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ARTICLE INFO ABSTRACT

Editor: Dr. S Nan Short-chain chlorinated paraffins (SCCPs), frequently detected in human tissues or organs, can result in threat to
human health by disturbing normal metabolism. However, their metabolism mechanisms and fates are largely
unclear. Therefore, to better understand the impacts of SCCPs and their metabolites on the human health, the
metabolic mechanism and kinetics of SCCPs by cytochrome P450 enzymes (CYPs) were explored using density
functional theory employed 1-chlorodecane as a model SCCPs. The results show that 1-chlorodecane could be
readily metabolized by CYPs, and the rate constant reaches up 42.3 s~ in human body. Dechlorination of 1-
chlorodecane is unlikely to occur and hydroxylation is dominated via H-abstraction pathways, especially from
the intermediate C atom of 1-chlorodecane. The toxicity assessments suggest that the two metabolites, 10-chloro-
decan-5-ol and 1-chlorodecanol could exhibit higher bioaccumulation, carcinogenicity and more serious damage
on cardiovascular system after the metabolism of 1-chlorodecane. To our knowledge, this is the first study from
the viewpoint of theoretical analysis to explore the metabolism of typical SCCPs in human body. It may provide
deep insight into the metabolic transformation mechanism of SCCPs and cause the concerns about the adverse
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effects of their metabolites in human body.

1. Introduction

Short-chain chlorinated paraffins (SCCPs) have drawn growing
attention recently and are ranked as a new group of persistent organic
pollutants (POPs) under the Stockholm Convention (UNEP, 2017).
SCCPs are synthetic chlorinated n-alkanes with carbon chain length
ranging from 10 to 13 and chlorine content of 30-70% (mass weight)
(Feo et al., 2009). They are widely used in metal-working fluids, adhe-
sives, paints, sealants, and leather finishing agents in industrial pro-
duction as well as lubricant and flame retardants in daily necessities
(Fiedler, 2010). Although they have been identified with the charac-
teristics of POPs, such as toxicity (Geng et al., 2016, 2019), persistence
(Iozza et al., 2008), long-range transport (Ma et al., 2014) and bio-
accumulation (Houde et al., 2008; Sun et al., 2020), SCCPs are still
escaped from regulation in most countries of the world. According to
emission inventory of SCCPs in China in 2010-2014, the total emissions
of SCCPs in 2014 reached 3084 tons (Zhang et al., 2017). Given their
extensive usage, SCCPs have been ubiquitous and frequently detected in
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various environmental matrices including atmosphere (Zhuo et al.,
2019), house dust (Hilger et al., 2013), soil (Moeckel et al., 2020), water
and food (van Mourik et al., 2016). Continuous exposure to SCCPs
further result in the occurrence in human tissue. For example, the con-
centrations of SCCPs were reported up to 370-35,000, 733 and
98.5-3771 ng/g lipid weight in human blood (Li et al., 2017a), breast
milk (Xia et al., 2017)and human placenta (Liu et al., 2020), respec-
tively. Thus, serious concern was increasingly raised about their adverse
effects to human health recently, due to the continuous exposure to
various organisms as well as human beings.

Long-term exposure to SCCPs have been reported to be associated
with the potential adverse effects on organismic health, including
carcinogenic toxicity and disturbance of immune, reproductive and
metabolism systems. For example, the carcinogenicity of SCCPs have
been demonstrated by a 2-year oral exposure study in rats and mice
(Bucher et al., 1987). Moreover, SCCPs could induce deformities of
zebra fish (Liu et al., 2016) and the incidence of a few diseases such as
kidney tumors of male rats (Warnasuriya et al., 2010). SCCPs exposure
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can disturb significant metabolic pathway by altering the intracellular
redox status, and disturb glycolysis and amino acid metabolism by
affecting human hepatoma HepG2 cells (Geng et al.,, 2015). More
importantly, it was noticed that only 30% of the oral intake of SCCPs can
be detected in rats’ feces after metabolic transformation (Geng et al.,
2016), indicating that most could be accumulated and transformed with
the unknown mechanisms in the human body. Although the metabolism
was adopted to explore the toxic assessment of SCCPs in human hepatic
cells (Ren et al., 2019) and zebrafish embryos (Ren et al., 2018), the
metabolic mechanism of SCCPs is still largely unclear. Moreover, pre-
vious reference have systematically studied the transformation of SCCPs
in the environment matrixes and biota (Ma et al., 2019), and chlorinated
alcohols, dechlorination and lower chlorinated products were formed at
atmosphere (Liu et al., 2015) and plants (Li et al., 2017b), while the
metabolic transformation products of SCCPs is largely unknown.
Therefore, the transformation products and metabolic pathways of
SCCPs should arouse more attention in vivo.

