INTRODUCTION

Brazil is recognized as one of the largest
agricultural producers in the world and stands
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Abstract: Pirimiphos-methyl (PMM) and piperonyl butoxide (PBO) are commonly used in
crops to combat pests. This study examined their cytotoxicity and genotoxicity in various
cell lines (RAW 264-7, HOC2, HepG2, HEK 293) across different exposure times. HepG2 cells
showed heightened sensitivity to the combination (MIX) at 100 pg/mL after 48 and 72
hours, with no genotoxic effects observed in both HepG2 and mouse whole blood cells.
HEK 293 cells experienced cytotoxicity at higher concentrations of PMM, PBO, and MIX
(50 and 100 ug/mL) after 48 and 72 hours. H9C2 cells exhibited the most pronounced
cytotoxicity with MIX at 100 pug/mL at all time points evaluated. RAW 264-7 cells were
sensitive to high concentrations (50 and 100 ug/mL) after 72 hours. Interestingly, non-
toxic concentrations of MIX (5 ug/mL) inhibited 100% of nitric oxide production and
significantly reduced TNF and IL-6 levels in RAW 264-7 cells stimulated with LPS. Higher
concentrations of PMM and PBO individually also reduced TNF and IL-6 production,
suggesting immunomodulatory effects at low concentrations without associated
toxicity. These results underscore the importance of considering both concentration
and exposure time when assessing toxicity, especially in chronic exposure scenarios
common in real biological environments.
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the toxicity of these chemical compounds, the
specifictypesand uses of pesticides, as well their
behavior, contamination and adverse effects on
both the natural environment and the health of

as the second largest exporter of agricultural

products, playing a crucial role in the
international economy. To maintain this high
level of the production, the Brazilian agricultural
sector makes intensive use of transgenic seeds,
aswell as chemical inputs, such as fertilizers and
pesticides (USDA 2022). Pesticides are therefore
essential in reducing diseases and increasing
the productivity of agricultural crops around the
world. Given their widespread use, it is vital to
examine the agricultural development process,

living beings. These chemical substances can
impact on the environment and human health
through contamination of the ecosystem and
food chain (Shetty et al. 2023).
Pirimiphos-methyl (PMM) is an insecticide
widelyusedtocontrolpestsinvariousagricultural
crops. This chemical, which exhibits insecticidal,
acaricidal and nematocidal properties, belongs
to the organophosphates group. PMM is efficient
in controlling a wide range of pests and insects,
including aphids, whiteflies, thrips, caterpillars
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and mites, acting as an inhibitor of the enzyme
acetylcholinesterase, essential for the normal
functioning of the insect nervous system. By
inhibiting this enzyme, PMM causes neurological
damage in insects, leading to paralysis and
death. Regarding toxicity, PMM is considered
moderately toxic to humans and animals.
Safety measures must be taken during handling
and application, such as the use of personal
protective equipment (FAO 2016). According
to the European Food Safety Authority (EFSA),
PMM is applied at rates of up to 4 g per tonne
of grain and 50 g per 100 m? on structural
surfaces of empty grain storage facilities (EFSA
2005). Additionally, studies on PMM residues in
food have shown that concentrations can reach
up to 10 mg/kg in treated grains, however, it is
important to consider that human exposure
to PMM through food consumption and
environmental contact is typically lower due to
dilution and degradation processes (Mensink
2008, Mhadhbi & Beiras 2012).

Piperonyl butoxide (PBO) is a synergistic
compound frequently utilized in pest control
formulations. It enhances the efficacy of various
pesticides, including carbamates, pyrethrins,
pyrethroids, and rotenone, by inhibiting the
enzymatic activity within the nervous systems of
target pests. This inhibition leads to the mortality
or reproductive failure of the pests. PBO is
extensively employed to manage a wide range
of pests, such as fleas, mites, lice, mosquitoes,
and flies (Lorini & Galley, 2000). Studies have
reported PBO concentrations in water ranging
from 0.008 to 1.274 g/L, as well as in potatoes
(0.84 ug/g) and soil samples. Furthermore, PBO
is present in over 2,500 pesticide products,
including household foggers, sprays, and
agricultural treatments (Antonious et al. 1997,
2001, Schleier et al. 2008).

While the toxic effects of PMM have been
extensively documented, the safety of this

COMBINED TOXICITY OF PIRIMIPHOS-METHYL AND PBO

pesticide when used in combination with PBO
remains insufficiently explored. Although safety
thresholds of these substances are established
when used independently, the literature offers
limited insight into their toxic effects when
combined (Hodgson 1999). It is crucial to
comprehend that the health risks associated
with these substances are not immediate.
Nevertheless, the potential damage resulting
from long-term consumption warrants serious
consideration. This study aimed to evaluate the
in vitro cytotoxicity and genotoxicity of these
substances in biological systems, specifically
targeting cells of diverse tissue origins (RAW
264-7, H9C2, HepG2, and HEK 293), over varying
exposure durations (24, 48 and 72 hours).
Therefore, the assessment of the toxicity arising
from the combination of PMM and PBO is
significant. Such an evaluation will yield results
that mirror real-world exposure conditions more
closely.

MATERIALS AND METHODS
Chemicals and reagents

PMM, PBO, Ethylenediaminetetraacetic (EDTA),
Phosphate Buffered Saline (PBS), Fetal Bovine
Serum (FBS) was obtained from HyClone (Logan,
Utah, USA), Trypan Blue, Dulbecco MEM Medium
(DMEM), Dimethylsulfoxide (DMSO ), MTT cell
viability reagent [3-(4,5-dimethylthiazol-2-yl)-
2,5-diphenyl tetrazolium bromide solution],
normal melting point agarose solution, PFN 1.5
agarose solution %, low melting point agarose
solution (BPF agarose) 0.5%, solution for lysis,
alkaline buffer solution for electrophoresis
(NaOH 300 mN/EDTA 1mM), buffer solution
(NaOH 300 mN/EDTA 1mM), buffer solution Tris,
ethidium bromide staining solution, FDA staining
solution 30 pg/mL, ethidium bromide 8 pg/
mL, methyl methanesulfonate (MMS) solution,
Hydrogen peroxide (H,0,), Bioclin commercial
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diagnostic kit, absolute ethanol, trypsin solution
(w/v) and 0.53 mM EDTA in PBS.

