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• Exposure to SCCPs down-regulated ex-
pressions of hPPARα target genes.

• Exposure to SCCPs caused a suppressive
effect on fatty acid oxidation.

• SCCPswith greater chlorine content had
stronger effects on lipid metabolism.

• SCCPs induced a shift in carbohydrate
metabolism from TCA cycle to aerobic
glycolysis.
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Short-chain chlorinated paraffins (SCCPs) could disrupt fatty acidmetabolism inmale rat liver through activating
rat PPARα signaling. However, whether this mode of action can translate to humans remained largely unclear. In
this study, based on luciferase assays, C10–13-CPs (56.5% Cl) at concentrations greater than 1 μM (i.e., 362 μg/L)
showed weak agonistic activity toward human PPARα (hPPARα) signaling. But in HepG2 cells, exposure to
C10–13-CPs (56.5% Cl) at the human internal exposure level (100 μg/L) down-regulated expressions of most of
the tested hPPARα target genes, which encode for enzymes that oxidize fatty acids. In line with the gene expres-
sion data, metabolomics further confirmed that exposure to four SCCP standards with varying chlorine contents
at 100 μg/L significantly suppressed oxidation of fatty acids in HepG2 cells, mainly evidenced by elevations in
both total fatty acids and long-chain acylcarnitines. In addition, exposure to these SCCPs also caused a shift in car-
bohydrate metabolism from the tricarboxylic acid cycle (TCA cycle) to aerobic glycolysis. Overall, the results re-
vealed that SCCPs could inhibit hPPARα-mediated fatty acid oxidation, and stimulated aerobic glycolysis in
HepG2 cells.

© 2021 Elsevier B.V. All rights reserved.
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1. Introduction

Short-chain chlorinated paraffins (SCCPs) are a group of
polychlorinated n-alkanes with a length of 10–13 carbon atoms and
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general chlorine content of 30%–70% bymass (Fiedler, 2010). SCCPs are
widely used in metal-working fluids, flame retardants, and plasticizers
(Feo et al., 2009). Previous studies have shown that SCCPs can persist
in the environment, bioaccumulate and biomagnify through the food
chain, and transport in long range (Du et al., 2020; Li et al., 2016; Zeng
et al., 2017). InMay 2017, SCCPswere listed as a newgroup of persistent
organic pollutants (POPs) by the Stockholm Convention (UNEP, 2017).

Exposure of humans to SCCPs through diet and ingestion of dust has
been demonstrated (Cao et al., 2019; Gao et al., 2018; Sprengel et al.,
2019; Zheng et al., 2020b). For example, the mean concentrations of
SCCPs in raw cow milk from industrial areas was determined to be
1670 ng/g lipid (Dong et al., 2020), and the estimated daily intake
(EDI) of SCCPs through dietary intake for humans was 3109 ng/kg/day
(Li et al., 2020). As a result, SCCPs were detected at concentrations of
131–16,100, 370–35,000, and 3750–40,500 ng/g lipid weight in human
blood, mother's milk, and cord serum, respectively (Li et al., 2017; Qiao
et al., 2018; Xia et al., 2017). Ubiquitous exposure to SCCPs has raised
concerns about risks to humanhealth. However, knowledge of the poten-
tially toxic effects of internal SCCPs exposure on humans has remained
quite limited.

SCCPs have been found to have developmental and reproductive tox-
icity, immune-toxicity, endocrine-disrupting activity, carcinogenicity,
and biological properties to disrupt cellular metabolism (Ali and Legler,
2010; Gong et al., 2018; Liu et al., 2016; Wang et al., 2018; Zhang et al.,
2016). Peroxisome proliferator-activated receptors (PPARs) belonging
to the nuclear receptor superfamily are ligand-activated transcription
factors, and they include three subtypes, i.e., α, δ/β, and γ (Kersten,
2014). It has been revealed that PPARs play a crucial role in lipid metab-
olism and energy homeostasis (Poulsen et al., 2012). Besides, PPARs are
also involved in pathogenesis of several chronic human diseases such
as diabetes, obesity, atherosclerosis and cancer (Kersten et al., 2000).
By using molecular docking analysis, our previous study revealed that
SCCPs have strong binding affinities to PPARα via hydrophobic contacts
while no hydrogen-bond interactions were found between SCCPs and
the ligand-dependent activation function (AF-2) region (Gong et al.,
2019). Through this unconventional binding mode, SCCPs could acceler-
ate fatty acid oxidation in rat liver by activating rat PPARα-mediated
pathway (Geng et al., 2019). However, rodents are thought to be more
responsive to PPAR activators than are primates (Klaunig et al., 2003),
which raises the question of whether thismode of actionmight translate
to humans. For example, exposure to diethylhexyl phthalate (DEHP)
protected mice against diet-induced obesity through PPARα-dependent
activation of fatty acid catabolism in the liver, which didn't extend to
humans (Feige et al., 2010). Transactivation activity of SCCPs to human
PPARα (hPPARα) is still unknown. Whether activation of hPPARα is as-
sociated with SCCPs-induced toxicity in humans needs to be clarified.