Generally, the metabolic transformation of exogenous compounds
including SCCPs in human body is an extremely complicated processes,
and involves the action of many enzymes. Cytochrome P450 enzymes
(CYPs) serve as one of the most versatile enzymes known and they are
abundant in the liver of various mammals such as animals and human
beings. They often act as potent oxidation catalysts (Meunier et al.,
2004), mainly involving in the metabolic transformation of various
xenobiotic chemicals (Guengerich, 2017). For instance, CYPs are re-
ported to induce the metabolic transformation of brominated flame re-
tardants (Wang et al., 2017) and the monooxygenation reaction of
methane to produce hydroxylated products. It is noteworthy that several
metabolic products could potentially induce endocrine disrupting effects
and develop neurotoxicity (Zhang et al., 2018). In particular, high toxic
products such as cancerogenic dioxin could be formed during the
metabolic transformation of PBDEs (Fu et al., 2016). Noteworthy,
experimental studies have found that CYPs gene was upregulated when
SCCPs interferes with the thyroid (Gong et al., 2018) and endocrine
effects (Zhang et al., 2016), and the expression of CYPs gene is an
important process for the metabolic transformation of pollutants.
Interesting, high chlorinated alkanes are more dependent on cyto-
chrome P450 for their degradation to COy (Darnerud, 1984), but the
metabolic process and transformation mechanism of 1-chlorodecane
was not attempted yet. In short, it is of great significance to probe the
metabolic kinetics and mechanism of SCCP by CYPs for the subsequent
toxicity assessment. The ECOSAR model, lazar program and Advanced
Chemistry Development (ACD/Labs Percepta) platform are helpful
approach to reveal the toxicity, carcinogenicity, and adverse health ef-
fects of pollutants and its transformation products. These theoretical
models have successfully predicted multiple exogenous compounds and
their transformation products (Gao et al., 2019). For example, human
health impact of the rocket fuel 1,1-dimethylhydrazine and its trans-
formation products (Carlsen et al., 2009).

Nevertheless, it is extremely complicated to discuss the metabolic
process of SCCPs in the human body, due to tens of millions of SCCPs
homologues and ethical requirement for human body, and it is difficult
to experimentally study its metabolic transformation process in vivo.
Accordingly, few studies reported on metabolic mechanism, and kinetics
could limit the evaluation of health risks. It is necessary to perform
theoretical calculation method to explore the mechanism and kinetics of
SCCPs catalyzed by the model of CYPs. Alternatively, studies have
shown that quantum chemical computations based on density functional
theory (DFT) well explain the metabolic fate and toxicity mechanism of
xenobiotics catalyzed by Cpd I (Zhang et al., 2018; Guo et al., 2020; Ma
et al., 2020). Moreover, DFT can accurately predict pathways, products
and kinetics for the reactions of chemicals. For instance, 4,4’-dibromo-
diphenyl (Zhou et al., 2011), and atmospheric reaction rate for SCCPs
with-OH (Li et al., 2014). Therefore, density functional theory is also
performed in theoretical calculations on metabolic mechanism of SCCPs
with CYPs. As such, in this work, taken 1-chlorodecane as the simplest
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model of SCCPs, including H atom with different sites and Cl atom,
theoretical calculation was performed to explore metabolic trans-
formation kinetics and mechanism of SCCPs, DFT method was employed
to unveil all the possible pathways during the metabolic transformation
of SCCPs catalyzed by CYPs in human body. Furthermore, the adverse
effects including bioconcentration, carcinogenicity and cardiovascular
system of targeted 1-chlorodecane and their metabolic products during
metabolic transformation were discussed from the viewpoint of human
health.

