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Abstract 1 

The aim of the present study was to investigate the in vitro metabolism of two emerging 2 

organophosphate flame retardants, namely tetrekis(2-chlorethyl)dichloroisopentyldiphosphate 3 

(V6) and bisphenol-A bis-diphenyl phosphate (BDP) in human liver microsomes (HLMs), 4 

HLM S9 fractions and in human serum. In particular, the role of cytochrome P450 (CYPs) 5 

enzymes and/or paraoxonases (PONs) in the formation of V6 and BDP phase I metabolites 6 

was studied. Mono-, di-hydroxylated and hydrolytic phase I metabolites of V6 were mainly 7 

formed by CYPs in HLMs, while hydrolytic and O-dealkylated phase I metabolites of BDP 8 

were generated by PONs mainly in serum experiments. Limited number of glucuronidated 9 

and sulfated phase II metabolites were also identified for the two chemicals. The activity of 10 

seven recombinant CYPs (rCYPs) including rCYP1A2, rCYP2B6, rCYP2C9, rCYP2C19, 11 

rCYP2D6, rCYP2E1 and rCYP3A4 in the in vitro phase I metabolism of V6 and BDP was 12 

investigated. The formation of V6 metabolites was catalyzed by several enzymes, especially 13 

rCYP1A2 that was responsible for the exclusive formation of two metabolites, one primary 14 

(M1) and its secondary metabolite (M9). For BDP, only one phase I metabolite (MM1) was 15 

catalyzed by the seven rCYPs. Collectively, these results indicate that CYPs have a 16 

predominant role in the metabolism of V6, while PONs have a predominant role in BDP in 17 

vitro metabolism. These results are a starting point for future studies involving the study of 18 

the toxicity, bioaccumulation and in vivo biomonitoring of V6 and BDP. 19 

 20 

Keywords: In vitro metabolism, V6, BDP, human liver fractions, recombinant CYPs, LC-21 

QTOF-MS22 
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1. Introduction 23 

Alternative flame retardants (FRs) have been increasingly used in all variety of consumer 24 

goods, such as electronics, furniture, textiles and plastics after restrictions on the use of 25 

polybrominated diphenyl ethers (PBDEs) (Van Der Veen and de Boer, 2012). In 2006, among 26 

the "new" FRs, the phosphorous FRs (PFRs) already represented more than 20% of the total FR 27 

consumption in Europe. This percentage included 11 % of chlorinated PFRs and 9 % of non-28 

halogenated FRs (Van Der Veen and de Boer, 2012). 29 

2,2-Bis(chloromethyl) trimethylene bis[bis(2-chloroethyl) phosphate] or commonly named 30 

tetrekis(2-chlorethyl)-dichloroisopentyldiphosphate (V6) is an halogenated phosphate ester 31 

mainly used as additive FR. It is used in specific applications in combination with two other FRs, 32 

i.e. tris(1-chloro-isopropyl)phosphate (TCIPP) and tris(1,3-dichloro-2-propyl)phosphate 33 

(TDCPP), and only when their FR properties needed to be enhanced (EU, 2008; Van Der Veen 34 

and de Boer, 2012). V6 has been mainly used in polyurethane foam and applications have been 35 

reported in furniture, automotive and baby products (Stapleton et al., 2011; Fang et al., 2013). 36 

Data about the production market of V6 is scarce: about 454−4,500 tons in the USA in 1998 and 37 

unknown in China (Fang et al., 2013) and less than 5,000 tons in EU in 2000 (EU, 2008). 38 

However, due to the risks related to its primary impurity, tris(2-chloroethyl)phosphate (TCEP) 39 

(4.5-7.5% (w/w)), V6 was suggested to be classified as Category 3 carcinogen R40 (limited 40 

evidence of carcinogenic effect) if the TCEP content exceeds 1.0% and category 2 for fertility, 41 

R60 (may impair fertility) above 0.5% TCEP (EU, 2008). Among various toxic effects, 42 

reproductive, developmental, birth defect, chromosome abnormalities are related to V6 (EU, 43 

