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Retene is a polycyclic aromatic hydrocarbon (PAH) emitted mainly by biomass combustion, and despite its
ubiquity in atmospheric particulate matter (PM), studies concerning its potential hazard to human health are still
incipient. In this study, the cytotoxicity and genotoxicity of retene were investigated in human HepG2 liver cells.
Our data showed that retene had minimal effect on cell viability, but induced DNA strand breaks, micronuclei
formation, and reactive oxygen species (ROS) formation in a dose- and time-dependent manner. Stronger effects
were observed at earlier time points than at longer, indicating transient genotoxicity. Retene activated phos-
phorylation of Checkpoint kinase 1 (Chk1), an indicator of replication stress and chromosomal instability, which
was in accordance with increased formation of micronuclei. A protective effect of the antioxidant N-acetylcys-
teine (NAC) towards ROS generation and DNA damage signaling was observed, suggesting oxidative stress as a
key mechanism of the observed genotoxic effects of retene in HepG2 cells. Altogether our results suggest that
retene may contribute to the harmful effects caused by biomass burning PM and represent a potential hazard to

human health.

1. Introduction

Polycyclic aromatic hydrocarbons (PAHs) comprise a class of organic
compounds released to the environment during incomplete combustion
of organic material (Kim et al., 2013). Biomass burning, such as indoor
firewood burning and wildfires, accounts for a high proportion of the
global total atmospheric emissions of PAHs (Zhang et al., 2022). The
presence of PAHs in the atmosphere is of great concern due to their
mutagenic and carcinogenic potential (Turner et al., 2020).

Although hundreds of PAHs are currently known, most air quality
and human biomonitoring studies focus on 16 priority compounds listed
by the United States Environmental Protection Agency (U.S. EPA) in the
1970s (Keith, 2014). The list was based on the occurrence of PAHs in the
environment, their toxicity, and on the availability of analytical stan-
dards and methods at the time, but its present relevance has been

questioned by several authors (Andersson and Achten, 2015; Samburova
et al., 2017; da Silva Junior et al., 2021a).

Retene (1-methyl-7-isopropylphenanthrene, Fig. 1) is an alkylated
PAH that is not included in the list of 16 priority PAHs but has been used
as a marker for biomass burning since the 1980s when it was reported as
a thermal degradation product of abietic acid present in the resin of
conifers (Ramdahl, 1983). Retene is the most abundant PAH found in
atmospheric particulate matter (PM) collected at the Brazilian Amazon
deforestation arc (de Oliveira Alves et al., 2011; de Oliveira Alves et al.,
2014; de Oliveira Alves et al., 2015), at sugarcane-producing regions
impacted by crop fires (Urban et al., 2016), and during wildfires in
Portugal (Alves et al., 2011; Vicente et al., 2012, 2017). High levels of
retene are also found during forest fire events (Yu et al., 2019). Addi-
tionally, retene has been used as a marker of residential wood-burning in
urban areas, particularly during winter (Li et al., 2009; Kramal et al.,
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Fig. 1. Chemical structure of retene.

2017). Although biomass burning is the primary source of retene, coal
combustion is a relevant source of this compound in indoor PM (Cui
et al., 2022).

Besides being an atmospheric contaminant, retene has been associ-
ated with liquid effluents from pulp and paper mills, and sediments
downstream of these industries, as it can be produced by anaerobic
biotransformation of resin acids (Dahl et al., 2019). In this context, most
studies related to the toxicity of retene are ecotoxicological assessments
using aquatic organisms. Retene affects liver and heart functions of
rainbow trout and zebrafish in early life stages (Scott et al., 2011; Rigaud
et al., 2020; Wilsson et al., 2022) and induces genotoxicity in adult
zebrafish, sea bass, and European eel (Gravato and Santos, 2002; Maria
etal., 2005; da Silva Junior et al., 2021b). The cardiotoxicity of retene in
fish has been linked to its strong antagonistic activity to the aryl hy-
drocarbon receptor (Scott et al., 2011). Although there are several
studies on the aquatic ecotoxicity of retene, studies concerning its effects
on humans are still incipient, despite its ubiquity in biomass burning
PM.

