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g r a p h i c a l a b s t r a c t
� Alkyl-PFRs showed dose- and logKow
value-dependent cytotoxicity on
A549 cells.

� Long-chain alkyl-PFRs caused more
severe oxidative stress and mito-
chondrial damage.

� Alkyl-PFRs caused DNA damage-
induced G1 phase arrest via ROS
generation.

� p53/p21-mediated cell cycle pathway
was activated to regulate the DNA
damage.
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Phosphorus-containing flame retardants (PFRs) have been frequently detected in various environmental
samples at relatively high concentrations and are considered emerging environmental pollutants.
However, their biological effects and the underlying mechanism remain unclear, especially alkyl-PFRs. In
this study, a battery of in vitro bioassays was conducted to analyze the cytotoxicity, oxidative stress,
mitochondrial impairment, DNA damage and the involved molecular mechanisms of several selected
alkyl-PFRs. Results showed that alkyl-PFRs induced structural related toxicity, where alkyl-PFRs with
higher logKow values induced higher cytotoxicity. Long-chain alkyl-PFRs caused mitochondrial and DNA
damage, resulting from intracellular reactive oxygen species (ROS) and mitochondrial superoxide over-
production; while short-chain alkyl-PFRs displayed adverse outcomes by significantly impairing mito-
chondria without obvious ROS generation. In addition, alkyl-PFRs caused DNA damage-induced cell cycle
arrest, as determined by flow cytometry, and transcriptionally upregulated key transcription factors in
p53/p21-mediated cell cycle pathways. Moreover, compared to the control condition, triisobutyl phos-
phate and trimethyl phosphate exposure increased the sub-G1 apoptotic peak and upregulated the p53/
bax apoptosis pathway, indicating potential cell apoptosis at the cellular and molecular levels. These
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results provide insight into PFR toxicity and the involved mode of action and indicate the mitochondria is
an important target for some alkyl-PFRs.

© 2020 Elsevier Ltd. All rights reserved.
1. Introduction

Phosphorus-containing flame retardants (PFRs) are used as
flame retardants and plasticizers in a wide range of textiles, deco-
rations, furniture, electronics and other processing products, and
they have almost replaced prohibited brominated flame retardants
(BFRs) such as polybrominated diphenyl ethers (PBDEs) (Marklund
et al., 2005; Horrocks et al., 2007; Andrae, 2008; van der Veen and
de Boer, 2012). As the usage of PFRs increases each year (Krivoshiev
et al., 2015), the possibility of PFRs entering environmental media
also increases due to their emission, weathering and leakage
(Rodriguez et al., 2006; van der Veen and de Boer, 2012). Indeed,
analyses of environmental samples have indicated their existence
in water (Pantelaki and Voutsa, 2019), air (Zhou et al., 2017), soil
(Wang et al., 2018), sediment (Lee et al., 2018), dust (Tokumura
et al., 2017), landfill leachates (Qi et al., 2019), PM2.5 (Chen et al.,
2020) and organisms (Du et al., 2019).

The environmental behaviors of PFRs have become popular
innovation topics since the 1970s (MacFarland and Punte Jr, 1966;
John et al., 1976; Gold et al., 1978; Muir et al., 1980). In recent years,
increasing studies have been conducted due to the raising concerns
of ever-increasing usage (Carlsson et al., 2000; Wang et al., 2018).
Moreover, the maximum concentrations of SPFRs have reach
16,000 ng/L and 3800 ng/g dry weight for water and sediment
samples, respectively (Lee et al., 2018), showing an increasing trend
compared to previously reported (Cristale et al., 2013; Hu et al.,
2014; Wang et al., 2015). Alkyl-PFRs were shown to exhibit
chemical-specific and tissue-specific bioconcentration patterns in
fishes and their tissues (Hou et al., 2017, 2019), indicating their
bioaccumulation and biomagnification (Brandsma et al., 2015). The
different physiological properties of alkyl-PFRs directly determine
their behaviors in the environment and their influence on organ-
isms (van der Veen and de Boer, 2012). For example, volatile PFRs
with higher vapor pressures, e.g., triethyl phosphate (TEP) was
more likely to be emitted into the atmosphere and settle onto dust
thanwere heavier PFRs (Wei et al., 2015). In addition, many studies
on the biological toxicity of alkyl-PFRs have been initiated and have
investigated aquatic, mammalian, vertebrate and avian fields
in vivo and in vitro (Hou et al., 2016; Chen et al., 2019). Studies have
found that tri-n-butyl phosphate (TNBP) can reduce the level of
antioxidant enzymes and the expression of heat shock proteins in
Asian freshwater clams (Yan et al., 2017), while tris (2-butoxyethyl)
phosphate (TBOEP) could disrupt hormone levels, thus causing
edema, deformity and even death in zebrafish (Ma et al., 2015,
2016). Other studies have shown that different kinds of alkyl-PFRs
have different dose-dependent adverse effects on male mice (Chen
et al., 2015), white leghorn chickens (Bradley et al., 2015) and
American kestrels (Fernie et al., 2015).