Cell Culture

Macrophage cell line RAW 264-7 (ATCC TIB-71™),
was established from a male mouse tumor
induced with murine leukemia virus Abelson,
HOC2 cell line (ATCC CRL1446™) of primary
neonatal cardiomyocyte cell origin, HepG2 cell
line (ATCC HB-8065™) derived from human
hepatocellular carcinoma, HEK 293 cell line (ATCC
CRL-1573™) was isolated from the kidney of a
human embryo. Cells were incubated in DMEM
with 10%, FBS a mixture of antibiotics (penicillin,
streptomycin, and ampicillin 100 units/mL) and
antifungal Amphotericin B under predefined
temperature conditions at 37°C, 95 % moisture
and 5% CO, grown to exponential growth stage.

Cytotoxicity detection using MTT assay

The cytotoxicity of PMM, PBO and MIX (PMM +
PBO) were evaluated in different cell lines such
as: RAW 264-7, H9C2, HepG2 and HEK 293. After
counting, viable cells were seeded in a flat-
bottomed 96-well plate at 0.5x10* cells/well
for adherent cells and 1x10* cells/well for non-
adherent cell AMJ2-C1. The cells were cultured at
different times of exposure 24, 48 and 72 hours
(in 5% CO, at 37°C), in the presence of PMM, PBO
and MIX of the two substances (in a 1:1 ratio), at
concentrations 0.5; 1; 10; 50; 100 ug /mL, in a final
volume of 200 pl/well. During the last 4 hours
of each exposure time, the cells were incubated
with a solution containing MTT (5 g /mLin saline
solution; 22 ul/ well). The supernatants were
discarded and DMSO (150 pl/well) was added
to solubilize the formazan crystals. Absorbance
was measured at 550 nm (SpectraMax M5,
Molecular Devices, USA). According to the ISO
10993-5 standard, concentrations of compounds
that induced > 30% cell death were considered
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cytotoxic. Two independent assays were
performed in quadruplicate (De Brito et al. 2021).

Thefractional inhibitory concentration index
(FICI) for the analysis of synergy was calculated
as follows: FICI = (IC50 of PMM in combination /
IC50 of PMM alone) + (1C50 of PBO in combination
/ 1C50 of PBO alone). FICI was calculated for each
combination and used to classify the nature of
the interaction as follows: synergy is defined as
FICI < 0.5; “indifferent” or an additive effect as
FICI between 0.5 and < 4; and antagonism as FICI
> 4 (0dds 2003, Andrade-Neto et al. 2021).

Comet Assay

To carry out the comet assay, the PMM, PBO and
MIX samples were diluted in concentrations of 1;
10; 50; 100 ug /mL in DMEM medium for Hep-G2
cells and in PBS for Balb-C mouse whole blood.
The HepG2 cell was seeded 1.5x10° cells/well in a
96-well plate, exposed to PMM, PBO and MIX for
24 hours at 5% CO, at 37°C. The positive control
was hydrogen peroxide (H,0,) at 100 pM and the
negative controlwas methanolataconcentration
of 100 ug /mL (Zeljezi¢ et al. 2016). Whole blood
samples from male Balb/c mice (Committee on
Ethical Use of Laboratory Animals of Oswaldo
Cruz Foundation, under license P17/13-5) were
obtained by intraperitoneal collection, exposed
to test substances in epperdorfs, for 2 hours at
5% CO, at 37°C. The positive control was 160 uM
MMS for whole mouse blood and the negative
control was 100 pg /mL methanol.

For the alkaline comet assay, after the
exposure times, the samples were added to the
0.5% low melting point agarose (LMPA: Sigma-
Aldrich) in PBS, 120 uL, at 37 °C and added to
slides previously coated with 1.5% normal-
melting point agarose (Sigma-Aldrich) in PBS.
After the agarose slide had solidified, the cells
were lysed overnight, protected from light, at
4-6 °C (2.5 M NaCl, 100 mM Na 2 EDTA, 10 mM
Tris, 1% [w/v] N-lauroylsarcosine sodium salt,
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1% [v/v] Triton X-100 and 10% [v/v] DMSO, pH 10).
After lysis, the cells were subjected to alkaline
treatmentin a horizontal electrophoresis system
(Bio-Rad) with an alkaline buffer solution, pH >
13 (1 mM Na 2EDTA and 300 mM NaOH) for 20
min, in an ice bath. Then, electrophoresis was
performed in an ice bath at 25V (0.86 V/m) and
300 mA for 20 min. The the neutralizing solution
was applied to the slide in 0.4 M Tris buffer
solution, pH 7.5, through three washes, 5 min
each, fixed with absolute ethanol for 10 min and
dried at room temperature (Hartmann 2003).

Extensions of DNA migration were analyzed
50 cells per slide, total of 4 slides per assay
according to the sizes of comet tails, in four
different classes: no tail - Class 0; small tail -
Class 1; long tail - Class 2; severely damaged -
Class 3. DNA damage was expressed in the four
different classes and per arbitrary unit (AU)
according to the formula:

AU = [(MO x 0) + (M1 x 1) + (M2 x 2) + (M3 x 3)];
where M represents the number of cells in each
damage class (Poca et al. 2021).