In the context of new approach methodologies (NAMs) for toxicity
testing, in silico and in vitro approaches stand out as alternatives to an-
imal use. Currently, few studies have applied quantitative structure-
activity relationship (QSAR) models to assess the genotoxicity, muta-
genicity, and carcinogenicity of retene (Gbeddy et al., 2020), and more
such studies are warranted (da Silva Junior et al., 2021a). Regarding in
vitro testing, no mutagenic activity was detected in Salmonella Typhi-
murium strains TA98, TA97a, TA100, and TA102 (base-substitution,
frameshift mutation, transition mutation, and transversion mutation
strains), with and without metabolic activation (Mgller et al., 1985;
Peixoto et al., 2019). In mammalian systems, studies with human A549
lung cancer cells indicated that retene caused DNA damage, increased
micronuclei frequency and promoted cell death and oxidative stress (de
Oliveira Alves et al., 2017; Peixoto et al., 2019). In a study with human
SK-N-SH neuroblastoma cells, retene mainly caused effects related to
oxidative stress: increased levels of reactive oxygen species (ROS),
decreased mitochondrial membrane potential, increased lipid peroxi-
dation, and up-regulated oxidative stress-responsive genes (Sarma et al.,
2017).

Since most PAHs exert their toxic effects after being metabolized to
more reactive and electrophilic intermediates, it is of interest to assess
the effects of retene using a more metabolic-competent cell line. Human
hepatocarcinoma HepG2 cells express several phase I- and phase II-
metabolizing enzymes and are capable of activating PAHs and other
mutagens (Knasmiiller et al., 1998) and suggested as a good model to
study the toxicity of environmental chemicals (Jarvis et al., 2013). In
addition, HepG2 cells are applied as a cell model for developing relative
potency factors (RPF) to estimate the carcinogenic potential of single
PAHs and complex environmental mixtures (Dreij et al., 2017; Kopp
et al., 2018; de Oliveira Galvao et al., 2022). To the best of our knowl-
edge, no previous studies have investigated the toxic effects of retene in
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HepG2 cells. Therefore, the aim of this study was to assess the in vitro
cytotoxicity and genotoxicity of retene using HepG2 cells. To better
understand the role of oxidative stress in the genotoxicity of retene in
this type of cells, we also investigated intracellular levels of ROS and the
protective effect of antioxidant towards ROS generation and DNA
damage signaling.

2. Materials and methods
2.1. Chemicals and reagents

Retene (97%, CAS No. 483-65-8) was obtained from SPEX CertiPrep
(Metuchen, NJ), and benzo[a]pyrene (B[a]P, > 96%, CAS No. 50-32-8)
from Sigma-Aldrich (Stockholm, Sweden). Sterile dimethyl sulfoxide
(DMSO, >99.7%) was purchased from Merck KGaA (Darmstadt, Ger-
many). Cell culture reagents were supplied by Gibco (Life Technologies,
Stockholm, Sweden). Antibodies used for Western blotting were anti-
phospho-Chkl (Ser317; pChkl) and anti-phospho-H2AX (Ser139;
yH2AX) from Cell Signaling Technology (Beverly, MA), and Cdk2 (M2)
and secondary anti-rabbit antibodies from Santa Cruz (Santa Cruz, CA).

