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 Cl-PAHs had more potent AhR activity and DNA-damaging effects than their parent PAHs.
 2,5-Dicl-Fl, 2,7-Dicl-Fl and 1,3,6,8-tetracl-Py induced strong EROD activity.
 Degree of chlorination and the position of chlorine inﬂuence the AhR activity and DNA-damaging effects.
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An increasing number of studies have indicated that environmental contamination with chlorinated
polycyclic aromatic hydrocarbons (Cl-PAHs) has been underestimated. However, insufﬁcient available
toxicological information on Cl-PAHs makes evaluating their risks to health challenging. Two in vitro
bioassays were used in the present study to characterize the aryl hydrocarbon receptor (AhR) activity and
DNA-damaging effects of 22 low-molecular-weight PAHs and their Cl-PAHs by using the EROD assay in
rat hepatoma (H4IIE) cells and the SOS/umu test (S. typhimurium TA1535/pSK1002). Compared with their
parent PAHs, most of the Cl-PAHs enhanced AhR-mediated activity in the EROD assay. 1,3,6,8Tetrachloro-pyrene (1,3,6,8-Tetracl-Py) induced the greatest potency of EROD activity (83.1%-TCDDmax) and its single point ReP was 6.64  106. Compared with their parent PAHs, several Cl-PAHs
showed signiﬁcant DNA-damaging effects in the SOS/umu test with the addition of S9, and the toxic
equivalency of benzo[a]pyrene (TEQBaP) was calculated for them. 9-Chloroanthracene (9-Ant) and 5,6Dichloroacenaphthene (5,6-Dicl-Ace) had relatively high TEQBaP (0.62 and 0.54, respectively). However,
only 1,3,6,8-Tetracl-Py elicited strong DNA-damaging effects in the absence of S9. The degree of chlorination, the position of chlorine substitutions, and the structure of parent PAHs inﬂuenced the potency of
low-molecular-weight PAHs with regard to their AhR activity and DNA-damaging effects. More concern
should be raised for these environmentally relevant pollutants.
© 2018 Published by Elsevier Ltd.
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Chlorinated polycyclic aromatic hydrocarbons (Cl-PAHs), which
have one or more chlorine substituents attached to the aromatic
rings of the corresponding parent polycyclic aromatic hydrocarbons (PAHs), are emerging semi-volatile organic pollutants (Sun
et al., 2013). An increasing concern has been raised about the
widespread occurrence of Cl-PAHs in various environmental media
during the past decades of research (Shiraishi et al., 1985; Nilsson
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and Oestman, 1993; Ma et al., 2009; Ohura et al., 2013; Sankoda
et al., 2013; Jin et al., 2017a). Automobile exhaust, waste incineration and e-waste recycling are considered major emission sources
of Cl-PAHs in the environment (Sun et al., 2013), besides, the
chlorination process involved in the water treatment process is
widely believed to generate Cl-PAHs from their parent PAHs that
exist in source water (Shiraishi et al., 1985; Hu et al., 2006). People
can be exposed to Cl-PAHs in multiple ways including by inhaling of
Cl-PAH-contaminated air particles and by contacting with Cl-PAHcontaminated tap water. In fact, Cl-PAHs have not only been
detected in tap water and the atmosphere but recent studies have
also indicated that the formation of some Cl-PAHs readily occurs
during water chlorination and combustion process of polyvinyl
chloride (Shiraishi et al., 1985; Nilsson and Oestman, 1993; Miyake
et al., 2017; Xu et al., 2017). In addition, many Cl-PAHs were ﬁrst
detected in the atmosphere and in industrial stack gas by using the
isotopic dilution gas chromatography/high-resolution mass spectrometry (GC/HRMS) method (Jin et al., 2017a). Given the condition
above, due to the large numbers of congeners and the lack of
commercially available individual Cl-PAHs standards for analyzing,
we assume that environmental contamination with PAHs has been
underestimated. However, toxicological information on Cl-PAHs,
especially those environmentally relevant Cl-PAHs with 3e4 aromatic rings, is still relatively lacking.
Cl-PAHs include a large number of congeners that may have
different biological activities. Because Cl-PAHs are structurally
similar to polychlorinated dibenzo-p-dioxins/dibenzofurans
(PCDDs/Fs) and polychlorinated biphenyls (PCBs), the aryl hydrocarbon receptor (AhR)-dependent, dioxin-like effects of some ClPAHs have been assessed in previous research (Ohura et al., 2007;
Horii et al., 2009). The AhR is a ligand-dependent transcription
factor that mediates a wide range of biological and toxicological
effects from exposure to a structurally diverse variety of chemicals
(Denison et al., 2011). Previous studies have shown that the chlorinated derivatives of certain low-molecular-weight PAHs such as
naphthalenes (Nap), ﬂuoranthene, phenanthrene (Phe) and pyrene
(Py) may elicit more potent AhR-mediated activity (Villeneuve
et al., 2000a; Ohura et al., 2007; Horii et al., 2009). One research
further indicated that the AhR activities of Cl-PAHs are strongly
dependent on the spatial dimensions of the molecule (Ohura et al.,
2007). The degree of chlorination was one of the factors to inﬂuence the structure-activity relationships for AhR-mediated potencies of Cl-PAHs (Ohura et al., 2007; Horii et al., 2009). However,