The PMM and PBO effect on macrophage cell
activation

Macrophages RAW 264-7, incubated with
PMM, PBO and MIX (PMM plus PBO) for 1
hour, were plated in a 96-well microplate in
a final concentration of 2.5 x 10° cells/well, in
quadruplicate (in 5% CO, at 37°C). RAW 264-7
were stimulated with LPS (1pg/mL), and after
24 hours, nitrite levels were determined in
supernatants with Griess' reagent. Absorbance
was read at 540 nm using a microplate reader
(Molecular Devices). The concentration of nitrite
was calculated from a sodium nitrite standard
curve (range 6.5-100 uM).

Statistical analysis

The data is reported as the mean + standard
error of the mean (SEM) and was statistically
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analyzed by one-way ANOVA test and Tukey’'s
post hoc test was used for comparisons. P
values < 0.05 were considered significant. The
data were determined using Graph Pad Prism 5.0
software (Graph Pad Prism Software Inc.).

RESULTS
Cytotoxic effect of PMM and PBO on several
cell lines
To evaluate the cytotoxic effects of the
combination of the pesticide PMM with the
synergist PBO, a cell viability analysis was
carried out on various cell lines, including HEK
293 (embryonic renal cells), HepG2 (derived from
hepatocyte), HOC2 (derived from embryonic
rat cardiac tissue) and RAW 264-7 (mouse
macrophage). The cells were subjected to
treatment with different concentrations of the
PMM pesticide, individually or in association
with the PBO synergist (in a 1:1 ratio). The
concentrations used were 0.5, 1, 5, 10, 50, and
100 pg/mL, with exposure times of 24, 48,
and 72 hours, selected based on findings
from the literature related to environmental
contamination and toxicological studies. The
evaluation of cell viability and cell integrity was
carried out according to the metabolization of
MTT, with negative control assays considered as
100% cell viability. The analyses can be observed
in the viability graph (Figure 1 - 4), expressed as
a percentage at different exposure times.
HepG2 cell line exhibited low toxicity when
exposed to PMMfor 24 hours. PMM concentrations
ranging from 5 to 100 pg/mL induced a
statistically significant decrease in cell viability.
However, exposure to concentrations between
5 and 50 ug/mL did not reduce cell viability to
values below 70% (a threshold determined by
us to differentiate between mildly toxic and
moderately or severely toxic effects). Notably,
exposure to the highest concentration (100 pg/
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Figure 1. Cell viability (%) of HepG2 cells exposed to different concentrations (0.5-100 pg/mL) of PMM, PBO,
and their mixture (MIX) for 24, 48, and 72 hours. Values are expressed as mean + SEM from two independent
experiments performed in quadruplicate. *p < 0.05 compared to control (Medium); #p < 0.05 between the exposed

groups.

mL) resulted in a significantly more toxic effect
compared to lower exposure concentrations
such as 0.5 and 1 ug/mL (Figure 1a). Prolonged
exposure to PMM (48 and 72 hours) led to an
increasing toxic effect, with the 100 pg/mL
concentration inducing a loss of cell viability
greater than 70% at 48 hours, and concentrations
of 50 and 100 pg/mL also showing similar effects
at 72 hours (Figure 1d and 1g).

HepG2 cells exposed to PBO showed
cell viability equal to or greater than 80% at
concentrations of 0.5to 5 ug/mL across all three
exposure times analyzed (Figure 1b, 1e, and 1h).
Conversely, concentrations of 50 and 100 pg/
mL were the most toxic, with 100 pg/mL of PBO
significantly reducing viability to below 70%
after 24 hours of exposure. Prolonged exposure
to PBO beyond 24 hours resulted in increased
cell death, particularly at concentrations of
50 and 100 pg/mL, with only the 100 pg/mL

concentration inducing cell death greater than
70%.

The exposure of the association between
PMMand PBOfor24hoursdid notshowsignificant
differences. On one hand, the concentration of
PMM at 5 pg/mL induced a small but statistically
significant decrease in cell viability, while the
association between PBO and PMM increased
cell viability to values very close to the control
group (Figure 1a, 1b, and 1c). The MIX at 100 g/
mL for 24 hours also did not show significant
differences, maintaining cell viability within the
70% range. The 48-hour exposure time did not
present results that could infer a synergistic or
antagonistic effect in the association between
PMM and PBO, as the cell viability curve of the
MIX was very similar to the values presented by
PMM alone, suggesting that the presence of PBO
does not potentiate or rescue cells exposed to
death (Figure 1d, 1e, and 1f). Conversely, HepG2
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Figure 2. Cell viability (%) of HEK293 cells exposed to different concentrations (0.5-100 pg/mL) of PMM, PBO,
and their mixture (MIX) for 24, 48, and 72 hours. Values are expressed as mean * SEM from two independent
experiments performed in quadruplicate. *p < 0.05 compared to control (Medium); #p < 0.05 between the exposed

groups.

cells exposed to MIX at 50 pg/mL for 72 hours
showed a rescue in cell viability compared to the
PMM group, where cells exposed to PMM alone
had viability below the 70% range (Figure 1g and
1i). These results suggest that both PMM and
PBO exhibit concentration- and time-dependent
toxic effects, with PMM toxicity appearing to be
greater than that of PBO in HepG2 cells.

In Figure 2, we observe that PMM and PBO
did notinduce significant toxicity in HEK293 cells,
as the 70% viability threshold was not reached
at any evaluated time points. PMM at 100 ug/
mL caused a statistically significant decrease in
cell viability after 24 hours of exposure (Fig. 2a).
Extending the exposure to 48 hours, PMM led to
increased cell death at concentrations ranging
from 1 to 100 pyg/mL in a dose-dependent
manner (Fig. 2d). When HEK293 cells were
exposed to concentrations between 10 and 100
pg/mL, a statistically significant reduction in

cell viability was observed (Fig. 2g). However, the
70% threshold was not reached at any of the
evaluated time points (2zh, 48h, or 72h).