2.2. Cell culture and retene exposure

Human-derived hepatocellular carcinoma cells (HepG2) were ob-
tained from American Type Culture Collection (ATCC, HB-8065, Rock-
ville, MD). Cells were grown in Minimal Essential Medium (MEM)
supplemented with 10% fetal bovine serum, 1 mmol/L sodium pyruvate,
0.1 mmol/L nonessential amino acids, 100 units/mL penicillin and 0.1
mg/mL streptomycin and maintained at 37 °C in 5% COs. The stock
solution of retene was prepared by gentle evaporation of the original
solvent with dry No(g) until completely dry and then redissolved in
DMSO. The retene concentration was determined by gas chromatog-
raphy coupled with mass spectrometry (GCMS-QP2010, Shimadzu) or
by spectrophotometry (¢ = 14996 L/mol/cm, A = 300 nm; Marzooghi,
2016) using a Cary 60 UV-Vis spectrophotometer (Agilent Technolo-
gies). The exposures used in this study ranged from 0.01 to 10 pmol/L
and were selected considering the average concentration of retene in the
PM collected at the sugarcane region (11 ng/m>; Urban et al., 2016), the
daily average volume of air breathed by an adult (16 m®/day; US-EPA,
2011), an alveolar deposition rate of 20% (Heyder, 2004), and the
volume of media used in the treatments (200 pL to 5 mL, depending on
the assay). This range was also within the concentration range used in
the previous studies with A549 cells (3.3 to 30 ng/mL, i.e., 0.01 to 0.13
pmol/L) (de Oliveira Alves et al., 2017; Peixoto et al., 2019) and SK-N-
SH cells (1.25 to 40 pmol/L) (Sarma et al., 2017). DMSO was also used to
dissolve B[a]P and other positive controls, and it was used as negative
control (NC) in all assays. The final DMSO concentration in the medium
did not exceed 1.0% (v/v).

To determine whether the generation of ROS is an important
mechanism of the genotoxic effect of retene, HepG2 cells were pre-
treated with N-acetylcysteine (NAC, Sigma), which is a cell-permeable
antioxidant involved in the induction of glutathione synthesis and
scavenging of ROS (Shang et al, 2014). NAC was dissolved in
phosphate-buffered saline (PBS) and filtered (0.2 pm) before use. Cells
were treated with 2 mmol/L NAC for 1 h before exposure to retene.

2.3. MTT assay

The MTT assay measures metabolic activity of cells to reduce MTT
(3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) to a
formazan salt and is widely used to assess cell viability (Mosmann,
1983). HepG2 cells (5 x 10*/well) were plated in 96-well plates
(Corning Inc., Corning, NY) and incubated for 24 h before exposure.
Cells were exposed to retene for 24, 48 and 72 h. DMSO and carbonyl
cyanide-3-chlorophenylhydrazone (CCCP, 10 pmol/L) were used as
negative and positive controls, respectively. Following exposure, cells



C. Scaramboni et al.

were incubated with MTT solution (0.5 mg/mL) in Dulbecco’s Modified
Eagle Medium (DMEM) without phenol red for 3 h. The produced for-
mazan salt was dissolved in DMSO, and plates were analyzed spectro-
photometrically at 570 nm (SpectraMax i3x, Molecular Devices).

2.4. Comet assay

DNA strand breaks were detected using the alkaline comet assay
according to the protocol described by Tice et al. (2000). HepG2 cells (1
x 10%/well) were plated in 12-well plates (Corning Inc., Corning, NY)
and incubated for 24 h before exposure. Cells were exposed to retene for
4 and 24 h. DMSO and methyl methanesulfonate (MMS, 0.13 pmol/L, for
3 h) were used as negative and positive controls, respectively. Nucleoids
were visualized using a fluorescence microscope Olympus Bx50
(Olympus America INC), and tail intensity (DNA percentage in the
comet tail) was measured using the Comet assay IV software (Perspec-
tives, UK).