Increasing evidence suggests that PFRs can induce reactive ox-
ygen species (ROS) accumulation and cause molecular, biochemical
and ultrastructural alterations in organisms (Huang et al., 2017; Yan
et al., 2017; Yuan et al., 2019). ROS can directly interact with cellular
macromolecules (lipids, proteins and nucleic acids), modify sub-
cellular structures and subsequently induce cellular processes.
Hence, ROS overproduction can cause the oxidative modification of
biological macromolecules, regulate the activities of transcription
factors and proteins, activate the regulation of signaling pathways,
and ultimately affect cell fate (Bae et al., 2011; Chen et al., 2013).
Mitochondria are considered to play a central role in cell death due
to their vital function in cellular energy metabolism (Ott et al.,
2007). Most of these PFR-induced toxic effects are associated
with mitochondrial dysfunction to some extent, e.g., studies have
found that some PFRs could decrease the mitochondrial membrane
potential acutely (Attene-Ramos et al., 2015), for the hydropho-
bicity of PFRs can be converted to weak acids by cellular esterases
and retained in mitochondria, and finally undermined the function
of mitochondria (Horobin et al., 2007). Increasing evidence has
supported that environmental pollutants can cause mitochondrial
dysfunction (Meyer et al., 2013) and result in some common dis-
eases, including cancer, diabetes, and neurodegenerative and car-
diovascular diseases (Ferrari, 1996; Lin and Beal, 2006;
Shaughnessy et al., 2014; Whitaker et al., 2016). DNA is one of the
most important biological molecules and can interact with ROS
molecules via covalent or noncovalent modes. Oxidative stress
from exogenous and endogenous sources, can perturb cell prolif-
eration and arrest the normal cell cycle (Nurse, 1994), hence
inducing DNA damage or cell death. Previous studies have indicated
that PFRs activate the p53-dependent nonapoptotic toxicity by
inducing ROS generation and altering mitochondrial membrane
potential (MMP) (Li et al., 1999; Yuan et al., 2019).

The present study was conducted to comprehensively investi-
gate the effects of alkyl-PFRs and to explore the underlying toxic
mode of action (MoA). Several alkyl-PFRs, including TEP, trimethyl
phosphate (TMP), triisobutyl phosphate (TIBP), TNBP, dibutyl
phosphate (DNBP) and tris (2-ethylhexyl) phosphate (TEHP) were
selected and exposed to the A549 cell line, which is a widely used
adenocarcinoma cell line model and is sensitive to various stimu-
lating factors (Lau et al., 2006; Miller et al., 2009; Yuan et al., 2019).
A battery of in vitro bioassays was used to qualitatively characterize
the cellular, organellular and transcriptional alterations that
occurred in response to these compounds.
2. Materials and methods

2.1. Chemicals and reagents

TMP (�98%), TEP (�99%), TIBP (�95%), TEHP (97%), TNBP (99%),
DNBP (�97%) and Hoechst 33,342 were purchased from Sigma-
Aldrich (St. Louis, MO, USA). Nocodazole (Noco, 99%) was pur-
chased from J&K Chemical (Shanghai, China) and was used as a
positive control compound in the flow cytometry assay. A Cell
Counting Kit-8 (CCK-8) was purchased fromDojindo (Tokyo, Japan).
A Cell Cycle and Apoptosis Analysis kit was obtained from Beyotime
Biotechnology (Beijing, China). SYTOX® Green, Mito Tracker Deep®
Red FM, CellROX® Oxidative Stress Reagents and MitoSOX™ Red
mitochondrial superoxide (miSOD) indicator were acquired from
Thermo Fisher Scientific (Waltham, MA, USA). Tetramethylrhod-
amine ethyl ester (TMRE) was obtained from AAT Bioquest (Sun-
nyvale, CA, USA). Detailed information on the experimental
chemicals is listed in the Supporting Information (Table S1). All
stock solutions were dissolved in DMSO and stored at a stable
temperature below �20 �C to ensure that the actual and nominal
concentrations were in good agreement upon dilution in culture
medium.
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2.2. Cell culture and treatment

A549 cells were purchased from the Cell Culture Center, Insti-
tute of Basic Medical Sciences of the Chinese Academy of Medical
Sciences and School of Basic Medicine of Peking Union Medical
College (Beijing, China). The A549 cells were carefully cultured in
Dulbecco’s modified Eagle medium/nutrient mixture F-12 (DMEM/
F-12) medium (ratio of 1:1; HyClone, Logan, UT, USA) supple-
mented with 10% fetal bovine serum (PAN Biotech Ltd, Aidenbach,
Germany), 100 IU/mL penicillin (HyClone), 100 mg/mL streptomycin
(HyClone) and 0.1% amphotericin B (2.5 mg/mL; Amresco, Solon, OH,
USA) in a humidified incubator (Panasonic, Ehime-ken, Japan) un-
der 5% CO2 at 37 �C. The cells were passaged every 3 days and
seeded for experimental treatments during the exponential growth
phase. In brief, 100 mL of A549 cells (10,000 cells/mL) were
dispensed in tissue culture-treated 96-well plates (Corning,
Tewksbury, MA, USA) and cultured in a humidified incubator. After
24 h of incubation, the A549 cells in 96-well plates were exposed to
fresh culture medium containing different concentrations of
selected alkyl-PFRs (0.1e1000 mM) for 96 h. All the compounds
were diluted with culturemedium to a final DMSO concentration of
0.1% (v/v). The control groups were treated with the corresponding
vehicle and were evaluated in parallel with the treatment groups.

