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ARTICLE INFO ABSTRACT

Keywords: Short-chain chlorinated paraffins (SCCPs) are frequently detected in environmental matrices and human tissues.

SCCPs It was hypothesized that SCCPs might interact with the peroxisome proliferator-activated receptor a (PPARa). In

Mode of action the present study, an in vitro, dual-luciferase reporter gene assay and in silico molecular docking analysis were

PPA_RO‘ employed together to study the interactions between SCCPs congeners and PPARa. Expressions of genes

;ﬁ:ﬁﬁ: Z(S)Sc?;ng downstream in pathways activated by PPARa in liver of rats exposed to 1, 10, or 100 mg/kg bm/d of C;¢_13-CPs

Metabolomics (56.5% Cl) for 28 days were examined to confirm activation potencies of SCCPs toward PPAR« signaling. Effects
of exposure to Cy9—13-CPs (56.5% Cl) on fatty acid metabolism in rat liver were also explored via a pseudo-
targeted metabolomics strategy. Our results showed that C;¢_13-CPs (56.5% Cl) caused a dose-dependent greater
expression of luciferase activity of rat PPARa. Molecular docking modeling revealed that SCCPs had a strong
capacity to bind with PPARa only through hydrophobic interactions and the binding affinity was dependent on
the degree of chlorination in SCCPs congeners. In livers of male rats, exposure to 100 mg/kg bm/d of C;¢_13-CPs
(56.5% Cl) resulted in up-regulated expressions of 11 genes that are downstream in the PPARa-activated
pathway and regulate catabolism of fatty acid. Consistently, accelerated fatty acid oxidation was observed
mainly characterized by lesser concentrations of Xfatty acids in livers of rats. Overall, these results demonstrated,
for the first time, that SCCPs could activate rat PPARa signaling and thereby disrupt metabolism of fatty acid in
livers of male rats.

1. Introduction

Metabolic diseases could be associated with exposure to pollutants
(Feige et al., 2010; Fletcher et al., 2013; Harley et al., 2013; Lejonklou
et al., 2017; Matilla-Santander et al., 2017; Uemura et al., 2009).
Among various environmental pollutants, due to their occurrences in
blood of humans, short-chain chlorinated paraffins (SCCPs) are of
particular concern (Li et al., 2017). SCCPs are polychlorinated deriva-
tives of n-alkanes with lengths of carbon chains of 10-13 and chlorine
contents of 30%-70% (Fiedler et al., 2010). As a constituent of
chlorinated paraffins (CPs), SCCPs are used for various industrial

applications, such as flame retardants, plasticizers, metal-working
fluids, lubricant additives, paints, sealants, and leather fat liquors.
Worldwide production of SCCPs exceeded 165,000 tons in 2016, and
their cumulative production volume has been estimated to be greater
than 2 million tons (Gliige et al., 2016). Due to their environmental
persistence, potentials for bioaccumulation and long-range atmospheric
transport, in 2017, the Stockholm Convention listed SCCPs as a new
group of persistent organic pollutants (POPs) (Li et al., 2016; Ma et al.,
2014; United Nations Environment Program , 2017; Zeng et al., 2017).

SCCPs exhibited hepatotoxicity, developmental toxicity, endocrine
disrupting activity and carcinogenicity (Ali et al., 2010; Buryskova
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et al., 2006; Gong et al., 2018; Liu et al., 2016; Warnasuriya et al.,
2010; Zhang et al.,, 2016). Recently, impairments of metabolism,
especially for lipid metabolism, were observed in human liver cells and
zebrafish larvae after SCCPs exposure (Ren et al., 2018; Wang et al.,
2018). However, the underlying mechanisms of adverse effects of
SCCPs remain elusive.

SCCPs have an aliphatic structure, which is similar to those of
natural ligands (fatty acids) of peroxisome proliferator-activated re-
ceptor o (PPARa). PPARa plays a major role in metabolic regulation,
especially for metabolism of fatty acids (Kersten et al., 2014). PPARa is
a ligand-dependent transcription factor, which is expressed in high-
metabolic rate tissues, such as liver and brown adipose tissue (Poulsen
et al., 2012). Once activated, PPARa regulates expressions of genes via
binding to a specific peroxisome proliferator response element (PPRE)
in or around target genes. To date, PPARa has been identified as a key
factor in pathogenesis of numerous human diseases (Kersten et al.,
2000). Toxicity caused by exposure to SCCPs matched well with that by
PPARa agonist, such as non-genotoxic carcinogens and peroxisome
proliferation (Bucher et al., 1987; Nilsen et al., 1981; Serrone et al.,
1987). Given the above information, it was hypothesized that SCCPs
might interact with the PPARa signaling pathway to bring about det-
rimental metabolic effects.

Thus, to address this issue, the ability of SCCPs to activate PPARa
was first assessed by use of a transactivation assay with luciferase as a
reporter gene under control of rat PPARa in the present study. Then,
the influence of SCCPs on PPARa signaling was further determined by
examining expressions of PPARa downstream genes in vivo in liver of
male, Sprague Dawley (SD) rats exposed orally to SCCP. Also, molecular
docking simulations were conducted to explore modes of binding of
SCCP congeners to the ligand-binding pocket (LBP) of PPARa. Finally,
effects of SCCPs on metabolism of fatty acids in rat liver were in-
vestigated using a pseudo-targeted metabolomics strategy. Our results
provided insight into the mode of action of SCCPs in the perturbation of
fatty acid metabolism.

2. Materials and methods
2.1. Chemicals and cells

A SCCPs mixture, Cig_13-CPs (C19-CPs: C11-CPs: Cy5-CPs: C;3-CPs
mass ratio = 1: 1: 1: 1; Cl content: 56.5%), was synthesized by the
chlorination of n-alkanes as described elsewhere (Tomy et al., 2000).
Here, the C;_13-CPs mixture (Cl content: 56.5%) was employed as an
example of a realistic environmental exposure scenario. Human em-
bryonic kidney 293 T cells were purchased from China Infrastructure of
Cell Line Resources (Shanghai, China). Cells were cultured in Dulbec-
co's Modified Eagle's Medium (DMEM; Gibco-BRL, USA) supplemented
with 10% fetal bovine serum and 1% penicillin-streptomycin (Beyo-
time, China) under a humidified atmosphere of 5% CO, and 95% air at
37 °C. Cells at the exponential growth phase were used for the experi-
ment.