As an attempt to solve this issue, the activation potency of SCCPs
against hPPARα was first determined by the luciferase reporter gene
assay in this study. Then, the effects of SCCPs exposure on expressions
of PPARα target genes in HepG2 cells were measured to verify the po-
tential hPPARα activation activity of SCCPs. Finally, the effects of four
SCCPs standards with varying chlorine contents on metabolism of
HepG2 cells were characterized and compared by a pseudo-targeted
metabolomics approach. The obtained data provided a better under-
standing of the toxicity of SCCPs in humans and could be helpful for
the human health risk assessment of SCCPs.

2. Materials and methods

2.1. Chemicals

Five kinds of SCCP mixture standards, i.e., C10–13-CPs (C10-CPs:C11-
CPs:C12-CPs:C13-CPs mass ratio = 1:1:1:1; Cl content: 56.5%), C10-CPs
(Cl content: 61.0%), C12-CPs (Cl content: 28.9%), C12-CPs (Cl content:
61.6%), and C12-CPs (Cl content: 68.8%), were synthesized by chlorina-
tion of n-alkane according to a previously published method (Tomy
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et al., 2000). Hendecanoic acid, nonadecanoic acid, L-phenylala-
nine-D5, (8,8,8-D3)-L-carnitine, 1,2-Diheptadecanoyl-sn-glycero-3-
phosphoethanolamine, and 1-lauroyl-2-hydroxy-sn-glycero-3-
phosphocholine, purchased from Sigma (Shanghai, China), were
used as internal standards for metabolome profiling. Methanol,
water, and acetonitrile were of LC-MS grade from Fisher Scientific
(Schwerte, Germany).

2.2. Cell culture conditions

Humanembryonic kidney 293 T cells andHepG2 cellswere obtained
from China Infrastructure of Cell Line Resources (Shanghai, China).
Dulbecco Modified Eagle Medium (DMEM; Gibco-BRL, USA) supple-
mented with 10% fetal bovine serum and 1% penicillin-streptomycin
(Beyotime, China) was employed for cell culture. All cells were cultured
under a humidified environment of 5% CO2 at 37 °C.

2.3. Luciferase assay

Human derived peroxisome proliferator response element
(PPRE)-firefly luciferase reporter plasmids (pGL4.26-/hPPRE-Luc)
and human PPARα ligand-binding domain (LBD) expression plasmid
(p3xFlag-rPPARα/hPPARα) were obtained from TranSheep com-
pany (Shanghai, China). 293 T cells (1 × 104/well in 24-well plates)
were transiently co-transfected with 90 ng of luciferase reporter
plasmid and 5 ng of expression plasmid, either empty or coding for
hPPARα LBD using Lipofectamine 2000 reagent (Life Technologies).
Afterward, the culture medium was replaced, and the cells were
treated with test chemicals for 24 h to determine the potential
PPARα agonistic activities. Dimethyl sulfoxide (DMSO) and pirinixic
acid served as negative and positive control, respectively. All trans-
fections and treatments were conducted in triplicate. After exposure,
luciferase activities were measured by a luciferase reporter assay kit
(Promega, USA). The luciferase activity in negative control group
was assigned as one.

2.4. SCCPs exposure experiment

HepG2 cells at exponential growth phase were plated in 6-well
plates at a density of 4 × 105/well and allowed to reach 80% confluency.
Then, cells were treatedwith C10–13-CPs (Cl content: 56.5%) for gene ex-
pression analysis; or treated with C10-CPs (Cl content: 61.0%), C12-CPs
(Cl content: 28.9%), C12-CPs (Cl content: 61.6%), or C12-CPs (Cl content:
68.8%) for metabolomics analysis. DMSO (0.1%) was used as vehicle
control. The exposure concentration of all SCCPs treatments was
100 μg/L, which was comparable to the median value of detected
∑SCCPs in human blood (range: 14–3500 ng/g; median value: 98 ng/
g) (Li et al., 2017). After 24 h exposure, cells were washed three times
in cold phosphate-buffered saline (PBS) for gene expression analysis;
or in cold ultrapure water for metabolomic analysis. All samples were
stored at−80 °C until further treatment.

2.5. Quantitative real-time polymerase chain reaction (qPCR) analysis

Total RNAwas isolated by use of Takara RNAiso plus reagent (Takara,
Tokyo, Japan). RNA quality and concentration were determined by spec-
trophotometric analysis (Agilent 2100 Bioanalyzer, Agilent Technologies,
Palo Alto, CA) and 1% agarose gel electrophoresis. qPCR was performed
on the Light Cycler 480 PCR System (Roche Diagnostics, Mannheim,
Germany) with a FastStart Universal SYBR GreenMaster kit (Roche Ap-
plied Science, Mannheim, Germany). Housekeeping glyceraldehyde-3-
phosphate dehydrogenase (GAPDH) was used as the reference gene. All
gene mRNA levels were normalized by the 2−△△Ct method (Livak and
Schmittgen, 2001). The primers used are listed in Table S1 of Supplemen-
tary materials.



