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Abstract The binding of the p53 tumor suppression protein
to DNA response elements after genotoxic stress can be quan-
tified by cell-based reporter gene assays as a DNA damage
endpoint. Currently, bioassay evaluation of environmental
samples requires further knowledge on p53 induction by
chemical mixtures and on cytotoxicity interference with p53
induction analysis for proper interpretation of results. We in-
vestigated the effects of genotoxic pharmaceuticals (actino-
mycin D, cyclophosphamide) and nitroaromatic compounds
(4-nitroquinoline 1-oxide, 3-nitrobenzanthrone) on p53 induc-
tion and cell viability using a reporter gene and a colorimetric
assay, respectively. Individual exposures were conducted in
the absence or presence of metabolic activation system, while
binary and tertiary mixtures were tested in its absence only.
Cell viability reduction tended to present direct correlation
with p53 induction, and induction peaks occurred mainly at
chemical concentrations causing cell viability below 80%.
Mixtures presented in general good agreement between
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predicted and measured p53 induction factors at lower con-
centrations, while higher chemical concentrations gave lower
values than expected. Cytotoxicity evaluation supported the
selection of concentration ranges for the pS3 assay and the
interpretation of its results. The often used 80% viability
threshold as a basis to select the maximum test concentration
for cell-based assays was not adequate for p53 induction as-
sessment. Instead, concentrations causing up to 50% cell via-
bility reduction should be evaluated in order to identify the
lowest observed effect concentration and peak values follow-
ing meaningful p53 induction.

Keywords p53 tumor suppression protein - p53 pathway -
DNA damage - Genotoxicity - Cytotoxicity - Reporter gene
cell line bioassay

Introduction

Activation of the p53 tumor suppression protein has a central
role in transcriptional regulation of a network of genes in
response to stressors that interfere with DNA integrity and cell
proliferation. Under undisturbed conditions, the p53 tumor
suppressor protein is maintained at low levels by negative
feedback loops, such as by the well-studied mouse double
minute 2 (MDM?2) homolog protein (Lavin and Gueven
2006; Beckerman and Prives 2010). However, a variety of
DNA-damaging agents can interfere with this equilibrium,
triggering p53 activation and stabilization and leading to its
accumulation (Harris and Levine 2005; Kumari et al. 2014).
The binding of p53 to DNA response elements (pS3RE) will
then result in transcriptional modulation of target genes and
activation of the p53 regulatory network (Beckerman and
Prives 2010). Several responses can follow, including DNA
damage, cell cycle arrest, or apoptosis, ultimately promoting
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tumor-protecting mechanisms (Harris and Levine 2005; Lavin
and Gueven 2006; Beckerman and Prives 2010; Kumari et al.
2014).

Different in vitro bioassays have evaluated the activation of
the p53 pathway as an endpoint for DNA damage in human
health assessment. Levels of p53 protein can be measured by
indirect immunofluorescence flow cytometry, ELISA, or
Western blot analysis (Salazar et al. 1997; Yang and
Duerksen-Hughes 1998; Clewell et al. 2014). Also, the acti-
vation of p53RE by p53 protein binding can be quantified
through high-throughput assays with p53RE luciferase
(pS3RE-Luc) or pS3RE (-lactamase reporter gene cell lines
(Sohn et al. 2002; Kester et al. 2003; Briat and Vassaux 2008;
Knight et al. 2009; van der Linden et al. 2014). Since p53
isoforms are active in non-mammal vertebrates (e.g., fish, am-
phibians) and invertebrates (e.g., clams, nematodes), the p53
pathway has also relevance for environmental risk assessment
(Bhaskaran et al. 1999; Bensaad et al. 2001; Rutkowski et al.
2010; Storer and Zon 2010; Wernersson et al. 2015).

Still, knowledge gaps can hamper the application of such
assays to evaluate environmental samples containing different
contaminants. Limited information is available on p53 induc-
tion following exposure to chemical mixtures, since most of
investigations have focused on individual compound expo-
sure (Duerksen-Hughes et al. 1999; Knight et al. 2009;
Salazar et al. 2009; van der Linden et al. 2014). Although
p53 modulation after co-treatment with different drugs has
been investigated by some studies, their focus was mainly of
therapeutic concern (Choong et al. 2009; Chen et al. 2014;
Zajkowicz et al. 2015). Also, the interference of cytotoxicity
has been discussed to be an issue for p53 induction analysis in
samples of water and animal tissue (Yeh et al. 2014; Jin et al.
2015), which can be related to the fact that high levels of p53
sensitize cells to DNA damage and can lead to decreased cell
viability (Lutzker et al. 2001). Consequently, for the integra-
tion of p53 induction as an endpoint in the analysis of envi-
ronmental samples, further knowledge is required on the cor-
relation with cell viability and on the effects of mixtures.