2.2. Transfection and luciferase assay

Kidney 293 T cells were used to determine transactivation of rat
PPARa by SCCPs because they offer several advantages such as easy
growth and transient transfection, and they are suitable for the present
study because those cells express little or no endogenous PPARa (Figure
S1 of Supplementary material). The rat-derived PPRE-firefly luciferase
reporter plasmids (pGL4.26-rPPRE-Luc) and expression plasmids for rat
PPARa ligand binding domain (p3xFlag-rPPARa/hPPARa) were pur-
chased from TranSheep (Shanghai, China). 293 T cells were seeded in
24-well plates at 1 x 10*/well and transiently co-transfected with 90 ng
of PPRE-firefly luciferase reporter plasmid and 5ng of expression
plasmid, either empty or coding for rat PPARa using Lipofectamine
2000 reagent (Life Technologies) for 48 h. After replacing the culture
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medium, cells were treated with test chemicals for 24 h to evaluate
PPARa agonistic activity. 0.5% DMSO served as the solvent and no
precipitation was observed for all test chemicals. Cells were washed
once in cold, phosphate-buffered saline (PBS; pH 7.4) and lysed with
reporter lysis reagent for 15min. Luciferase activities were assayed
using the luciferase reporter assay kit (Promega, USA). Luciferase ac-
tivity in the negative control group was assigned a value of 1.0.

2.3. In vivo rat exposure experiment

Animal usage for the study and euthanasia procedure were reviewed
and approved by the animal ethics committee of Safety Evaluation
Center, Shenyang Research Institute of Chemical Industry (Approval
number R14F010010). Ethical regulations were followed according to
the national guidelines for the protection and care of experimental
animals. Thirty-two male SD rats (approximately 5 weeks old;
339-407 g body mass (bm)) were housed in controlled conditions
(25 = 3°C, 40%-50% humidity, one animal per cage) under a 12h
light/dark cycle. Food and water were provided ad libitum. After a 5-d
acclimatization, rats were randomized into 4 groups (8 rats per group)
and treated with corn oil (vehicle; 5mL/kg bm/d) or various dosages
(1, 10, or 100 mg/kg bm/d) of Cy9—_13-CPs (56.5% Cl) by gavage for
28 d. Exposure doses were determined according to the no observed
adverse effect level (NOAEL, 10 mg/kg bm/d) for rats (United Nations
Environment Program, 2017). By the end of the exposure, rats were
anesthetized with diethyl ether. Liver tissues were removed during
necropsy, snap-frozen (liquid nitrogen), and stored at —80 °C before
gene expression analysis and metabolite analysis.

2.4. Isolation of mRNA and quantitative real-time polymerase chain
reaction (qPCR) analysis

Total RNA was isolated using the Takara RNAiso Plus reagent
(Takara, Tokyo, Japan). qPCR was performed on the Light Cycler 480
PCR System (Roche Diagnostics, Mannheim, Germany) using a FastStart
Universal SYBR Green Master kit (Roche Applied Science, Mannheim,
Germany). Amounts of mRNA for each gene were quantified and then
normalized to the geometric mean of internal references (Actb and
Gapdh) by use of the 27AAC method (Livak and Schmittgen, 2001).
Primers used are listed in Supplementary Table S1.

2.5. Molecular docking

LeDock (http://lephar.com) was used to simulate binding of SCCPs
to PPARa protein. Initial conformations of 46 SCCP congeners were
downloaded from the SciFinder database (https://scifinder.cas.org)
(Supplementary Table S2). Three crystal structures of human PPARa in
complex with different agonists (PDB No. 4BCR, 2P54, and 3VI8) were
used for ensemble docking. Crystalized water and the co-crystalized
ligand were removed, and hydrogen atoms were added to the protein
according to the protonation states of the chemical groups at pH 7.0.
The binding cavity was generated and centered on the endogenous li-
gand-bound site of PPARa ligand-binding domain with the box size
extending in x, y, and z directions with a radius of 5 A. All molecules in
docking calculations have geometry optimizations. Binding energies
between the SCCP molecules and PPARa by LeDock were also calcu-
lated for binding affinity comparison.

2.6. Identification and quantifications of metabolites

Rat liver samples were first homogenized and then ultrasonicated in
an ice-water bath. Samples were subsequently freeze-dried and ex-
tracted with a mixture of methanol/water (4:1, v:v). Prior to extraction,
three kinds of internal standards were spiked into the sample for quality
control of sample preparation and instrumental analysis. Details on
preparation of samples are given in Supplementary material. A pseudo-
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targeted metabolomics analysis was conducted to detect fatty acids,
acylcarnitines, and free L-carnitine (Chen et al., 2013). In brief, an
untargeted analysis was first conducted using an Agilent 1290 Infinity
ultra-high performance liquid chromatography system coupled online
to an Agilent 6540 UHD Q-TOF MS (Agilent, Santa Clara, CA) system
(UHPLC/Q-TOF MS) to acquire ion pair information, including pre-
cursor ions, product ions, and collision energies. Information on ion
pairs was further combined and used for the following targeted ana-
lysis. In the targeted analysis program, a Waters Acquity, ultra-high
performance liquid chromatography coupled online to an ABI Q-Trap
5500 (ABSCIEX, USA) system (UHPLC/Q-Trap MS) was operated in
multiple reaction monitoring mode (MRM) to detect all metabolites in
samples by use of previously described methods (Ren et al., 2018; Wang
et al.,, 2016). Raw metabolomics data were processed by MultiQuant
software (3.0.1, AB SCIEX). After peak alignment and missing value
interpolation, the peak areas of each metabolite were normalized to
corresponding internal standards.

2.7. Statistical analyses

Metabolic effect level index (MELI) values were calculated to assess
overall alteration of fatty acid metabolism after exposure to SCCPs
(Details in Supplementary material) (Riedl et al., 2015). To compare
responses and determine significant differences, part of the data is
presented as the mean + standard error (SE). Metabolomics data were
log-transformed and auto-scaled by using MetaboAnalyst 4.0. Following
testing for the normality assumption and variance homogeneity, one-
way analysis of variance (ANOVA) followed by Student's t-test were
employed to evaluate the significance of the mean differences. Differ-
ences were considered significant at 0.01 < P < 0.05 and highly
significant when P < 0.01. Pearson correlation analysis and related P-
values were employed to describe the correlations.