Fig. 1. Effects of C10–13-CPs (56.5%Cl) on hPPARα-mediated luciferase transcription
activity. The firefly luciferase activity was normalized to the control group (0.1% DMSO).
Asterisks indicate statistically significant differences from the control group in hPPARα
transfected cells (** P < 0.01). N = 3.
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2.6. Pseudo-targeted metabolomics analysis

Metabolites were first extracted with a mixture of methanol/water
(4:1, v:v), and then applied to a pseudo-targetedmetabolomicsworkflow
(Zheng et al., 2020a). Details on the preparation of samples and instru-
mental analysis are given in Supplementarymaterials.Metabolite annota-
tionwas done byMS/MSmatching to experimental spectra in theHuman
Metabolome Database (HMDB). Commercially available standards were
used to further validate these annotations during the method develop-
ment stage (Wang et al., 2016). Raw metabolomics data was processed
by use of MultiQuant software (3.0.1, AB SCIEX). After peak alignment
and missing value interpolation, peak areas of each metabolite were
normalized to corresponding internal standards and then normalized to
the sum of each sample. Besides, quality controls (QC) samples were
prepared by pooling 20 μL of aliquots from each sample. QC samples
were analyzed before analysis of actual biological samples for system
equilibration and inserted after every six samples to monitor system sta-
bility during run. Procedural blank samples (i.e., extractionwithout actual
sample) were also prepared and analyzed to filter any contaminations
that were introduced during sample preparation.

2.7. Statistics

All data are presented as mean ± standard deviation (SD). Differ-
ences were considered significant at 0.01 < P< 0.05 and highly signifi-
cant when P< 0.01. For metabolomics data, data were log-transformed
to achieve normally distributed data before statistical analysis. Partial
least squares discriminate analysis (PLS-DA) was generated after auto-
scaling of the metabolomics data by the onlineMetaboAnalyst platform
(Chong et al., 2018). The metabolic effect level index (MELI) proposed
by Riedl et al. (2015) was also calculated for each exposure group.
After testing for the normality distribution (Kolmogorov-Smirnov test)
and variance homogeneity (Levene test), one-way ANOVA followed by
Student's t-test were conducted to evaluate the significance of the
mean differences. Differential metabolites (DMs) were determined
with the criteria of false discovery rate (FDR) < 0.05 and a variable im-
portance in the project (VIP) value of >0.75. DMs were further applied
to KEGGpathway enrichment analysis, and a P value<0.05was adopted
as the threshold for significant enrichment. In addition, chemical simi-
larity enrichment analysis (ChemRICH), which enables study-specific
and background-independent enrichment analysis, was also performed
on the annotated metabolomics dataset (Barupal and Fiehn, 2017).
Chemical clusters with FDR < 0.05 and cluster size >4 were considered
significant. Cluster direction is determined by the median log2 fold
change relative to control of DMs in each metabolite cluster (Contrepois
et al., 2020). Pearson correlation analysis and related P value were used
to describe the correlations.

3. Results and discussion

3.1. Activity of SCCPs toward hPPARα transactivation

The ability of SCCPs to modulate hPPARα activity was first
determined by an hPPARα-mediated luciferase reporter gene assay.
C10–13-CPs (56.5%Cl) was employed as the test chemical to represent a
real scenario exposure to SCCPs mixtures in humans. The concentra-
tions of SCCPs were set at 0.1 μM (36 μg/L), 1 μM (362 μg/L), 2 μM
(723 μg/L) and 5 μM (1808 μg/L), respectively. Before the luciferase as-
says, effects of exposure on cell viability were evaluated by use of MTT
assays. No significant cytotoxicity was observed in 293 T cells exposed
to C10–13-CPs (56.5% Cl) at 0.01–50 μM for 24 h (Fig. S1). During the
luciferase reporter assay, treatment with 1 μM of pirinixic acid, a well-
known specific agonist for PPARα, significantly enhanced the hPPARα-
mediated luciferase activity, while no significant responses were
observed in non-hPPARα transfected cells, indicating the validity of
our luciferase assay (Fig. S3).
3

As shown in Fig. 1, treatment with C10–13-CPs (56.5% Cl) at concen-
trations of ≥1 μM(362 μg/L) induced aweak partial agonistic activity to-
ward hPPARα, with a maximal induction of 1.73 ± 0.02 fold compared
to the control. Additionally, compared with the hPPARα transfected
cells, luciferase activities in non-hPPARα transfected cells after expo-
sure to SCCPs were significantly lower, implying that the induction of
luciferase activity was specific to hPPARα.
3.2. Effects of SCCPs exposure on the expressions of PPARα target genes

