. 3,5-Dinitrobenzoic acid –0.345 –1.79 3.3 ± 0.2 × 104 n.d. 910 ± 80 3000 ± 400

6. 1,3-Dinitrobenzene –0.345 1.85 4.9 ± 0.2 × 104 5.2 ± 0.4 × 104 130 ± 14 350 ± 50

7. 4-Nitrobenzaldehyde –0.325 1.63 3.3 ± 0.2 × 104 1.7 ± 0.3 × 105 200 ± 15 50 ± 6.0

8. 3,5-Dinitrobenzamide –0.311 0.70 6.6 ± 0.3 × 104 n.d. 130 ± 15 100 ± 10

9. Nitrothiophene 1a –0.305 1.07 1.4 ± 0.2 × 105 4.1 ± 0.6 × 105 82 ± 12 n.d.

10. 1,2-Dinitrobenzene –0.287 1.85 1.6 ± 0.1 × 105 1.8 ± 0.2 × 105 25.4 ± 3.0 60 ± 10

11. Nitrothiophene 1b –0.280 1.70 2.2 ± 0.2 × 106 5.4 ± 0.5 × 105 145 ± 30 20 ± 5.0

12. Nitrothiophene 1c –0.260 1.26 2.8 ± 0.1 × 105 4.0 ± 0.5 × 105 42 ± 5.0 n.d.

13. Nitrofurantoin –0.255 –0.25 9.1 ± 1.4 × 104 1.0 ± 0.2 × 106 387 ± 25 60 ± 10

14. Nifuroxime –0.255 –0.34 1.1 ± 0.1 × 105 1.0 ± 0.1 × 106 40 ± 5.0 70 ± 10

15. 1,4-Dinitrobenzene –0.255 1.85 1.2 ± 0.1 × 106 2.0 ± 0.2 × 106 12.0 ± 1.5 40 ± 7.0

16. 2,4,6-Trinitrotoluene –0.253 2.31 1.0 ± 0.1 × 105 7.3 ± 0.2 × 105 17.4 ± 2.0 40 ± 8.0

17. Nitrofuran 2a –0.225 0.27 n.d. 8.7 ± 0.7 × 105 120 ± 10 65 ± 5.0

18. Nitrofuran 2b –0.225 2.64 4.0 ± 0.3 × 105 n.d. 3.4 ± 0,4 2.5 ± 0.3

19. Nitrofuran 2e –0.225 2.45 7.6 ± 1.3 × 105 n.d. 13.6 ± 1.5 0.9 ± 0.2

20. Tetryl –0.191 1.38 5.9 ± 0.2 × 106 8.9 ± 1.0 × 105 7.0 ± 1.0 8.0 ± 1.5
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Fig. 1. Formulae of nontrivial nitrothiophenes (1) and nitrofurans (2) used in this work

ArNO2 in the mammalian cell [26]. As an additional 
model reaction, we studied the reduction of ArNO2 
by Fe2S2 protein adrenodoxin (ADX). Flavoenzyme 
NADPH:adrenodoxin reductase (ADR) reduces 
nitroaromatics very slowly, and ADX stimulates 
the reaction providing an alternative more efficient 
electron-transfer pathway via ADX [27]. The bimo-
lecular rate constants (kcat/Km) of reduction of ArNO2 
by P-450R and ADR/ADX are given in Table 1. For 
the most active oxidants of P-450R like tetryl, p-dini-
trobenzene and nitrofurans (Table 1), the kcat at their 

saturating concentrations were in a  range of 18.0–
19.0 s–1, i.e. close to 50% of the rate of reduction of 
single-electron acceptor, cytochrome c. The kcat for 
the  same compounds in ADR/ADX-catalyzed re-
actions were in a  range of 3.7–3.3  s–1, which again 
was close to 50% of ADX-mediated cytochrome c 
reduction rate. In other cases, the reaction rates were 
almost proportional to the  concentration of com-
pounds up to the limits of their solubility. The data 
of Fig. 2a, b show that log kcat/Km of nitroaromatics 
increase with their E1

7 values. This may be attributed 

Fig. 2. Dependence of the  reactivity (kcat/Km) of nitrobenzenes (o), nitrofurans (Δ) and nitrothiophenes (•) on their single-electron 
reduction potential (E1

7) in P-450R- (a) and ADR/ADX-catalyzed reactions (b). The numbers of nitroaromatic compounds correspond to 
those in Table 1

E1
7, VE1

7, V

lo
g 

k cat
/K

m

lo
g 

k cat
/K

m

a b
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to an ‘outer-sphere’ electron transfer mechanism 
of their reduction with a weak electronic coupling 
between the  reactants and a  relative lack of their 
structure specificity [6, 8].