In this study, we investigated the correlation between cell
viability modulation and the induction of the p53 pathway
using a pS3RE-Luc cell line assay (van der Linden et al.
2014) following the exposure to genotoxic chemicals as indi-
vidual exposure or mixtures. Tested compounds included the
DNA-interacting drug actinomycin D (ActD) and the DNA-
damaging prodrug cyclophosphamide (CPP) as model p53
inducers in the absence and presence of metabolic activation,
respectively (Strauss et al. 2007; Choong et al. 2009). We also
tested two nitroaromatic compounds, i.e., 4-nitroquinoline 1-
oxide (NQO), a quinolone derivative and UV-mimetic DNA-
damaging chemical (Han et al. 2007), and the diesel exhaust
component 3-nitrobenzanthrone (3-NBA) (Landvik et al.
2010). Individual chemical exposure investigated compounds
in the absence (ActD, NQO, 3-NBA) or presence (CPP, NQO,

3-NBA) of metabolic activation. Binary and tertiary mixtures
of ActD, NQO, and 3-NBA were tested in the absence of the
metabolic system only. All conditions were also analyzed re-
garding effects on cell viability by means of a colorimetric
method using the tetrazolium bromide salt (Mosmann 1983).
This and similar methods are routinely applied in combination
with diverse cell-based assays to evaluate chemicals and sam-
ples regarding cytotoxicity, with the minimum accepted cell
viability being often set at 80% (Brinkmann et al. 2014; Xiao
etal. 2016). Results are discussed considering different mech-
anisms of toxicity of chemicals and regarding the potential
application of methods and the testing strategy for the evalu-
ation of environmental contaminants and samples.

Materials and methods
Chemicals

The test chemicals (Table 1) ActD, CPP, and NQO were pur-
chased from Sigma-Aldrich (Sigma-Aldrich Chemie GmbH,
Steinheim, Germany) and 3-NBA from Chiron (Chiron AS,
Trondheim, Norway). Stock and serial dilution solutions (fol-
lowing twofold serial dilutions based on log10 M concentra-
tions) were prepared by chemical dilution in dimethyl sulfox-
ide (DMSO, Sigma-Aldrich Chemie GmbH, Steinheim,
Germany) and stored at 4 °C, except for the CPP solutions
which were stored at —20 °C.

Cell culture

The human osteoblastic osteosarcoma cell line (U20S) stably
transfected with a luciferase-based p53 reporter construct was
obtained from BioDetection Systems BV (BDS, Amsterdam,
The Netherlands) and cultured as previously described (van
der Linden et al. 2014). Briefly, cell cultures were maintained
in a 1:1 mixture of Dulbecco’s modified Eagle’s medium and
Ham’s F12 medium (DMEM/F12) (Invitrogen Life
Technologies, Darmstadt, Germany) with phenol red supple-
mented with 7.5% fetal calf serum (FCS) (Th. Geyer GmbH,
Renningen, Germany), 0.2% penicillin/streptomycin solution
(Invitrogen), 1% non-essential amino acids (Invitrogen), and
G418 antibiotic (0.20 mg/ml) for the selective survival of
transfected cells only. Cultures were maintained in a humidi-
fied atmosphere with 5% CO, at 37 °C until reaching around
90% confluence, when cells were used for tests or sub-cul-
tures. Cells were passaged twice a week, and medium change
was performed every 2 to 3 days.