3. Results
3.1. Activation of rat PPARa by SCCPs

In the present study, a transactivation assay with firefly luciferase as
a reporter gene under control of rat PPARa was employed to study
potentials of SCCPs to activate rat PPARa signaling. Before conducting
luciferase  assays, a 3-[4,5-dimethylthiazolyl-2]-2,5-diphenylte-
trazoliumbromide (MTT) assay was performed to investigate the effect
of Cyp—13-CPs (56.5% Cl) on viability of cells. No significant changes in
cell viability were observed in 293 T cells exposed to Cjg-_13-CPs
(56.5% CI) at 0.0036-18.075mg/1, i.e., 0.01-50uM, for 24h
(Supplementary Figure S2). Concentrations of 0.036, 0.362, 0.723, and
1.808 mg/], i.e., 0.1, 1, 2, and 5uM, were then used in the luciferase
reporter assay. A potent PPARa activator, pirinixic acid (WY-14643)
(CAS No. 50892-23-4), was used as a positive control. In vitro PPARa
reporter gene assay displayed a significant response to 1 pM of pirinixic
acid (Supplementary Figure S3). No significant responses were ob-
served in non-PPARa-transfected cells exposed to pirinixic acid, which
indicated validity of the reporter gene assay.

Similar to treatment with pirinixic acid, exposure of cells with
C10-13-CPs (56.5% Cl), caused a dose-dependent greater expression of
luciferase activity of rat PPARa relative to the control group, and the
maximal induction was 2.04 = 0.04-fold (P = 4.02E—5) (Fig. 1).
Compared with the rat PPARa-transfected groups, luciferase activities
in non-rat PPARa transfected groups were significantly less, suggesting
that induction of luciferase was PPARa-specific. Together, these results
demonstrated transactivation potencies of SCCPs toward rat PPARa.

3.2. Expression of PPARa downstream genes in livers of rats

Expression of classical downstream genes of PPARa was quantified
in liver of male rats after exposure to Cjg-13-CPs (56.5% Cl) for 28
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Fig. 1. Modulation of transcription of rat PPARa by C;o-13-CPs (56.5% Cl), as
determined by an in vitro luciferase reporter gene assay. Asterisks indicate
statistically significant differences from the control group (*P < 0.05;
**p < 0.01). N = 3.

days. These genes included Pex11a, Decr2, Echl, Ehhadh, Acaal, Acadl,
Acadvl, Decrl, Ecil, Hadha, and Cyp4al. All of these genes are con-
sidered to be at least partly regulated by PPARa (Kersten et al., 2014;
Mandard et al., 2004; Rakhshandehroo et al., 2010). See Supplemen-
tary material for more information about these genes.

Exposure to SCCPs altered expression of genes modulated by PPARa
in rat liver. Exposure to 100 mg C;o_13-CPs/kg bm/d (56.5% Cl) sig-
nificantly up-regulated expression of mRNA of all 11 test genes (Fig. 2).
This data was consistent with results of the luciferase assay and further
supported the activation of rat PPARa signaling by in vivo exposure to
SCCPs. However, no significant up-regulations of these genes were
observed in liver of rat exposed to 1 or 10 mg/kg bm/d, relative to the
control group. In addition, exposure to 10 mg Cjo-13-CPs/kg bm/d
(56.5% Cl) resulted in significantly less expression of mRNA for Acaal
(0.48 = 0.13-fold; P = 0.02) in rat liver.

3.3. Simulations of modes of bindings

To better understand the structural basis for observed interactions
between SCCPs and signaling modulated by PPARa, molecular docking
simulations were conducted, by use of LeDock software (Zhao and
Caflisch, 2014). Binding energies were calculated to compare strength
of binding to the PPARa receptor among ligands. To account for flex-
ibility of the protein, SCCPs were docked into each of the three distinct
PPARa structures (4BCR, 2P54, and 3VI8), and the greatest binding
affinity was chosen. A total of 46 SCCP structures with varying carbon
chain lengths (from C;q to Cy3) and chlorine contents (from 16.22% to
72.92%) were analyzed. Pirinixic acid was used as a positive reference.
Binding of perfluorooctanoic acid (PFOA), perfluorooctanesulfonic acid
(PFOS), and 4 natural saturated fatty acids with carbon chain lengths of
10-13 (n-decane acid, n-undecanoic acid, n-dodecanoic acid, and n-
tridecanoic acid) were also determined.

Based on results of molecular docking, predicted binding affinities
of pirinixic acid, PFOA, and PFOS to PPARa were —8.49, —6.30, and
—7.37 kcal/mol, respectively. Binding affinities of the four saturated
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Fig. 2. Quantitative analysis of expressions of classical genes modulated by PPAR«a in male rats exposed orally to 1, 10 or 100 mg C;_13-CPs/kg bm/d (Cl content:
56.5%) for 28 d. Asterisks indicate statistically significant differences from the control group (*P < 0.05; **P < 0.01). N = 8. Acaal: acetyl-CoA acyltransferase 1A;
Acadl: acyl-CoA dehydrogenase, long chain; Acadvl: acyl-CoA dehydrogenase, very long chain; Cyp4al: cytochrome P450, family 4, subfamily a, polypeptide 1; Decr1:
2,4-dienoyl-CoA reductase 1; Decr2: peroxisomal 2,4-dienoyl-CoA reductase; Echl: enoyl-CoA hydratase 1, peroxisomal; Ecil: enoyl-CoA delta isomerase 1; Ehhadh:
enoyl-CoA hydratase/3-hydroxyacyl CoA dehydrogenase; Hadha: hydroxyacyl-CoA dehydrogenase trifunctional multienzyme complex subunit alpha; Pex11a: per-

oxisomal biogenesis factor 11 alpha.

fatty acids to PPARa ranged from —5.24 to —6.29 kcal/mol. In con-
trast, SCCPs exhibited affinities of binding to PPARa ranging from
—5.30 to —9.16 kcal/mol for C;(-CPs, from —5.33 to —9.97 kcal/mol
for C;;-CPs, from —5.87 to —9.63 kcal/mol for C;5-CPs, and from
—5.90 to —10.1kcal/mol for C;3-CPs, respectively (Supplementary
Table S2). Binding affinities of lesser-chlorinated SCCPs and more-
chlorinated SCCPs are equivalent to and greater than those of positive
and comparison references, respectively. These results indicated that
SCCPs have a greater capacity to bind with PPARa. Predicted binding
affinities were also linearly correlated with chlorine contents of SCCPs
(Fig. 3A), with Pearson, product-moment correlation coefficients (R) of
—0.972, —0.971, —0.980, and —0.973 for C;0-CPs, C;1-CPs, C;2-CPs,
and C;3-CPs, respectively. These results suggested that more-chlori-
nated SCCPs were more tightly bound to PPARa. In addition, SCCPs
preferentially bound to the hydrophobic cleft of the LBP of PPARa via
hydrophobic interactions (Fig. 3B) with amino acid residues Ile241,
1le272, 1le339, Val332, Met330, Met355, Leu321, Cys275, and Cys276.
There were no hydrogen-bond interactions between SCCPs and the li-
gand-dependent activation function (AF-2) region.