this pattern was obviously observed in those highly chlorinated
congeners rather than less highly chlorinated ones which were
often detected in environmental samples (Villeneuve et al., 2000a;
Horii et al., 2009). The positions of chlorine substitutions and
structure of parent PAHs were another two important factors for ClPAHs induced AhR activity (Villeneuve et al., 2000a; Horii et al.,
2009). Unfortunately, as mentioned above, Cl-PAHs have a huge
number of congeners and may be widespread presence in environment, there is still much work to do to ﬁnd out which Cl-PAHs
formed from their parent PAHs are potential AhR agonists. In fact,
the activated AhR may exert its action and play a key modulatory
role in response to exogenous chemicals through promiscuous
molecular mechanisms (Denison et al., 2011). The study by Ohura
et al. further showed that 6-chlorobenzo[a]pyrene (6-Cl-BaP) can
induce estrogen-mediated estrogen receptor (ER) signaling via AhR
activation (Ohura et al., 2010).
The mutagenic activity of Cl-PAHs is another concern for their
potential to cause adverse effects. Parent PAHs, such as BaP, require
metabolic activation by liver cytochrome P450 (CYPs) to form DNAreactive metabolites for exerting mutagenicity (Gelboin, 1980).
Three possible metabolic activation pathways of BaP have been
concluded, including (1) a diol epoxide pathway, (2) a radical cation
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pathway, and (3) an o-quinone and ROS pathway (U.S. EPA, 2017).
However, limited research has preliminarily shown that halogen
and methyl substituents at certain positions of parent PAHs may
dramatically inﬂuence the metabolic pathways of those parent
PAHs (Fu et al., 1999). For instance, a halogen substituent can efﬁciently block oxidative metabolism in the halogen substituted region and may direct metabolism to other aromatic regions of the
compound (Chiu et al., 1984; Fu et al., 1991). There are very few
studies that have shown that certain Cl-PAHs can be metabolized
€ froth et al., 1985; Kido et al., 2013). In
into active mutagens (Lo
addition, some Cl-PAHs were observed to have direct-acting
€ froth
mutagenicity in Salmonella without the addition of S9 (Lo
et al., 1985). However, the mutagenic activity and the AhRdependent, dioxin-like effects of diverse Cl-PAHs should be more
fully evaluated to ﬁnd potential mutagens and AhR agonists.
The purpose of this study was to use in vitro bioassays to characterize the mutagenic activity and the AhR-dependent, dioxin-like
potency of 22 individual Cl-PAHs and their parent PAHs. The parent
PAHs including acenaphthene (Ace), anthracene (Ant), ﬂuorene (Fl),
Phe, Py and carbazole (Cbz, one of nitrogen-containing heterocyclic
aromatic hydrocarbons) with 3e4 rings were often detected in the
environment, and they had the potential ability to transform into
Cl-PAHs during the chlorination process (Miyake et al., 2017; Xu
et al., 2017; Xiong Xu et al., 2018). In the present study, these
PAHs and their chlorinated derivatives, which were acquired
commercially, were screened for their toxicity by using (1) an
ethoxyresoruﬁn O-deethylase (EROD) assay in rat hepatoma cells
(H4IIE) to assess their AhR-mediated potency and (2) an SOS/umu
test (S. typhimurium TA1535/pSK1002) to evaluate their DNAdamaging effects. Toxicological information about Cl-PAHs was
obtained during this study to accommodate the urgent demand for
assessing risks associated with environmental exposure to Cl-PAHs.
2. Material and methods
2.1. Chemicals
Acenaphthene (Ace), 3-chloroacenaphthene (3-Cl-Ace), 5chloroacenaphthene (5-Cl-Ace), 3,5-dichloroacenaphthene (3,5Dicl-Ace),
3,6-dichloroacenaphthene
(3,6-Dicl-Ace),
5,6dichloroacenaphthene (5,6-Dicl-Ace), 3,5,6-trichloroacenaphthene
(3,5,6-Tricl-Ace), 3,5,8-trichloroacenaphthene (3,5,8-Tricl-Ace),
3,5,6,8-tetrachloroacenaphthene (3,5,6,8-Tetracl-Ace), carbazole
(Cbz), 3-chlorocarbazole (3-Cl-Cbz), 3,6-dichlorocarbazole (3,6Dicl-Cbz), ﬂuorene (Fl), 2,5-dichloroﬂuorene (2,6-Dicl-Fl), 2,7dichloroﬂuorene
(2,7-Dicl-Fl),
anthracene
(Ant),
9chloroanthracene (9-Cl-Ant), 9,10-dichloroanthracene(9,10-DiclAnt), phenanthrene (Phe), 9-chlorophenanthrene (9-Cl-Phe), pyrene (Py), and 1,3,6,8-tetrachloropyrene (1,3,6,8-Tetracl-Py) were
commercially obtained (Fig. 1). Their purity and manufacturer were
tabulated in Table S1 in Supporting Information (SI). The more
detail information about Cl-PAHs used in present study was
described in our previous work (Xu et al., 2017; Xiong Xu et al.,
2018). 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD) was achieved
from Cambridge Isotope Laboratories (MA, USA). Dimethyl sulfoxide (DMSO), resoruﬁn, 7-ethoxyresoruﬁn, dicumarol and 4nitroquinoline 1-oxide (4-NQO), and benzo[a]pyrene (BaP) were
purchased from Sigma-Aldrich (St. Louis, MO, USA). All other
chemicals were of analytical purity and were obtained from Sinopharm Chemical Reagent Co., Ltd (Shanghai, China).
2.2. EROD assay in H4IIE cells
Rat hepatoma (H4IIE) cells were obtained from the Cell Resource
Center, Peking Union Medical College (which is the headquarters of
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Fig. 1. Chemical structures of chlorinated polycyclic aromatic hydrocarbons screened in this study. Cl indicates chlorine atom.