P53 induction assessment

Cell cultures were trypsinized; cells were counted and re-
suspended in assay medium (phenol red-free 1:1 mixture of
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Table 1  Test chemicals and respective CAS numbers, formulas, and molecular weights
Test chemicals CAS Formula Molecular Structure
number weight
(g/mol)
0 \ 0
WY, MY
Actinomycin D ojgu’ "o o{ \HN NO
-76- \ :
(ActD) 50-76-0 Cs2HssN 12016 1255.42 /K.u%{ RS ¢
© N A NH,
)
Cl
. (_/—CI
Cyclophosphamide 50-18-0  C7H;sCLN2OP . H,O  279.10 W
(CPP) o0~ “NH
L
. . . O\\Nf,O-
4-Nitroquinoline 1-
oxide 56-57-5 CoHsN2 O3 190.16 ©fj
(4-NQO) N
3-Nitrobenzanthrone
17117-34-9 C17HoNO 275.30
(3-NBA) 17RO O“

DMEM/F12 supplemented with 5% of charcoal-stripped
FCS, 0.2% penicillin/streptomycin solution, and 1% non-
essential amino acids) to a final concentration of 10° cells/
ml. The cell suspension was transferred to 96-well plates
(100 pl or 10* cells per well), except the outermost wells,
which were filled with 200 pl of phosphate-buffered saline
(PBS, Sigma-Aldrich Chemie GmbH, Steinheim, Germany).
After 16 to 20 h, the medium was refreshed and cells were
incubated for 24 h with serial dilutions of the test chemicals
(200 wl/well) at 37 °C and 5% CO,. When cells were co-
exposed with post-mitochondrial supernatant fraction from
rat liver homogenate obtained by centrifugation at 9000x g
(S9), each well received also 20 pl of freshly prepared S9
mix (10% S9, 200 uM NADPH, 3 mM glucose-6-phosphate,
0.3 U/ml glucose-6-phosphate dehydrogenase, and 5 mM
magnesium chloride in assay medium). After 3 h, the medium
was removed and cells were washed with PBS and received
fresh assay medium (200 pl/well) for another 21 h until a total
of 24-h incubation. Each plate contained also solvent controls
(1% DMSO). All conditions were performed in triplicate
wells in each test and contained final DMSO concentration
of 1%. After the incubation period, the medium was removed
and cells were lysed in 1% Triton X-100 lysis buffer (BDS).
D-Luciferin solution (BDS illuminate mix) was added, and the
luciferase activity was measured using a luminometer
(GloMax® 96 Microplate Luminometer, Promega GmbH,
Germany).

@ Springer

Cell viability assessment

Cell viability of individual chemicals and mixtures was eval-
uated though a colorimetric microplate assay with 3-(4,5-di-
methylthiazol-2-yl)-2,5-diphenyltetrazolium bromide, which
is reduced to formazan by viable cells (MTT test)
(Mosmann 1983; Berridge et al. 2005). Briefly, cells were
exposed following the same procedures as for p53 induction
analysis. At the end of the 24-h incubation period and visual
verification of no contamination evidence, medium was re-
moved and each well received 100 ul of freshly prepared
0.5 mg/ml MTT in non-supplemented DMEM/F12 medium.
In each plate, six wells containing no cells received the MTT
solution for the measurement of the background signal. After
30 min of incubation at 37 °C and 5% CO,, the occurrence of
formazan crystals was confirmed by microscope observation.
The medium was discharged; 200 pul of DMSO was added per
well, and plates were shaken for 15 min for crystal solubiliza-
tion. The amount of formed formazan was determined using a
microplate spectrophotometer (Tecan Infinite® M200, Tecan,
Switzerland) at an absorbance wavelength of 492 nm.

Exposure to individual substances and mixtures
Incubation in the presence of S9 mix was applied to evaluate

NQO, 3-NBA, and the standard chemical CPP following indi-
vidual chemical exposures. Incubation in the absence of S9 mix
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was applied to evaluate NQO, 3-NBA, and the standard chemical
ActD following individual exposures and also binary (ActD/3-
NBA, NQO/3-NBA, ActD/NQO) and a tertiary mixture
(ActD/NQO/3-NBA). Individual chemical and mixture expo-
sure ranges (Table 2) evaluated chemicals following twofold se-
rial dilutions were based on log10 M concentrations. For individ-
ual chemical exposure, highest test concentrations of ActD and
CPP were adopted from the protocol provided by BDS, aiming to
cover from none up to peak induction; for NQO £S9, they were
selected with respect to preliminary genotoxicity and cytotoxic-
ity tests, and for 3-NBA, the highest test concentration was based
on its solubility in aqueous solutions (PubChem) and according
to previous studies. For the mixtures, ActD and NQO were eval-
uated following the same dilution series as for the individual
chemical exposure, except that the respective highest concentra-
tions were excluded. This procedure aimed to avoid the occur-
rence of reduced cell viability in the test of mixtures. The expo-
sure concentration of 3-NBA was kept the same in all dilution
steps in mixtures, being also the second highest concentration of
the individual chemical exposure testing. For the test of individ-
ual chemicals, the p53 induction and MTT test experiments were
repeated, respectively, 14 and 4 times for ActD, 7 and 3 times for
CPP, 3 and 4 times for NQO —S9, 3 and 3 times for NQO +S9, 3
and 3 times for 3-NBA —S9, and 2 and 3 times for 3-NBA +S9.
For the test of mixtures, the p53 induction and MTT test experi-
ments were repeated three times.