3.4. SCCPs disrupted metabolism of fatty acids in rat liver

To further illustrate roles of PPARa-mediated responses in media-
tion of adverse effects, specific effects of SCCPs on metabolism of fatty
acids were investigated. Results of pseudo-targeted metabolomics were
used to identify and quantify 25 fatty acids and 12 acylcarnitines in rat
liver. Free L-carnitine was also detected and quantified. MELI values for
all quantified metabolites involved in metabolism of fatty acids
(MELIg,) were calculated to compare the overall metabolism of fatty
acids in response to exposure to SCCPs. For male rats, oral exposure to
C10-13-CPs (56.5% Cl) resulted in significantly greater MELIg, values in
a dose-dependent manner (Supplementary Figure S4).

Oral exposure to Cjo_13-CPs (56.5% Cl) resulted in significantly
lesser total concentrations of quantified fatty acids in livers of rats
(Fig. 4). Compared with the control group, mean concentrations of total
quantified fatty acids were significantly less by 27.4% (P = 4.91E—5),

42.6% (P = 1.21E—6), and 46.2% (P = 1.26E—7) in 1, 10, or 100 mg/
kg bm/d groups, respectively. Long-chain (Cy3_5;) fatty acids (LC-FA)
and very long-chain (C- »5) fatty acids (VLC-FA) were most abundant in
livers of rats. Measured concentrations of both were significantly lesser
in all groups exposed to SCCPs. Due to the abnormity of chromato-
graphic peaks or lesser abundances, medium-chain (C¢_1,) fatty acids
(MC-FA) and short-chain (C.s) fatty acids were not quantified. For
acylcarnitines, the measured concentrations of long-chain acylcarni-
tines (LC-AC) were significantly greater in livers of rats exposed to all
doses of SCCPs, whereas no significant differences in concentrations of
short-chain acylcarnitine (SC-AC) and medium-chain acylcarnitine
(MC-AC) were observed between the control group and those exposed
to SCCPs. Concentrations of L-carnitine in livers of rats exposed to
SCCPs were also not significantly different from that of the control
group.

4. Discussion

Ubiquitous occurrences of SCCPs in environmental and human
samples suggest that SCCPs should be regarded as a special class of
pollutant whose cellular targets and potential effects require a much
better understanding. However, although there are lots of efforts have
been taken, the toxicity target of SCCPs remains largely unknown
(Cooley et al.,, 2001; Kato and Kenne, 1996; Liu et al., 2016;
Warnasuriya et al., 2010). By combining multiple bioassays and in silico
modeling, our study is the first to reveal that PPARa is one of the po-
tential toxicity targets of SCCPs. The insight into the toxicity target of
SCCPs is valuable to understand their toxicological mechanisms and
helps to ensure their safe uses in the environment.

4.1. Exposure to SCCPs activated rat PPARa signaling

The luciferase assay showed that micromole concentrations of
SCCPs could activate rat PPARa (Fig. 1). Meanwhile, in rat liver, ago-
nistic activity of SCCPs to PPARa pathways were further validated by
observations of up-regulated expressions of 11 classical genes after the
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Fig. 4. Effects of exposure to SCCPs on metabolism of fatty acids in rat liver. FA:
fatty acid; AC: acylcarnitine; SC: short-chain; MC: medium-chain; LC: long-
chain; VLC: very long-chain; Significant differences were indicated in com-
parison with the control by the t-test. *P < 0.05; **P < 0.01. N = 8.

molecular initiating event of ligands binding to the PPARa receptor
(Fig. 2). Among these genes, Pex11a regulates peroxisome biogenesis;
Decr2, Echl, Ehhadh, and Acaal regulate peroxisomal f-oxidation;
Acadl, Acadvl, Decrl, Ecil, and Hadha regulate mitochondrial $-oxida-
tion; and Cyp4al regulates microsomal w-oxidation. Up-regulated ex-
pressions of mRNA for these genes suggested acceleration of fatty acid
oxidation in liver of rat. In liver of the rat, all these genes are tightly
regulated by PPARa (Rakhshandehroo et al., 2010). These results
suggested activation of the PPARa-mediated signaling pathway by
SCCPs. It was hypothesized that various biological responses observed
in rodents after exposure to SCCPs, such as peroxisome proliferation
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Fig. 3. Computational docking study. (A) Binding
affinities (kcal/mol) between various SCCPs and
PPARa. (B) Predicted binding mode of C;,Clg-CPs in
the LBP of PPARa (PDB code 2P54). The binding
pocket is illustrated by the molecular surface, with
carbon in green, oxygen in red, and nitrogen in blue.
Protein residues within 5 A of the ligand are shown
in stick format, with carbon in gray, oxygen in red,
and nitrogen in blue. C;,Clg-CPs is shown with
carbon in cyan. (For interpretation of the references
to colour in this figure legend, the reader is referred
to the Web version of this article.)

and hepatocellular carcinoma (Bucher et al., 1987; Nilsen et al., 1981;
Serrone et al., 1987), were most prominently attributed to transacti-
vation of PPARa.

