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 23 
ABSTRACT 24 

Short chain chlorinated paraffins (SCCPs) are emerging persistent organic 25 

pollutants of great concern due to their ubiquitous distribution in the environment. 26 

However, little information is available on the biotransformation of SCCPs in 27 

organisms. In this study, a chlorinated decane: 1, 2, 5, 5, 6, 9, 10-heptachlorodecanes 28 

(HeptaCDs) was subjected to in vitro metabolism by human and chicken liver 29 

microsomes at environmentally relevant concentration. Using ultra-performance 30 

liquid chromatography-Q-Exactive Orbitrap mass spectrometry, two metabolites: 31 

monohydroxylated hexachlorodecane (HO-HexCD) and monohydroxy 32 

heptachlorodecane (HO-HeptaCD) were detected in human liver microsomal assays, 33 

while only one metabolite (HO-HexCD) was identified in chicken liver microsomal 34 

assays. The formation of HO-HexCD was fitted to a Michaelis-Menten model for 35 

chicken liver microsomes with a Vmax (maximum metabolic rate) value of 4.52 36 

pmol/mg/min. Metabolic kinetic parameters could not be obtained for human liver 37 

microsomes as steady state conditions were not reached under our experimental 38 

conditions. Notwithstanding this, the observed average biotransformation rate of 39 

HeptaCDs was much faster for human liver microsomes than for chicken liver 40 

microsomes. Due to the lack of authentic standards for the identified metabolites, the 41 

detailed structure of each metabolite could not be confirmed due to the possibility of 42 

conformational isomers. This study provides first insights into the biotransformation 43 

of SCCPs, providing potential biomarkers and enhancing understanding of 44 

bioaccumulation studies.  45 

 46 
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Highlights 49 
 50 
Biotransformation of SCCP was investigated by in vitro human and chicken liver 51 
microsomes 52 
 53 
Two metabolites: HO-HexCD and HO-HeptaCD were identified in liver microsomal 54 
assays. 55 
 56 
Biotransformation rate of HeptaCD was much faster for human than for chicken liver 57 
microsomes. 58 
 59 
The kinetics of HeptaCD metabolism by chicken liver microsomes were determined.  60 

 61 
62 
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1. Introduction 68 

        Short-chain chlorinated paraffins (SCCPs) are complex mixtures of chlorinated 69 

n-alkanes ranging from C10 to C13 with degrees of chlorination of 30-70% by mass 70 

(Bayen et al., 2006). They are extensively used as flame retardants and plasticizers in 71 

rubber compounds and polymers, additives in metal fluids, paints, sealants, and 72 

leather treatment agents, as well as in extreme pressure lubricants. SCCPs have raised 73 

wide concern due to their persistence in the environment, high potential for long-74 

range transport, toxicity to organisms and bioaccumulation (van Mourik et al., 2016; 75 

Zhang et al., 2016; Li et al., 2016). They were listed under Annex A in Stockholm 76 

Convention in 2017, and thus face a global ban and elimination (UNEP, 2017).  77 

        SCCPs have been widely detected in abiotic media (Mourik et al., 2016),  even in 78 

the Tibetan plateau (Wu et al., 2020) and polar regions (Tomy et al., 2000).  They 79 

have also been found in aquatic and terrestrial biota (Reth et al., 2005; Houde et al., 80 

2008; Luo et al., 2015), including humans (Xia et al., 2016; Li et al., 2017). Exposure 81 

to SCCPs can alter the intracellular redox status and cause significant metabolic 82 

disruption of human HepG2 cells (Geng et al., 2015) and may also disturb thyroid 83 

hormone homeostasis in rodents by constitutive androstane receptor (CAR)-84 

implicated enhancement of hepatic thyroid hormone influx and degradation (Gong et 85 

al., 2018; Mourik et al., 2018; Wyatt et al., 1993).     86 

Both trophic magnification and trophic dilution have been reported regarding 87 

SCCPs transfer in food chains (Luo et al., 2015; Li et al., 2019; Sun et al., 2017; Liu 88 

et al., 2020; Zeng et al., 2011). Differences in biotransformation of SCCPs in biota 89 

were suggested as a potential cause for variations in trophic magnification. 90 

Biotransformation is an important process for detoxification and elimination of 91 

xenobiotics and an understanding of it, is crucial for toxicity assessment. However, 92 
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little information is available on biotransformation of SCCPs in animals and humans. 93 