After 24 hours of PBO exposure, a significant
reduction in HEK293 cell viability was observed
only at 100 pg/mL (Fig. 2b). Prolonging the
exposure to 48 hours resulted in a significant
reduction in cell viability at concentrations
ranging from 0.5 to 100 pg/mL (Fig. 2e). However,
after 72 hours of exposure, only the highest
doses (50 pg/mL and 100 pg/mL) induced a
significant effect (Fig. 2h). Similar to PMM, PBO
exposure did not reduce cell viability below 70%
under our experimental conditions.

Exposure of HEK293 cells to a combination
of PMM and PBO for 24, 48, or 72 hours resulted
in increasing toxicity, with the 100 pg/mL
concentration inducing a loss of cell viability
greater than 70% (Fig. 2a, b, and ¢). Furthermore,
after 24 hours of exposure, the combination of
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Figure 3. Cell viability (%) of H9C2 cells exposed to different concentrations (0.5-100 pg/mL) of PMM, PBO, and their
mixture (MIX) for 24, 48, and 72 hours. Values are expressed as mean + SEM from two independent experiments
performed in quadruplicate. *p < 0.05 compared to control (Medium); #p < 0.05 between the exposed groups.

PMM and PBO induced a statistically significant
decrease in cell viability at concentrations of
10 and 50 pg/mL, although without reaching
the threshold (Fig. 2a). At 48 hours of exposure,
concentrations ranging from 1to 50 ug/mL also
caused a statistically significant decrease in cell
viability without reaching the threshold. The
same effect was observed for 50 ug/mL at 72
hours of exposure (Fig. 2i).

When H9C2 cells, a cardiac cell lineage,
were exposed to PMM for 24 hours, a significant
reduction in cell viability was observed at
concentrations ranging from 5 to 100 pg/mL (Fig.
3a). The same effect was noted after 48 hours of
exposure (Fig. 3d), with viability dropping below
the 70% threshold only at this time point. At 72
hours of exposure (Fig. 3g), a significant reduction
in cell viability was observed at concentrations
between 10 and 100 ug/mL; however, viability
did not fall below 70%.

When HI9C2 cells were exposed to PBO for 24
hours, a concentration-dependent reduction in

viability was observed at concentrations ranging
from 5 to 100 pg/mL (Fig. 3b); however, the 70%
viability loss threshold was not reached. At 48-
hour and 72-hour exposure times, significant
reductionsin viability occurred at concentrations
between 10 and 100 pg/mL (Fig. 3e and 3h).
At 100 pg/mL, after 72 hours of exposure, this
reduction approached a 60% viability loss.

In Figure 3¢, when H9C2 cells were exposed
for 24 hours to different concentrations of the
PMM and PBO mixture, a significant reduction
in cell viability occurred at concentrations
between 1 and 100 ug/mL, without reaching the
70% viability threshold. At 48 hours of exposure,
a significant reduction in viability was observed
at the three highest concentrations, with 50 and
100 pg/mL capable of reducing cell viability to
below 70% (Fig. 3f). Figure 3i shows that when
H9C2 cells were exposed for 72 hours to the PMM
and PBO mixture, a reduction in cell viability
occurred at concentrations ranging from 5 to 100
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Figure 4. Cell viability (%) of RAW 264.7 cells exposed to different concentrations (0.5-100 pg/mL) of PMM, PBO,
and their mixture (MIX) for 24, 48, and 72 hours. Values are expressed as mean * SEM from two independent
experiments performed in quadruplicate. *p < 0.05 compared to control (Medium); #p < 0.05 between the exposed

groups.

pg/mL. Similar to the 48-hour exposure, 50 and
100 pg/mL reduced cell viability to below 70%.
The RAW 264-7 cell line exhibited a pattern
of sensitivity quite like individual exposures to
both PMM and PBO. In both individual exposures,
RAW 264.7 cells experienced a concentration-
dependent reduction in cell viability, with both
PMM (100 pg/mL) and PBO (100 pg/mL) reducing
cell viability to below 70% (Figure 4a, b, d, e, g
and h). Overall, at 24 and 48 hours, RAW 264.9
cells exhibited viability levels above 70% at
all exposure concentrations of PMM and PBO.
Concentrations of 50 and 100 pg/mL slightly but
significantly reduced viability compared to the
control group (medium). However, in all cases,
cell viability remained equal to or above 80%.
Exposure for 72 hours reduced cell viability
to around 40% for both PMM and PBO at the
highest concentration (100 pg/mL). Similarly,
the 50 ug/mL concentration decreased cell
viability from values equal to or greater than

80% to slightly below 70% (Figure 4g and &4h).
Proportionally, the 5 pg/mL concentration of
PMM and PBO showed a reduction in viability at
the longer exposure time (72 hours) compared
to shorter exposure times (24 and 48 hours)
(Figure 4g and &4h).

Interestingly, the MIX of PMM and PBO did
not significantly affect cell viability at 24 and 48
hours (Figures 4c and 4f). As observed, only the
MIX at 100 pg/mL caused a slight but statistically
significant reduction in cell viability compared
to the control group (Fig. 4c). The same effect
was noted at 48 hours of exposure, where the
two highest concentrations (50 and 100 pg/mL)
reduced viability, yet still maintained values
within an 80% viability range (Fig. 4f). Conversely,
prolonged exposure to concentrations of
50 and 100 pg/mL for 72 hours resulted in a
concentration-dependent reduction in viability
to values below 70% (Fig. 4i).
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IC,, and XFICI_, of the combination of PMM and

PBO on HEK293 and RAW264-7 cells

Based on the analysis of different cell viability
curves from exposures to PMM, PBO, and their
combination, we determined the 50% inhibitory
concentration (IC,,) to evaluate whether there
would be a synergistic, antagonistic, or additive
interaction between these substances. Cell
lines and exposure times were selected where
experimentally observed cellviability losses were
equal to or greater than 50%. The 1C50 values for
PMM, PBO, and MIX in the HEK293 cell line at 72
hours of exposure were 67.7, 86.95, and 77.98 ug/
mL, respectively. Table | shows the combination
of PMM and PBO in HEK293 cells, which has an
average fractional inhibitory concentration index
(FICI) of 2.39, indicating an additive or indifferent
interaction. The IC,, values determined for
the exposure of RAW264-7 cells at 72 hours to
PMM, PBO, and MIX were 84.80, 81.05, and 77.49,
respectively. Similar to the observations with
HEK293 cells, the combination of PMM and PBO
presented a FICI of 1.86, indicating an additive
interaction (Table I).