2. Computational methods
2.1. Model system

The simplified model of active site of CYPs, the complex
Fe4+02_(C20N4H12)‘(SH)_ was well adopted to simulate the active site
of CYPs according to the previous experience (Ji and Schuurmann, 2013;
Zhang et al., 2018), and hereinafter referred to Cpd I in this work.
Diverse computational studies have verified the feasibility of utilizing
the Cpd I model to explore the mechanism of similar substrates such as
alkane (via the C—H hydroxylation) (Cho et al., 2016) and carbon tet-
rachloride via C—Cl breaking (Hackett et al., 2007). Moreover, previous
studies have compared the reactions in the protein environment using
the combined quantum and molecular mechanics (QM/MM) method
with pure quantum mechanics with the model systems, and the results
showed the current model can well represents the real CYP enzyme
(Schoneboom et al., 2002; Himo, 2017), although the model cannot
accurately consider the limitations of the electrostatic and steric effects
by the residues surrounding compound I. This model can effectively
reproduce high reactivity of CYP enzyme and uncover molecular
mechanisms of P450-catalyzed reactions (Ji and Schuurmann, 2013;
Guo et al., 2020). Therefore, considering the advantages mentioned-
above, the simplified Cpd I model was used in this study to uncover
the metabolic transformation of short-chain chlorinated paraffins
(SCCPs) by cytochrome P450. Cpd I involve three unpaired electrons
and two closely related spin states in the electronic configuration. That
is, the high-spin (HS) quartet and low-spin (LS) doublet states were both
observed in this specie, which depended on the electron spin direction
on the n* orbitals of iron-oxo and on the ay, orbital of the porphyrin ring
(Shaik et al., 1998). Both spin states were fully considered to conduct
following calculations in this study.

2.2. Mechanism computation

All structural optimization and energy calculations were performed
using the Gaussian 09 software package (Frisch et al., 2009; Gao et al.,
2019). The geometry optimization of all the reactants, transition states,
intermediates and products were implemented by adopting unrestricted
density functional UB3LYP method with basis sets of LANL2DZ for the
iron atoms and the 6-31 G** basis set for the remaining atoms. It has
been shown that the functional method and the basis set could provide
the best performance without increasing computational time for the
calculations of CYPs-catalyzed reactions, and it was proven to be reliable
according to the previous work (Ji et al., 2014). The combination of
B3LYP functional and other basis sets have been widely used in the CYPs
metabolism investigations, including the phenolic pollutants (Ji et al.,
2018; Guo et al., 2020) and triphenyl phosphate (Zhang et al., 2018).
The B3LYP functional can reproduce effectively the detailed description
of different spin states of iron porphyrin (Liao et al., 2006), yield ge-
ometries in good agreement with experimental crystal structures
(Strickland and Harvey, 2007), and show qualitatively accurate relative
energies versus benchmark calculations for the heme systems (Altun
et al., 2014).

To further access the sensitivity of the reaction mechanism toward
the different density functionals, based on the optimized geometries, we
performed a benchmark test employing some other functionals,
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including TPSSh (Staroverov et al., 2003), B3PW91 (Perdew and Wang,
1992), BLYP (Becke, 1988), MPW1PW91 (Adamo and Barone, 1998),
and MO6L (Zhao and Truhlar, 2006) through single-point calculations in
the high spin, and the results are shown in Table S3. By comparing all
pathways under the high spin, we found that some difference of existed
for absolute energy barriers for each route, and the relative pathway
energies, the reaction preferences were similar to other functionals for
each route. Importantly, the relative preference of the pathways are thus
insensitive to method choice. Furthermore, the study also confirmed
that the B3LYP functional performs was the best tested functionals for
simulating heme systems (Altun et al., 2014), we therefore adopted the
B3LYP functional in this work.