2.3. Cytotoxicity assay

Cytotoxicity was assessed using a CCK-8 kit according to the
manufacturer’s instructions. Briefly, after cell treatment and
exposure, the medium was removed, and the A549 cells were
washed twice with Hanks’ balanced salt solution (HBSS; Gibco,
Thermo Fisher). Next, the cells in each well were incubated with
CCK-8 working solution (100 mL of HBSS þ 10 mL of CCK-8 stock
solution) under normal culture conditions for 2 h. Then, the
absorbance of each well at 450 nm was measured using a micro-
plate reader (M200; Tecan, M€annedorf, Switzerland). Cytotoxicity is
a sensitive index that reflects the cell mortality rate after compound
exposure and is calculated as follows:

Cytoð%Þ¼100� ð1� Abstest
Abscontrol

Þ

where Cytoð%Þ is the cytotoxicity, Abstest is the absorbance of the
compound-treated group and Abscontrol is the absorbance of the
DMSO-treated group.

2.4. Intracellular ROS and miSOD analysis in live cells

To determine whether alkyl-PFRs caused oxidative stress in
A549 cells, nuclear and mitochondrial ROS levels were measured
using specific fluorescence kits. Based on previously published
methods (Ahn et al., 2012; Yuan et al., 2019), the intranuclear ROS
levels in live cells were reliablymeasured using CellROX®Oxidative
Stress Reagents according to the manufacturer’s instructions.
Briefly, after cell treatment and exposure, the medium was
removed and the cells werewashed twicewith HBSS and incubated
with CellROX Green (5 mM) diluted in FluoroBrite DMEM
(FBDMEM; Gibco) for 30 min at 37 �C. Then, the medium was
removed, and the cells were washed three times with HBSS and
stained with Hoechst 33,342 (8 mM) to label the nuclei. High-
content screening (HCS) was used to image and analyze the dif-
ferences in fluorescence intensity between the treatment and
control groups.

MiSOD is one of the byproducts of oxidative phosphorylation
and is a popular indicator used to assess oxidative stress derived
from mitochondria. The MitoSOX™ Red miSOD indicator is a novel
fluorescence indicator that labels miSOD in live cells in a highly
selective manner (Zielonka and Kalyanaraman, 2010). According to
our previous study (Yuan et al., 2019) and similar to the CellROX®
Oxidative Stress Reagents protocol, after being treated with com-
pound, the cells were incubated inMitoSOX™ Red (5 mM) diluted in
FBDMEM for 10 min at 37 �C and then stained with Hoechst 33,342
and Mito Tracker Deep® Red FM as described above. The relative
fluorescence was detected by HCS.

The control group was treated with the corresponding vehicle
and evaluated in parallel with the experimental groups, and all
experimental conditions were repeated in at least three indepen-
dent experiments.

2.5. DNA content and mitochondrial impairment analysis

According to our previous methods (Yuan et al., 2019), the DNA
content and mitochondrial impairments that occurred in response
to alkyl-PFRs exposure were analyzed using a fluorophore dye
cocktail diluted in FBDMEM containing SYTOX® Green, Hoechst
33,342, TMRE and Mito Tracker Deep® Red FM. The detailed pro-
cedure is provided in the Supporting Information (S1). Briefly, after
exposure and staining, the cells were imaged and analyzed using an
Operetta™ HCS instrument with Harmony™ software version 3.5.2
(PerkinElmer, Waltham, MA, USA) with different excitation/emis-
sion channels. Each plate included a negative control (DMSO)
group, and the controls were treated in parallel with the corre-
sponding vehicle.

2.6. Cell cycle and apoptosis assays by flow cytometry

The distribution of the cell cycle was determined using a Cell
Cycles and Apoptosis Analysis Kit (C1052, Beyotime Biotech). In
accordance with the operation instruction, A549 cells
(2.5� 105 cells/mL, 2mL) were seeded in 6-well plates. After 24 h of
incubation, the A549 cells were exposed to 50 mM of selected alkyl-
PFRs for 96 h, and then flow cytometry samples were prepared.
Briefly, the cells were trypsinized, centrifuged, washed, collected
(washed with cold PBS, centrifuged at 1000 rpm for 5 min, and
washed with cold PBS again) and fixed in 70% cold ethanol at 4 �C
overnight. Then, the fixation solution was removed, and the sam-
ples were incubated at 37 �C for 30 min with a propidium iodide
(PI) working solution containing 10 mL of RNase A at 37 �C for
30min. The samples were analyzed using a FACScan flowcytometer
(BDFACSCalibur, USA) at an excitation/emission wavelength of 488/
575 nm, and at least 10,000 cells were collected per sample. The
data were saved and analyzed using FlowJo 10.0 software (TreeStar,
Ashland, OR, USA). Each sample was analyzed in triplicate, and the
assay was repeated in at least three independent experiments.