DNA damage in HepG2 cells and mouse whole
blood estimated by the alkaline comet assay

COMBINED TOXICITY OF PIRIMIPHOS-METHYL AND PBO

Many pesticides can cause deleterious effects
on genetic material, where the induction of
genotoxicity such as chromosome lesions can
lead to mutagenic and carcinogenic effects.
The comet assay is considered a highly
sensitive method, as it assesses chromosomal
morphological changes, and DNA damage
induced by agents considered genotoxic. In this
way, we evaluated the genotoxicity of PMM, PBO,
and the combination of PMM plus PBO in HepG2
cells and in whole blood of mice. It was found
that PMM, PBO, and MIX (PMM plus PBO) did not
induce significant DNA damage at the tested
concentrations. The positive control H,0, 100
UM induced a highly significant genotoxic effect
(Table 11). Just as in HepG2 cells, no statistically
significant results of DNA damage were observed
after the exposure of mouse whole blood to the
samples of PMM, PBO, and MIX (PMM plus PBO)
(Table I11). Within the range of concentration
studied, as well as the evaluated exposure time,
we did not observe a risk of genotoxic activity
from either PMM, PBO, or the association
between them.

The PMM and PBO effect on macrophage cell
activation

Table 1. IC50, FICI50, and 2FICI50 of the combination of PMM and PBO.

U
1.0 67.70
HEK293 72 11 86.95
0:1
1.0 84.80
RAW264-7 72 1 77.49
0:1

IC50 (ug/ = FICI nature of the
mL)PBO = PMM FICIPBO | 2FICI interaction
86.95 1.28 m 2.39 indifferent
77.98
77.49 091 0.95 1.86 indifferent
81.05

1C50, concentration that inhibits 50% of cell growth; PMM, pirimiphos-methyl; PBO, piperonyl butoxide. According to published
guidelines, a fractional inhibitory concentration index (FICI) of 0.5 to 4.0 is indicative of an additive effect (indifferent).
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Table II. Detection of cytotoxicity and DNA damage in cell HepG2 after in vitro treatment with different

concentrations of PMM, PBO and the MIX.

Treatments (ug/mL) Levels of DNA damage (%) DNA (:\arrl;liétlrg:yslfr?i:es Total % %‘;tg;g)t(:fictgus)
PMM -
1 25.50 + 6.3640 30 5.75
10 26.00 + 2.8284 28 5.75
50 16.00 + 9.8995 9 3.75
100 26.50 + 3.5355 29 6.75
CcC 21.00 + 4.2426 24 8.75
CS 20.00 + 1.4142 21 7.5
H,0, 561.50 + 3.5355 559 5
PBO -
1 14.75 + 3.8891 17.5 6.75
10 11.75 + 6.7175 16.5 3.75
50 7.25 + 3.8891 10 5.75
100 10.00 + 6.3640 14.5 35
CcC 10.50 + 21213 12 8.75
() 10.00 + 0.7071 10.5 7.5
H,0, 280.75 + 1.7678 279.5 5
MIX -
1 23.00 + 4.2426 20 9.75
10 25.50 + 16.2635 37 3.75
50 26.00 + 4.2426 29 10.75
100 32.00 + 15.5563 43 9.00
CcC 21.00 + 4.2426 24 8.75
CS 20.00 + 1.4142 21 7.5
H,0, 561.50 + 3.5355 559 5

The results are expressed as mean: SEM; H,0,- (hydrogen peroxide), U.AT. - Total arbitray units; CC - cell control; CS - solvent
control; Positive control (p< 0.001) when compared to untreated group. CC-cell control.

Cells of the RAW 264-7 lineage were treated with
non-toxic concentrations, following the data
observed in Figure 5, and then stimulated with
LPS for evaluation of activation and production
of soluble mediators. The LPS stimulation
induced the production of nitric oxide (NO),
tumor necrosis factor (TNF), and interleukin-6
(IL-6), after 24 hours. None of the individually
tested concentrations of PMM or PBO generated
any significant inhibitory or stimulatory effect,

however, the highest concentration of PMM plus
PBO (MIX 5 pg/mL) was able to inhibit 100%
of NO production (Figure 5a). This effect was
more sensitive in the production of TNF and
IL.-6, where both cytokines were significantly
downmodulated at concentrations of 1and 5 pg/
mL (Figure 5b and 5c). Unlike what we observed
in the NO dosage, PMM and PBO individually
at the highest tested concentrations (5 pg/mL)
were able to reduce the production of TNF and
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Table lll. Detection of cytotoxicity and DNA damage in peripheral blood mice after in vitro treatment with different
concentrations of PMM, PBO and the MIX.