4.2. SCCPs interact with PPARa LBP only through hydrophobic contacts

To better understand the structural basis for the observed effects of
SCCPs on PPARa signaling, molecular docking analyses were con-
ducted. Because of high identity (92%) in amino acid sequences be-
tween rat and human PPARa and lack of rat PPARa structure in PDB
database, the structure of the human PPARa derived from X-ray dif-
fraction data was used to study the interaction between SCCPs and
PPARa. Recently, a new LBP (2nd LBP) in the crystal structure of
human PPARa was identified by Bernardes et al. (2013). However,
long-chain perfluoroalkyl substances (PFASs) didn't fit into the 2nd LBP
of human PPARa (Ishibashi et al., 2019). Previous studies indicated
that molecular docking analysis solely dealing with the classical LBP of
PPARa could also provide good prediction accuracy (Li et al., 2018).
Thus, considering the structure similarity between SCCPs and long-
chain PFASs, we focused on the classical LBP of human PPARa in the
present study.

Based on results of in silico simulation, SCCP congeners exhibited
significant binding affinity to PPARa (Fig. 3A). However, SCCPs were
bound to the PPARa LBP only via hydrophobic interactions (Fig. 3B).
The PPARa LBP contains an AF-2 region (Brélivet et al., 2012). Most
PPARa agonists, such as PFOA, form hydrogen bonds with residues on
the AF-2 region, which is crucial in stabilizing the AF-2 helix in a po-
sitive position which permits activation of PPARa (Bénardeau et al.,
2009; Bernardes et al., 2013; Li et al., 2018). However, no hydrogen
interactions between SCCPs and the AF-2 region were observed or
predicted during the present study. These results indicated that SCCPs
interacted with the PPARa via an alternative mechanism of binding,
which was different from the action of standard PPARa agonists.

Due to the lack of hydrogen bonds with residues on the AF-2 region,
SCCPs might have only partial efficacy at the receptor, although SCCPs
possess strong binding affinities to PPARa protein. It has been reported
that exposure to 1mg/kg bm/d of PFOA for 21d significantly up-
regulated expressions of mRNAs for Pex11a, Ecil, Echl, Ehhadh, and
Acaal, which are under control of PPARa signaling in rat liver (Guruge
et al., 2006). Based on predictions of molecular docking analyses in the
present study, binding affinities of SCCPs with chlorine contents of
more than 50% to PPARa were greater than that of PFOA. However,
C10-13-CPs (56.5% Cl) only significantly increased expressions of genes
downstream of PPARa in livers of male rats, after exposure to the
greatest dose of 100 mg/kg bm/d. There were no significant inductions
of genes regulated by PPARa in the 1 or 10 mg/kg bm/d of C1o_13-CPs
(56.5% Cl) exposure groups. These results, together with those of the
previous study, indicated that C;¢_13-CPs (56.5% Cl) have lesser po-
tency as PPARa agonists than does PFOA.
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4.3. Exposure to SCCPs disrupted metabolism of fatty acid via PPARa
signaling

SCCPs disrupted metabolism of fatty acids via interacting with
PPARa. In liver, PPARa is the critical regulator of transport and oxi-
dation of fatty acids (Kersten, 2014). In the present study, effects of
exposure to SCCPs on metabolism of fatty acids in rat liver were elu-
cidated by use of pseudo-targeted metabolomics. MELIg, was used to
assess overall disruption of fatty acids metabolism by SCCPs. The ME-
LIga value converts information-rich metabolomics data into an in-
tegrated and quantitative endpoint and has been successfully applied in
toxicological evaluations (Ren et al., 2018; Wang et al., 2018). Ex-
posure to SCCPs resulted in significantly greater values of the MELIg, in
rat liver, which indicated significant perturbation to metabolism of
fatty acids by SCCPs.

Results of the metabolomics study confirmed that alterations in
expressions of genes coding for enzymes under control of PPARa could
result in disorders of metabolism of fatty acids. In rat liver, exposure to
all doses of SCCPs resulted in significantly less total contents of quan-
tified fatty acids (Fig. 4), which indicated up-regulation of catabolism of
fatty acids. Before being transported into mitochondria where oxidation
occurs, LC-FA is first transformed to LC-AC, which serves as an essential
intermediate of fatty acid catabolism (Zammit, 1999). Clofibrate, a
typical peroxisome proliferator which activates PPARa, resulted in
greater concentrations of LC-AC in rat liver (Pande and Parvin, 1980).
Modulations of concentrations of LC-AC in rat liver, by exposure to
SCCPs, also supported that SCCPs are activators of rat PPARa. Overall,
metabolomics data presented here were consistent with the profession
of differential expressions of genes, which demonstrated changes in
expressions of genes that were caused by interactions between SCCPs
and PPARa were mainly responsible for disruption of metabolism of
fatty acids in rat liver. The accelerated fatty acid oxidation also sug-
gested an increase in the free radical oxidation of fatty acids in the liver
cells, which might be associated with the development of oxidative
stress after the influence of SCCPs exposure. In one of our previous
studies, we found that exposure for 48h to SCCPs altered the in-
tracellular redox status in HepG2 cells, in which the stimulated f-oxi-
dation of fatty acids was also observed (Geng et al., 2015).

The genes of L-carnitine transporter and enzymes involved in L-
carnitine biosynthesis are also targeted by PPARa (Wen et al., 2010,
2011, 2012). However, no significant inductions of L-carnitine con-
centrations were observed after SCCPs exposure. It could contribute
from the unconventional binding mode between SCCPs and PPARa
LBP, which includes only hydrophobic interactions. As mentioned
above, SCCPs should have partial efficacy at the PPARa receptor due to
the lack of hydrogen bonds with residues on the AF-2 region of PPARa.
Thus, SCCPs might not be sufficiently potent to activate genes reg-
ulating L-carnitine uptake and biosynthesis. Further detailed analysis is
required to confirm this hypothesis in the future.

4.4. Environmental relevance and potential risks to humans

SCCPs pose a potential risk to human health for their ubiquitous
occurrences in environmental matrices and human tissues. Results of
recent studies have shown that SCCPs are frequently detected in am-
bient air (Li et al., 2012), sea water (Ma et al., 2014), and soil (Xu et al.,
2016) and have also been found in indoor dust, food, drinking water
(Gao et al., 2018), and milk (Xia et al., 2017). The range of con-
centrations of SCCPs in human blood was 14-3500ng/g and the
median value was 98 ng/g (Li et al., 2017). Concentrations of SCCPs in
human blood were found to be 10-1000-fold greater than concentra-
tions of PFOA (0.795-30.9ng/ml) and PFOS (0.925-26.35ng/ml)
(Yeung et al., 2006). According to results of the molecular docking
analysis presented here (Supplementary Table S2), PPARa binding af-
finities of SCCPs with chlorine contents of more than 50% are greater
than those of PFOA and PFOS. When chlorine contents of SCCPs
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continue to increase to 60%, their affinities for PPARa are comparable
and even greater than that of pirinixic acid. These data demonstrated
that SCCPs should receive additional attention. Meanwhile, according
to our unpublished data (Supplementary Table S3), exposure to 100 or
1 mg/kg bm/d of Ci9_13-CPs (56.5% Cl) for 28 days resulted in an
average value of 2.4 or 0.68 mg/kg wet mass (wm) of £SCCPs in livers
of male rats. It is noteworthy that the internal exposures in the present
study were comparable to the XSCCPs concentrations measured in
human.