National Infrastructure of Cell Line Resource, NSTI). Cells were
cultured in Dulbecco's modiﬁed Eagle medium (DMEM medium,
HyClone, Shanghai, China) with 10% deﬁned supplemented fetal
bovine serum (PAN Biotech Ltd, Aidenbach, Germany), 1%
penicillin-streptomycin (10,000 U/ml, HyClone, Logan, UT, USA),
and 0.1% amphotericin B (2.5 mg/ml, Amresco, Solon, OH, USA). The
cells were maintained at 37  C in a 5% CO2 atmosphere in a CO2
incubator (Panasonic, Ehime-ken, Japan), and the medium was
refreshed every two or three days during sub-culturing. Each
experimental condition was assayed in triplicate wells. The stock
solutions of the chemicals were ﬁrst prepared in DMSO, and these
chemicals were diluted in culture medium into the desired concentration (at which the percent of DMSO was less than 0.5%) for
the bioassays.
In vitro EROD assays with H4IIE cells were modiﬁed according
to the previous methods (Donato et al., 1993; Qiao et al., 2006).
H4IIE cells were seeded at a density of 7500 cells/well in 96-well
microtiter plates. After 24 h of pre-culture, cells were treated
with test compounds (six dilutions of a 10-fold dilution series),
TCDD and DMSO for 72 h. The TCDD and DMSO included on each
plate were used as positive controls and solvent controls for
calibration purposes. The TCDD standard solutions that yielded a
full dose-response curve for EROD induction were composed of 11
concentrations (0.01, 0.03, 0.05, 0.11, 0.22, 0.44, 0.88, 1.75, 3.5, 7,
28 ng/ml in DMSO). Then, the compound-treated cells were
analyzed for EROD activity after 72 h of exposure. The culture
medium was removed and replaced with 100 mL of fresh medium
containing 10 mM 7-ethoxyresoruﬁn as a substrate and 10 mM
dicoumarol. Cells were incubated for another 60 min at 37  C in a
5% CO2 atmosphere. The reaction was terminated by the addition
of 130 mL of methanol. The cell medium was carefully mixed in a
microplate shaker, and a 100-mL aliquot from each well was
transferred to a new 96-well plate for ﬂuorescence measurement
€nnedorf
using a microplate reader (Tecan M200, Tecan, Ma
Switzerland). The excitation and emission wavelengths were
535 nm and 590 nm, respectively. A resoruﬁn standard curve was
analyzed at the same time to convert ﬂuorescent units to picomoles of resoruﬁn. Cell numbers were also determined by using
the Cell Counting Kit-8 (Dojindo, Tokyo, Japan) to normalize the
results. The EROD enzyme activity was ﬁrst expressed as the mean
picomoles of resoruﬁn produced per minute per cell. Finally, the
relative EROD activity of the samples was corrected according to
results of the positive and negative controls and was expressed as
a percentage of the mean maximum response observed for the
TCDD standard (%-TCDD-max).