At the meantime, the vibrational frequency was calculated at the
same theoretical level to determine the transition state (only one
imaginary frequency) and to obtain zero-point energy (ZPE), or the
stable species (no imaginary frequency), to obtain the thermodynamic
contributions. The minimum energy pathway (MEP) was achieved using
the intrinsic reaction coordinate (IRC) theory to confirm that the tran-
sition state correctly connected the reactants with the associated prod-
ucts. It is because the kinetics calculations are sensitive to activation
energy, more-accurate energies computational level of SDD basis set on
iron and 6-311 + + G** (the remaining atoms) was also employed to
calculate the single-point energies of these reactions, and the profile of
potential energy surface is constructed in Tables S1 and S2. The protein
solvation environment of the cytochrome P450 enzyme system was also
simulated with a nonpolar chlorobenzene solvent, using the polarizable
continuum model (PCM), in which the dielectric constant (¢ = 5.62) was
selected with close to the structure of the enzyme hydrophobic cavity
(Shaik et al., 2005). B3LYP itself does not include dispersion by design
(Grimme, 2006), it is standard expected state of the art to include
dispersion corrections in DFT now. We optimized all transition state at
B3LYP-D3/ LANL2DZ(Fe)/6-31 G** (other atom) level of theory. The
calculation results indicated that the dispersion correction affected the
energy, while geometric structure gave only minor differences (See
Table S4 and S5). Hence, dispersion interactions were considered by
performing single-point energy calculations with the UB3LYP-D3/SDD
(Fe) /6-311 + + G** level to improve the accuracy of energies. To get
closer to the real human body temperature, the calculated temperature
is set as 310 K, which is the normal temperature of human body.
Therefore, the final reported relative free energies of the CYP oxidation
reactions in this work were estimated by combining UB3LYP-D3/SDD
(Fe)/6-311 + + G** (other atoms) single-point energies with PCM sol-
vation and dispersion corrections, as well as Gibbs free energy correc-
tions from optimizations at the B3LYP/LANL2DZ(Fe)/6-31 G**(other
atoms) level, unless otherwise stated, specifically.

2.3. Kinetics calculation

The metabolic reaction kinetics were determined based on Eyring
equation by Eq. 1 (Eyring, 1935; Truhlar et al., 1983). The rate constant
(k) is computed using the described activation mechanism of SCCP
reacted with P450 enzymes according to the method described early (Ma
et al., 2018).

k:kBT 1 xp(—AG*) a

“hn dP\TRT

where kg is the Boltzmann constant, and h is the Planck constants. T is
the temperature about 310 K, ¢ is the concentration defining the stan-
dard state, AG” is the free energy of activation and R is the gas constant.
The rate of H-abstraction reaction significantly influenced by the
quantum mechanical tunneling according to early reference (Tarchouna
et al., 2003), therefore, tunneling-corrected k value was further calcu-
lated using the Wigner (W) method:
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ky = kI(T) with T(T) =1 +% (:%) ”
B

where I'(T) is the temperature-dependent transmission coefficient for
tunneling effects, and v represents the imaginary frequency (cm™?) in
the transition state calculated at the UB3LYP/ LANL2DZ(Fe)/6-31 G**
(other atoms) level.

2.4. Adbverse effects calculation

SCCPs have the potential to bioaccumulate in human body, further
causing potential adverse effects such as carcinogenicity and cardio-
vascular disease on human health. Thus, bioaccumulation, the potential
carcinogenicity and cardiovascular disease are very important in the risk
assessment of 1-chlorodecane. In this work, the bioaccumulation were
estimated using the previously reported regression-based method
BCFBAF model (ECOSAR, 2014). The carcinogenicities were evaluated
using the Lazar program (Lazar, 2006). Total of 1447 chemicals were
selected from the Carcinogenic Potency Project as a training set and
4337 chemicals were also selected from the Kazius/Bursi database as
test sets to verify reliability of this method. The probability of adverse
effects on cardiovascular systems is obtained using the Advanced
Chemistry Development (ACD/Labs Percepta) platform (ACD/labs,
2016).

3. Results and discussion
3.1. Metabolic transformation mechanism of SCCP

1-chlorodecane with the shortest carbon chain and the strong
toxicity was selected as a typical SCCPs in this study. The structure of
contaminant 1-chlorodecane is first optimized in humoral environment,
considering the protein environment and real human body temperature.
As shown in Fig. 1, 1-chlorodecane in humoral environment exhibits the
linear structure, and its lengths of C—Cl and C-H bond are obtained as
1.83 and 1.10 A, respectively. Moreover, based on the calculation of
natural bond orbital (NBO) charges, its Cl atom (—0.129 e) is much more
negative than H atoms (0.225-0.229 e). This result indicates that H
atoms of 1-chlorodecane are more favorable for nucleophilic reaction
than Cl atom in human body. Herein, for the convenience of discussion,
the carbon atoms of 1-chlorodecane were numbered consecutively, and
the carbon atom adjacent to Cl atom was numbered as C1 (Fig. 1).