Data analysis

The p53 induction results were expressed as induction factor
(IF) values, obtained by normalizing the response of each
concentration to the DMSO response. IF threshold values
for occurrence of p53 induction activity were set at 1.7 and
2.0 for incubations in the absence and presence of S9 mix,
respectively (van der Linden et al. 2014). The lowest concen-
tration reaching the threshold value was identified as the low-
est observed effect concentration (LOEC), and the concentra-
tion causing the highest IF value was described as the peak
concentration. For cell viability, results were expressed as fold
changes of measurements obtained from treated cells in com-
parison to cells exposed to DMSO only, after subtraction of

the average background signal from all conditions. Fold
changes were then converted to cell viability percentage (%)
values, considering the solvent control to present 100%. Cell
viability inhibition concentration ICsq and IC,, values were
obtained through three-parameter non-linear regression (bot-
tom constrained to 0) using GraphPad Prism version 6
(GraphPad Software, San Diego, CA, USA). In order to eval-
uate the correlation between p53 induction and cellular viabil-
ity, ratios between MTT ICsq or IC, values and pS3 LOEC or
peak values were also calculated. The biological effects of the
mixtures were estimated considering independent action and
effect additivity. The predicted mixture responses were calcu-
lated as the sum of the respective individual chemical biolog-
ical responses in the MTT and p53 assays as EABC(cA, ¢B,
cC)=FEA(cA) + EB(cB) + EC(cC), with Expc(ca, cg, cc) be-
ing the predicted biological effects (£) following the exposure
to a mixture containing the chemicals A, B, and C in the
concentrations (¢) ca, ¢, and cc, respectively, and E,(c,) be-
ing the measured biological effects obtained for the respective
single chemical exposures (Groten et al. 2001; SCHER,
SCCS, SCENIHR 2012). The predicted mixture results were
then compared to respective measured values obtained in the
tests of mixtures.

Results and discussion
Individual chemical exposures

Considering results for the different compounds, profiles of
cell viability ICs, (M) values (Table 2: ActD —S9 < NQO +S9
< NQO -89 < 3-NBA £S89 < CPP —S9) tended to present
direct correlation with p53 induction LOECs (M) (Table 3:
ActD —S9 < NQO —S9 < NQO +S9 < 3-NBA +S9 < CPP
+S9), as can be observed in Fig. 1. The ratios between MTT
ICsq or IC, and p53 LOEC or peak are presented in Fig. 2.

Actinomycin D —S9

ActD —S9 gave the highest values of p53 induction factor
among all chemicals (Table 4), with an IF peak of

Table2  Exposure concentrations of individual chemicals and mixtures for bioassays performed in the presence (+S9) or absence (—S9) of metabolic

activation systems

Test chemicals Bioassays +S9

Individual chemical (M)

Bioassays —S9

Individual chemical (M)

Binary and tertiary mixtures (M)

ActD

NQO 1x10%-1x1078
3-NBA 9x107°-1x1078
CPP 1x10°3-1%x10"7

1x10°1 =101
1x107°-1x107°
9x107°-1x1078

1x1073x 10"
3x10°%-3x101°
Constant at 3 x 107
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Table3  Cell viability inhibition ICsq and 1C,, (M) values plus respective 95% confidence intervals (CI) obtained in the MTT test following individual

chemical exposures in the absence (—S9) and presence (+S9) of metabolic activation

Cell viability ICsq (M) Cell viability ICyq (M)
1C50 and 95% CI 1C,0 and 95% CI
MTT —S9
ActD 46 %107 16x107t01.3x10°° 24%107° 12x10 "0 4.8 x10°®
NQO 1.6 x10° 11x10%t023%x10°¢ 25%107 12%x107t05.0x 1077
3-NBA na. 7.6x107° 50x10°t012x 107
MTT +S9
CPP na. 63 %107 30x10%t0 1.3 x 107
NQO 1.9x107° 11x10°t032x107° 51x10° 24x10°%t0 1.1 x 107°
3-NBA na. 73x107° 76%x10°t07.1x107*

n.a. not available

11.5 £+ 3.6. p53 induction LOEC (1 nM) and peak concentra-
tion (10 nM) were the same as those found in the method pre-
validation study (van der Linden et al. 2014), and both