2.3. Estimation of relative potency (ReP)
The method used for estimating the relative potency (ReP) of
PAHs was based on methods described in a previous study
(Villeneuve et al., 2000a, 2000b; Horii et al., 2009). In general, two
assumptions were made for determining the ReP values of Cl-PAHs.
To ensure accurate values for the ReP, both assumptions were
tested. First, it was assumed that the efﬁcacy (maximum response
achieved) was equal for the test compound and the reference
chemical (TCDD in this study). The second assumption was that the
slopes of the log-transformed dose-response relationships of the
test compounds and the reference chemical (TCDD) were equivalent. If the slopes were equal, then the ReP values determined by
the EC (effect concentration) values between 20% and 80% were all
the same. However, when estimating the RePs of potential AhR
agonists, these two assumptions were not always met (Villeneuve
et al., 2000b). The minimum and maximum RePi values generated a relative potency range (ReP-range) by using EC20 and EC80
calculated as an estimate of the uncertainty in the ReP estimate due
to deviations from parallelism between the standard and sample
curves (Villeneuve et al., 2000b). In addition, the observed
maximum response for the sample was lower than 80%-TCDD-max
but higher than 20%-TCDD-max, and extrapolation beyond the
range of the empirical results was used to estimate RePi at Yi
greater than the observed maximum. This was done to ensure that
the ReP20e80% ranges were comparable from sample to sample.
2.4. SOS/umu test
The SOS/umu test was used to assess DNA-damaging effects and
was carried out according to the previously described protocols
(Oda et al., 1985; Ye et al., 2014). The test strain S. typhimurium
TA1535/pSK1002 was offered by Professor Yoshimitsu Oda and was
pre-cultured for 2 h to reach the exponential phase in lysogeny
broth (LB) medium at 37  C and shaken at 175 rpm. Then, 200 mL of
pre-culture bacterial was exposed to the test compounds (four dilutions of a 2-fold dilution series) with or without the addition of
S9. The ratio of S9 in the LB medium was 17.1%.
During the SOS/umu test, DMSO was used as a negative control,
and 4-NQO and BaP were used as positive controls in the absence
and presence of S9, respectively. All chemicals were examined in
triplicate, and the ﬁnal concentration of DMSO did not exceed 0.5%.
After incubation at 37  C for 4 h at 800 rpm, a 150-mL aliquot of the
culture was transferred to another 96-well plate, and the absorbance at 595 nm (Abs 595) was measured. The b-galactosidase
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activity was determined according to a previously developed
method (Miller, 1972). In brief, 20 mL of the culture was mixed with
200 mL of Z-buffer (0.1 M sodium phosphate, pH 7.4, 10 mM KCl,
1 mM MgSO4 and 1 mg/L mercaptoethanol) and 10 mL of 1 mg ml/L
SDS, followed by 5 mL chloroform. The enzymatic reaction was
initiated by adding 40 mL of 4 mg/ml ONPG and incubated at 37  C at
800 rpm for 20 min. Finally, 30 mL of 1 M Na2CO3 was added to stop
the reaction. Then, 150-mL aliquots of the reaction mixture were
transferred to a new microplate, and the absorbance was measured
at 420 nm (Abs420) and 550 (Abs550) nm. The genotoxic potency
was expressed as the b-galactosidase activity (unit) and the induction ratio (IR), which were calculated as follows:

Unit ¼ 1000 

IR ¼

ðAbs420  1:75  Abs550Þ
ð20  0:0667  Abs595Þ

The cytotoxicity of the chemicals on S. typhimurium TA1535/
pSK1002 was calculated as follows:

Abs595sample
1
Abs595negative control

!

The data were interpreted according to the principles published
by Hamer et al. (2000) and the International Organization for
Standardization (ISO) standards (Wittekindt et al., 2000). In brief, a
positive chemical displays an IR that increases in a dose-dependent
manner (linear ﬁts, R2) and has an IR value of at least 1.5 at a
concentration at which Cyto. is less than 50%. Estimation of TEQ
was performed according to previously described methods (Zhu
et al., 2008) and was calculated as follows:

In the absence of S9 : TEQ4NQO ¼

In the presence of S9 : TEQBaP ¼

The magnitudes of the responses were relatively weak for 5-Cl-Ace,
3,5,8-Tricl-Ace, 3-Cl-Cbz, 3,6-Dicl-Cbz, 9,10-Dicl-Ant, and 9-Cl-Phe,
and their maximum EROD activity never exceeded 20%-TCDD-max.
The maximum responses of 2,5-Dicl-Fl and 2,7-Dicl-Fl were greater
than 20% but lower than 80%-TCDD-max, and their RePs were
estimated (shown in Table 1) according to extrapolation beyond the
range of the empirical results (Fig. 3). 1,3,6,8-Tetracl-Py induced the
greatest potency of EROD activity (83.1%-TCDD-max), and the
response of 50%-TCDD-max of 1,3,6,8-Tetracl-Py was used to estimate its single point ReP (6.64  106). Compared with their parent
PAHs, the Cl-PAHs showed different abilities in the induction of
EROD activities. The chlorinated derivatives of Ace, Cbz, Phe, and Py
signiﬁcantly enhanced the potency of their parent PAHs EROD activity. However, the EROD activities induced by 9-Cl-Ant and 9,10Cl-Ant were dramatically less than Ant.
3.2. Genotoxicity of Cl-PAHs

Unitsample
Unitnegative control

Cyto:ð%Þ ¼ 100 
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IRsample
IR4NQO

IRsample
IR4NQO

2.5. Statistical analysis
Each measurement was performed in single values for the same
treatment (e.g., triplicate wells) and was averaged and then
normalized to the average value of the DMSO treated cells. Each
experimental condition for each method was repeated at least
three times in three independent cell preparations. The LL.4 (fourparameter log-logistic model) of the drc package (version 3.0e1) in
R was used for dose-response analysis of AhR activity (Team, 2000;
Ritz and Strebig, 2010). Statistical data analysis was performed
using ANOVA followed by Bonferroni's test from the agricolae
package in R (version 1.2e8) (De Mendiburu, 2014). A p value less
than 0.05 was considered statistically signiﬁcant. The presented
ﬁgures were produced using the ggplot2 package in R (Wickham,
2016).
3. Results
3.1. AhR activity of Cl-PAHs
The H4IIE-EROD assay was used to evaluate the AhR activity of
Cl-PAHs with 3e4 rings in this study. Nine of the sixteen Cl-PAHs
elicited signiﬁcant responses using this assay (Fig. 2, Table S2).