For the active center of cytochrome P450 enzymes, due to its special
electronic spin direction, all the two spin states of Cpd I were optimized
in humoral environment (Fig. 2). The Fe-S bond is obtained as 2.57 and
2.54 A in low-spin and high-spin states, respectively. But the obtained
O-Fe bond (1.63 A) in low-spin state is slightly shorter than one in high-
spin state (1.64 A). The small difference in bond length makes it difficult

g
@ J0.229

Fig. 1. The optimized and labeled geometries of 1-chlorodecane, as well as the
natural bond orbitals analysis (the unit of bond length in 1"\)‘
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Fig. 2. Schematic diagram of possible reactions of 1-chlorodecane with Cpd I Model structure.

to discriminate the reactivity of O atom in Cpd I at the two-spin state.
Thus, the metabolic mechanism of SCCP were fully simulated by P450
enzymes at both the two spin states in humoral environment.

In addition, two different kinds of mechanisms were fully considered
in the 1-chlorodecane metabolism by Cpd I: Cl-abstraction (Claps) and H-
abstraction (Haps) by Fe'V=0 of P450 enzyme (Fig. 2). This study focused
on H-abstraction routes because the hydroxylation reaction of P450
enzyme is often considered as the metabolism of organic pollutants such
as alkanes (Hammerer et al., 2017), aromatic hydrocarbon (Guo et al.,
2020) and triphenyl phosphate (Zhang et al., 2018). Previous studies
have shown that the dechlorination of perchlorobenzene by P450 can be
achieved (Hackett et al., 2007), and H-abstraction and Cl-abstraction
can lead to different mechanism by DFT calculation (Ji et al., 2014),
the mechanism of Cl-abstraction route on 1-chlorodecane has also been
considered. Because of the molecular structure characteristic of 1-chlor-
odecane, three kinds of possible H-abstraction pathways were illustrated
as following: (i) HapsA pathway: H atom abstraction from the terminal
methyl group site (C1¢); (ii) HapsB pathway: H atom abstraction from the
middle C atom (Cg); (iii) HapsC pathway, H atom abstraction from the C
atom adjacent to Cl atom (C;). Generally, these transformation path-
ways occur with different probabilities, although they could occur in
parallel. Thus, it is needed to investigate the essence and reactivity of
these metabolic pathways from the viewpoint of both thermodynamics
and kinetics.

3.2. H-abstraction and Cl-abstraction metabolic pathways

Firstly, the metabolic transformation of 1-chlorodecane is simulated
under the catalysis of enzyme Cpd I at low-spin state. The calculated
reaction energy (AG) and energy barrier (AG") of each H-abstraction
reaction pathway are shown in Fig. 3. All the H-abstraction pathways
(HabsA, B, C) have negative reaction energy values (—53.1 to
—59.7 keal mol 1), meaning that the above metabolic pathways can
occur spontaneously in human body. Furthermore, the transition state
(TS) of these H-abstraction pathways were observed (Fig. 3), with the
imaginary frequencies of i798.9, i1621.9 and i777.3 cm ™}, respectively,
the imaginary frequencies are similar to those usually observed for H-
abstraction processes (Yoshizawa et al., 2001), further ensuring the
accuracy of these transition state based on their vibrational mode ob-
tained. Moreover, the structural changes of TS in detailed are discussed
in SI. Moreover, the lowest AG ! of 16.7 kecal mol~! was located in
pathway HapeB (Fig. 3), which is lower than those of HapsA and HapsC by
3.2 and 1.5 kecal mol™!. The data reveal the HapsB pathway is more
favorable than HgpsA and HypsC pathways. Noting that C—H bond dis-
tance (1.32 f\) in the H,psB transition state was the shortest for the
transition states with lower barriers, previous evidence showed that
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Fig. 3. Free energy profiles for H-abstraction pathways at the low spin state.

energy difference occurred is mainly due to the difference of geometrical
molecular of the transition state between the long C-H bond and the
short O—H bond (Yoshizawa et al., 2000). That is, the C—H catalysis by
enzyme CYPs at low-spin state could occur more readily at the inter-
mediate C (C6) of 1-chlorodecane in human metabolism, followed by the
terminal methyl group (C10) and adjacent to Cl atom (C1) of 1-chloro-
decane. Accordingly, the metabolic products, 10-chloro-decan-5-ol,
10-chloro-1-decanol, and 1-chlorodecanol could be formed.