Quantum chemical calculation has indicated that C10-SCCPs with less Cl substitution 94 

are susceptible to environmental degradation via nucleophilic substitution and 95 

hydroxyl radical attack (Sun et al., 2016). Recently, dechlorination with subsequent 96 

chlorine rearrangement of a hepta-chlorinated decane congener (1, 2, 5, 5, 6, 9, 10-97 

heptachlorodecanes) mediated by pumpkin seedlings  (Li et al., 2017) and a 98 

comprehensive metabolic molecular network of SCCP and MCCP in rice cell 99 

suspension (Chen et al., 2020) were reported. To our knowledge, Darnerud et al (1982) 100 

provided the first report of the degradation of 14C-chlorododecanes to 14CO2 in 101 

C57BL mice. In this study, only the final product of metabolism, carbon dioxide, was 102 

measured, with potential metabolites unidentified. By in vivo and in vitro exposure of 103 

CPs to rat and liver microsomes, Dong et al.(2020) found that SCCPs were extremely 104 

resistant to metabolism and mostly eliminated via biliary excretion. On the contrary, 105 

He et al.(2021) recently reported that CPs can rapidly transform to OH-CPs, CO-CPs, 106 

and COOH-CPs after incubating with human liver microsomes and shorter chain CPs 107 

can be formed from longer chain CPs during biotransformation. Thus, greater 108 

understanding of the metabolism of SCCPs in animals and humans is needed.  109 

Liver is the major organ for metabolism, containing a variety of oxidative 110 

enzymes. Cytochrome P450, oxidative enzymes in the liver, are crucial to metabolite 111 

formation and metabolic activation (Girvan et al., 2016). In vitro metabolism using 112 

liver microsomes is a valuable tool to provide information on the fate and 113 

biotransformation of environmental pollutants to which humans are exposed (Van den 114 

Eede et al., 2013), Oxidation or dechlorination of straight-chain paraffins may have 115 

occurred in liver fractions with P450 enzymes (He et al., 2021). However, direct 116 

determination of metabolites of SCCPs is challenging due to the complexity of SCCP 117 
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mixtures (Tomy et al., 1998), the lack of standards for individual congeners, and 118 

reliable quantification techniques. 119 

        The present study examines the biotransformation of one chlorinated decane (1, 120 

2, 5, 5, 6, 9, 10-Heptachlorodecanes, HeptaCDs) by in vitro chicken and human liver 121 

microsomes (CLM and HLM). Non-target metabolite profiling was applied using 122 

ultra-performance liquid chromatography-Q-Exactive mass spectrometry and 123 

Compound Discoverer software as reported recently (Cuykx et al., 2018; Nguyen et 124 

al., 2017). The aim of the current study is to investigate the phase I metabolic rates 125 

and products of HeptaCDs in birds and humans. Results will improve understanding 126 

of the bioaccumulation, toxicology, and fate of SCCP in organisms.  127 

  128 

2. Materials and methods 129 

2.1 Chemicals and reagents 130 

Human liver microsome pools, a 200-donor pool (mixed gender), were 131 

purchased from Xenotech LLC (USA), while chicken liver microsomes were 132 

purchased from PrimeTox Bio-pharma Technology Co. LTD (Wuhan, China). 133 

William’s E. Medium (PH=7.4) was obtained from Gibco (United Kingdom). HepCD 134 

was purchased from Dr. Ehrenstorfer GmbH (Germany). 13C12-α-135 

hexabromocyclododecane (HBCDD) and d18-α-HBCDD were obtained from 136 

Cambridge Isotope Laboratories (USA). Dimethyl sulfoxide (DMSO) was purchased 137 

from Sigma-Aldrich (France). Acetonitrile (LC/MS grade), HPLC grade 138 

dichloromethane and methanol were purchased from Fisher Chemical (United 139 

Kingdom). Ultrapure water (18.2 MΩ was obtained from an Elga LabWater water 140 

purification instrument (France). Rapid NADPH system K5000 was purchased from 141 