The DNA-damaging effects of Cl-PAHs on the bacteria
S. typhimurium TA1535/pSK1002 at concentrations with less than
50% cytotoxicity are illustrated in Fig. 4. In the absence of S9, a dosedependent increase in IR was observed only for Ant and the two
chlorinated PAHs 1,3,6,8-Tetracl-Py and 3-Cl-Ace (Fig. 4, Table S2).
These compounds also produced IR of greater than 1.5 at different
concentrations with less than 50% cytotoxicity. The TEQ4-NQO of
1,3,6,8-Tetracl-Py, 3-Cl-Ace, and Ant were 5.89  103 mg/L,
1.71  103 mg/L, and 1.53  103 mg/L (Table S2), respectively. In
the presence of S9, dose-dependent increases in IR were observed
for some Cl-PAHs and their parent PAHs (Fig. 4, R2 of linear ﬁts in
Table S2); however, only 3,5-Dicl-Ace, 3,6-Dicl-Ace, 5,6-Dicl-Ace,
3,5,8-Tricl-Ace, 2,7-Dicl-Fl, Ant, 9-Cl-Ant, Phe, and 9-Cl-Phe were
considered as positive compound in SOS/umu test with the addition of S9 (Table S2). The TEQBaP values of these positive compounds are shown in Table S2. In general, the chlorination
derivatives of Ace, Ant and Py signiﬁcantly induced DNA-damage
effects in the presence of S9.
4. Discussion
Over the past several decades, Cl-PAHs with diverse structure
have been detected in different environmental media (Sun et al.,
2013). In recent years, some research has also described the
fundamental mechanisms for understanding the formation of ClPAHs in many processes (Miyake et al., 2017; Xu et al., 2017;
Xiong Xu et al., 2018). Although Cl-PAHs have been identiﬁed as
ubiquitous environmental contaminants, there are still insufﬁcient
toxicity and health data available for these compounds. As a result,
the purpose of this study was to discover the potential adverse
consequences of Cl-PAHs by using in vitro bioassays. Lowmolecular-weight PAHs with 3e4 rings were abundantly found in
the environment and were considered to have low toxicity (Nisbet
and LaGoy, 1992); however, our research showed that the toxicological action of the parent PAHs could be signiﬁcantly changed by
chlorination.
The previous literature describes that some Cl-PAHs have more
active or more potent AhR activity compared with their parent
PAHs (Ohura et al., 2007; Horii et al., 2009; Riddell et al., 2015).
Similar results of 9-Cl-Ant, 9,10-Dicl-Ant, 9-Cl-Phe, 3-Cl-Cbz, and
3,6-Dicl-Cbz in previous studies were also obtained for the Cl-PAHs
that we studied (Ohura et al., 2007; Riddell et al., 2015). The
chlorinated derivatives of Ace, Fl, and Py in this research were ﬁrst
reported for inducing AhR-mediated activity in the H4IIE-EROD
assay. 1,3,6,8-Tetracl-Py, 2,7-Dicl-Fl, and 2,5-Dicl-Fl elicited a signiﬁcant response. In comparison, the RePs of these Cl-PAHs were
close to those of some high-molecular-weight PAHs, such as B[a]P
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Fig. 2. EROD activity of chlorinated PAHs in H4IIE cells. EROD activity is expressed as percentage of the maximum response that was observed for the 2,3,7,8-tetrachlorodibenzo-pdioxin standard (%-TCDD-max). The values presented are the mean ± SEM of at least three independent experiments. A signiﬁcant difference among the groups of p < 0.05 (ANOVA)
is indicated by differences in the letters.