Fig. 1 Cell viability (%, left y-
axis) and p53 induction factor

-S9

+S9

occurred at cell viabilities above 80% (Table 3, Fig. 1a). For
ActD 30 nM, the high IF was maintained, but viability was
slightly reduced (70 + 7%), followed by further viability

160 20
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NQO (¢, d), and 3-NBA (e, ). Z o
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standard errors for cell viability D 404 | A > Q
(black, circles) or p53 induction o 20 | |5 g
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confidence bands for viability. oo Tt oo T T
The shadowed areas indicate the 160 20
threshold values for p53 induction 140 (o 18 -
activity in —S9 (1.7) and +S9 (2.0) X 120 e o
tests. Number of MTT and p53 2 14 5
induction experiments, S 1007 12 &
respectively: ActD (4, 14), CPP 2 80 -10 &
(3, 7), NQO —S9 (4, 3) and +S9 5 60 s S
(3, 3), 3-NBA —S9 (3, 3) and +S9 3 L6 o
D 404 Q
3.2 S -4 3
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Fig. 2 Ratios between MTT cell viability inhibition ICso and 1C, values
and respective p53 effect concentration (EC), i.e., LOEC or peak
concentration (peak C) for the different individual chemical exposures
(x-axis). The shadowed area highlights ratio values equal to or lower
than 1, indicating p53 effect concentration values that occurred at
concentrations equal or higher than respective cell viability inhibition
IC value

reduction and p53 IF drop below the threshold value (Fig. 1a)
at concentrations >100 nM. Ratios of MTT to p53 effect con-
centrations were always higher than 1 except for MT T/

P53pcak (around 0.25), which indicates that the concentration
causing peak of p53 induction was circa four times higher than
the cell viability inhibition 1C,y.

ActD is an antineoplastic compound often applied for the
treatment of tumors. Similar direct p53 induction and cytotox-
icity profiles were described for experiments with diverse cell
types, with 1 to 30 nM ActD causing increased p53 activity,
expression, and phosphorylation, followed by decrease at
100 nM (Choong et al. 2009; Chen et al. 2014). While at the
cytostatic low nanomolar range, ActD was described to cause
ribosomal stress that leads to a decrease in MDM2 levels and
consequently p53 stabilization and activation; at higher cyto-
toxic concentrations, the compound acts as a transcription
blocker (Chen et al. 2014). Although the molecular mecha-
nisms are not yet fully understood, it is already known that
ActD inhibits RNA synthesis by binding to guanine residues
and inhibiting DNA-dependent RNA polymerase (Choong
et al. 2009) leading to the accumulation of free ribosomal
proteins that can decrease the MDM?2 function (van
Leeuwen et al. 2011). Importantly, the compound was de-
scribed to induce genotoxicity relevant endpoints such as the
formation of histone gamma-H2AX foci (Mischo et al. 2005),
which is a biomarker of DNA strand breaks and of micronu-
cleus formation (Kuo and Yang 2008; Ivashkevich et al.

Table4 LOEC and peak concentration (M) values for p53 induction factor for the individual compounds following exposure in the absence (—S9) or
presence (+S9) of metabolic activation and for the mixtures in the absence of S9 mix

LOEC (M) Peak concentration (M) Peak IF
Average Min/max Average Min/max Average + SD
Individual chemicals —S9
ActD 1x107° 3% 1071 %107 1x10°® 1x10%3x107® 115+36
NQO 3x1077 3x107/3 %1077 3x1077 3x107/1%x107° 3.6+0.7
3-NBA 3x10° 3x10%1%x107° 3x107° 3x107°/1x107* 28+0.5
Individual chemicals +S9
CPP 3x107° 3x107/1 %107 1x107° 3x 1071 %107 82+3
NQO 1x10° 1x10%3 %107 1x107° 1x10°/1%x107° 6.9+0.9
3-NBA 1x107° 1x107/1x107° 3x107° 3x107°/1 %107 41+13
Binary mixtures —S9
ActD/3-NBA
ActD 3x10 M 3x10 M3 %107 1x10°8 1x10°%1 %1078 11.1+06
NQO/3-NBA
3x10°10 3x107'%1 %1078 3x1077 1x107/3x 1077 48+09
NQO
ActD/NQO
ActD 1x107° 1x107°1x107° 1x1078 1x10%1 %1078 77+14
NQO 1x107® 1x10%1x1078 1x1077 1x107/1x1077
Tertiary mixture —S9
ActD/NQO/3-NBA
ActD 3x10M 3x 1013 %1071 1x10°® 1x10%1 %107 8.6+28
NQO 3x10°1° 3x107193 %1071 1x107 1x107/1 %107