2.5. Cytokinesis-block micronucleus (CBMN) assay

The genomic instability biomarkers micronuclei (MN), nuclear buds
(NB) and nucleoplasmatic bridges (NPB) were assessed by the CBMN
assay, according to the guideline by OECD (2016). HepG2 cells (5 x 10°)
were seeded in 25 cm? flasks (Corning Inc., Corning, NY) and incubated
for 24 h before exposure. Cells were exposed to retene for 20 h. DMSO
and methyl methanesulfonate (MMS, 0.13 pmol/L) were used as nega-
tive and positive controls, respectively. After exposure, the treatment
media was removed, cells were washed with PBS and incubated with
fresh medium containing cytochalasin B (3 pg/mL, Sigma-Aldrich) for
additional 28 h. Next, cold sodium citrate 1% solution was added to cell
suspensions, which were posteriorly fixed with methanol:acetic acid
solution (3:1, v/v) and added on pre-cleaned slides (Deckglaser, Ger-
many). Cells were stained with a 5% Giemsa solution (Merck) for
analysis using optical microscopy. Mononuclear and multi-nuclear cells
were scored to calculate the Nuclear Division Index (NDI), and the
numbers of MN, NB and NPB in 2000 binucleated cells were determined
for each condition.

2.6. Micronucleus assay by flow cytometry

Micronuclei, hypodiploid nuclei, apoptotic and mid-to-late necrotic
cells were assessed by flow cytometry, according to the method
described by Vallabani et al. (2022). HepG2 cells (6 x 104/well) were
seeded in 24-well plates (Corning Inc., Corning, NY) and incubated for
24 h before exposure. Cells were exposed to retene for 72 h, corre-
sponding to 2-3 normal doubling periods of HepG2 cells (Le Bihanic
et al., 2016). DMSO and etoposide (1.0 pmol/L) were used as negative
and positive controls, respectively. Cells were acquired on a BD Accuri™
C6 (BD Biosciences, Franklin Lakes, NJ) flow cytometer. In total, 10,000
gated nuclei were acquired per sample and data analysis was performed
using the BD Accuri™ C6 Software.

2.7. Western blotting

Levels of phosphorylated checkpoint kinase 1 (Chkl) and H2AX
histone were determined using Western blotting as previously described
(de Oliveira Galvao et al., 2022). HepG2 cells (3 x 10°/well) were plated
in 6-well plates (Corning Inc., Corning, NY) and incubated for 24 h
before exposure. Cells were exposed to retene for 4, 12, 24 and 48 h.
DMSO was used as the negative control and B[a]P (3 pmol/L) was used
as positive control. Dose-response curves of Chkl and H2AX phos-
phorylation were based on exposure with eight different concentrations
of retene for 48 h using GraphPad Prism 8 (GraphPad Inc.).
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2.8. ROS formation

Mitochondrial superoxide production was measured using the
MitoSOX™ Red mitochondrial superoxide indicator (M36008, Thermo
Fisher Scientific, Waltham, MA) as previously described by Barron
Cuenca et al. (2022). HepG2 cells (1 x 104/well) were plated in 96-well
plates (Corning Inc., Corning, NY) and incubated for 24 h before expo-
sure. Cells were exposed to retene for 4, 12, 24, 48 and 72 h. DMSO and
B[a]P (1.5 pmol/L) were used as negative and positive controls,
respectively. Fluorescence intensity was measured using a Tecan Infinite
F 200 microplate reader and normalized to protein concentrations by
Bradford assay.

2.9. Statistical analysis

All data are presented as mean values + standard error (SE) of at
least three independent experiments. Differences between dose groups
and negative control were tested for significance (p < 0.05) using one- or
two-way analysis of variance (ANOVA) followed by Dunnett’s multiple
comparison test. Differences between positive and negative controls
were tested for significance (p < 0.05) using unpaired t-test. Statistical
analysis was performed using GraphPad Prism (GraphPad Inc.).