Sekisui XenoTech (Kansas, KS, United States). Dosing solutions of HepCD were 142 
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prepared by solvent exchange to DMSO. 143 

2.2 In vitro biotransformation assay  144 

The incubation method was adapted, with slight modification, from previous 145 

studies.(Nguyen et al., 2017; Eede et al., 2015; Luo et al., 2017). The reaction mixture 146 

contained 100 μL William’s E. Medium, 0.5 mg protein (human or chicken liver 147 

microsomes), and HeptaCDs at different concentrations (from 0.26-1.3 μM) in a total 148 

volume of 0.98 mL.The activities of cytochromes P450 of human and liver 149 

microsomes were quantitatively determined using  7-ethoxycoumarin O-deethylase 150 

(ECOD) kit (Jiang et al., 2017). They were 188±8 pmol-1 mg protein-1 and 11±2.9 151 

pmol-1 mg protein-1 , respectively, and fell within the acceptable range of the assay. 152 

The assay was pre-incubated in a shaking water bath at 37℃. The reaction was 153 

initiated by addition of 20 µL NADPH regenerating system (final concentration: 2.0 154 

mM nicotinamide adenine dinucleotide phosphate, 10.0 mM glucose-6-phosphate and 155 

2 units/mL glucose-6-phosphate dehydrogenase) to a total volume of 1 mL. The 156 

samples were then incubated at 37℃ , 5% CO2 and 98% relative humidity. The 157 

reaction was quenched using 1.0 mL ice-cold methanol after 60 min. Experiments 158 

were performed in triplicate. Blank and negative control experiments were also 159 

conducted. Three experimental blanks (solvent blank, heated-enzymatic blank, and 160 

NADPH-negative blank) were performed and analyzed alongside the sample batch for 161 

quality assurance (QA) and quality control (QC) purposes. The solvent blank 162 

contained only William’s E Medium. The heated-enzymatic blank was same as those 163 

in the treatment with liver microsomes inactivated by heating above 80℃ for 10 min. 164 

The NADPH-negative blank did not include NADPH.  165 

2.3 Extraction procedure 166 

Due to the lack of isotopically-labelled standards for the studied HeptaCDs, 167 
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incubated samples were spiked with 20 ng of 13C-α-HBCDD as an internal (surrogate) 168 

standard and extracted according to a previously reported method (Nguyen et al., 169 

2017; Eede et al., 2015). Briefly, 3 mL dichloromethane and 100 µL acetonitrile (for 170 

protein precipitation) were added to each tube. Tubes were vortexed for 30 s and 171 

subsequently centrifuged for 5 min at 3500 rpm. The organic layer was transferred 172 

into a new tube. The extraction procedure was repeated twice. Combined extracts 173 

were evaporated to dryness under gentle nitrogen gas at room temperature, and then 174 

reconstituted in 200 µL acetonitrile containing 20 ng d18-α-HBCDD, used as a 175 

recovery determination (syringe) standard, before instrumental analysis. 176 

2.4 Instrument method 177 

Instrumental analysis was performed using an ultra-performance liquid 178 

chromatography (UPLC)-Orbitrap-high-resolution mass spectrometry (HRMS) 179 

system (Thermo Fisher Scientific, Bremen, Germany). The system was composed of 180 

an UltiMate 3000 liquid chromatograph equipped with a HPG-3400RS dual pump, a 181 

WPS-3000 auto sampler, a TCC-3000 column oven and Q-Exactive Plus Orbitrap 182 

mass spectrometer with an electro-spray ionization source. Chromatographic 183 

separation was achieved using reversed phase chromatography on a Hypersil Gold 184 

analytical column (100 mm×2.1 mm, 1.9 μm, Thermo Fisher Scientific) kept at 45℃. 185 