Treatments (ug/mL) Levels of DNA damage (%) DNA C:\arrt;]iif:yslf:irti Total % f,%tg:g)t(:,citgu s)
PMM -
1 14.00 + 1.4142 15 0.75
10 19.00 + 11.3137 M 15
50 15.50 + 6.3640 1 0.5
100 18.50 + 10.6066 1 2.0
CcC 10.00 + 8.4853 16 0.75
CS 12.50 + 3.5355 15 1.0
MMS 259.00 + 791960 203 3.0
PBO -
1 15.50 + 10.6066 8 35
10 15.00 + 5.6569 i 0.0
50 15.00 + 2.8284 17 35
100 17.00 + 2.8284 19 0.0
CcC 10.00 + 8.4853 16 0.75
CS 12.50 + 3.5355 15 1.0
MMS 259.00 + 791960 203 3.0
MIX -
1 28.50 £ 21213 30 5.0
10 32.00 + 4.2426 29 7.5
50 29.00 + 5.6569 25 1.0
100 32.50 + 16.2635 21 6.5
CcC 10.00 + 8.4853 16 0.75
CS 17.50 + 91924 24 1.0
MMS 377.50 + 168.9985 258 3.0

The results are expressed as meant SEM; MMS (methyl methane sulfonate), U.A.T. - Total arbitray units; CC - (cell control); CS -

(solvent control). Positive control (p< 0.001) when compared to untreated group.

IL-6 (Figure 5b and 5c). The presented results
suggest that low individual concentrations
and in association of PMM and PBO have
immunomodulatory capacity, with absence of
toxicity.

DISCUSSION

The concentrations of PMM and PBO used in
our in vitro assays are relevant to real-world
exposure scenarios. While the concentrations in
our study are lower than those applied directly
in agricultural settings, they are comparable to
potential human exposure levels through food
residuesand environmental contact. Ourfindings
provide valuable insights into the cytotoxic

An Acad Bras Cienc (2025) 97(4) €20241526 11119



FERNANDA M.C.0. CAMPOS et al.

fetefe ettt ettt

-
S e,

EOC 0 S S

=]
+ i

251 #
204
154

10+

TNF [ugml]

05 5
LPs: - + + + 4 + + 4+ + + +
PBO {ugmi)

PMH {ugiml) M X (ugfmi}

IL-6 [jugmi]

03 1 0s 1
LPS: - + + 4+ 4+ + + + 4+ + +

PEO {ug/mi) W X (pgfmily

PMM {ug/ml)

Figure 5. Effects of PMM, PBO, and their mixture (MIX)
on inflammatory mediators in LPS-stimulated RAW
264.7 macrophages. (A) NO production measured

by Griess reagent, (B) TNF-a and (C) IL-6 levels
determined by ELISA in culture supernatants after

24 hours of LPS stimulation. Values are expressed

as mean * SEM from two independent experiments
performed in quadruplicate. #p < 0.05 compared to
non-stimulated control (Medium); *p < 0.05 compared
to LPS-stimulated control.

and genotoxic effects of these substances,
contributing to a better understanding of their
potential health risks under realistic exposure
conditions. This contextualization underscores
the importance of comprehensive toxicological

COMBINED TOXICITY OF PIRIMIPHOS-METHYL AND PBO

assessments that consider both individual
compounds and their potential interactions in
complex biological systems.

The study investigated the impact on
H9C2 cardiac cells, which are frequently
used as an in vitro model for analyzing drug-
induced cardiotoxicity. Short-term exposure
(24 hours) to PMM, PBO, and MIX did not
induce cytotoxicity. However, longer exposures
revealed varying degrees of toxicity. Recent
studies have elucidated the cytotoxic effects of
organophosphate pesticides on H9C2 cardiac
cells using the MTT assay. Atale et al. (2014)
reported that 48-hour exposure to malathion
at concentrations ranging from 5 to 40 pg/mL
induced a 25% reduction in cell size, with 20 ug/
mL identified as the LD50 and the threshold
for stress mediation. Similarly, Felemban et al.
(2015) demonstrated that chlorpyrifos exhibited
cytotoxicity at concentrations of 100 and 200
UM when HIC2 cells were exposed for 24 and 48
hours. These findings underscore the potential
cardiotoxicity of organophosphate pesticides
and highlight the importance of comprehensive
toxicological assessments to elucidate their
impact on cardiac function (Atale et al. 2014,
Felemban et al. 2015).

The HepG2 cell line, derived from human
hepatocarcinoma, is widely used for evaluating
xenobiotic metabolism and liver toxicity due to
its sophisticated in vitro capabilities, which aid
in understanding the transport, metabolism,
and elimination of substances by the liver, as
well as their potential to induce hepatotoxicity.
The liver's crucial role in biotransformation and
detoxification makes it a primary target for the
harmful effects of xenobiotics, which can disrupt
homeostasis and cause irreversible damage
(Houck et al. 2009, Jaeschke 2002, Judson et al.
2010).

In this study, HepG2 cells exposed to
PMM, PBO, and their mixture (MIX) for 24 hours
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showed no significant changes in cell viability,
indicating non-cytotoxicity. However, extended
exposure for 48 hours revealed that only the
MIX at 100 pg/mL reduced cell viability. This
aligns with previous findings by Camatini et
al. (1996), who reported no cytotoxicity in rat
hepatocytes exposed to PMM and Benomyl
but noted glutathione depletion. Similarly,
Hreljac et al. (2008) observed varied effects of
organophosphates on HepG2 cells, with methyl
paraoxon reducing proliferation only at high
concentrations (Hreljac et al. 2008). Zhang et al.
(2021) found that trichloropyridinol significantly
inhibited HepG2 cell viability in a concentration-
dependent manner (Camatini et al. 1996, Zhang
et al. 2021).

The research also examined the effects
on HEK 293 renal cells, which are crucial for
assessing potential nephrotoxicity. Short-term
exposure (24 hours) to PMM and PBO individually
did not prove toxic, but the MIX showed toxicity
at 100 pg/mL. Longer exposures revealed
varying toxicity profiles, with PMM showing
increased toxicity at 48 and 72 hours, while the
MIX consistently demonstrated cytotoxic effects
at higher concentrations across all time points.