3. Results
3.1. Minimal reduction of cell viability

MTT assay was used to determine HepG2 viability following retene
exposure. Cell viability decreased in a dose-dependent manner after 24 h
of exposure, reaching a decrease of 24% at 10 pmol/L (p < 0.0001;
Fig. 2A). After 48 h of exposure, a clear dose dependence was no longer
observed (Fig. 2B), and after 72 h the viability did not change signifi-
cantly at any concentration tested compared to the negative control
(Fig. 2C). Although the reduction on cell viability was significant for
some concentrations at 24 and 48 h, the viability range was within
76-99% for all experiments, which indicates that retene is non-cytotoxic
to HepG2 at the concentrations tested.

3.2. Increase of DNA damage and chromosomal instability

The induction of DNA strand breaks by retene in HepG2 cells was
evaluated using the comet assay. Concentration-dependent DNA dam-
age was observed 4 h post-exposure, with a significant 2- to 3-fold in-
crease at 0.5 and 1.0 pmol/L compared to the negative control (p <
0.05-0.001; Fig. 3A), respectively. However, the DNA damage was not
persistent as tail intensity averages decreased and were not significantly
different from the negative control at any concentrations tested after 24
h of exposure (Fig. 3A).

The impact of retene on the chromosomal integrity of HepG2 cells
was assessed by two approaches: CBMN assay scored by microscopy and
the flow cytometry-based MN assay. For the CBMN method, retene
significantly increased the frequency of MN and NB at the highest con-
centration by 1.8- and 3.3-fold (p < 0.05-0.01) compared to the negative
control, respectively (Fig. 3B). No effects on the frequency of NPB were
observed.

In addition to the quantification of MN and hypodiploid (HD) nuclei
frequency, the flow cytometry-based scoring allows for determination of
apoptotic and mid-to-late necrotic cells. Exposure to retene did not in-
crease the number of apoptotic and necrotic cells compared to the
negative control (Fig. S1), corroborating the MTT assay results. A
concentration-dependent increase in MN and HD was observed, how-
ever, this increase was not significant compared to the negative control,
due to high variation of the data (Fig. S1).
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3.3. No clear concentration-dependent activation of DNA damage
signaling

The formation of DNA damage triggers the recruitment of signaling
and DNA repair proteins. Cells were exposed to up to 10 pmol/L of
retene for 48 h, and levels of phosphorylated Chk1 at Ser317 (pChk1)
and H2AX at Ser139 (yH2AX) were determined by western blotting.
Retene did not significantly induce pChk1 and yH2AX levels compared
to negative control (Fig. 4). Comparing the results with previous data for
the highly potent carcinogenic PAHs dibenzo[a,l]pyrene (DB[a,l]P) and
B[a]P and the non-carcinogenic PAH phenanthrene from our lab using
the same methodology, showed that the effect of retene was similar to
phenanthrene and much less potent than DB[qI]P and B[a]P (Dreij
et al., 2017; de Oliveira Galvao et al., 2022). Because the effect of retene
on pChkl and yH2AX was below 2-fold, data were not appropriate for
modeling, and it was not possible to calculate a relative potency factor
(RPF) for retene.

3.4. Induction of DNA damage signaling in a time- and concentration-
dependent manner

To further investigate the time-dependency of the DNA damage
signaling induced by retene, we assessed the activation levels of pChk1
and YH2AX at time points earlier than 48 h. For all concentrations tested,
pChkl levels at 4 h were similar to the negative control (Fig. 5A).
However, at 12 and 24 h after exposure pChkl levels significantly
increased 2.4-fold at the concentration of 10 pmol/L (p < 0.001-0.0001)
and 1.8-fold in response to 1 pmol/L (p < 0.01). For all concentrations, a
decrease in activation was observed at 48 h, suggesting that the DNA

damage was repaired. yH2AX displayed a different time- and
concentration-dependent pattern of activation (Fig. 5B). yH2AX levels
increased above 2-fold in response to all concentrations of retene after 4
h of exposure (p = 0.06-0.13). At 12 h, all tested concentrations
significantly induced yH2AX levels with a maximum of 2.9-fold in
response to 1 pmol/L (p < 0.05-0.01). In contrast to pChk1, this was
followed by a decline of yH2AX already at 24 h. Notably, the highest
concentration of retene did not induce the strongest response of yH2AX
at 12 h, but at 24 and 48 h, compared to the other concentrations. These
results support the above-presented early and transient induction of
DNA strand breaks (Fig. 3A) and the lack of a concentration-dependent
DNA damage response at 48 h (Fig. 4).