At high-spin state, as shown in Fig. 4, all the H-abstraction pathways
also happened spontaneously due to their negative reaction energies
(—55.2 to —60.3 kcal mol™1). However, it is noticed that the different
stages were observed with the case at low-spin state. It is obvious that
the new rebound transition state (TSfed) existed in metabolism of
enzyme Cpd I at the high-spin state (Fig. 4), although the similar
structure of initial transition states (TS*-HpsA, B, and C in Fig. S2) were
observed with those at the low-spin state (TS?-HapsA, B, and C in Fig. 3).
As seen from Fig. 4, free energies of the rebound pathway TShq are
calculated as 6.8, 0.8 and 6.1 kcal mol " relative to the according re-
actants (RC4-HabS). It is noted that the energy barriers of rebound
pathways are significantly lower than those of the initial H-abstraction
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Fig. 4. Free energy profiles for H-abstraction pathways at the high spin state.

(>18.6 kcal mol 1), implying that the H-abstraction step played a very
importantly decisive role in the metabolic reaction of 1-chlorodecane.
Similar to P450-catalyzed alkane hydroxylation, the HS state produced
a significant barrier for rebound, whereas the LS state rebound is
essentially barrierless (Shaik et al., 2005, 2008). Moreover, the energy
barriers are obtained as 16.7, 16.3 and 18.6 kcal mol ! of pathways
HabsA, HapsB and HypsC, respectively. The values were close to the H-
abstraction of ethane and propane catalyzed by Cpd I at high-spin (Shaik
et al., 2008), and the results show that the pathways HapsA and HgpsB
could be more conducive pathway. Thus, the main metabolic products,
10-chloro-1-decanol and10-chloro-decan-5-ol, are potentially generated
in human body at high spin state.

In short, by comparing three Haps pathways in the metabolic trans-
formation of 1-chlorodecane, HypsA, HapsB and HypsC pathways at high-
spin state has lower energy barriers than ones at low-spin state by 1.5,
0.4 and 1.2 kcal mol ™!, respectively. The conclusion is different from
that the energy barriers of aromatic in the high-spin state were higher
than in the low-spin state by 3.0 kcal mol~! (Shaik et al., 2011). The
formation of metabolites, chlorinated alcohols, is more prone to occur at
the high-spin state than that low-spin state. Compared with previous
finding, experiment research has found that CYP52A58 showed an
optimal mono-terminal hydroxylation activity toward n-hexadecane for
the metabolism of long-chain compounds (Hanano et al., 2015). While
the high-spin state of Cpd I may dominates all Hy,s pathways of meta-
bolic processes, resulting in the metabolites 10-chloro-decan-5-ol, 10-
chloro-1-decanol, and 1-chlorodecanol, because a set of P450s of
mammalian species cover long-chain fatty acid hydroxylation at various
positions (Hlavica and Lehnerer, 2010).

Cl-abstraction pathway could occur in the metabolic transformation
of catalyzed by the enzyme Cpd I in humoral environment. Its energy
barriers and reaction energy were calculated under the catalysis of
enzyme Cpd I at the low and high-spin states, respectively. As seen from
Fig. 5, similar to the H-abstraction mechanism, the O—Cl rebound was
also observed in high-spin state of enzyme Cpd I reaction. The calculated
AG! of initial step is 47.2 kcal mol™ L at the low-spin state, which is only
0.5 keal mol ! higher than that at high-spin state. Compared with the
chlorine extraction energy of chloroform (48.8 kcal mol™),
1.6 kecal mol ! lower (Ji et al., 2014). The TS*-Clabs pathway exist a
lower barrier of 46.7 kcal mol ™}, indicating that the enzyme Cpd I with
high-spin state could dominate the reaction of extracting chlorine atoms
from 1-chlorodecane. The activation energy for C—Cl breaking displayed
high reaction processes, which is consistent with experimental reports

AG

40.0

ARBBe

Fig. 5. Free energy profiles for pathway Cl,,s at both the low- and high
spin states.

on P450 enzymes (Pohl et al., 1984). Moreover, the energy of metabo-
lites PC-Claps are obtained as —25.4 and —16.9 keal mol ! at the low and
high spin states, respectively, resulting in the formation of the more
stable metabolic products at high-spin state, decyl hypochlorite.
Comparing the two metabolic mechanisms of 1-chlorodecane, the
energy barrier of the Cl-abstraction pathway is about at least
26.9 keal mol ! higher than that of H-abstraction pathways. The data
indicate that the Cl-abstraction process could be more difficult to occur
in vivo than other three H-abstraction pathways, potentially leading to
the formation of chlorinated alcohols, 10-chloro-decan-5-o0l, 10-chloro-
1-decanol and 1-chlorodecanol. Therefore, to distinguish the contribu-
tion of each pathway to the metabolic transformation of 1-chlorodecane,
further metabolic kinetics calculation is needed to be conducted.
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3.3. Metabolic transformation kinetics of SCCP