To further validate the effects of SCCPs exposure on hPPARα, the ex-
pression levels of classical downstream genes of hPPARα signaling were
quantified inHepG2 cells after exposure to C10–13-CPsmixture (56.5% Cl).
Before exposure, cell viability was determined to obtain the optimal ex-
posure concentrations for gene expression analysis. No apparent effects
on cell viability were found at SCCPs concentrations less than 100 μg/L
(Fig. S2). The exposure concentration of 100 μg/L, which is comparable
to the median ∑SCCPs concentration detected in human blood (Li
et al., 2017; Ding et al., 2020), was finally selected for the test. The tested
genes included CPT1A (encoding carnitine palmitoyltransferase 1A), CPT2
(encoding carnitine palmitoyltransferase 2), ACSL1 (encoding acyl-CoA
synthetase long chain family member 1), ACOX1 (encoding acyl-CoA ox-
idase 1), ACADM (encoding acyl-CoA dehydrogenase medium chain),
EHHADH (encoding enoyl-CoA hydratase and 3-hydroxyacyl CoA
dehydrogenase), ACAA1 (encoding acetyl-CoA acyltransferase 1), ECI1
(encoding enoyl-CoA delta isomerase 1), APOA5 (encoding apolipopro-
tein A5), PLIN2 (emcoding perilipin 2), GOT1 (encoding glutamic-
oxaloacetic transaminase 1), and ELOVL6 (encoding fatty acid elongase
6). All of these genes were considered to be regulated by PPARα
(Kersten, 2014; Mandard et al., 2004; Rakhshandehroo et al., 2010).

Exposure to C10–13-CPs (56.5% Cl) at the human internal exposure
level (100 μg/L) significantly down-regulated expressions of most of
the tested hPPARα target genes in HepG2 cells, including CPT2,
ACSL1, ACOX1, ACADM, EHHADH, and PLIN2 (Fig. 2). These down-
regulated genes are mainly responsible for fatty acid oxidation.
Moreover, only mRNA levels of APOA5 and ACAA1 were found signif-
icantly up-regulated. No changes in mRNA levels of CPT1A, GOT1, and
ELOVL6 were observed. The altered gene expression profile after ex-
posure to C10–13-CPs (56.5% Cl) suggested a suppressive effect of
SCCPs on hPPARα signaling in HepG2 cells.



Fig. 2. Quantitative analysis of expressions of classical hPPARα target genes in HepG2 cells treated with 100 μg/L of C10–13-CPs (Cl content: 56.5%) for 24 h. Asterisks indicate statistically
significant differences from the control group (*0.01 < P < 0.05, **P < 0.01). N = 6. CPT1A: carnitine palmitoyltransferase 1A; CPT2: carnitine palmitoyltransferase 2; ACSL1: acyl-CoA
synthetase long chain family member 1; ACOX1: acyl-CoA oxidase 1; ACADM: acyl-CoA dehydrogenase medium chain; EHHADH: enoyl-CoA hydratase and 3-hydroxyacyl CoA
dehydrogenase; ACAA1: acetyl-CoA acyltransferase 1; ECI1: enoyl-CoA delta isomerase 1; APOA5: apolipoprotein A5; PLIN2: perilipin 2; GOT1: glutamic-oxaloacetic transaminase 1;
ELOVL6: fatty acid elongase 6.
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According to our previous work, SCCPs exhibited remarkable bind-
ing affinities to hPPARα protein only via hydrophobic contacts, and no
hydrogen bonds were found (Gong et al., 2019). Previous literatures
have shown that hydrogen bond interactions with residues on the
ligand-dependent activation function (AF-2) region of PPARs are crucial
in the initiation of PPAR pathway (Bernardes et al., 2013; Wu et al.,
2017). Thus, although SCCPs have strong binding affinities to hPPARα,
SCCPs might have only partial activation efficacy at the hPPARα recep-
tor due to the lack of hydrogen bond interactions and less sensitive re-
sponsiveness of hPPARα to agonists (Bility et al., 2004; Mukherjee
et al., 1994). It is plausible to deduce that SCCPs at low exposure concen-
trations (e.g., less than 100 μg/L) actually act as competitive antagonists,
competing with natural ligands of hPPARα for receptor occupancy and
finally lead to suppressive effects on hPPARα signaling cascade. Never-
theless, at high exposure concentrations (e.g., greater than 362 μg/L),
SCCPs could induce an extremely weak activation of hPPARα signaling,
as observed in our luciferase reporter gene assay (Fig. 1).

3.3. Overall metabolic disorders induced by exposure to SCCPs

Then, we further explored the downstream effects of exposure to
SCCPs on lipid metabolism and energy homeostasis in HepG2 cells due
to the key roles of hPPARα in these pathways. Four SCCP standards
with varying chlorine contents were characterized and compared in
4

this study by a pseudo-targeted metabolomics approach. HepG2 cells
were exposed to C10-CPs (61.0% Cl), C12-CPs (28.9% Cl), C12-CPs (61.6%
Cl), or C12-CPs (68.8% Cl) at the concentration of 100 μg/L for 24 h. We
adopted HepG2 cells to investigate the metabolic disorders induced by
SCCPs because liver is the main target organ of SCCPs (UNEP, 2017),
and HepG2 cells preserve most hepatic functions and represent an
established human liver cell model in toxicological studies (Xia et al.,
2016; Yu et al., 2013). QC analysis revealed good repeatability of our
metabolomics experiment (Fig. S4). In the present study, 280 metabo-
lites were accurately quantified. The PLS-DAmodel showed satisfactory
explanation, fitness, and prediction power. A clear separation between
cells exposed to SCCPs and the control group along component 1 was
observed (Fig. 3a), which indicated that exposure of HepG2 cells to
SCCPs caused perturbations of intracellular metabolites.