2008; Van Der Veen and de Boer, 2012). 44 

Another chemical of interest in the present study is Bisphenol-A bis diphenyl phosphate 45 

(BDP, CAS 5945-33-5), an aryl phosphate ester used as one of the primary non-halogenated 46 

replacements for the Deca-BDE technical mixture. BDP is mainly used in electronics (Van Der 47 

Veen and de Boer, 2012; Ballesteros-Gomez et al., 2014), but also in flooring, textiles and 48 
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furniture (LCSP, 2005; ECHA, 2014). Its presence has been reported in 49 

polycarbonate/acrylonitrile butadiene styrene (PC/ABS) and high impact polystyrene/poly(2,6-50 

dimethyl-1,4-phenylene oxide) (HIPS/PPO) plastics (LCSP, 2005). Nowadays, it is mainly used 51 

as a substitute for triphenyl phosphate (TPHP) due to its lower volatility (Pawlowski and 52 

Schartel, 2007). BDP represents around 85% of the mixture which results from the reaction of 53 

phosphoric trichloride with bisphenol A and phenol. The U.S. production/import volume for this 54 

mixture was reported as 4500-23,000 tons in 2006 (OEHHA, 2012; Krowech et al., 2016). 55 

BDP showed low to moderate aquatic toxicity (EC50 > 1 mg/L, algae, growth inhibition) 56 

(Washington State 2006), while the NOEL for developmental effects on rats was high (1000 57 

mg/kg/day) (Pakalin et al., 2007). Although, the in vivo toxicity to rats was described in several 58 

studies to be low, with a minimum median lethal dose (LD50) of 2000 mg/kg bw (EU, 2011), the 59 

BDP in vivo toxicity was classified as high for endocrine disrupting characteristics in humans 60 

due to its degradation product, bisphenol-A (NTP-CERHR, 2008).  61 

There is a need for the human biomonitoring of emerging FRs (Van Der Veen and de Boer, 62 

2012) due to many knowledge gaps in their toxicity and potential long term health effects and 63 

due to their estimated daily intake, which may be similar or even higher than those observed for 64 

polybrominated diphenyl ethers (PBDEs) (Dirtu et al., 2012; Christia et al., 2018). In vitro 65 

metabolism studies with human subcellular preparations have been reported before as a suitable 66 

strategy to elucidate the main human metabolic pathways and to identify suitable biomarkers for 67 

PFRs (Van den Eede et al., 2013, 2015, 2016). These studies showed a wide array of possible 68 

phase I and phase II metabolites of PFRs, resulting from mono- and di-hydroxylation, O-69 

dealkylation, glucuronidation or sulfation (Van den Eede et al., 2013, 2015, 2016).  70 

However, this was not yet done for exploring the metabolism of V6 and BDP in vitro and 71 

therefore the main goals of the present study comprised: 1) the identification of major phase I 72 

and phase II (glucuronide and/or sulfate conjugates) metabolites of V6 and BDP; 2) the 73 

understanding of main metabolic pathways involved in the formation of phase-I and phase-II 74 
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metabolites, including the identification of the responsible enzymes involved; 3) the 75 

identification of the role of nine recombinant human CYP enzymes (rCYPs) in the formation of 76 

the phase-I metabolites in HLM.  77 

 78 

2. Experimental procedures 79 

2.1 Chemicals and Reagents 80 

Neat standards for BDP (purity >98%) and V6 (purity >98%) were obtained from TRC 81 

(Toronto, Canada) and from AccuStandard (Hattersheim, Germany), respectively. All standard 82 

stock solutions were prepared in methanol (1 mM). Theophylline (internal standard, IS), 83 

tramadol, chlorpyrifos-oxon (used as positive controls for CYPs and paraoxonases (PONs), 84 

respectively), 2,6-uridine-diphosphate glucuronic acid (UDPGA), tris(hydroxmethyl) 85 

aminomethane (TRIS), alamethicin, adenosine 3'-phosphate 5'-phosphosulfate (PAPS) (purity 86 

≥60%), calcium chloride (CaCl2) and NADPH-regenerating system (all neat, purity >99%) were 87 

obtained from Sigma-Aldrich (Diegem, Belgium). 88 

Pooled human liver microsomes (HLMs; mix gender, n=200) were purchased from Tebu-bio 89 