(Bosveld et al., 2002), Cl-PAHs with 3e4 rings (including Phe, ﬂuoranthene, chrysene, and benzo[a]anthracene) (Horii et al., 2009),
and to those of some chlorinated naphthalenes (containing 1e4
chlorine) (Villeneuve et al., 2000a), but they were 1e4 orders of
magnitude lower than the RePs of hexa- and heptachlorinated
naphthalene (Villeneuve et al., 2000a) and equivalency factors
(TEFs) of mono-ortho PCBs (Van den Berg et al., 2006).
Although highly chlorinated PAHs (like hexa- or heptachlorinated PAHs) were not commercially available for our study,

the structure-activity relationships would be observed to inﬂuence
in terms of both the degree of chlorination and the position of
chlorine substitutions. For example, Cl-Cbzs were shown to increase the AhR-mediated potency with an increasing degree of
chlorination. Additionally, a shift in the position of a chlorine on
2,5-Dicl-Fl to 2,7-Dicl-Fl increased the RePs. It is considered that the
AhR activity of higher-molecular-weight Cl-PAHs (4-rings), like
Cl-BaPs, chlorobenz[a]anthracene (Cl-BaA), were lower than those
of the corresponding parent PAHs (Ohura et al., 2007; Horii et al.,
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Table 1
Relative potencies (RePs) of chlorinated PAHs (Cl-PAHs) relative to the potency of 2,3,7,8-TCDD (TCDD) in H4IIE-EROD assay.
Compound

2,5-Dicl-Fl
2,7-Dicl-Fl
1,3,6,8-Tetracl-Py

MW

235.11
235.11
344.06

Relative potency estimatesa

%-TCDD-maxd

RePb

ReP20-80c

e
e
6.64  106

3.70  108~2.44  107
1.63  107~3.43  107
1.42  106~1.62  105

39.1
73.4
83.1

a

All ReP estimates were based on molar concentration.
Single point estimate of ReP is made for a response of 50%-TCDD-max (EC50). () indicates dose-response relationship was insufﬁcient to estimate (because of the violation
of either equal efﬁcacy or equal slope).
c
RePs reported as the range of estimates is generated from multiple points over a response range from 20 to 80%-TCDD-max. Extrapolation was used for samples which
yielded maximum response less than 80%-TCDD-max.
d
Maximum response of the compound observed in EROD assay is expressed as a percentage of the mean maximum response observed for the TCDD standard (%-TCDDmax).
b

Fig. 3. Dose-response curves of EROD activity for chlorinated PAHs in H4IIE cells. Doses are shown along the x-axis (logarithmic base 10 scale, mM). Response (y-axis) is expressed as
percentage of the maximum response that was observed for the 2,3,7,8-tetrachlorodibenzo-p-dioxin standard (%-TCDD-max). Four-parameter log-logistic model of the drc package
(version 3.0e1) in R was used for dose-response analysis.

2009). Likewise, Ant and its chlorinated congeners (3-rings) were
also observed in our research to diminish the AhR activity with the
addition of chlorines. Interestingly, 7-chlorobenz[a]anthracene in
previous research (Kido et al., 2013) and 9-Cl-Ant in this study were
found to induce DNA-damaging effects in the presence of S9. These
results possible suggested the Cl-BaAs and Cl-Ants were easier to be
metabolized to weak AhR agonists but potential strong DNAdamaging inducers. In addition, only 5-Cl-Ace and 3,5,8-Tricl-Ace
rather than their highly chlorinated congeners elicited weak AhR
activity. All these results not only support the hypothesis that the
position of the chlorine on the PAH molecule is an important
determinant of AhR-mediated activity (Horii et al., 2009), but also
the structure of parent PAHs may inﬂuence the AhR activity of their
Cl-PAHs. Previous studies have also suggested that the AhR activity
induced by Cl-PAHs is strongly dependent on the spatial dimensions of the molecule, according to the structure-activity
relationship of Cl-PAHs (Ohura et al., 2007).
While most low-molecular-weight PAHs with 3e4 rings are
considered weak mutagens, the results of the SOS/umu test in the
present study indicated that the structure of the parent PAHs and
the position of the chlorine on the PAHs may remarkably inﬂuence
the genotoxicity of Cl-PAHs. Fu, P. P. et al. considered that a halogen
substituent on parent PAHs could efﬁciently change their metabolic
pathways and transform them into oxidized metabolites by
different mechanisms, including region-selective metabolism,
stereoselective metabolism, and conformation of trans-dihydrodiol