2.7. A549 cell transfection and p53 luciferase reporter gene analysis

To explore the role of p53 in alkyl-PFR-induced DNA damage, a
luciferase reporter gene assay was used to measure p53 activation
levels based on previous methods (Dyer et al., 2000; Yuan et al.,
2019) with some modifications. The pp53-TA-luc reporter
plasmid was commercially obtained from Beyotime Biotechnology
(Shanghai, China) and was successfully transfected into A549 cells
using Lipofectamine 3000 transfection reagent (Thermo Fisher
Scientific) according to our previous protocol (Yuan et al., 2019).
The p53 luciferase reporter gene was analyzed using Passive Lysis
Buffer (Promega, Madison, USA) combined with a Firefly Luciferase
Reporter Gene Assay Kit (Beyotime Biotechnology). p53 expression
levels were quantified by calculating the relative luminescence
units (RLUs) of firefly luciferase and comparing the RLUs of the
treatment and control groups. The procedural details are provided



Fig. 1. Cytotoxic effects of the test compounds. The data are presented as the
mean ± SEM of at least three independent experiments.
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in the Supporting Information (S2), and all experiments were
conducted in triplicate and repeated in at least three independent
experiments.

2.8. Quantitative real-time PCR (qRT-PCR) analysis of genes in the
p53-mediated pathway

To determine the transcription of components in the p53-
mediated cell cycle pathway and in apoptosis pathways in
A549 cells after alkyl-PFR exposure, the relative gene expression
levels of p53, p21, mdm2, gadd45b and bax were detected by qRT-
PCR according our previous protocol (Yuan et al., 2018, 2019). The
procedural details are provided in the Supporting Information (S3).
Briefly, after 50 mM of compounds exposure, total RNAwas isolated
and synthesized into first-strand cDNA. The primers (Supporting
Information, Table S2) used for qRT-PCR were obtained from a
previous study (Yuan et al., 2019) and were synthesized commer-
cially by Biomed Biotechnology Company. qRT-PCR was conducted
using an MxPro QPCR system (Bio-Rad, Inc.). The transcript level of
each gene in each samplewas normalized to that of b-actin andwas
calculated as the fold change by comparing the Ct value in the
treatment group with that in the control group. All relative quan-
tification results were obtained from at least three independent
experiments.

2.9. Statistical analysis

Each treatment was performed with triplicate wells in the
plates, and the values for the same treatment were averaged and
then normalized to the average value of the control group. The data
are expressed as the mean ± standard error of the mean (SEM).
Statistical analysis was performed using one-way analysis of vari-
ance (one-way ANOVA). Differences were considered significant
when p-values were <0.05 or 0.01. Each experimental condition for
each method were repeated at least 3 times, and the results shown
are representative of the statistical analysis.

3. Results and discussion

3.1. Cytotoxicity of the selected alkyl-PFRs

In this study, the cytotoxicity of 6 selected alkyl-PFRs toward
A549 cells was first determined. As shown in Fig. 1, a significant
concentration-dependent cytotoxic curve was fitted using a four-
parameter logistic model, and 50% lethal concentration (LC50)
values were calculated for all test compounds, which were similar
to previous studies on other nonhalogenated compounds (Huang
et al., 2017; Yuan et al., 2019). The obtained LC50 values (range
from62.89 mM for TNBP to 311.30 mM for TMP)were similar to other
previous studies, for example, Huang et al. (2017) reported that
alkyl-PFRs have higher LC50 values after 24 h of exposure to
CHOeK1 cells; An et al. (2016) showed that alkyl-PFRs exposure
below 100 mM seemed to have no obvious inhibitory effect on cell
viability on HepG2, A549 and Caco-2 cells. Their LC50 values were
at mg/L level, one order of magnitude higher than their environ-
mental concentrations, which were generally quantified in sub mg/
L range in the environment, e.g., TNBP was determined as one of
most frequent and abundant PFRs in wastewater (747 ng/L) and
surface water (122 ng/L) (Woudneh et al., 2015; Regnery and
Püttmann, 2010). The cytotoxicity of the alkyl-PFRs in this study
was TEHP> TNBP>DNBP > TIBP> TEP > TMP, indicating that alkyl-
PFRs with longer alkyl chains exerted stronger cytotoxic effects on
A549 cells. Moreover, in addition to TNBP and DNBP, the LC50
values of alkyl-PFRs seemed to be dependent on structure and
related to the logKow value (Supporting Information, Fig. S1),
which was in accordance with previous study (Huang et al., 2017).
Similarly, previous research revealed that the carbon chain length
partially determined the environmental behavior (Aamir et al.,
2019) and toxic effect of environmental pollutants, e.g., per-
fluorinated compounds (Liao et al., 2009). In contrast, the effects of
TNBP and DNBP were not linearly correlated with their logKow
values, because the cytotoxicity of TNBP has been classified as
inactive or inconclusive in most quantitative high-throughput
screening (qHTS) toxicity assays performed for the Tox21 pro-
gram (NCBI, 2019), e.g., Hao et al. (2019) evidenced that 10 mM of
alkyl-PFRs caused no remarkably cytotoxic effect HepG2 cells.
Moreover, the toxicities showed positive correlation with their
bioconcentration factors (BCFs) (see in Supporting Information,
Table S1) except DNBP, indicating that higher BCFs were associated
with higher toxicity for the accumulation in organisms. Notably,
PFRs with higher BCFs are easier to accumulated in organisms and
could transfer along with food web, posing more threaten to hu-
man health and environment due to their wide usage (Hou et al.,
2016; Lee et al., 2018).