Typically, NQO1 reduces nitroaromatics with 
low rates, their reactivity depending on E1

7 and 
structural features in an ill-defined way ([15], 
and references therein). The  reactivity of exam-
ined nitrobenzenes and nitrofurans was charac-
terized previously [15]. Briefly, mononitroben-
zenes and nitrofurans possessed kcat = 0.05÷0.2 s–1 
and kcat/Km of 25÷570  M–1  s–1, dinitrobenzenes 
and 2,4,6-trinitrotoluene  –  kcat  =  0.2÷1.5  s–1 and 
kcat/Km  =  670÷1600  M–1  s–1, and tetryl possessed 
kcat = 73 s–1 and kcat/Km = 2.6 × 105 M–1 s–1 [15]. In 
this work, the  kcat and kcat/Km of nitrothiophenes 
were obtained after the correction of NADPH oxi-
dation rates for 340 nm absorbance changes due 
to nitrothiophene reduction. It was shown, using 
the NADPH regeneration system, that the latter did 
not exceed 15% total absorbance changes. Their kcat 
and kcat/Km values were the following: 1.4 ± 0.1 s–1 and 
3.2 ± 0.2 × 103 M–1 s–1 (2-nitrothiophene), ≤0.1 s–1 
at saturating concentration (nitrothiophene 1a), 
11.1 ± 0.7 s–1 and 9.7 ± 0.8 × 104 M–1 s–1 (nitrothio-
phene 1b), and 1.3 ± 0.2 s–1 and 1.7 ± 0.2 × 104 M–1 s–1 
(nitrothiophene 1c). Although nitrothiophenes 
were more reactive than nitrofurans, their reactiv-
ity was in line with the generally low nitroreductase 
activity of NQO1.

In cytotoxicity studies, we determined the cL50 
values of nitroaromatics in murine hepatoma 
MH22a cells, and, for most of them, the  concen-
trations for 50% of maximal inhibition (GI50) of 
proliferation of human colon adenocarcinoma 
HCT-116 cells (Table 1). The cytotoxicity of several 
nitroaromatics in MH22a cells was decreased by 
desferrioxamine and the  antioxidant N,N’-diphe-
nyl-p-phenylene diamine (DPPD), and enhanced 

by 1,3-bis(2-chloroethyl)-1-nitrosourea (BCNU), 
the  latter inactivating glutathione reductase and 
depleting reduced glutathione [8, 23] (Table  2). 
This points to the prooxidant character of their cy-
totoxicity. In accordance with this, the cytotoxicity 
of nitroaromatics increased with E1

7 with the coeffi-
cient Δlog cL50/ΔE1

7 = –9.12 ± 1.47 V–1 (r2 = 0.683). 
This relatively scattered regression was significantly 
improved by the  introduction of compound octa-
nol/water distribution coefficient at pH 7.0 (log D, 
Table 1):

log cL50 = –0.99 ± 0.32 – (8.01 ± 0.99) E1
7 – 

(0.30 ± 0.06) log D, r2 = 0.878. (1)

GI50 of nitroaromatics in HCT-116 cells also de-
creased with their E1

7 (Δlog GI50/ΔE1
7 = –11.88 ± 

1.74 V–1, r2 = 0.756). Again, the introduction of log 
D ignificantly improved the regression:

log cL50 = –0.84 ± 0.10 – (10.40 ± 1.21) E1
7 – 

(0.31 ± 0.07) log D, r2 = 0.898. (2)

Concerning the  other enzymatic mechanisms 
possibly affecting the  cytotoxicity of ArNO2, we 
examined the effects of an inhibitor of NQO1, di-
coumarol, and several inhibitors of cytochromes 
P-450 on the  cytotoxicity of several randomly 
chosen compounds in MH22a cells (Table  3). In 
most cases, with a notable exception of tetryl and 
partly p-dinitrobenzene, the  inhibitors decreased 
the cytotoxicity of ArNO2 (Table 3). Interestingly, 
although cytochrome P-450-catalyzed oxidative 
denitration of nitrofurantoin in the cell-free system 
is most thoroughly documented [17], its inhibitors 
did not affect the cytotoxicity of nitrofurantoin in 
MH22a cells (data not shown). 