The mobile phase consisted of 1 mM ammonium formate in water (A) and 0.5% 186 

formic acid in acetonitrile (B). The gradient began with (A/B) 95:5 (v/v), then ramped 187 

linearly to 0:100 over 5 min and returned to 95:5 over 2.3 min, followed by 188 

equilibration for 3min. The flow rate of the mobile phase was 0.4 mL/min and the 189 

sample injection volume was 5 μL. Samples were ionized in the negative mode as 190 

follows: sheath gas flow, 50 arbitrary units (AU); auxiliary gas flow, 5 AU; capillary 191 

temperature, 300℃; source heater temperature, 150℃; spray voltage, 2.5 kV; S-lens 192 
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radio frequency, 50 AU. HRMS data were acquired in full scan mode over the m/z 193 

range from 77 to 650 at a resolving power of 35,000 full width half maximum 194 

(FWHM) at m/z 200. The automatic gain control (AGC Target) was set at high 195 

dynamic range (5×105) and the maximum injection time was set to 100 ms. 196 

2.5 Data analysis 197 

The substrate and potential metabolites were identified based on retention time 198 

and expected m/z value of chromatographic peaks. Quantification of substrate was 199 

conducted based on a five-point standard calibration of HeptaCD with internal 200 

standard using Quan Browser 3.0 (Thermo Fisher Scientific, Bremen, Germany). The 201 

calibration curve was linear with R2 = 0.996. The non-target metabolites were 202 

identified and semi-quantified with Compound Discoverer 3.0 software using 203 

predefined workflow inclusive of prerequisite parameters for quality control (Table 204 

SI-1 and Figure SI-1). 205 

Non-linear regressions from the biotransformation of HeptaCD mediated by 206 

liver microsomes were plotted by Origin version 8.5 (OriginLab Corporation, MA, 207 

USA) and Enzyme Kinetics Model of SigmaPlot 13.0 (Systat Software Inc, USA). 208 

The details can be seen in the Support Information. 209 

 210 

3. Results and discussion 211 

3.1 Metabolites of HepCD in chicken and human liver microsomal assays. 212 

The metabolism of HeptaCDs can be evidenced by the decreasing amount of 213 

HeptaCDs and the formation of new chemicals in the assays. No depletion of the 214 

substrates was observed in the negative control groups including heat inactivated 215 

blanks and NADPH-negative blanks. The recoveries of HeptaCDs in the control 216 

groups ranged from 101% to 110% corresponding to the nominal concentrations. 217 
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However, rapid depletion of HeptaCDs was observed in human liver microsomal 218 

incubation assays with the recoveries of HeptaCDs ranging between 48% and 55% of 219 

the respective exposure dose. By comparison, recoveries of HeptaCDs in the chicken 220 

liver microsomal assays ranged from 85% to 93% of exposure doses (Table 1). 221 

Evidently, human liver microsomes metabolize HeptaCDs faster than chicken liver 222 

microsomes. The species-specific enzymatic binding to the substrates, and other 223 

factors such as the different enzyme activities and metabolic capacities among 224 

different species under the specified conditions can explain this observed difference 225 

( Smith et al., 2007) .  226 

At least two metabolites in the human liver microsomal assays and one 227 

metabolite in the chicken liver microsomal assays were positively identified by the 228 

Compound Discoverer 3.0 software via analyzing the obtained UPLC-Orbitrap MS 229 

chromatograms (Figures 1 and 2). These metabolic products were not detected in any 230 

of the blanks or the negative control groups, indicating the metabolite was NADPH-231 

dependent and mediated by CPY 450 enzymes. As intended, the use of formic acid in 232 

the mobile phase has led to the formation of anionized formate adducts ([M+HCOO]- 233 

equivalent to M+45 mass units) of high intensity in the HESI ion source (Kruve et al., 234 

2017). This formate ion adduct of the parent HeptaCDs was identified and confirmed 235 

in chemical standard injections at m/z = 426.88031 (Figure SI-2). The original 236 