The metabolic reaction rate constants (k) of each pathway of SCCPs
and total metabolic reaction rate constant (k¢ota1) are calculated based on
above-discussed the metabolic mechanism in vivo, as listed in Table S6.
The total rate constant of the metabolic transformation of 1-chlorode-
cane were obtained as 42.3 s~ under the Cpd I degeneracy state. The
value of AG' had a decisive influence on the k. Under the same calcu-
lation method, when the AG' value of H extracted by N'-nitro-
sonornicotine is 15.4 keal mol ™}, the reaction rate is two orders of
magnitude equal 1-chlorodecane, reaching 31.9 s (Ma et al., 2018).
The k of the four metabolic pathways (HapsA, HapsB, HapsC and Clap) at
the low-spin were also calculated as 9.15 x 107%, 1.04 x 10,
6.81 x 1072 and 3.27 x 102! 571, respectively. As for the metabolic
transformation at the high spin state, H,psA pathway has the same rate as
its low-spin state, while HapsB, HapsC and Claps got rate values of
1.04 x 10', 2.00 x 10!, 4.78 x 107! and 7.36 x 102! s7!, respec-
tively. Namely, the k at the high-spin state is larger than that at the low-
spin state, further indicating that the high-spin pathway could
contribute more to the whole metabolic transformation of 1-chlorode-
cane in human body.

Moreover, it is clear that the k of Cl,ps pathway is much smaller than
those of three H,ps pathways by 22 orders of magnitude (Table S6),
explaining that the Hyps pathways are dominated mechanism and the
Clyps pathway could be neglected. Moreover, the contribution was
expressed by a branching ratios (I"), which was obtained using the for-
mula I’ = ﬁ, where k and kq represent the rate constant of each

pathway and the sum of all pathways. Cl,ps pathway is less than 0.01%
(Fig. 6). This finding shows that the dechlorination process can be
believed not occurred completely in the metabolic transformation of 1-
chlorodecane by CYPs. Moreover, the H-abstraction mechanism was
similarly dominated in the metabolic transformation of n-hexane by
CYPs (Rune Toftgard et al., 1986), but the Cly,s pathway is not always
unlikely to occur in the metabolic transformation of organic pollutants,
for instance, the metabolism of tetrachloromethane by Cpd I (Ji et al.,
2014).

Furthermore, the high-spin pathways could contribute 72.9% to the
whole routes. As for the three H-abstraction pathways, the calculated I's
of HapsB, HapsA and H,psC are obtained as 71.9%, 26.7% and 1.3%,
respectively (Fig. 6). The data imply that the intermediate C atom (C6)
of 1-chlorodecane has the highest reaction activity during its metabolic
transformation by Cpd I, followed by methyl group C atom (C10) and C
atom adjacent to Cl atom (C1). Accordingly, the 10-chloro-decan-5-ol is
the dominated metabolites, together with the formation of 10-chloro-1-
decanol and 1-chlorodecanol. These metabolic products could be bio-
accumulated, and/or continue to metabolize, and thus their certain
health risks need to consider their metabolites.

3.4. Bioaccumulation, carcinogenicity and adverse effects on human

The potential adverse effects of the metabolites are necessary to be

HabsC
130% ¢
HabsB <0.01%
71.9%
HabsA
26.7%

Fig. 6. Branching ratio (I') of all reaction pathways.
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further investigated due to the high toxicity on human health of original
SCCPs. Firstly, the bioaccumulation of 1-chlorodecane and its metabolic
products, 10-chloro-decan-5-o0l, 10-chloro-1-decanol and 1-chlorodeca-
nol, was calculated using the well-developed models, and the results
are shown in Table 1. the logarithm BAF (log BAF) values of the original
1-chlorodecan was 3.2 L/kg wet-wt, and the three metabolites 10-
chloro-1-decanol, 1-chlorodecanol and 10-chloro-decan-5-ol with the
lower log BAF (2.3 L/kg wet-wt) was obtained. This indicates that 1-
chlorodecan are more readily bioaccumulated in the human body,
because lipid content was an important factor influencing SCCP bio-
accumulation. The log BAF for snakehead, catfish, small mud carp
group, and crucian carp group were 2.46, 3.19, 3.25, and 3.45, respec-
tively (Sun et al., 2017), indicating 1-chlorodecan metabolites lower
bioaccumulation potential. However, the research showed SCCPs
ranged from 1.6 to 3.0 in marine organisms (Huang et al., 2019). Thus,
the long-term accumulation of the original 1-chlorodecane and its me-
tabolites could further potentially result in the potential adverse effects
on human health, such as cardiovascular system damage and carcino-
genicity. Matched well with the adverse health effects caused by SCCPs
in previous review, SCCPs and metabolites could pose hepatotoxicity,
developmental toxicity, endocrine- and metabolism-disrupting effects,
as well as carcinogenicity effects (Wang et al., 2019).