The toxicological relevance of the findings
lies in the concentration- and time-dependent
effects observed for both PMM and PBO,
individually and in combination. Although no
synergistic interaction was confirmed, the data
reinforce the need to consider the cumulative
and potentially additive effects of these
compounds, particularly under chronic exposure
scenarios. PMM has been associated with a
range of adverse health outcomes, including
neurotoxicity, cardiotoxicity, and reproductive
toxicity. PBO, despite being primarily used as a
synergist, has demonstrated toxicological effects
in various organ systems, including the liver,
thyroid, and central nervous system, especially
at high doses or prolonged exposure (Gokalp

COMBINED TOXICITY OF PIRIMIPHOS-METHYL AND PBO

et al. 2005, Handy et al. 2002, Jokanovic 2018).
These findings underscore the importance of
evaluating not only the individual toxicological
profiles of pesticide components but also their
combined effects, even when no synergism is
detected.

The assessment of potential genotoxicity
of PMM and PBO, both individually and in
combination, is crucial for understanding their
impact on human health. This study employed
the alkaline comet assay to detect genomic
lesions that could result in DNA strand breaks in
HepG2 cells and mouse whole blood cells. HepG2
cells were chosen for their retention of normal
human hepatocyte functions and possession
of phase | and Il xenobiotic metabolization
enzymes, which are essential for activating and
detoxifying pro-mutagenic and pro-carcinogenic
agents (Jin et al. 2009, Westerink & Schoonen
2007a, b).

Genotoxic pesticides pose a significant
risk as they can directly or indirectly affect
chromosomal DNA, potentially leading to
chronic genotoxicity, reproductive toxicity, and
carcinogenicity. These effects may manifest
as hereditary genetic diseases, reproductive
dysfunction, or congenital deformities. The
cleavage of chromatin DNAintointernucleosomal
fragments is a key cellular event in pesticide-
induced genotoxicity. Genotoxins can cause
various types of DNA damage, including base
modifications, DNA adducts, and single or
double-strand breaks, with double-strand
breaks considered the most severe (Collins
2004, Li et al. 2015).

In this study, the comet assay results
indicated that PMM, PBO, and their mixture
(MIX) were not genotoxic at any of the tested
concentrations in HepG2 cells exposed for 24
hours or in mouse whole blood exposed for
2 hours. These findings are consistent with
previous research by Piatti et al. (1994) which
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also found no genotoxic effects for PMM both
individually and in a mixture with benomyl in
a 48-hour exposure, which observed that PMM
individually did not had any genotoxic effect
at any of the tested concentrations (0.5 ug
/mL to 25 pg /mL and 0.8 pg /mL to 50 pg /
mL, respectively) (Piatti et al. 1994). Also, in the
studies performed by Kopp et al. (2018), the
effects of DNA damage and cytotoxicity of PMM,
PBO or combined in HepG2 cells were analyzed
for 24 hours in five concentrations (500, 250, 100,
10 and 1 uM) and observed that the substances
did not cause DNA damage or cytotoxicity at
the tested concentrations (Kopp et al. 2018).
The results of this work confirm the idea that
PMM and PBO substances do not have genotoxic
activity in HepG2 cells.

Although the present study did not identify
genotoxic effects for PMM, PBO, or their
combination under the tested conditions, it is
important to interpret these findings in light
of methodological differences compared to
previous studies. For instance, Vardavas et al.
(2016) reported genotoxic and inflammatory
effects in the liver and kidneys of New Zealand
white rabbits following chronic exposure to PBO
(22.5 or 45 mg/kg/day, three times per week for
four months), using the micronucleus assay in
peripheral blood. In contrast, our study employed
the alkaline comet assay in HepG2 human
hepatocellular carcinoma cells and mouse
whole blood, with acute exposure durations of
24 and 2 hours, respectively, and concentrations
up to 100 ug/mL. These differences in biological
models (in vivo vs. in vitro), exposure duration
(chronic vs. acute), route of administration (oral
vs. direct contact), and genotoxicity assessment
methods (micronucleus vs. comet assay) limit
direct comparisons between the findings.

Furthermore, the study by Vardavas et al.
(2016) did not evaluate PMM, which underscores
the novelty of our investigation into the

COMBINED TOXICITY OF PIRIMIPHOS-METHYL AND PBO

combined toxicity of PMM and PBO across
multiple human and murine cell lines. The
absence of genotoxicity observed in our study
may reflect the shorter exposure durations and
lower systemic complexity of in vitro models.
Therefore, our results do not contradict those of
Vardavas et al. (2016) but rather complement the
existing literature by providing initial evidence
under controlled acute exposure conditions.
These findings highlight the need for further
studies employing chronic and integrative
models to fully elucidate the genotoxic potential
of these compounds.

Macrophages are essential immune system
cells that play crucial roles in the inflammatory
response and defense against pathogens. The
RAW 267-4 cell line is frequently used in toxicity
studies due to its ability to simulate immune
responses in vitro. The toxic effects from the
tested compounds only manifested after
prolonged exposures of 72 hours, suggesting an
interesting dynamic between exposure duration
and observed toxic effects (Smith & Johnson
2020).

The observation that toxic effects occurred
only after 72 hours of exposure indicates that
RAW 267-4 macrophages may possess an
initial defense or resistance mechanism that
diminishes over time. This resistance could be
attributed to several factors, including: Cellular
Repair Mechanisms: Cells may activate repair
pathways in response to initial stress, allowing
for temporary survival (Johnson & Lee 2021) and
stress Adaptation: Macrophages might adapt
to adverse conditions, leading to a delayed
response to toxicity (Miller et al. 2019).

The findings suggest that toxicity evaluation
should consider not only the concentration of
compounds but also the duration of exposure.
This is crucial for understanding how these
compounds may affect cells in real biological
environments, where chronic exposure is
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common. Delayed toxicity may have significant
implications in contexts such as occupational
exposure professionals exposed to pesticides
or chemicals may not perceive immediate
effects, but health risks could accumulate over
time (Thompson et al. 2022). The toxic effects
to manifest can aid in developing therapeutic
strategies to mitigate these effects (Garcia &
Patel 2023).