Previously, PFRs have been reported to be rapidly metabolized
in organisms (Lynn et al., 1981; Nomeir et al., 1981; Sasaki et al.,
1981; Suzuki et al., 1984). Recently, a limited number of in vitro
and in vivo studies have elucidated that alkyl-PFRs, including
TBOEP, triphenyl phosphate (TPHP), 2-ethylhexyl diphenyl phos-
phate (EHDPP) and resorcinol diphenyl phosphate (RDP) are
metabolized into a wide array of metabolites, such as bis(2-
butoxyethyl)phosphate (BBOEP), di (2-propylheptyl) phthalate
(DPHP), and OH-DPHP, through O-dealkylation, hydroxylation,
carboxylation, oxidative dehalogenation and phase II conjugation
(Van den Eede et al., 2013; Su et al., 2014; Ballesteros-G�omez et al.,
2015; Su et al., 2015; Hou et al., 2019). TNBP was one of the first
alkyl-PFRs reported to be metabolized to dibutyl phosphate
(DNBP), monobutyl phosphate (MNBP) and 3-hydroxybutyl phos-
phate (dieOHeTNBP) in the body in a metabolic degradation pro-
cess typical of some PFRs (Sasaki et al., 1981; Suzuki et al., 1984). In
this study, we found that TNBP can be biologically metabolized into
a metabolite with lower cytotoxicity, DNBP, in accordance with the
findings of previous studies (Su et al., 2014; Hou et al., 2018, 2019).
To further elucidate the toxic effects of alkyl-PFRs at other levels,
compound concentrations approximately below the LC50
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concentrations were selected for subsequent adverse outcome
analyses.
3.2. Oxidative stress was initiated by alkyl-PFRs

Overproduction of cellular ROS is a frequently analyzed molec-
ular target and is thought to induce adverse outcomes upon
exposure to environmental pollutants. The results of the intracel-
lular ROS analysis showed that alkyl-PFRs could cause excessive
production of ROS in the nucleus (Fig. 2a), indicating that PFRs can
induce oxidative stress, in accordance with the findings of previous
studies (Huang et al., 2017; Yuan et al., 2019). TEHP and DNBP,
which contain longer alkyl chains than the other alkyl-PFRs,
induced severe oxidative damage, as the intracellular ROS levels
more than doubled at concentrations of 100 mM. Similar results
Fig. 2. Changes in intracellular ROS (a) and miSOD (b) after exposure to the selected
alkyl-PFRs. The data are presented as the mean ± SEM of at least three independent
experiments. * represents p < 0.05, and * * represents p < 0.01 as determined by one-
way ANOVA.
were found in other environmental pollutants, e.g., 40 mM of benzo
[a]pyrene (BaP), alkyl-PAC dibenzothiophene (DBT) and retene
(Ret) induced about 150% ROS levels increases higher than control
group following a 24-h exposure of SK-N-SH cells (Sarma et al.,
2017). Notably, TNBP induced less ROS production than DNBP,
which seemed to be inconsistent with the cytotoxicity of these
compounds. We speculate that the metabolism of TNBP decreased
the induction of ROS production to some extent because hydrox-
ylation, carboxylation, and oxidative dehalogenation processes
consume ROS (Van den Eede et al., 2013; Su et al., 2014; Ballesteros-
G�omez et al., 2015; Su et al., 2015; Hou et al., 2019).

Mitochondria are responsible for the energy-generating pro-
cesses essential for cell metabolism and are sensitive to the balance
between the redox system and cellular ROS levels. Thus, miSOD
levels are excellent indicators of oxidative stress. Herein, the
increased relative fluorescence value of the MitoSOX™ Red mo-
lecular fluorescent dye indicated that the level of miSOD was also
significantly increased after alkyl-PFR treatment (Fig. 2b). Overall,
in accordance with the results regarding intracellular ROS genera-
tion, the miSOD analysis results also showed that long-chain alkyl-
PFRs induced more severe oxidative damage than did short-chain
alkyl-PFRs. Huang et al. (2017) obtained a similar result; in their
study, trihexyl phosphate (THP), which contains longer alkyl chains
than other PFRs, significantly induced excessive ROS production in
CHOeK1 cells. An in vivo study on Asian freshwater mussels also
indicated that alkyl-PFRs induce oxidative stress, as evidenced by
decreased malondialdehyde levels and increased CAT activity (Yan
et al., 2017). ROS are well known indicators of oxidative damage,
which is closely related to cell viability, DNA damage and mito-
chondrial impairment. In addition, a number of studies have
demonstrated that alkyl-PFRs can disrupt the redox, thioredoxin
and glutathione systems and cause the gene expression dysregu-
lation of cytochrome enzymes (Su et al., 2014, 2015). ROS genera-
tion is believed to be an initial molecular event that can directly
cause DNA damage because studies have shown that ROS radical
metabolites can induce the modification and breakage of nucleic
acids (Schmitt and Lowe, 1999; Angkeow et al., 2002; Trinei et al.,
2002). In this study, we hypothesized that oxidative stress could
be an initial molecular event that causes the underlying toxic
outcomes induced by alkyl-PFRs. The overproduction of ROS in
A549 cells is believed to induce and mediate adverse outcome
pathways (AOPs).
3.3. Mitochondrial impairment of alkyl-PFRs is a potential toxic
mechanism