The accumulated 1-chlorodecane and its products may exert toxi-
cological effects in human tissue or organ. Thus, the adverse effects on
human cardiovascular system was particularly focused on, due to the
potential association between chlorinated paraffins and cardiovascular
problems (Zhuo et al., 2019). The probability of the adverse effect on
cardiovascular system was elucidated with the ACD/percepta platform.
The probability value (Pcqrgio) is between 0 and 1, and the greater the
value is, the stronger the adverse effects impose. From Table 1, the Pgrgio
of the metabolites, 10-chloro-1-decanol and 1-chlorodecanol was ob-
tained as 0.34 and 0.33, respectively, nearly three times higher than
ones of the original 1-chlorodeance (0.12). These results suggest that the
metabolites, 10-chloro-1-decanol and 1-chlorodecanol could causes the
more serious adverse effect of on cardiovascular system after the
metabolic transformation of 1-chlorodecane.

Furthermore, the carcinogenicity of 1-chlorodecane and its meta-
bolic products were calculated using the recommended method (Tri-
pathi et al., 2018) for the carcinogenicity prediction of nerve
medicament. As shown in Tables 1, 1-chlorodecane are found to be
carcinogenic, which is agreement with the previous reports (Wang et al.,
2018). Moreover, it is noticed that the carcinogenicity of the metabolic
products, 10-chloro-decan-5-0l and 1-chlorodecanol still retain,
although the one metabolite 10-chloro-1-decanol is non-carcinogenic.
Moreover, a previous experimental study have also shown that some
SCCPs such as C12 (Cl 60% of SCCPs) may cause carcinogenic effects on
the human liver after long-term accumulation, and lead to liver tumor
lesions (Bucher et al., 1987). Thus, the carcinogenicity effect of original
compound SCCPs as well as their metabolic products is worthy of
attention and treatment seriously.

4. Conclusions

Although the increasing attention on the environmental

Table 1
Bioaccumulation, carcinogenicity and probability of health effect on cardio-
vascular system effect of 1-chlorodecane and its metabolic products.

1- 10-chloro- 10-chloro- 1-
chlorodecane decan-5-ol 1-decanol chlorodecanol
Carcinogenicity carcinogen carcinogen non- carcinogen
carcinogen
Log BAF (L/Kg 3.2 2.3 2.3 2.3
wet-wt)
Cardiovascular 0.12 0.15 0.34 0.33

system effect




M. Wang et al.

transformation and health risks of SCCPs (Zhang et al., 2019), the gaps
in knowledge still remain regarding their metabolic transformation and
metabolites due to the difficult capture in experiment. In particular, the
risk assessment considering metabolites is rare. Thus, using theoretical
calculation approaches, the metabolic transformation of emerging POPs,
SCCPs 1-chlorodecane by cytochrome P450 enzymes (CYPs) was simu-
lated for the first time. 1-Chlorodecane can be readily metabolized by
enzyme P450 on both low-spin and high-spin states, although the initial
H-abstraction barriers are lower on highs-pin state. We found that 1-
chlorodecane was easily transformed at a rate constant of 42.3 s~ by
CYPs in human body. The hydroxylation of 1-chlorodecane was more
significant than its dechlorination, mainly resulting in three metabolites,
10-chloro-decan-5-ol, 10-chloro-1-decanol and 1-chlorodecanol. Except
for the 10-chloro-1-decanol, the carcinogenicity of the other metabolites
still remains after the metabolic transformation of 1-chlorodecane.
Moreover, because of their high BAF, the bioaccumulated metabolites
could potentially causing more serious adverse effect on cardiovascular
system under the long-term exposure. Therefore, the health impact of
metabolic products together with the original parent SCCPs should be
paid more attention in future experimental researches and health risk
evaluations.
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