3.5. Increase of mitochondrial superoxide production at short exposure

DNA damage can be induced as a result of an attack by reactive
oxygen species (ROS) formed during the metabolism of chemicals.
Therefore, we evaluated the generation of intracellular ROS by retene
using the MitoSOX assay. The lowest concentration of retene (0.1 pmol/
L) did not significantly induce ROS production at any of the time points
studied (Fig. 6). For the higher concentrations, a clear time-dependency
of ROS production was observed, with higher induction at early time
intervals (4 and 12 h), reaching up to 1.9-fold at 12 h and 10 pmol/L (p
< 0.01), then decreasing at later time intervals (Fig. 6).

3.6. ROS-dependent induction of DNA damage signaling

The induction of ROS production corroborated with the genotoxicity
results, with early but transient induction of effects after exposure to
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retene. To further investigate if oxidative stress mediated the DNA
damage caused by retene, we pretreated cells with NAC followed by
exposure to retene and assessed the levels of ROS, pChkl and yH2AX.
Results showed that pretreatment of the cells with NAC reduced ROS
levels close to the negative control levels at 4 and 12 h (Fig. S2). The

v

time point chosen for western blotting was 12 h, as the highest ROS
induction and DNA damage signaling levels were observed at this time
interval.

Pre-treatment with NAC significantly reduced the levels of pChk1 of
cells exposed to 1.0 and 10 pmol/L of retene (p < 0.05-0.0001) to
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negative control levels (Fig. 7A). Similarly, the levels of YH2AX were
reduced to negative control levels in the presence of NAC, with a sig-
nificant reduction at 1.0 pmol/L of retene (p < 0.05) (Fig. 7B). When the
cells were exposed to B[a]P 3 pmol/L (positive control) in the presence
of NAC, levels of pChkl and yH2AX partially decreased by 32% and
46%, respectively. These results confirmed a ROS-dependent induction
of DNA damage signaling in response to retene.

4. Discussion

Studying the toxicity of retene is of particular importance since this
alkyl-PAH is present at high concentrations in PM emitted by biomass
burning and, despite its abundance, few data have so far been reported
regarding its potential hazard to human health. Here, we aimed at
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evaluating the toxicity of retene in HepG2 human liver cells, which have
higher metabolic capacity than the cell lines previously used (de Oli-
veira Alves et al., 2017; Peixoto et al., 2019; Sarma et al., 2017). Our
data showed that retene had minimal effect on cell viability, indicating
that retene was non-cytotoxic to HepG2 cells at the concentrations
tested. However, an early and transient effect was observed for the in-
duction of genotoxicity, DNA damage signaling, and ROS formation, as
summarized in Fig. 8.