PPARa plays a vital role in metabolic regulation of lipids (Kersten
et al.,, 2014). In addition, PPARa also improves atherosclerosis and
insulin resistance and provides anti-inflammatory protection (Kersten
et al., 2000; Zandbergen and Plutzky, 2007). Dysfunctions in signaling
initiated by PPARa, caused by chemicals in the environment have been
implicated in diseases of humans (Lau et al., 2010). For example, car-
diac-specific overexpression of PPARa in people with diabetes resulted
in a more severe cardio-myopathic phenotype (Finck and Kelly, 2002;
Finck et al., 2003). Results of previous studies have shown that agonists
of PPARa could cause proliferation of peroxisomes and, thereby, cause
liver tumors in rodents by a mechanism dependent on PPARa activa-
tion. However, it is generally recognized that this mode of action for
hepatocarcinogenesis is not relevant in humans (Bility et al., 2004),
possibly due to the low expression of PPARa (Palmer et al., 1998) as
well as differences in responsiveness of PPARa in humans relative to
those in the rat (Mukherjee et al., 1994). However, expression of
PPARa can vary by a factor of 10 among individuals (Palmer et al.,
1998). For example, PPARa levels comparable to those of mice were
observed in one of six humans (Walgren et al., 2000). This finding
suggested that some people could be more susceptible to effects of ex-
posure to SCCPs. Overall, although species differences between rat and
human exist, the results of our study are still crucial to better under-
stand the adverse effects of SCCPs at the human internal exposure level.
The results reported for the first time here should stimulate further
investigations regarding the toxicity of SCCPs, in particular, the re-
levance between SCCPs exposure and metabolic diseases in susceptible
populations.
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concentrations for 24 hours.

Figure S3 Transcriptional activities of PPARa by pirinixic acid at a concentration of 1
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1. Primer sequences for the genes tested

Table S1. Primer sequences used for rat liver.

Gene symbol Description Accession number Primer sequence (5°-3°)!
] ] ] F: GGCAAAGAGGCGGTGGTAAC
Pexlla Peroxisomal biogenesis factor 11 alpha NM_053487
R: GCGGTTCAGGTTGGCTAATG
F: GCATCCTTGCTGAGCACTACC
Decr2 Peroxisomal 2,4-dienoyl-CoA reductase NM_171996
R: GCTGCCTCTGTTGAGTCCGT
] F: CAAGAGTCCTGTGGCTGTGC
Echl Enoyl-CoA hydratase 1, peroxisomal NM_022594
R: CTGACTTGATGATGTCCTGGGT
F: TTGGAGTTCCTGTTGCTCTTGA
Ehhadh Enoyl-CoA hydratase/3-hydroxyacyl CoA dehydrogenase NM_ 133606
R: GCGGGGTTCTATGGGTTTATC
F: AATGTGGCTGAGCGGTTTG
Acaal Acetyl-CoA acyltransferase 1A NM_012489
R: GAGACACGGTGATGGTTTTCC
) F: GGGCTGGAAGTGACTTACAAGG
Acadl Acyl-CoA dehydrogenase, long chain NM_012819
R: TGGTGACGGCCACTACGAT
) F: AAGGAACCAGGGGTAGAGCG
Acadvl Acyl-CoA dehydrogenase, very long chain NM_012891
R: CATGCAGCCTTGTAGAGCCAC
) F: CTCAGTTCTGCTGCAAACATGG
Decrl 2,4-dienoyl-CoA reductase 1 NM_057197
R: CTTTGATACAGGGTTTTCGTTCC
) ] F: GGCTGAGGCTCTACTTGTCCA
Ecil Enoyl-CoA delta isomerase 1 NM_017306

R: GTCCGCCATTATCCTGTAGTCA
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hydroxyacyl-CoA dehydrogenase trifunctional multienzyme complex
Hadha ) NM_130826
subunit alpha

Cypdal Cytochrome P450, family 4, subfamily a, polypeptide 1 NM_175837
Actb Actb, beta NM_031144
Gapdh Glyceraldehyde-3-phosphate dehydrogenase NM_017008

F: CTACTCCGCGACCTTGCTAAC
R: TCGGTCTTTCTCCTGCTTCC

F: TCCCAAGTGCCTTTCCTCG

R: GTTGTCCATTCAGCAAGAGCA
F: TGCTGACAGGATGCAGAAGG
R: TGGAAGGTGGACAGTGAGGC
F: GTATCGGACGCCTGGTTAC

R: CTTGCCGTGGGTAGAGTCAT

Note: Specific primers were designed based on sequence data from the GenBank (https://www.ncbi.nlm.nih.gov/genbank/).
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1 2. Dataset and the binding affinities predicted by LeDock