Obtained LOEC average, minimum and maximum values, and IF averages and standard deviations are provided
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2012). Therefore, the strong p53 induction identified in our
study presents correlation with DNA damage markers.

Cyclophosphamide +S9

CPP +S9 caused the highest values of p53 induction factor for
+S9 exposures (Table 4), with an IF peak of 8.2 + 3.0. The
determined CPP p53 induction LOEC (0.3 uM) was lower than
the obtained in the pre-validation study (van der Linden et al.
2014), and the later in factagreed with our peak concentration of
1 mM. This difference might be related to the higher variability
recognized to occur in assays containing metabolic system (van
der Linden et al. 2014). Cytotoxic effects were not so evident in
the tested concentration range, being possible to calculate only
the IC, value (63 mM). The ratio MTTyc20/pS3peax Was lower
than 1 (around 0.6), with the p53 peak occurring at a CPP con-
centration circa 1.6 times the cell viability 1C,.

CPP is a widely antineoplastic pharmaceutical often investi-
gated in vitro and in in vivo studies using rodents. Treatment of
primary human cytotoxic T cells with circa 10 pM of a CPP-
activated analog led to strong p53 induction, which was correlat-
ed with induced ROS production and nuclear relocation of mito-
chondrial apoptogenic factors (Strauss et al. 2007). In this way,
the present results support the capability of the p53 assay to iden-
tify p53 induction intermediated by different molecular mecha-
nisms. CPP also induced cardiotoxicity and increased mRNA
expression of the p53 gene in rats (Asiri 2010), indicating poten-
tial organism-level relevance of our results. Due to its use as
pharmaceutical, CPP contamination of aquatic environments
can be of concern. While advanced treatment with ozonation
can achieve its complete removal (Ferre-Aracil et al. 2016), con-
ventional wastewater treatment achieves only partial reduction,
with CPP concentrations up to 0.06 nM occurring in effluents
(Steger-Hartmann etal. 1997). Furthermore, the DNA-damaging
potential of CPP metabolites and transformation products might
presentarisk to aquatic environments since these compounds can
occur in hospital wastewater (Cesen et al. 2016).

4-Nitroguinoline 1-oxide +S9

NQO caused intermediate values of p53 induction factors for
exposures both with and without S9 mix (Table 4). For NQO
=S89, the p53 LOEC and peak occurred at the same concen-
tration (0.3 uM), being very close to the cell viability inhibi-
tion I1Cyp (0.25 uM) and circa five times lower than the ICs
(1.6 uM). Following metabolic activation, there was an in-
crease in the p53 LOEC (1 uM) and peak concentrations
(10 uM), and cell viability inhibition 1C5, (5.1 uM) and
ICsp (19 uM) were circa one order of magnitude higher.
Still, the IF peak in +S9 (6.9) was nearly the double of the
one in —S9 (3.6), which can be attributed to higher p53 induc-
tion by the metabolites when compared to the parent com-
pound (Briisehafer et al. 2016). In both —S9 and +S9

@ Springer

exposures, the ratio MTT c20/p53peax Was lower than 1
(around 0.6), indicating that the p53 peak was caused by con-
centrations higher than the respective cell viability 1Cso.
Therefore, for NQO, the assay £S9 was able to adequately
identify p53 induction despite of concurrent cytotoxic effects.

NQO is a compound often applied in positive control con-
ditions of methods investigating genotoxicity. In previous
studies, NQO —S9 caused circa 50% of cell viability at 1—
2 uM after 24-h exposure to epidermoid carcinoma cells,
which presented increased p53 expression already after 2 h
of treatment (Han et al. 2007). In addition to cytotoxicity,
NQO —S9 caused micronucleus formation in human
lymphoblastoid cells, which was more evident in p53 dys-
functional lines (Briisehafer et al. 2016). In vivo studies fol-
lowing treatment of rats with the NQO metabolite 4-
hydroxyaminoquinoline 1-oxide identified that p53 expres-
sion, apoptosis, and cell proliferation occurred sequentially
in pancreas, processes which are considered to be closely re-
lated with the compound carcinogenesis following DNA ad-
duct formation (Imazawa et al. 2003). Again, the measured
p53 induction can be correlated with other genotoxicity end-
points and demonstrates relevance to support in vivo
investigations.