These results differ from what was observed in studies using A549
lung cells, in which retene reduced cell viability only after 72 h of
exposure, increased DNA strand breaks after 24 h of exposure and
induced ROS production after 24 and 72 h of exposure (de Oliveira Alves
et al., 2017; Peixoto et al., 2019). In these studies, the highest concen-
tration used was 30 ng/mL, which corresponds to the concentration of
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Fig. 7. Levels of (A) pChk1l and (B) YH2AX measured by western blot in HepG2 cells in response to retene alone (-NAC) or in combination with pretreatment of 2
mmol/L NAC (+NAC). Representative blots are shown at the top. B[a]P (3 pmol/L) was used as a positive control (PC). Cdk2 was used as loading control. Data
represent mean + SE (n > 3). Data with (*) were statistically different from DMSO control (NC; *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001). Data with (#)
were statistically different from the respective dose of retene alone (#p < 0.05, ####p < 0.0001).
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Fig. 8. Heatmap of genotoxicity, DNA damage signaling, and ROS formation in
HepG2 cells exposed to three different concentrations of retene at different time
points normalized to the negative control (fold-change). Dark red and purple
colors indicate higher induction (above 2-fold) and light red colour indicates
lower induction (below 2-fold). (For interpretation of the references to colour in
this figure legend, the reader is referred to the web version of this article.)
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0.1 pmol/L used in this work. Herein, most effects were more evident at
higher concentrationsi.e., 1.0 and 10 pmol/L, suggesting that A549 cells
are more sensitive to retene exposure than HepG2 cells. Additionally, for
MN formation, concentrations of 0.05 and 0.1 pmol/L of retene
increased MN frequency by 1.7- and 2.2-fold in A549 cells, respectively,
while in HepG2 cells an increase of 1.8-fold was observed only for the
concentration of 1.0 pmol/L.

The early effects observed in the hepatic cells when compared to lung
cells may be due to the rapid retene metabolization by HepG2 cells
(Huang et al., 2017). This may not be the case for A549 lung cells, which
have a comparably lower metabolic capacity than HepG2 cells, exhib-
iting a limited cytochrome P450 (CYP) activity (Garcia-Canton et al.,
2013). The major metabolic activation pathway of retene in HepG2 cells
involves the formation of orthoquinones (Huang et al., 2017). The phase
I and phase II enzymes involved in this pathway have not been fully
identified yet, but it was hypothesized by Huang et al. (2017) that
CYP1Al and epoxide hydrolase are responsible for the formation of
trans-dihydrodiols on the terminal rings of retene in HepG2 cells. Trans-
Dihydrodiols can further be converted to catechols by aldoketo re-
ductases (AKRs) such as AKR1C1, AKR1C2, and AKR1C3, also present in
HepG2 cells. Catechols autoxidize into ortho-quinones triggering redox
cycling and intracellular ROS formation (Shultz et al., 2011), which
likely contributed to the oxidative stress-dependent genotoxicity
observed here.

Evidence of metabolic activation on both terminal rings to form bis-
orthoquinones has also been reported, although to a less extent than
mono-orthoquinones (Huang et al., 2017). These bis-electrophiles have
the potential to cross-link with DNA and protein, representing an
additional potential mechanism for the genotoxicity of retene. Notably,
A549 cells exhibit a lower level of induction of CYPIA1 expression in
response to PAHs compared to HepG2 cells (Genies et al., 2013).
Therefore, a more efficient formation of retene trans-dihydrodiols is
expected in the hepatic cells. However, A549 cells induce higher levels
of AKRs, particularly AKRC1, than HepG2 cells in response to PAHs
(Palackal et al., 2002; Genies et al., 2013), favoring the conversion of
trans-dihydrodiols to ortho-quinones. Thus, CYP metabolism of retene in
HepG2 cells may be faster, but the formation of quinones could be more
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efficient in A549 cells, explaining the higher sensitivity of this cell line to
oxidative stress caused by retene. In addition, A549 cells were reported
to be more sensitive than HepG2 cells to oxidative stress caused by other
types of compounds, such as plant toxins and organophosphate flame
retardants (An et al., 2016; Saxena et al., 2022). Moreover, HepG2 cells
express higher levels of phase II enzymes than A549 cells in response to
B[a]P, including glutathione transferase GSTP1 and UDP-
glucuronosyltransferase UGT1A6 (Genies et al., 2013; Shi et al.,
2016). This suggests that HepG2 phase II metabolism could detoxify the
metabolites of retene more efficiently than A549 cells.