metabolites (Fu et al., 1999). Indeed, some metabolites of certain ClPAHs, such as 5,6-Dicl-Ace and 9-Cl-Ant, were observed to induce
DNA-damaging effects at relatively low concentrations in the present study. Based on the theory of Fu, P.P., these Cl-PAHs were
suspected to convert into oxidized metabolites by CYPs, form DNA
adducts, induce mutations, and increase the risk of cancer, however, more work needs to be done to determine their detail toxicity
mechanisms (Fu et al., 1999). It should also be noted that 1,3,6,8Tetracl-Py and a number of halo-PAHs were found to be directacting mutagens in the current study and in previous research,
€froth et al., 1985;
but their mechanism of action is still not clear (Lo
Fu et al., 1999).
Because of a lack of reference materials and an incomplete understanding of the chlorination pattern of PAHs during the formation of Cl-PAHs, particularly for those abundant low-molecularweight PAHs with 3e4 rings in the environment, the health and
ecological risk of Cl-PAHs has not been fully assessed (Sun et al.,
2013). In recent decades, it has been reported that different kinds
of Cl-PAHs, such as 9-Cl-Ant and 2,7-Dicl-Fl, have been detected in
certain environmental media (Ritz and Strebig, 2010; Fan et al.,
2017; Jin et al., 2017a, 2017b). Our and Miyake et al. recent
research also revealed that Ace, Py, Ant as well as Cbz in water
chlorination and Py in combustion of polyvinyl chloride manifested
high reactivity (Miyake et al., 2017; Xu et al., 2017; Xiong Xu et al.,
2018). Our results in present study have shown that these AhRactive Cl-PAHs with 3e4 rings are extremely more potent than
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Fig. 4. DNA-damaging effects of chlorinated PAHs in SOS/umu test (S. typhimurium TA1535/pSK1002). A positive chemical displays an induction ratio (IR) that increases in a dosedependent manner and has an IR value of at least 1.5 (blue line) at a concentration at which Cytotoxicity (Cyto.) is less than 50% (red line). (For interpretation of the references to
colour in this ﬁgure legend, the reader is referred to the Web version of this article.)

their parent PAHs like Ace, Cbz, Phe, Py, as well as Fl, and RePs of
2,5-Dicl-Fl, 2,7-Dicl-Fl, and 1,3,6,8-Tetracl-Py were close to some
dioxin-like compounds such as PCBs and PCNs. Some relatively
strong genotoxic Cl-PAHs including 9-Cl-Ant, 5,6-Dicl-Ace and
1,3,6,8-Tetracl-Py were also found in our study. Cl-PAHs, particularly those metabolically active, DNA-reactive Cl-PAHs are considered to have a ﬁnite risk at any dose (MacGregor et al., 2015).
Therefore, the environmental hazards caused by multiple chlorinated derivatives of low-molecular-weight PAHs should raise
concern regarding these compounds.
5. Conclusion
The EROD assay and SOS/umu test were applied in this study to
screen for the AhR activity and the DNA-damaging effects of Cl-

PAHs. Several Cl-PAHs elicited more potency than did their parent
PAHs and were potentially high hazardous environmental pollutants. It was also found that the AhR activity and DNA-damaging
effects of Cl-PAHs were related to the degree of chlorination, the
position of chlorine substitutions and the structure of parent PAHs.
The toxicological information on Cl-PAHs obtained in this research
may be helpful for assessing their potential health and ecological
risk. However, detailed work still needs to be performed to further
discern the toxicological mechanisms of Cl-PAHs. Nevertheless, a
growing number of studies have shown that environmental
contamination with Cl-PAHs has been underestimated, particularly
with regard to low-molecular-weight chlorinated derivatives and
environmentally relevant PAHs, and there should be more concern
for this issue.
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