A total of 165 intracellularmetaboliteswere determined to be differen-
tial after exposure, whichmet the criteria of FDR<0.05 and VIP> 0.75. To
further investigate metabolic interference caused by exposure to SCCPs,
annotated metabolites were further subjected to ChemRICH analysis,
which is based on chemical similarity and ontology mapping. The most
significant and largest metabolite sets identified by ChemRICH analysis
were quite similar among different treatment groups, indicating a similar
metabolomics response of HepG2 cells to SCCPs with varying chlorine
contents (Fig. 3b). These significantly altered metabolite sets mainly
included phospholipids, fatty acids, and dicarboxylic acids. Moreover,



Fig. 3. Changes in metabolome of HepG2 cells after exposure to four SCCP groupswith varying chlorine contents. (a) PLS-DA score plot. All data were log-transformed and auto-scaled prior to
PLS-DA analysis. R2=0.93; Q2=0.91. (b) Significantly enrichedmetabolite clusters by ChemRICH analysis. Pathway direction is themedian log2 fold change of DMs relative to control in each
cluster (blue, downregulated; red, up-regulated).Metabolites clusterswith FDR<0.05 and cluster size>4were treated as significant. Thedot size represents significance. (c)MELI values of lipid
metabolites in each treatment group. *0.01 < P< 0.05; **P< 0.01. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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KEGG pathway analysis of identified DMs were also performed. The most
relevant pathways disrupted by SCCPs were linoleic acid metabolism;
glycine serine and threonine metabolism; nicotinate and nicotinamide
metabolism; glycerophospholipidmetabolism; alanine, aspartate and glu-
tamate metabolism; and citrate cycle (Fig. S5).

PPARα is the master regulator of lipid metabolism in hepatocytes
(Kersten, 2014). Thus, we used the MELIlipid value to assess the overall
disruption of lipids by SCCPs. The MELI value converts the information-
rich metabolomics data into an integrated and quantitative endpoint,
which has been successfully applied in toxicological evaluation (Ren
et al., 2018; Wang et al., 2018). Compared to the control, the MELIlipid
values in each exposure group were significantly greater (Fig. 3c). Pear-
son correlation analysis indicated thatMELIlipid values were linearly cor-
related with chlorine contents within C12-CPs groups (R2 = 0.94; P =
0.03). This result agreedwell with those of previous studies in that bind-
ing affinity of SCCPs to hPPARα is dependent on chlorine content (Gong
et al., 2019) and further suggested the involvement of hPPARα in SCCPs
induced disruption of lipid metabolism in HepG2 cells.

3.4. Effects of SCCPs exposure on fatty acid metabolism

In this study, exposure to SCCPs caused significant increases in con-
tents of intra-cellular total fatty acid (FA) and long-chain fatty acid (LC-
5

FA), but decreased the contents of medium-chain fatty acid (MC-FA)
and very long-chain fatty acid (VLC-FA) in HepG2 cells (Fig. 4).
Moreover, analysis of acylcarnitine profiles revealed significant in-
creases in long-chain (LC-AC) and medium-chain (MC-AC) species in
cells exposed to SCCPs. On the contrary, concentrations of short-chain
acylcarnitine (SC-AC) and free L-carnitine in cells exposed to SCCPs
were significantly less, relative to those of the control group.

Before being oxidized, LC-FAs must be activated and transported
into mitochondrial matrix through the carnitine shuttle system (Wakil
and Abu-Elheiga, 2009). In this process, LC-ACs are produced by
transesterification of long-chain acyl-CoA, which is regulated by
CPT1A. Once inside mitochondria, LC-ACs are reconverted into free
carnitine and long-chain acyl-CoA by CTP2. When fatty acid cannot be
broke down efficiently, LC-ACs accumulate in cells whereas amounts
of short species and free L-carnitine decrease (Makowski et al., 2009;
van VLIES et al., 2005). Thus, the marked elevations in concentrations
of total FA and LC-AC observed in this study suggested a suppressive ef-
fect of SCCPs on mitochondrial fatty acid oxidation in HepG2 cells. Sim-
ilarly, treatment with acetaminophen caused irreversible inhibition of
fatty acid oxidation in wild type mice, characterized by accumulation
of LC-AC and free fatty acids in serum (Chen et al., 2009). It is worth
noting that in line with themetabolomics data, several genes that regu-
late the carnitine shuttle system (i.e., CPT2) and fatty acid oxidation



Fig. 4. Effects of exposure to four SCCP groups with varying chlorine contents on
metabolism of fatty acids in HepG2 cells. FA: fatty acid; AC: acylcarnitine. Significant
differences were indicated in comparison with the control by the t-test. * P < 0.05; **
P < 0.01. N = 6.
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enzymes (i.e., ACSL1, ACOX1, ACADM, and EHHADH) were also signifi-
cantly down-regulated in HepG2 cells after exposure to 100 μg/L of
C10–13-CPs (56.5% Cl) (Fig. 2). There is ample evidence that these
genes are tightly regulated by hPPARα in liver (Currie et al., 2013;
Kersten, 2014; Nguyen et al., 2008). Thus, we speculated that interac-
tions between SCCPs and hPPARαmight be responsible for the impaired
fatty acids oxidation in HepG2 cells.