2 Table S2. Predicted binding affinity (kcal/mol) on human PPARG.

Compound CAS No. Chlorine contents PPARa binding affinity
C10-Cly 1002-69-3 20.08% -5.30
C10-Cl2 2162-98-3 33.60% -5.82
C10-Cl3 -~ 43.33% -6.51
C10-Cly 205646-11-3 50.66% -6.75
C10-Cls 1637297-61-0 56.39% -7.14
C10-Cle -- 60.98% -71.54
C10-Cly 890302-88-2 64.75% -8.36
C10-Clg -- 67.90% -8.40
C10-Clo -- 70.56% -8.74
C10-Clyo -- 72.85% -9.16
Cu1-Cly 2473-03-2 18.60% -5.33
Cu-Clz 822-07-1 31.51% -5.93
Cu-Cls -- 40.99% -6.55
C11-Cly 210049-49-3 48.25% -7.05
C11-Cls -- 53.98% -1.71
C11-Cle 1428966-54-4 58.63% -8.14
C11-Cly -- 62.47% -8.33
C11-Clg -- 65.69% -8.53
C11-Clo -- 68.44% -8.48
C11-Clyo -- 70.81% -8.69
Cu-Clys -- 72.88% -9.97
C12-Cly 112-52-7 17.33% -5.87
C12-Cl2 3922-28-9 29.66% -6.24
C12-Cl3 -- 38.89% -6.93
C12-Cls 210115-98-3 46.05% -7.31
C1-Cls -- 51.77% -8.06
C12-Cle 1428966-55-5 56.45% -8.70
C1-Cly 1005111-47-6 60.34% -8.69
C12-Clg -- 63.63% -9.38
C12-Clo -- 66.45% -9.18
C12-Clyo -- 68.89% -9.14
C12-Cl11 -- 71.02% -9.63
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C12-Cly2 - 72.90% -9.31

Ci3-Cly 822-13-9 16.22% -5.90
Ci3-Cl2 822-14-0 28.02% -6.68
C13-Cl3 -- 36.99% -7.31
Ci3-Cly - 44.05% -7.65
C13-Cls -~ 49.74% -8.16
Ci3-Cls 1428966-56-6 54.42% -8.63
Ci3-Cly -- 58.35% -9.23
C13-Clg -- 61.69% -9.59
Ci13-Clg -- 64.56% -8.59
C13-Clio -- 67.06% -9.31
C13-Cluy -- 69.25% -9.46
Ci3-Cly2 -- 71.19% -9.7

C13-Clis -- 72.92% -10.1
Pirinixic acid 50892-23-4 -- -8.49
PFOA 45285-51-6 -- -6.30
PFOS 45298-90-6 -- -7.37
n-decane acid 334-48-5 - -5.24
n-undecanoic acid 112-37-8 - -5.60
n-dodecanoic acid 143-07-7 - -5.92
n-tridecanoic acid 638-53-9 - -6.29

Note: Molecular docking was performed by Ledock program (http://lephar.com).
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3. Details on sample preparation and instrumental analysis

Sample preparation

Sample was mixed with 1 mL of ultrapure water, homogenized, and then
ultra-sonicated for 5 min in an ice-water bath. The sample were subsequently
freeze-dried and extracted with a mixture of methanol/water (4: 1, v: v). Soon
afterwards, the solution was vortexed for 30 min, and then centrifuged for 20 min at
13,000 < g and 8 <TC. Finally, the supernatant was filtered by an organic phase filter
and transferred to a vial for metabolite analysis. Prior to extraction, three kinds of
internal standards (i.e., octanoyl (8, 8, 8-D3)-L-carnitine, hendecanoic acid, and
nonadecanoic acid) were spiked into the sample for the quality control of sample

preparation and instrumental analysis.

UHPLC/Q-TOF MS for Untargeted Tandem MS

For untargeted tandem MS, the “auto MS/MS” function of the Q-TOF MS
system with data-dependent acquisition was performed in positive ion mode and
negative ion mode, respectively. For positive ion mode, 5 pL of extract containing
metabolites was injected into the UHPLC/Q-TOF MS system with an ACQUITY
UPLC BEH C8 column (2.1 mm x 100 mm x 1.7 um, Waters, USA) maintained at
50 <C. Water and acetonitrile both containing 0.1% (v/v) formic acid were used as
mobile phases A and B, respectively. The flow rate was 0.35 mL/min, and the gradient
elution was as follows (time, %B): 0 min, 10%; 3 min, 40%; 15 min, 100%, and
maintained for 5 min; 20.1 min, 10%, and re-equilibrated for 2.9 min. The mass
spectrometer was operated with a capillary voltage of 4000 V, fragmentor voltage of
175V, skimmer voltage of 65 V, nebulizer gas (N2) pressure at 45 psi, drying gas (N2)

flow rate of 9 L/min, and a temperature of 350 <C. Five most intense precursors were
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chosen within one full scan cycle (0.25 s) with a precursor ion scan range of m/z
100—1000 and a tandem mass scan range of m/z 40—1000. The collision energies were
set at 10, 20, 30, and 40 eV, and all samples were analyzed to obtain abundant and
complementary product ion information.

For negative ion mode, 5 uL of extract containing metabolites was injected into
the UHPLC/Q-TOF MS system with an ACQUITY UPLC HSS T3 column (2.1 mm x
100 mm % 1.8 um, Waters, USA) maintained at 50 °C. Water and methanol both
containing 5 mmol/L ammonium bicarbonate were used as mobile phases A and B,
respectively. The flow rate was also 0.35 mL/min, and the gradient elution was as
follows (time, %B): 0 min, 2%; 3 min, 42%; 12 min, 100%, and maintained for 4 min;
16.1 min, 2%, and re-equilibrated for 3.9 min. The mass spectrometer was operated
with a capillary voltage of 3500 V, fragmentor voltage of 175 V, skimmer voltage of
65 V, nebulizer gas (N2) pressure at 45 psi, drying gas (N2) flow rate of 9 L/min, and a
temperature of 350 <C. Five most intense precursors were chosen within one full scan
cycle (0.25 s) with a precursor ion scan range of m/z 100—1000 and a tandem mass
scan range of m/z 40—1000. The collision energies were set at —10, —20, —30, and —40
eV, and all samples were analyzed to obtain abundant and complementary product ion
information.

After data acquisition, the “Find by Auto MS/MS” function of MassHunter
Quialitative Analysis software was used to automatically extract ion pair information
for subsequent MRM detection. The retention time window was set to 0.15 min; the
MS/MS threshold was set to 100, and the mass match tolerance was set to 0.02 Da.
The single mass expansion was set to symmetric 100 ppm, and the persistent
background ions, such as reference mass ions, were excluded. After execution,

detected ion pairs with information about the precursor ion, product ions, retention
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time, and collision energy were exported to a spreadsheet. lon pairs were selected on
the basis of the following rules: different precursor ions eluted in the neighboring time
range were scrutinized to exclude the isotopic, fragmentation, adduct, and dimer ions;
and the product ion that appeared with the most applied collision energy and with the

highest intensity was selected as the characteristic product ion.