The analysis of nitric oxide (NO), TNF, and
IL-6 production suggests that different signaling
pathways are being modulated by these
substances, reflecting their specific interactions
and effects on the immune response. RAW264
cells treated with PMM showed normal NO
production, even after stimulation with LPS.
This suggests that PMM does not interfere with
the activation of inducible nitric oxide synthase
(iNOS), which is responsible for NO production
in response to inflammatory stimuli. Conversely,
the decrease in NO production observed in
cells treated with PBO indicates that it may be
inhibitingiNOS activity, possibly through negative
modulation ofthe NF-kBsignaling pathway,which
is crucial for iINOS expression (Xie et al. 1994, Liu
et al. 1997). Another mechanism involved in this
inhibition could be attributed to PBQ’s ability
to inhibit cytochrome P450 enzymes, which may
be involved in the metabolism of mediators
that promote iNOS activation. CYPs can affect
NO production through various pathways,
including the regulation of tetrahydrobiopterin
(BH4) synthesis, an essential cofactor for NOS
activity (Gonzalez et al. 2025). Additionally, CYPs
can influence the production of reactive oxygen
species (ROS), which can interact with NO and
affect its bioavailability (Gonzalez et al. 2025).

TNF production in RAW264 cells treated
with PMM and PBO showed an interesting
pattern. PMM inhibited TNF production at
higher concentrations, suggesting that it may be
modulating the NF-kB signaling pathway, which

COMBINED TOXICITY OF PIRIMIPHOS-METHYL AND PBO

is fundamental for TNF expression (Hayden &
Ghosh 2014). NF-kB activation is often mediated
by pattern recognition receptors, such as TLRs,
which are activated by LPS (Kawai et al. 2007). The
inhibition of TNF in cells treated with PBO also
suggests similar modulation, possibly through
the inhibition of CYPs, which can influence the
availability of inflammatory mediators and
NF-kB activation. IL.-6 production showed a
distinct pattern. While PMM did not inhibit IL-6
production at any of the tested concentrations,
PBO did inhibit IL.-6 production. This difference
can be explained by the activation of distinct
signaling pathways. IL-6 production is often
mediated by the STAT3 signaling pathway, which
can be activated by different inflammatory
mediators (Takeda et al. 1999). The fact that
PMM does not inhibit IL-6 suggests that it
does not affect this pathway, whereas PBO, by
inhibiting CYPs, may be altering the availability
of mediators that activate the STAT3 pathway,
resulting in the inhibition of IL-6 production. The
signaling pathways that regulate the production
of NO, TNF, and IL-6 are interconnected but
also have unique characteristics. NO and TNF
production is closely related to NF-kB activation,
while IL-6 production may be more dependent
on the STAT3 signaling pathway. The modulation
of the PPAR pathway may also be involved,
as PPARs have an anti-inflammatory role and
can inhibit the expression of inflammatory
cytokines, including TNF and IL-6 (Martin 2010).
Although both PMM and PBO, individually and
in combination, modulated the production of
inflammatory mediators such as nitric oxide
(NO), TNF-a, and IL-6 in LPS-stimulated RAW
264.7 macrophages, the data do not support
a synergistic interaction between the two
compounds. The observed effects, particularly
the inhibition of NO production by the MIX
at 5 yg/mL and the reduction of TNF and IL-6
levels at 1 and 5 pg/mL, were comparable to
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or only slightly more pronounced than those
induced by the individual compounds at the
same concentrations. These findings suggest
an additive or independent effect rather than a
synergistic one. Furthermore, the absence of a
formal synergy analysis (e.g., combination index
or isobologram) for the inflammatory endpoints
limits the ability to infer synergism. Therefore,
the interpretation of the interaction between
PMM and PBO should be restricted to additive
effects under the tested conditions.

Previous studies on cellular toxicity often
report acute effects with shorter exposures. The
uniqueness of the results obtained with RAW 267-
4 may indicate differences in cellular physiology
or immune responses among various cell
lines. Comparing these findings with available
literature could enrich the understanding of
cellular responses to toxicity (Anderson et al.
2020). It is important to consider the limitations
of the study, such as the exclusive use of the
RAW 267-4 cell line, which may not fully reflect
in vivo responses. Future research could include
assessments in animal models to verify whether
the observed effects in vitro translate into
relevant biological responses in organisms
(Roberts et al. 2021), as well as mechanistic
analyses investigating the molecular pathways
involved in initial resistance and eventual
toxicity after prolonged exposures (Chen et al.
2022).

CONCLUSIONS

This study provides valuable insights into the
cytotoxic and genotoxic effects of PMM and
PBO, both individually and in combination. PMM
and PBO exhibited concentration- and time-
dependent cytotoxic effects across various cell
lines, with significant reductions in viability at
higher concentrations and prolonged exposures.
The genotoxic assay indicated no significant

COMBINED TOXICITY OF PIRIMIPHOS-METHYL AND PBO

DNA damage, suggesting these substances
do not pose a genotoxic risk under the tested
conditions. Additionally, the combination of
PMM and PBO showed immunomodulatory
properties by inhibiting the production of NO,
TNF, and IL-6 in LPS-stimulated macrophages,
possibly by modulating different cellular
signaling pathways. The observed interactive
effects highlight the complexity of assessing
the safety of these compounds, suggesting that
toxicity evaluation should consider not only the
concentration of the compounds but also the
duration of exposure. Future research should
focus on elucidating the mechanisms underlying
these effects and investigating the long-term
consequences of chronic low-dose exposures.
These findings underscore the importance of
comprehensive toxicological assessments to
inform regulatory decisions.
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