3.5. Effects of SCCPs on glycolysis and tricarboxylic acid cycle (TCA cycle)

In recent years, emerging evidence has shown that several crucial
genes involved in metabolism of glucose are regulated by PPARα in a
direct or indirect way, which suggests a role of PPARα in modulating
glucose homeostasis (Hong et al., 2019; Peeters and Baes, 2010). For
example, activation of PPARα by exposure to PPARα agonists could
reduce expression of pyruvate kinase and down-regulate glycolysis
in primary hepatocytes or rats (Gustafson et al., 2002; Pan et al.,
2000; Xu et al., 2006). In addition, results of previous studies also
suggest that hepatic gluconeogenesis is directly targeted by PPARα
(Rakhshandehroo et al., 2007). In this study, disorders of glucose
metabolism were also observed in HepG2 cells after exposure to
SCCPs (Fig. 5). Exposure to all three C12-CP standards significantly
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decreased intracellular concentrations of glucose in HepG2 cells,
while no significant change was observed after exposure to C10-CPs
(61.0% Cl). Moreover, compared to the controls, only C12-CPs
(68.8% Cl) having the greatest chlorine content caused a significant
increase in concentrations of lactate. These results indicated that
SCCPs with greater carbon chain length and chlorine content have
stronger effects on glycolysis. Our findings depicted the decreased
glucose level with a subsequent elevation in lactate in cells exposed
to C12-CPs (68.8% Cl), which suggested up-regulation in glycolysis in
HepG2 cells. Concurrently, several metabolites involved in the glycolysis
pathway, namely glucose 6-phosphate, fructose 6-phosphate, glyceralde-
hyde 3-phosphate, and glycerate 3-phosphate, were also significantly al-
tered by treatmentswith C12-CPs,which further confirmeddisturbance of
glycolysis.

In addtion, data onmetabolomics revealed a down-regulation in TCA
cycle pathway upon SCCPs exposure. Notebly, constitutes of the TCA
cycle, including citrate, cis-aconitate, isocitrate, oxoglutaric acid, fuma-
rate, and malate were all significantly decreased in SCCPs exposure
groups in relative to the control. Citrate is an important intermediate
in the TCA cycle whichmainly derives from oxaloacetate and its precur-
sor pyruvate. The lesser concentration of citrate in cells exposed to C12-
CPs (68.8% Cl) might be a result of lesser accessbility of pyruvate due to
enhanced formation of lactate in HepG2 cells after exposure. These re-
sults suggested an enhanced shift in energy production from the TCA
cycle to aerobic glycolysis. In general, the TCA cycle is the hub of energy
output in cellular metabolism. However, most tumor cells produce en-
ergy mainly through glycolysis during which glucose is converted into
lactate in cytoplasm even under aerobic conditions (Gatenby and
Gillies, 2004). This specific feature of metabolism, also known as “War-
burg effect”, could contribute to rapid proliferation of tumor cells (Lunt
and Vander Heiden, 2011). The findings of the study could provide new
insights into carcinogenic effects of SCCPs (Bucher et al., 1987; Serrone
et al., 1987).

4. Implications for health of humans

With wide use of SCCPs in industrial applications, concentrations of
SCCPs have been reported in air (Li et al., 2012), sea water (Ma et al.,
2014), soil (Xu et al., 2016), indoor dust, diet, drinking water (Gao
et al., 2018) and in wildlife (Li et al., 2019). In human blood, milk, and
cord serum, the ∑SCCPs concentrations could reach to 131–16,100,
370–35,000, and 3750–40,500 ng/g lipid weight, respectively (Li et al.,
2017; Qiao et al., 2018; Xia et al., 2017). It is noteworthy that concentra-
tions of SCCPs in human tissues are comparable to the exposure dose
used in the present study and therebymight already be sufficient to dis-
rupt the normal cellular metabolism in humans. PPARα plays a crucial
role in transcriptional regulation of lipid and energy homeostasis in
liver (Kersten, 2014). PPARα also improves atherosclerosis and insulin
resistance, and provides anti-inflammatory effects (Kersten et al.,
2000; Zandbergen and Plutzky, 2007). Dysfunctions in PPARα activity
caused by exposure to environmental chemicals have been implicated
in the development of human diseases (Lau et al., 2010). For example,
monoethylhexyl phthalate (MEHP) could act through activating the
PPARα and PPARγ signaling pathway to suppress aromatase tran-
scription and estradiol production, finally leading to anovulation
(Lovekamp-Swan and Davis, 2003). In the present study, we are
the first to report that SCCPs have extremely weak activation po-
tency toward hPPARα and exposure to SCCPs at the human internal
exposure level could inhibit fatty acid oxidation in HepG2 cells prob-
ably by interacting with hPPARα signaling. In addition, exposure to
these SCCPs also caused a shift in carbohydrate metabolism from
TCA cycle to aerobic glycolysis. Our findings imply important envi-
ronmental risks of SCCPs to human health. One possible limitation
of our study is that the expression of hPPARα gene in in vitro cultured
human hepatocytes is much lower as compared to that in human
liver (Kersten and Stienstra, 2017). In the future, more efforts should