UHPLC/Q-Trap MRM MS for Pseudo-targeted Metabolomic Analysis

A Waters Acquity Ultra Prerformance liquid chromatography system (UHPLC)
coupled online to an ABI Q-Trap 5500 (AB SCIEX, USA) via an electrospray
ionization (ESI) interface was adopted for pseudo-targeted metabolomics analysis
using the spreadsheet produced from the analysis of UHPLC/Q-TOF MS. The same
chromatographic condition, including chromatographic column, mobile phases, and
gradient elution procedure, was performed on both UHPLC/Q-TOF MS system and
UHPLC/Q-Trap MS system.

For positive ion mode, The MS instrumental parameters were set as those for the
following: source temperature, 550 <C; gas |, 40 arbitrary units; gas Il, 40 arbitrary
units; curtain gas, 35 arbitrary units; ion spray voltage, 5500 V. The internal standard
octanoyl (8, 8, 8-D3)-L-carnitine was used for normalizing the peak areas of all other
analytes.

For negative ion mode, The MS instrumental parameters were set as follows:
source temperature, 550 <C; gas I, 40 arbitrary units; gas Il, 40 arbitrary units; curtain
gas, 35 arbitrary units; ion spray voltage, —4500 V. Hendecanoic acid and
nonadecanoic acid served as internal standards to normalize the peak areas of all other

analytes.
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4. Calculation of MELI
The metabolic change (MC;) of each metabolite in a sample was calculated
(Equation 1).

MC; = e/l _ olln(@)] [1]
where A, is the ratio of the relative abundance of a specific metabolite (i) in exposure
group to the mean relative abundance of this metabolite in the control group, and In (1)
is used to subtract the metabolic level of the control group. Then, the overall
metabolomics alteration of a sample was summarized as the accumulated changes of

all n quantified metabolites (Equation 2).

MELI = (EEL’PV"Q)/T1 [2]
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5. Endogenous PPARa expression in 293T cells

Figure S1. Western blot analysis. Western blot was performed to examine the
endogenous PPARa expression in 293T cells according to a routine method. We used
a human PPARa polyclonal antibody in this experiment. Lane 1. 293T cells
transfected only with empty vector; Lane 2: 293T cells transfected with human

PPARa expression vector; Lane 3: MCF-7 cells.
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6. MTT assays

293T cells (7000 cells/well) were seeded overnight and treated them with various
concentrations of C10-13-CPs (56.5% Cl), pirinixic acid or dimethyl sulfoxide (DMSO)
(vehicle) alone for 24 hours. Then, we evaluated cell viability using 3-[4,
5-dimethylthiazolyl-2]-2, 5-diphenyltetrazoliumbromide (MTT) assay (Sigma, China)
according to the manufacturer’s directions. The absorbance was read at a wavelength
of 492 nm with a multiwall microplate reader (Tecan Infinite F50). The cell viability

was calculated by setting the viability of the control cells as 100%.

140
120
100 {
80 1
60 -
40
20 |

Cell Viability (% of control)

0

0 00101 1 10 50 100 150 1 10 M
C,,;-CPs (66.5% CI)  Pirinixic acid

10-13

Figure S2. Viability of 293T cells exposed to Cio-13-CPs or pirinixic acid at various
concentrations for 24 hours. 0.5% DMSO served as the solvent control. Significant
differences were indicated in comparison of the control. * P < 0.05; ** P < 0.01. N =

6.
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7. Validity of the dual-luciferase assay

20

Rat k% non-PPARa transfected
1.6 I PPARa transfected

0.8 {

04 {

Normalized luciferase activity

DMSOQO Pirinixic acid

Figure S3. Transcriptional activities of PPARa by pirinixic acid at a concentration of
1 uM using in vitro luciferase reporter gene assay. Bars indicate the fold induction of
transcriptional activities in 293T cells into which PPARa (blue bars) or non-PPARa
(white bars) expression vector was transfected. Asterisk denotes statistical difference
(P < 0.05; N = 3) from the transcriptional activities in control cells treated with 0.5%

DMSO (vehicle).
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122 8. MELI values for fatty acid metabolism
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124 Figure S4. Metabolic effect level index (MELI) values for the fatty acid metabolism
125 in rat liver. Values with different letters denote statistically significant differences
126  according to a one-way ANOVA analysis (P < 0.01).
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9. Binding mode of PFOA in the LBP of human PPARa

Figure S5. Predicted binding mode of PFOA in the LBP of human PPARa (PDB code
2P54). Binding pocket is illustrated by molecular surface with carbon in green, oxygen
in red, and nitrogen in blue. Protein residues within 5 A of the ligand are shown in stick
with carbon in grey, oxygen in red, and nitrogen in blue. PFOA was shown with carbon

in cyan.
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10. >:SCCPs concentrations in male rat liver after SCCPs exposure
Table S3. YSCCPs concentrations in male rat liver after exposure to 100 or 1 mg/kg

bm/d of C10-13-CPs (56.5% CI) for 28 days.

Exposure doses (mg/kg bm/d) Mean Y SCCPs concentrations (mg/kg wm)
Control Not detected

1 0.68

100 2.37

Note: YSCCPs were measured in male rat liver samples collected after 28 days of oral
administration to 0, 1, or 100 mg/kg bm/d of C10-13-CPs (56.5% CI). Samples were analyzed using
a previously published methodology (Gao et al., 2011) involving extraction, cleanup and final
determination performed on a trace gas chromatograph coupled to a Trace DSQ Il mass
spectrometer in ECNI mode (GC/ECNI-MS, Thermo, USA). Approximately 100 mg of the liver
samples were extracted with ultrasonic solvent extraction, purified on a multilayer silica gel
column, then evaporated and redissolved in 20 uL of the internal standard solution (**Ce-a-HCH in
n-nonane) for the instrumental analysis. Chromatographic separation was performed with a
capillary DB-5 column (J&W Scientific, USA). Three samples from each group were subjected to
the quantitative analysis, and the concentrations of SCCPs were finally calculated based on the

liver weight.

Supplemental Reference:

Gao,Y., Zhang, H.J., Chen, J.P., Zhang, Q., Tian, Y.Z., Qi, P.P, Yu, ZK., 2011.
Optimized cleanup method for the determination of short chain polychlorinated
n-alkanes in sediments by high resolution gas chromatography/electron capture

negative ion—low resolution mass spectrometry. Anal. Chim. Acta. 703, 187-193.
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