Mitochondria are one of the primary organelles impacted by
environmental stress (Pereira and de Oliveira, 2000; Bova et al.,
2005). After exposure, the results (Fig. 3a) showed that all
selected alkyl-PFRs significantly increased mitochondrial mass in a
concentration-dependent manner, as determined by analysis of the
fluorescence intensity of MitoTracker™ Red FM and comparison of
the levels between the treatment and control groups. The results
showed that exposure may impair mitochondrial function, as re-
ports have speculated that electrically neutral esters with high
logKow values, e.g., hydrophobic esters such as alkyl-PFRs, would
be converted into weak acids by cellular esterase and that these
lipophilic acids then accumulate in mitochondria, damaging
mitochondrial structure and function (Wallace and Starkov, 2000;
Horobin et al., 2007). In addition, the TMRE staining results showed
that all the tested alkyl-PFRs significantly decreased MMP (Fig. 3b),
in agreement with Huang et al. (2017) study, in which mitochon-
drial impairment was observed in cells upon treatment with most
of the selected nonhalogenated compounds. Similar effects were



Fig. 3. Effects of alkyl-PFRs on mitochondrial mass (a) and mitochondrial membrane
potential (b). The data are presented as the mean ± SEM of at least three independent
experiments. * represents p < 0.05, and * * represents p < 0.01 as determined by one-
way ANOVA.

S. Yuan et al. / Chemosphere 248 (2020) 1260266
also observed in MMP Tox21 assays, in which compounds with
longer side chains showed the capacity to disrupt the MMP
(Attene-Ramos et al., 2015). This phenomenon can be explained by
the fact that alkyl-PFRs induced ROS production that exceeded the
capacity of the cellular antioxidant system and impaired mito-
chondrial membrane permeability.

The excessive generation of ROS and miSOD in the nucleus and
mitochondria disrupts the balance of the redox system, which is
responsible for electron transfer (Hamanaka and Chandel, 2010).
The mitochondrial membrane is the primary location of the redox
system in A549 cells, and MMP values frequently differ under
different types of environmental stress. For example, Sarma et al.
(2017) evidenced that significant concentration-dependent de-
creases in TMRE fluorescence intensity were found following the
increase of mitochondrial superoxide production after exposure to
BaP, DBT, or Ret using the same MitoSOX™ Red fluorogenic dye.
Therefore, miSOD overproduction tends to disrupt the mitochon-
drial respiratory chain and damage mitochondrial structure and
function, which was suggested to be a clear MoA in this study.
Researchers have speculated that alkyl-PFRs can directly bind to the
electron carrier complex in the mitochondrial electron transport
chain, disrupting the MMP, regulating the opening of the mito-
chondrial permeability transition pore (PTP) and eventually leading
to cell death (Tirmenstein et al., 2002). Nakagawa and Mold�eus
have suggested that mitochondrial impairment-mediated MoAs
lead to cytotoxicity (Nakagawa and Mold�eus, 1998). Notably, short-
chain alkyl-PFRs, such as TMP and TEP, induced equivalent mito-
chondrial impairment without inducing equivalent cytotoxicity
and oxidative stress. Mitochondria play critical roles in the main-
tenance of calcium homeostasis in the cytoplasm and in the regu-
lation of the generation of other intracellular messengers, such as
ROS, making these organelles essential parts of cell signaling
pathways (McBride et al., 2006). Given the potential mitochondria-
mediated MoA reported by previous studies (Nakagawa and
Mold�eus, 1998; Tirmenstein et al., 2002; Huang et al., 2017), we
can reasonably speculate that short-chain alkyl-PFRs cause subse-
quent adverse effects through a substituted mitochondria-
mediated pathway, while the effects of long-chain alkyl-PFRs are
due to oxidative stress. However, oxidative stress is considered the
initial molecular event in toxicity, and mitochondrial impairment
most likely results from oxidative stress. Mitochondria also help
control cell fate by regulating cell cycle progression and apoptosis
initiation (Pacher and Hajn�oczky, 2001; Lemasters et al., 2002). In
general, our results indicated that hydrophobic alkyl-PFRs can
induce mitochondrial impairment and provided evidence that
mitochondria are involved in alkyl-PFR-induced toxic MoAs.
3.4. DNA damage induced by alkyl-PFRs