Fig. 5.Metabolic disorders of glycolysis and TCA cycle after exposure to four SCCP groupswith varying chlorine contents. Significant differences versus control are indicated by Student's t-
test. * P < 0.05; ** P < 0.01. N = 6. Data were log-transformed and auto-scaled in prior to heatmap analysis.
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be paid to further investigate the adverse effects of SCCPs exposure
on metabolism homeostasis in humans by using multi-omics
techniques.
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1. Primer sequences qPCR 

Table S1. Primer sequences used in this study 

Gene symbol Description Accession number Primer sequence (5’-3’)1 

CPT1A Carnitine palmitoyltransferase 1A NM_001876 
F: CAGCATATGTATCGCCTCGC 

R: CTGGACACGTACTCTGGGTT 

CPT2 Carnitine palmitoyltransferase 2 NM_000098 
F: TACGAGTCCTGTAGCACTGC 

R: AACAAGTGTCGGTCAAAGCC 

ACSL1 Acyl-CoA synthetase long chain family member 1 NM_001995 
F: GCCTCTCGCCCATATGTTTG 

R: CATCCGGTTCAGCAGTCTTG 

ACOX1 Acyl-CoA oxidase 1 NM_004035 
F: GTGACATCGGCCCCAAATTT 

R: AACACCATGGTCCCGTAAGT 

ACADM Acyl-CoA dehydrogenase medium chain NM_000016 
F: TCCCAGTGGCTGCAGAATAT 

R: AGCAGTCTGAACCCCTGTAC 

EHHADH Enoyl-CoA hydratase and 3-hydroxyacyl CoA dehydrogenase NM_001966 
F: GCCAGAAGACAGGTAAGGGT 

R: GCAGCTATCCCTTCTCCCAA 

ACAA1 Ecetyl-CoA acyltransferase 1 NM_001607 
F: GGTGGCATCAGAAATGGGTC 

R: GTCACAGGCACAATCTCAGC 

ECI1 Enoyl-CoA delta isomerase 1 NM_001919 
F: TGGTCATCAGCCTGGAGAAG 

R: CCTGAACGGCCTTCCAGTA 

APOA5 Apolipoprotein A5 NM_052968 
F: AGATAGCTGCCTTCACTCGC 

R: TGTCTTCCCACAGGTCATCC 
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PLIN2 Perilipin 2 NM_001122 
F: TGACGACTACTGTGACTGGG 

R: CATCATCCGACTCCCCAAGA 

GOT1 Glutamic-oxaloacetic transaminase 1 NM_002079 
F: GGGTAGGAGGTGTGCAATCT 

R: TGCATCCCAGTAGCGATAGG 

ELOVL6 Fatty acid elongase 6 NM_024090 
F: CCGGAAGTTTGCCATGTTCA 

R: GCAGAAGAGCACAAGGTAGC 

GAPDH Glyceraldehyde-3-phosphate dehydrogenase NM_002046 
F: TCAAGAAGGTGGTGAAGCAGG 

R: TCAAAGGTGGAGGAGTGGGT 

Note: Specific primers were designed based on sequence data from the GenBank (https://www.ncbi.nlm.nih.gov/genbank/) 
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2. Sample preparation and instrumental analysis for metabolomics 

Sample preparation 

Samples were mixed with 1 mL of ultrapure water, homogenized, and then 

ultrasonically disrupted 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 4 °C. Finally, the supernatant was filtered by an organic phase filter 

and transferred to a vial for metabolite analysis. Prior to extraction, six kinds of 

internal standards (i.e., Hendecanoic acid, nonadecanoic acid, L-phenylalanine-D5, 

(8,8,8-D3)-L-carnitine, 1,2-Diheptadecanoyl-sn-glycero-3-phosphoethanolamine, and 

1-lauroyl-2-hydroxy-sn-glycero-3-phosphocholine were spiked into the sample for 

quality control. 

 

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 μL of extract containing 

metabolites was injected into the UHPLC/Q-TOF MS system with an ACQUITY 

UPLC BEH C8 column (2.1 mm × 100 mm × 1.7 μm, 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 

175 V, skimmer voltage of 65 V, nebulizer gas (N2) pressure at 45 psi, drying gas (N2) 
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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. 