3-Nitrobenzanthrone £S59

3-NBA caused the lowest values of p53 induction factor for ex-
posures both with and without S9 mix (Table 4). For 3-NBA —S9,
the p53 LOEC (3 uM) and peak (30 uM) were 25 and 2.5 times
lower than the cell viability inhibition IC, (76 uM). Following
metabolic activation, there was an increase in the LOEC (10 uM),
but the peak (30 uM) and cell viability inhibition ICy, (73 uM)
were maintained. Such profile could indicate that the sensitivity
of the assay was affected by the co-incubation with the metabolic
activation system. Still, the IF peak in the +S9 experiments (4.1)
was around 1.5 times higher than the one in —S9 (2.8), indicating
that the assay +S9 is able to identify relevant p53 induction.
Additionally, similarly to NQO, this profile can be attributed to
higher p53 induction by 3-NBA metabolites when compared to
the parentcompound (IARC 2014). Cytotoxic effects were not so
evident in the tested concentration range, being possible to cal-
culate only the IC,( value in both £S9 (Table 3). Differently than
for the other chemicals, the ratios between MTT and p53 effect
concentration values were always higher than 1. Therefore, for 3-
NBA +£89, the peak and LOEC were achieved at concentrations
lower than the cell viability inhibition ICy(. That indicates that for
3-NBA, the p53 induction activity would be identified even if
exposure concentrations were limited to those occurring with
minimum 80% of cell viability.

3-NBA is a diesel exhaust component considered as possi-
bly carcinogenic to humans by the International Agency for
Research on Cancer (IARC 2014). It causes DNA adduct
formation and oxidative stress both in vitro and in vivo
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(Nagy et al. 2007), and DNA strand breaks identified through
the comet assay (Arlt et al. 2004). In experiments with human
bronchial epithelial cells, 3-NBA in the low micromolar range
caused increased p53 phosphorylation and nuclear transloca-
tion, formation of the DNA strand break marker gamma-
H2AX, and apoptosis (Jya et al. 2011). However, our results
are contrasting with an investigation on the effects of 3-NBA
and its metabolite 3-aminobenzanthrone on mouse hepatoma
cells, which described that although both compounds in-
creased p53 phosphorylation, its translocation to the nucleus
occurred only after 3-NBA exposure (Landvik et al. 2010).
Such differences can be related to cell sensitivity variations or
to the formation of other active 3-NBA metabolites in our
study. 3-NBA results also support the relevance of the p53
assay to identify induction intermediated by diverse mecha-
nisms and its correlation with diverse genotoxicity endpoints.

Binary and tertiary mixtures’ p53 induction and cell
viability

Predicted responses in the binary and tertiary mixtures, esti-
mated by the sum of the respective measured individual chem-
ical responses in the MTT and p53 assay, were compared to
the measured values obtained in the tests of mixtures. In gen-
eral, there was good agreement between predicted and
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Fig.3 Measured (full lines) and additivity-predicted (dotted lines) values
of cellular viability (black, as % in left y-axis) and p53 induction factor
(red, in right y-axis) plotted versus concentrations (log M) of the binary
mixtures ActD/3-NBA (a), NQO/3-NBA (b), and ActD/NQO (c¢) and of
the tertiary mixture ActD/NQO/3-NBA (d). The mixtures containing 3-
NBA had 3 x 107> M of the chemical in all exposure conditions. Average