Ta b l e  2 .  Modulation of the cytotoxicity of nitroaromatic compounds in MH22a cells by N.N’-diphenyl-p-phenylene diamine 
(DPPD), desferrioxamine (DESF) and 1,3-bis(2-chloroethyl)-1-nitrosourea (BCNU), n = 3, p < 0.02*

Compound

Cell viability, %

No additions
Additions:

DPPD (2.0 µM)* DESF (1.0 mM)* BCNU (20 µM)*

p-Dinitrobenzene (12 µM) 50.5 ± 2.5 70.2 ± 5.2 75.3 ± 4.0 34.8 ± 2.7

2,4,6-Trinitrotoluene (35 µM) 35.8 ± 3.6 52.8 ± 5.0 55.3 ± 5.9 24.0 ± 2.7

Tetryl (15 µM) 37.1 ± 3.4 63.8 ± 4.7 65.7 ± 4.1 23.5 ± 3.2
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Fig. 3. Dependence of cytotoxicity (cL50) or proliferation inhibition potency (GI50) of nitrobenzenes (o), nitrofurans (Δ) and nitrothio-
phenes (•) on their single-electron reduction potential (E1

7) and lipophilicity (log D) in MH22a (a) and HCT-116 cells (b) according to 
Eqs. 1 (a) and 2 (b). The numbers of nitroaromatic compounds correspond to those in Table 1

DISCUSSION

Redox cycling is an intrinsic property of ArNO2, 
being an important factor and a prognostic crite-
rion for efficacy-to-safety ratio of existing and new 
nitroaromatic drugs [28]. In our opinion, the devi-
ation from the limits predicted by the redox cycling 
activity could be instrumental in the characteriza-
tion of additional mechanisms of cytotoxicity or 
therapeutic action of nitroaromatics.

Our data (Fig. 2a, b) demonstrate linear log kcat/
Km vs E1

7 dependences, which are typical of sin-
gle-electron enzymatic reduction of ArNO2 [6, 8]. 
They point to the absence of pronounced substrate 

specificity, including the  previously uncharacter-
ized oxidants, nitrothiophenes. In turn, the  linear 
log cL50 (GI50) vs E1

7 relationships (Fig. 3a, b) taken 
together with the  data on the  antioxidant protec-
tion (Table 2) point to the predominantly prooxi-
dant character of ArNO2 cytotoxicity. The  coeffi-
cients Δlog cL50/ΔE1

7 in Eqs. 1 and 2 were similar 
to those obtained previously in V79 Chinese ham-
ster cells, –8.37 ± 0.89 V–1 ([4], 168 h incubation), 
and FLK lamb kidney fibroblasts, –10.74 ± 1.19 V–1 
([8], 24 h). Importantly, the noticeable differences 
do not exist between the efficacy of nitrobenzenes, 
nitrofurans and nitrothiophenes (Fig.  3a,  b). This 
fact rules out the  manifestation of an additional 

Ta b l e  3 . Modulation of the cytotoxicity of nitroaromatic compounds in MH22a cells by dicoumarol (DIC), α-naphthoflavone (α-NF), 
isoniazid (ISO) and miconazole (MIC), n = 3, p < 0.05*, p < 0.02**, p < 0.01***

Compound

Cell viability, %

No additions
Additions:

DIC (20 µM) α-NF (5.0 µM) ISO (1.0 mM) MIC (5.0 µM)
Nifuroxime (60 µM) 37.0 ± 2.5 62.2 ± 8.2** 66.7 ± 9.3** 75.1 ± 7.3*** 61.3 ± 5.3**

Nitrofuran 3e (25 µM) 37.9 ± 4.2 49.7 ± 4.2* 55.0 ± 4.9** 46.8 ± 4.2 49.8 ± 3.4*

Nitrothiophene (150 µM) 51.5 ± 3.4 71.1 ± 1.6** 74.5 ± 3.8** 71.5 ± 4.2** 77.8 ± 2.6**

p-Dinitrobenzene (18 µM) 34.2 ± 1.0 19.3 ± 5.9** 52.4 ± 6.3** 53.8 ± 6.8** 62.7 ± 10.7**

2,4,6-Trinitrotoluene (18 µM) 46.6 ± 5.2 44.7 ± 4.0 81.2 ± 4.2*** 68.7 ± 3.1** 67.2 ± 3.5**

Tetryl (7.0 µM) 54.0 ± 5.6 33.9 ± 3.3** 65.7 ± 5.9 64.6 ± 4.3 29.0 ± 1.3***

E1
7 + 0.037 log D E1

7 + 0.030 log D

lo
g 

cL
 50

lo
g 

cL
  50

a b
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mechanism of cytotoxicity of nitrofurans, the for-
mation of unsaturated open-chain nitriles [29]. 
However, our study clarifies the roles of several ad-
ditional factors that modulate the  prooxidant cy-
totoxicity of ArNO2, which will be analysed below. 

According to previous findings, the  effects of 
lipophilicity were not evident in the  action of 
ArNO2 in primary rat hepatocytes [5] and prima-
ry mice splenocytes [13]. In V79 cells, this effect is 
poorly expressed, Δlog cL50/Δlog P = –0.14 ± 0.09 
[4], where log P is an octanol/water partition coef-
ficient. On the other hand, our data on the posi-
tive impact of log D on the  cytotoxicity of ni-
troaromatics in two cell lines (Eqs. 1, 2) were close 
to those observed in FLK cells, Δlog cL50/ Δlog 
P = –0.21 ± 0.08 [8], and L6 rat myoblasts, Δlog 
cL50/Δlog P = –0.388 ([18], 72 h).