DNA damage induced by environmental pollutants may directly
result from the interactions of parental compounds or their me-
tabolites or indirectly result from the produced ROS (Oliveira et al.,
2009). DNA damage is well known to be closely related to oxidative
stress (Jin et al., 2011; Chen et al., 2018). Studies have indicated that
ROS can activate the expression of related downstream genes and
induce DNA damage (Pantano et al., 2006; Bragado et al., 2007;
Hamanaka and Chandel, 2010). DNA oxidation is reported as one of
the most common types of DNA damage in organisms (Jin et al.,
2011; Chen et al., 2018). We confirmed that alkyl-PFRs can induce
oxidative stress and mitochondrial impairment as describe above,
DNA damage should be determined to elucidate the involved AOP.
DNA content has been indicated to be an effective endpoint that
reflects primary DNA damage (Li et al., 1999; Yuan et al., 2019). In
this study, exposure to long-chain alkyl-PFRs increased the DNA
content in A549 cells, while exposure to TMP and TEP, which
contain short alkyl chains, did not change the DNA content (Fig. 4).
This finding seemed to coincide with the lower oxidative stress
induced by TMP and TEP than by other PFRs, indicating that DNA
damage resulted from ROS overproduction. At the molecular level,
most PFR-induced toxic effects are associated with DNA damage
and changes in the expression of related genes (Ren et al., 2008; Li
et al., 2017; Yuan et al., 2019). Thus, additional evidence is needed
to confirm the potential DNA damage and to explore the underlying
molecular mechanism.
3.5. Cell cycle arrest induced by DNA damage

DNA damage is usually accompanied by cell cycle arrest, as cells
with damaged DNA will accumulate in the gap 1 (G1), DNA syn-
thesis (S), or gap 2/mitosis (G2/M) phase (Ishikawa et al., 2006).
Hence, the cell cycle was analyzed by flow cytometry as in many
previous studies (Galbraith et al., 1983; Marie et al., 1997;



Fig. 4. Effects of the selected alkyl-PFRs on DNA content. The data are presented as the
mean ± SEM of at least three independent experiments. * represents p < 0.05, and * *
represents p < 0.01 as determined by one-way ANOVA.
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Pozarowski and Darzynkiewicz, 2004). The results showed that
compared with the control condition, exposure to 50 mM TIBP,
TNBP, DNBP, TMP, TEHP or TEP increased the G1 phase distribution
by 10.16%, 8.59%, 7.09%, 6.76%, 4.91% or 4.2%, respectively (Fig. 5).
Additionally, compared with the negative control group, the posi-
tive control group treated with Noco, a classic G2 cell cycle arrest
compound (Zieve et al., 1980), displayed a significant 52.61% in-
crease in the G2 phase ratio (Fig. 5h), which ensured the reliability
of our procedures. Thus, we believe that all selected alkyl-PFRs
induce G1 cell cycle arrest, which could confirm the occurrence
of DNA damage indicated by the increased DNA content. Overall,
the effects of long-chain alkyl-PFRs on cell cycle arrest tended to be
greater than those of short-chain alkyl-PFRs. This result could be
due to the different oxidative stress levels induced, which would
support our hypothesis that DNA damage originates from ROS
overproduction after environmental stress. Moreover, compared
with the control condition, TMP, TEP and TIBP treatment increased
the sub-G1 apoptosis peak, providing proof of the significant
cytotoxicity and potential apoptotic effects of these compounds
(Huang et al., 2017).
3.6. p53 gene activation is an underlying molecular mechanism

After we confirmed that alkyl-PFRs induced DNA damage and
cell cycle arrest, we explored the underlyingmolecular mechanism.
The timing and control of the cell cycle involves many regulatory
pathways and checkpoints, and many key molecules are related to
these processes, including p53, cyclins, cyclin-dependent kinases
(CDKs), Cdc2 regulators, and CDK inhibitors (Billen, 1990). p53 is a
gatekeeper that determines cellular outcomes, such as arrest, repair
or apoptosis, in response to DNA damage (Vilborg et al., 2010). The
activation of p53 in A549 cells was analyzed after alkyl-PFR expo-
sure using a luciferase reporter gene assay, similar to the assay used
in our previous study (Yuan et al., 2019). As shown in Fig. 6a, all
selected alkyl-PFRs increased the activation of the p53 reporter
gene at a concentration of 50 mM,which has been indicated to cause
G1 phase arrest, indicating that p53 is activated during cell cycle
arrest (Attene-Ramos et al., 2015). The significant activation of p53
indicated that the A549 cells experienced exogenous stress and that
p53-mediated repair pathways and/or mechanisms were repairing
DNAmolecules (Seoane et al., 2002; Yuan et al., 2017). The p53 gene
regulates a series of signaling networks related to mitochondria,
the cell cycle, DNA repair and apoptosis in response to different
environmental stresses (Vousden and Lu, 2002; Lau et al., 2006;
Vilborg et al., 2010; Yuan et al., 2017). Alkyl-PFRs induced cell cycle
arrest and activated p53, as evidenced by the existence of DNA
damage in A549 cells. p53 is involved in a complex signaling
network that strictly regulates the expression level of p53 during
cell cycle arrest, inducing transactivation of downstream repair
enzymes (Attene-Ramos et al., 2015). Moreover, p53 can induce cell
death if DNA damage cannot be repaired and mediates the initia-
tion of the apoptosis process in cells. Thus, p53 activation could be a
potential underlying MoA of the DNA damage induced by alkyl-
PFRs.