It was not possible to calculate a relative potency factor for retene
using the in vitro model due to the low induction of the DNA damage
signaling proteins at 48 h of exposure. A similar result was observed for
retene’s parent PAH phenanthrene (Dreij et al., 2017). The low potency
of retene agrees with a recent study where the relative potency factor of
was estimated to be 0.004 by a regression based QSAR model (Gbeddy
et al., 2020), which is close to that of phenanthrene and pyrene (0.001)
(Nisbet and LaGoy, 1992). When cells were exposed to retene for shorter
time intervals, levels of phosphorylated DNA damage signaling proteins
pChk1 and yH2AX increased up to 24 h of retene exposure followed by a
decrease, indicating the process of activation and completion of DNA
damage response and repair. The response of YH2AX was faster than
pChk1, starting as early as 4 h, which was consistent with the comet
assay and mitoSOX results. The phosphorylation of H2AX is an early
event in cellular response to DNA double-strand breaks (DSB) (Fernan-
dez-Capetillo et al., 2004). ROS formation induced by bioactivation of
retene to ortho-quinones can cause DSB (Penning, 2017), triggering an
early and acute response. This was also confirmed here by the observed
reduction of YH2AX levels in the presence of the antioxidant NAC.

In contrast to yYH2AX, pChk1 displayed a later response to retene,
starting at 12 h and decreasing at 48 h to a level that was still signifi-
cantly higher than the negative control, which indicated a more
persistent level of activation. Chk1 is a downstream kinase that is pre-
dominantly activated through phosphorylation by the apical kinase ATR
(ataxia telangiectasia and Rad3-related) in response to replication stress
generated at stalled DNA replication forks (Gaillard et al., 2015). In
addition to ROS-induced DNA lesions, PAH ortho-quinones can also
covalently modify DNA resulting in bulky adducts (Penning, 2017) and
B[a]P-7,8-dione induces stable dG and dA adducts in human lung cells
(Huang et al., 2013). Since adducts derived from the major genotoxic
metabolite B[a]P-7,8-dihydrodiol-9,10-epoxide induce replication
stress (Fischer et al., 2018) and B[a]P exposure strongly induces levels of
pChkl (de Oliveira Galvao et al., 2022), it is likely that formation of
stable adducts derived from retene quinone metabolites also may cause
replication stress and induction of pChkl. In addition, the bis-
orthoquinone metabolites of retene could form protein and DNA cross-
links that would represent an impediment for replication forks. How-
ever, to the authors’ knowledge it is not known to what extent and what
type of covalent interactions occur between retene metabolites and DNA
(Huang et al., 2017). A defective response to replication stress can lead
to genome instability which can be observed as chromosome gain or loss
(Gaillard et al., 2015), which is in accordance with the observed increase
in micronuclei formation after retene exposure.

Contrasting mutagenicity results between S. typhimurium and
mammalian models have been previously reported for PAHs and other
organic compounds (Kirkland et al., 2007; Fowler et al., 2018; da Silva
Junior et al., 2021a), which can be associated to differences in the types
of mutations detected and in the metabolism of the models. The rat liver
S9 mix generally used in the Ames test contains higher levels of CYP1A
and 2B enzymes compared to other CYP forms, and phase II enzymes are
mostly inactive in the S9 mix, as their cofactors are not added (Kirkland
etal., 2007). Therefore, we suggest that metabolic activation of retene in
HepG2 cells generates metabolites that cause ROS production and
replication stress, processes that cause DNA damage and genome
instability, indicating a potential hazard to human health.
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5. Conclusion

This work provides new data on in vitro toxicity of retene. Based on
our results on intracellular levels of ROS and the protective effect of
antioxidant towards ROS generation and DNA damage signaling, we
conclude that oxidative stress is an important mechanism of genotox-
icity of retene in HepG2 cells. Another important mechanism can be
replication stress, which together with ROS formation can lead to ge-
netic instability, as observed via micronuclei formation. More studies on
the toxicity of retene are important, since this PAH is consistently found
at high concentrations in biomass burning particulate matter and may
contribute to the harmful effects of this type of air pollution on human
health.
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