Evidently, the  impact of ArNO2 lipophilicity 
may depend on the cell type and experimental con-
ditions, however, it should be taken into account in 
the analysis of QSARs of nitroaromatics.

NQO1 reduces ArNO2 into DNA-alkylating 
hydroxylamines ([14], and references therein), 
therefore, it should contribute to their cytotoxic-
ity. The  reasons for an unexpected enhancement 
of cytotoxicity of tetryl and p-dinitrobenzene by 
dicoumarol (Table 3) are unclear, except the  pos-
sible conversion of tetryl into less toxic N-meth-
ylpicramide by NQO1 [8]. The  same effects were 
observed in FLK cells [8]. Interestingly, dicoumarol 
similarly affects the cytotoxicity of both weak and 
relatively active substrates of NQO1 (Tables 1, 3).

Cytochromes P-450 catalyze the  denitration of 
heterocyclic compounds, nitrofurantoin and 5-ni-
tro-1,2,4-triazol-3-one, with the formation of corre-
sponding hydroxy derivatives [16,17]. The reaction 
intermediate, epoxide, reacts with thiol groups [17]. 
In our opinion, depending on the nature of the com-
pound, this may either contribute to their toxicity 
(reactions with –SH groups of particular enzymes), 
either to detoxification (reaction with reduced gluta-
thione). The data of Table 3 show that cytochromes 
P-450 are involved in the cytotoxicity of several ni-
trobenzenes as well. Currently, the  data on their 
oxidative denitration are unavailable, thus, an alter-
native or parallel cytotoxicity mechanism could be 
the  preventing of formation of amine products of 
polinitrobenzene reduction by their N-hydroxyl-
ation with formation of hydroxylamines [30].

CONCLUSIONS

A general conclusion based on current and pre-
vious studies is that in different mammalian cells 
and under different conditions, the aerobic cyto-
toxicity of nitroaromatics, which do not possess 
additional reactive substituents, similarly depends 
on their E1

7 values. The dependence of cytotoxic-
ity on compound lipophilicity may be more sensi-
tive to the cell type and experimental conditions. 
These two factors may be important for the pre-
diction of side-effects or estimation of therapeu-
tic mechanisms of nitroaromatics. This study also 
shows that NQO1 and cytochromes P-450 exert 
equivocal effects on ArNO2 cytotoxicity, which 
evidently do not significantly affect the observed 
QSARs. The elucidation of the roles of these en-
zymes warrants further studies.
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NITROAROMATINIŲ JUNGINIŲ 
PROOKSIDACINIO CITOTOKSIŠKUMO 
ŽINDUOLIŲ LĄSTELĖSE QSAR: JUNGINIŲ 
LIPOFILIŠKUMO IR CITOCHROMŲ P-450 BEI 
DT-DIAFORAZĖS KATALIZUOJAMŲ REAKCIJŲ 
VAIDMUO

S a n t r a u k a
Nitroaromatinių junginių (ArNO2) citotoksiškumas 
žinduolių ląstelėse aerobinėmis sąlygomis dažnai didėja 
augant jų vienelektroninės redukcijos potencialui (E1

7), 
taip atsispindi ryšys tarp jų E1

7 ir vienelektroninės 
redukcijos fermentais greičio. Pagrindinis ArNO2 
citotoksiškumo veiksnys yra cikliniai redokso virs-
mai ir oksidacinis stresas. Nustatėme, kad eilės nitro-
benzene, nitrofuranų ir nitrotiofenų reakcingumas 
vieną elektroną pernešančių NADPH:cytochromo 
P-450 reduktazės ir adrenodoksino reduktazės  /  ad-
renodoksino atžvilgiu didėja, didėjant jų E1

7. Tačiau jų 
citotoksiškumas pelės hepatomos MH22a ir žmogaus 
gaubtinės žarnos karcinomos HCT-116 ląstelėse prastai 
koreliavo su E1

7. Koreliacijos pagerėdavo antru kin-
tamuoju naudojant junginio oktanolio  /  vandens pa-
siskirstymo koeficientą prie pH  7,0 (log  D). Tai rodo, 
kad ArNO2 lipofiliškumas didina jų citotoksiškumą. 
Citochromų P-450 inhibitoriai α-naftoflavonas, izonia-
zidas ir mikonazolas, taip pat DT-diaforazės inhibito-
rius dikumarolas dažniausiai didindavo kai kurių atsi-
tiktinai parinktų junginių citotoksiškumą. Stebimos 
citotoksiškumo priklausomybės nuo E1

7 faktiškai atspin-
di kelių citotoksiškumo mechanizmų atstojamąsias.
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