3.7. Analysis of the p53-mediated cell cycle pathway by qRT-PCR

The p53 gene acts as a key transcription factor in the cellular
genotoxic stress response, determining whether a cell undergoes
cell cycle arrest, cell death or apoptosis (Vilborg et al., 2010). Pre-
vious studies have shown that p53-mediated pathway activation
can feasibly be used to verify the mechanisms of environmental
pollutants (Yuan et al., 2017, 2019). To elucidate the detailed toxic
mechanisms of alkyl-PFRs at the transcriptional level in vitro, the
mRNA levels of components in the p53-mediated cell cycle
pathway, including p53, p21, mdm2, gadd45b and the apoptosis-
related gene bax, were determined after exposure to the test
compounds at a concentration of 50 mM. Fig. 6 displays the relative
expression of all selected genes. First, in accordance with p53 re-
porter gene activation, the selected alkyl-PFRs upregulated the
expression of p53 transcription factors (p < 0.05). The p53 expres-
sion levels were closely related to cellular conditions and regulated
cell cycle checkpoint-dependent proteins, kinases, Cdc2 factors and
CDK inhibitors (Billen, 1990). Second, the cell cycle-dependent
protease inhibitor p21, which is regulated by p53 gene expression,
contributes to the regulation of p53-mediated cell cycle check-
points (Bragado et al., 2007; Hamanaka and Chandel, 2010), and
promotes the assembly, folding and binding of type D cyclins (CDK4
and CDK6) (Marnett and Plastaras, 2001), was significantly upre-
gulated (p < 0.05). Third, the gene expression of gadd45b, which
belongs to the gadd45 family, regulates cell cycle processes and
responds to endogenous and exogenous stress factors (Pantano
et al., 2006). In addition to TNBP, other alkyl-PFRs significantly
upregulated gadd45b gene expression (p < 0.05), indicating that the
gadd45b gene is also involved in PFR-induced DNA damage. Previ-
ous studies have shown that gadd45b can specifically bind to the
Cdk1/cyclinB1 kinase complex and inhibit Cdk1/cyclinB1 kinase
activity in response to cell cycle arrest in vitro and in vivo (Rowe
et al., 2008; Hamanaka and Chandel, 2010). These results indi-
cated that the p53/p21/gadd45-mediated cell cycle pathway was
activated during oxidative stress and DNA damage (Yuan et al.,
2019). In addition, mdm2, which is the main negative regulator in
the p53 signaling pathway, regulates p53 expression through its
self-regulatory feedback loop and transactivation mechanism
(Vousden and Lu, 2002; Vilborg et al., 2010). In this study, TEP, TMP,
TNBP and DNBP significantly downregulated the expression of
mdm2 (p < 0.05). mdm2 plays an important role in maintaining the
level of p53 gene activity, and stable p53 expression regulates un-
derlying repair or apoptosis signaling pathways in response to
cellular stress (Vousden and Lu, 2002; Vilborg et al., 2010). Addi-
tionally, TMP and TIBP upregulated the expression of the bax
transcription factor, which is an important transcription factor in
the p53-mediated apoptosis pathway. Combined with the potential
apoptosis indicated by the flow cytometry analysis, these results
suggest that TMP and TIBP can induce apoptosis at the cellular and
transcriptional levels. In summary, alkyl-PFRs were shown to



Fig. 5. Flow cytometry-based cell cycle analysis of A549 cells exposed to alkyl-PFRs.
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Fig. 6. The RLUs of p53 activation in A549-p53 cells (a) and the relative expression of
p53-mediated pathway genes in A549 cells (b). After 48 h of exposure, the RLU value
was detected using Passive Lysis Buffer combined with a Firefly Luciferase Reporter
Gene Assay Kit, and the relative expression levels were calculated by normalizing the
Ct value of the target gene to that of the housekeeping gene b-actin in each sample
(using the relative quantitative analysis method) and comparing the results of the
experimental and control groups. The data are presented as the mean ± SEM of at least
three independent experiments. * represents p < 0.05, and * * represents p < 0.01 as
determined by one-way ANOVA.
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disrupt cell cycle processes and induce apoptosis through p53-
mediated signaling pathways in this study.
4. Conclusion

In this study, the AOPs and potential MoAs of several alkyl-PFRs
were investigated in A549 cells in vitro. Our results showed that
alkyl-PFRs could exert dose-dependent cytotoxic effects on
A549 cells and that alkyl-PFRs with higher logKow values displayed
higher cytotoxicity. Additionally, significant mitochondrial impair-
ment was induced by the concentration-dependent increase in
mitochondrial mass and decrease in MMP. Oxidative stress was
proven to be an initial molecular event, especially for compounds
with longer alkyl chains. In addition, the results showed that alkyl-
PFRs induced DNA damage by increasing DNA content and caused
G1 phase cell cycle arrest. Furthermore, gene analysis showed that
the p53/p21-mediated cell cycle pathway was activated to regulate
the resulting DNA damage. TMP and TIBP increased the sub-G1
apoptosis peak and upregulated the p53/bax apoptosis pathway,
displaying apoptosis-inducing effects on A549 cells at the cellular
and molecular levels. Finally, parent TNBP showed higher cyto-
toxicity than its metabolite DNBP. However, additional research is
needed to improve the understanding of PFR toxicity and structure-
related toxicokinetic mechanisms.
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