measured IF values for the lowest concentration ranges, while
higher chemical concentrations caused instead lower than ex-
pected IF values (Figs. 3 and 4). For the four lower concen-
trations of the binary mixtures, the predicted and measured
values were very similar, confirming additivity (Fig. 3b, c)
or indicating slight synergism (Fig. 3a) for p53 induction.
For the tertiary mixtures, instead there was infra-additivity
tendency (Fig. 3d). As an outcome, predicted LOECs were
always in agreement with measured values (Fig. 3). That sug-
gests sensitivity of the assay to identify the activity even when
mixtures of components are present. IF peaks instead tended
to occur at concentrations lower than predicted, except for
ActD/3-NBA for which it was maintained (Fig. 3a). Further,
IF values for the peak and higher test concentrations tended to
be lower than respective predicted values (Figs. 3 and 4),
particularly for the binary ActD/NQO (Fig. 3¢) and the tertiary
(Fig. 3d) mixture. Such results indicate that the evaluation of
mixtures might require careful selection of investigated con-
centration range in order to properly identify the peak of in-
duction and estimate the respective magnitude of response.
Additivity of the p53 induction response is already ex-
plored for therapeutic use of pharmaceuticals. For ActD, com-
bined drug administration applies low doses of the drug
aiming to achieve increased p53 activation while avoiding
undesired cytotoxic or DNA-damaging effects (Rao et al.
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values (viability (black circles), induction factor (red squares)) and
standard deviations are shown. The shadowed areas indicate threshold
values for p53 induction activity of 1.7. For all mixtures, three
independent experiments were performed for the MTT assay and for the
p53 induction test, respectively
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Fig. 4 Measured (y-axis) versus predicted (x-axis) p53 induction factor
values for the binary and tertiary mixtures. Binary mixtures (ActD/3-
NBA (red circles), NQO/3-NBA (blue squares), ActD/NQO (purple
triangles)) presented similar predicted and measured p53 induction factor
values at lower concentrations, while higher concentrations gave lower
than expected values. The tertiary mixture (ActD/NQO/3-NBA (green
hexagons)) presented prevalence of lower than expected values. The
measured peaks of induction factor (indicated by respective filled
symbols) were in general lower than respective predicted values

2010; Chen et al. 2014). Synergism has also been described
for ActD in the low nanomolar range combined with
antitumorigenic drugs (Choong et al. 2009). Similarly, our
results indicate that at low concentration, additivity or even
synergism occurred, while higher concentrations presented
reduced p53 IF when compared to predicted values. That is
in agreement with lower cell viability values obtained for the
mixtures (Fig. 3) when compared to respective individual
compounds (Fig. 1). Surprisingly, cell viability reduction at
highest test concentrations was not as intensive as predicted
for the binary mixture containing ActD/NQO (Fig. 3¢) and for
the tertiary (Fig. 3d) mixtures. Still, viability values reached
circa 40% at highest test concentrations for both mixtures.
Although p53 is discussed to present a protective role against
DNA damage-induced cell death (Garer and Raj 2008), other
factors might have interfered with exposures at higher concen-
trations such as chemical interactions between tested
compounds.

Our study indicates that, resembling the therapeutic use of
pharmaceuticals, additivity of p53 response is obtained when
cells are exposed to mixtures of compounds presenting differ-
ent mechanisms of toxicity. Such outcome supports the appli-
cation of the p53 assay to investigate environmentally relevant
mixtures or environmental samples. Similarly to chemical ex-
posures, p53 peaks can occur at concentrations that cause cell
viability below the 80% value (Fig. 3). Therefore, when

@ Springer

evaluating individual chemicals, mixtures, or samples for the
occurrence of p53 induction, it is recommended to include
also rather cytotoxic concentrations in the evaluated test
range, reaching up to 50% of reduction in cell viability.
Concentrations that cause more than 50% of cell viability
reduction should however be interpreted with caution since
non-specific responses caused by general cell stress can also
occur (van der Linden et al. 2014).

Conclusions

This study demonstrated the ability of the p53 assay to identify
p53 induction through different mechanisms and both with and
without metabolic activation system. Additionally, the assay was
efficient in identifying additivity of the pS3 response when eval-
uating chemical mixtures, confirming its ability to identify mix-
ture activity and potentially also of complex environmental sam-
ples. For such future applications, it is of relevance to consider in
experimental planning and evaluation that p53 peaks can be lower
and occur at lower test concentrations than for respective individ-
ual chemicals. Further, cytotoxicity evaluation should be applied
to support the selection of concentration ranges and also the inter-
pretation of the p53 assay results. In this sense, our study demon-
strates that the often-used minimum 80% cell viability threshold
to set the maximum exposure concentration for cell-based bioas-
says is not optimal for the p53 assay. Future evaluations of mix-
tures or environmental samples through the p53 assay are recom-
mended to include concentrations that cause up to 50% cell via-
bility reduction in the evaluated test range. In this way, the identi-
fication of the LOEC and peak concentration will unlikely be
missed for the compounds and mixture components that cause
meaningful p53 induction concurrently with cytotoxic effects.
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