HeptaCDs molecular ion peak at m/z = 381.89637 had much lower intensity than the 237 

formate adduct ion and could only be detected at higher concentrations. Therefore, 238 

formate adduct ions were monitored for both the parent HeptaCDs and its metabolites 239 

throughout this study.    240 

The first metabolite was identified in both human liver microsomes and chicken liver 241 
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microsomes with an accurate mass of 408.91490. This compound was assigned by the 242 

Compound Discoverer 3.0 software to C11H17Cl6O3 through both accurate mass and 243 

isotope cluster distribution (Figure 1). After declustering the formate adduct [HCOO]-244 

by the software, this metabolite was identified as monohydroxy-hexachlorodecane 245 

(HO-HexCD，C10H16Cl6O).  246 

The second metabolite was only identified in human liver microsomes experiments 247 

with an accurate mass of 442.87482. This chemical was assigned by the Compound 248 

Discoverer 3.0 software to C11H16Cl7O3 through both accurate mass and isotope 249 

cluster distribution (Figure 2). After the formate adduct was declustered, this 250 

metabolite can be identified as monohydroxy-heptachlorodecanes (HO-HeptaCD，251 

C10H15Cl7O). As can be seen in Figures 1 and 2, the match on both accurate masses 252 

and isotope distribution for the two metabolites exceeded 90%, which confirms the 253 

identity of the detected metabolites to a high confidence level.  254 

The peak area of the second metabolite was about one tenth of that of the first 255 

metabolite, which indicated that oxidative dechlorination rather than direct 256 

hydroxylation is the major pathway of biotransformation of HeptaCDs in humans. 257 

This is in accordance with previous studies which concluded that oxidative 258 

dehalogenation can be catalyzed by CYP enzymes for substituted substrate (Kumar et 259 

al., 2007).The second metabolite was not found in the chicken liver microsomal 260 

assays, which may be related to the lower biotransformation efficiency.  261 

        The specific position of the hydroxyl group in the two metabolites cannot be 262 

confirmed, due to the lack of reference standards. Regarding metabolite 1, it is highly 263 

plausible that nucleophilic substitution reaction occurred on the carbon with double 264 

chlorine substitution (5) since only one HO-HexCD peak was found in the 265 
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chromatograms. If the nucleophilic substitution reaction occurred in a carbon with 266 

single chlorine substitution (1, 2, 6, 9, 10), there would be at least three potential 267 

isomers. The direct hydroxylation may occur at carbon 6, which has higher reactivity 268 

than carbon 1, 2, 9, and 10 since it was in close proximity to more electrophilic carbon 269 

5 with two chlorine atoms. These hypotheses need to be verified using pure chemical 270 

standards or other analytical methods (e.g. NMR analysis).  271 

Knobloch et al ( 2021, 2022) reported mono- and di-hydroxylated metabolites of  272 

single-chain CP-mixtures by dehalogenase LinB from Sphingobium indicum. OH-273 

CPs as well as CO-CPs (ketones), and COOH-CP were found in human liver 274 

microsomes incubation experiments conducted by He et al. (2021)  In the present 275 

study, CO-CPs and COOH-CP were not found. This is likely because a single 276 

chemical rather than a mixture of CPs was used in the present study. Different levels 277 

and positioning of chlorination may lead to different metabolic pathways and products. 278 

No extracting was conducted in the study of He et al (2021), the supernatant of the 279 

complex after centrifugation was directly injected into the instrument. In the present 280 

study, only chemicals which can be extracted by DCM were recovered from the 281 

complex, some transformation products might still be in the complex. The assays 282 

were not conducted under the optimal conditions could also be a reason. The 283 

experiment conditions in the present study were adopted from previous studies 284 