For negative ion mode, 5 μL of extract containing metabolites was injected into 

the UHPLC/Q-TOF MS system with an ACQUITY UPLC HSS T3 column (2.1 mm × 

100 mm × 1.8 μm, 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 

Qualitative 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, 
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detected ion pairs with information about the precursor ion, product ions, retention 

time, and collision energy were exported to a spreadsheet. Ion 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 Performance 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 I, 40 arbitrary units; gas II, 40 arbitrary 

units; curtain gas, 35 arbitrary units; ion spray voltage, 5500 V. 

For negative ion mode, The MS instrumental parameters were set as follows: 

source temperature, 550 °C; gas I, 40 arbitrary units; gas II, 40 arbitrary units; curtain 

gas, 35 arbitrary units; ion spray voltage, −4500 V. 
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3. Calculation for metabolic effect level index (MELI) 

In this study, the metabolic effect level index (MELI) value was calculated for 

each treatment group to assess the overall alteration for metabolism after different 

SCCPs exposure (Riedl et al., 2015). The metabolic change (MCi) of each metabolite 

in a sample was calculated as follows: 

𝑀𝐶𝑖 = 𝑒|ln(𝐴𝑖)| − 𝑒|ln(1)|                         [1] 

where Ai 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 ln (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 according to equation [2]: 

MELI =
(∑ 𝑀𝐶𝑖

𝑖=𝑛
𝑖=1 )

𝑛⁄                         [2] 

 

Reference 

Riedl, J., Schreiber, R., Otto, M., Heilmeier, H., Altenburger, R., Schmitt-Jansen, M., 

2015. Metabolic effect level index links multivariate metabolic fingerprints to 

ecotoxicological effect assessment. Environ. Sci. Technol. 49, 8096–8104. 

 



S9 

4. MTT assays 

 

Figure S1. Viability of 293T cells exposed to C10-13-CPs (56.5% Cl) or pirinixic acid 

at various concentrations for 24 hours. 0.5% DMSO served as the solvent control. 

Significant differences were indicated in comparison with the control. * P < 0.05; ** 

P < 0.01. N = 6. 
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Figure S2. Viability of HepG2 cells exposed to five kinds of SCCPs mixture 

standards for 24 hours. SCCPs mixture standards include C10-13-CPs (56.5% Cl), 

C10-CPs (61.0% Cl), C12-CPs (61.6% Cl), C12-CPs (68.8% Cl), and C12-CPs (28.9% 

Cl). 0.5% DMSO served as the solvent control. Significant differences were indicated 

in comparison with the control. * P < 0.05. N = 6. 
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5. Validity of luciferase assay 

 

Figure S3. Transcriptional activities of human PPARα (hPPARα) by pirinixic acid at a 

concentration of 1 μM using in vitro luciferase reporter gene assay. Bars indicate the 

fold induction of transcriptional activities in 293T cells into which hPPARα (blue bars) 

or non-hPPARα (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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6. Repeatability of pseudo-targeted metabolomics 

To ensure data quality for metabolic profiling, pooled quality control (QC) 

samples were prepared by mixing 20 μL of metabolites extraction from all of the 

samples. Before analyzing the sample sequence, 4 replicates of the QC samples were 

run. During the analysis of the sample sequence, 7 replicates of the QC samples were 

inserted into the analytical sequence. For ESI+ mode, the relative standard deviation 

(RSD) for the peak areas of 212 peaks detected from QC samples was calculated and 

the results are shown in Figure S4a. 80.57% of the 212 peaks had an RSD of less than 

10%, and 99.05% of the 212 peaks had an RSD of less than 20%. Furthermore, the 

score plot of principal component analysis (PCA) (Figure S4c) revealed that the 

scores of all QC samples along the first component distributed within the confidence 

interval corresponding to two standard deviations (SD) (R2X = 0.393), indicating that 

the sample analysis sequence had a satisfactory stability and repeatability. 

For ESI− mode, 68 peaks had been detected from QC samples, and the RSD for 

the peak areas of these 68 peaks was also calculated, and the results are shown in 

Figure S4b. 76.47% of the 68 peaks had an RSD of less than 10%, and 100% of the 

68 peaks had an RSD of less than 20%. In addition, the score plot of PCA (Figure S4d) 

also indicated that the scores of all QC samples along the first component distributed 

within the confidence interval corresponding to two SD (R2X = 0.468). The statistical 

results for QC samples pointed out that UHPLC/Q-Trap MS based platform had 

favorable repeatability for the pseudo-targeted metabolomics analysis. 



S13 

 

Figure S4. Distribution of % RSD and score plots of PCA for QC samples. RSD: the 

relative standard deviation; QC: quality control; PCA: principal component analysis. 

Subfigure (a) and (c) were for positive mode, while subfigure (b) and (d) were for 

negative mode. 
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7. KEGG pathway analysis of differential metabolites (DMs) 

 

Figure S5. Most relevant metabolic pathways perturbed by exposure to SCCPs with 

varying chlorine contents at a concentration of 100 μg/L. Pathway analysis was 

performed by the MetaboAnalyst 4.0. 
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