( Nguyen et al., 2017; Eede et al., 2015; Luo et al., 2017) which deal with other 285 

chemicals not SCCPs.  The optimal conditions were not obtained by conducting 286 

experiment with the heptachlorodecane substrate in the present study. This is a 287 

limitation of the present study.  Li et al.(2017)  observed dechlorination and chlorine 288 

rearrangement of HeptaCDs mediated by the whole pumpkin seedlings but did not 289 

isolate the oxidative dechlorination intermediate. In the present study, the chlorine 290 
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rearrangement of HeptaCDs was not recorded. This may reflect the difference in 291 

biotransformation of SCCP between plants and animals.  292 

3.2 Kinetics of HepCD metabolism by human and chicken liver microsomes 293 

        In the present study, a series of incubations with different substrate 294 

concentrations (0.26, 0.39, 0.52, 0.65, and 1.3 µM for chicken liver microsomes and 295 

0.26, 0.325, 0.39, 0.52, and 0.65 µM for human liver microsomes) were conducted 296 

(Liu et al., 2017). Accurate quantification of the HO-HexCD and the HO-HepCD is 297 

impossible in the absence of authentic standards. Therefore, the depletion rate of the 298 

substrates was considered as the production rate of the HO-HexCD. Nonlinear fitting 299 

regression analysis between the production rate of OH-HexCD and the concentration 300 

of HeptaCDs was then conducted to simulate the metabolic rate modeling (Michaelis-301 

Menten, substrate-inhibition, and Hill) by SigmaPlot Enzyme Kinetics Module (Systat 302 

Software Inc, Richmond, CA). The best model was the one with the lowest standard 303 

deviation of residuals and Akaike Information Criterion corrected for small sample 304 

size (AICc).  305 

        The formation of HO-HexCD for chicken liver microsomal assays best fit a 306 

Michaelis-Menten model. The Km was 0.57±0.15 µM and the Vmax was 4.52±0.57 307 

pM/ (mg protein/min). However, the formation of HO-HexCD for human liver 308 

microsomal assays did not show any signs of reaching a plateau that would indicate 309 

attainment of steady state. This was caused by the low substrate concentration used in 310 

the present study. Therefore, it did not fit any of the assessed enzyme kinetic models 311 

(Michaelis-Menten or Hill). On the other hand, the method used to calculate 312 

formation rate of OH-HexCD in the present study would also be a factor for the lack 313 

of fit. The depletion rate of HeptaCDs actually reflect the formation rate of all 314 

transformation products. Moreover, when we use the MS-signal intensity to reflect the   315 
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formation rate of transformation products. Same results were obtained (Figure SI-3). 316 

This confirmed that  the substrate concentration is too small to obtain the maxium 317 

formation rate. The lack of fitting to the investigated kinetic models precluded the 318 

estimation of metabolic kinetic parameters for HeptaCDs under the applied 319 

experimental conditions. The formation rate of HO-HexCD was much faster in human 320 

liver microsomal assays than in assays conducted using chicken liver microsomes, 321 

although the metabolic kinetic parameters were not obtained (Figure 3).  322 

Dehalogenation and hydroxylation are important biotransformation pathways for 323 

halogenated organics such as polychlorinated biphenyl (PCBs) and polybrominated 324 

diphenyl ethers (PBDEs) (Park et al., 2009; Wan et al., 2009). The hydroxyl 325 

metabolites of PCBs and PBDEs are common more toxic than their parent compounds 326 

(Ruel et al., 2019; Su et al., 2014). This could be also the case for SCCP. Therefore, 327 

more studies on the toxicity of metabolites of SCCP are need. 328 

4. Conclusions 329 

        This study firstly identified biotransformation products of CPs in birds and 330 

humans. Our results indicated that biotransformation of a heptachlorinated decane 331 

isomer by human liver microsomes was faster and produced more metabolites than 332 

when chicken liver microsomes were exposed. This implies species-specific 333 

metabolism of this and potentially other CPs. Notwithstanding this finding, there 334 

remains a dearth of knowledge related to biotransformation of SCCPs. Since 335 

hydroxylated and dechlorinated metabolites of CP congeners were identified in this 336 

study, further studies should investigate the toxicity and phase II metabolic processes 337 

of the identified SCCP metabolites. Also, biotransformation and biodegradation of 338 

different SCCP congeners and mixtures in more species merit investigation in future 339 

studies. 340 
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