(Boechout, Belgium). Serum was collected in the frame of an ongoing study (registered at 90 

http://clinicaltrials.gov/ with number NCT01778868). This study was approved by the Ethical 91 

Committee of the Antwerp University Hospital (Belgian Registry number B30020097009) and 92 

all participants provided their written informed consent. Serum from 10 adult lean volunteers 93 

(mix of females and males) was pooled and stored at -20°C until analysis.  94 

Acetonitrile, methanol and formic acid (analytical grade) were obtained from Merck KgA 95 

Chemicals (Darmstadt, Germany) and ultrapure water (18.2 MΩ) from an Elga LabWater water 96 

purification instrument (Saint Maurice, France). 97 

 98 

2.2 Strategy to characterize the in vitro metabolism of V6 and BDP  99 
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Firstly, in vitro metabolism studies were conducted for V6 and BDP using human liver 100 

microsomes (HLM) and S9 fractions and human serum. Also, the phase I metabolites generated 101 

were hypothesized to be further transformed by uridine diphosphate glucuronic acid transferase 102 

(UGT) enzymes and sulfotransferase (SULT) enzymes. A summary of the experiments carried 103 

out for the activation of each enzyme is given in Table 1. 104 

 105 

2.2.1 CYPs-mediated metabolism assay 106 

The reaction mixture contained phosphate buffer (pH adjusted to 7.4), HLM (0.5 mg/mL) and 107 

individual substrates (10 µM of V6 and BDP) on ice (final volume: 950 µL). After 5 min pre-108 

incubation in a shaking water bath at 37 °C, the reaction was initiated by addition of 50 µL of 109 

NADPH-regenerating solution (1 mM final concentration). The reaction was stopped after 2 h by 110 

adding 700 µL of an ice-cold acetonitrile solution containing 1% formic acid (v/v) and 1.0 111 

µg/mL of IS solution (final concentration of 0.4 µg/mL in the extract). The samples were 112 

vortexed for 30s and centrifuged at 3,500 g for 3 min. The supernatant (~1.1 mL) was transferred 113 

into a new vial containing 230 mg of NH4Ac (to induce a salting-out separation of acetonitrile-114 

water), vortexed for 30 s and centrifuged at 3,500 g for 2 min. Afterwards, a 500 µL aliquot of 115 

the supernatant was transferred into a new tube. The liquid-to-liquid extraction step was repeated 116 

two more times transferring 700 and 800 µL aliquots of the supernatant, respectively. The three 117 

extracts were pooled, blown down to dryness under gentle nitrogen flow at room temperature 118 

and resuspended in 100 µL of 70:30  H2O:MeOH (v/v) for BDP experiments (or in 100 µL of 119 

90:10 of H2O:MeOH (v/v) solution for V6 experiments). 120 

 121 

2.2.2 PON-mediated metabolism assay in HLM S9 fractions and serum 122 

The reaction mixture contained individual substrates (10 µM) diluted in 0.1 M glycine-NaOH 123 

buffer (pH 10.0) containing calcium chloride (1 mM) and sodium chloride (0.3 M) in a volume 124 

of 450 µL containing the substrate (V6 or BDP, 10 µM). After 5-min pre-incubation in a shaking 125 
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water bath at 37°C, the reaction was initiated adding 50 µL of HLM S9 fraction (0.5 mg/mL, 126 

final concentration). The reaction was carried for a maximum of 3h, adding NADPH 127 

regenerating system to the incubation.  128 

To investigate V6 and BDP metabolism mediated by serum PONs, the same reaction mixture 129 

was prepared and initiated by adding 10 µL of pooled human serum (n=10), instead of HLM S9 130 

fractions. Samples were then processed as described in the above section. 131 

 132 

2.2.3 UGT and SULT-mediated metabolism assay 133 

For UGT-mediated metabolism, reaction mixtures were prepared as described above for CYP 134 

enzyme samples but adding a 10 µL aliquot of alamethicin (10 µg/mL) dissolved in dimethyl 135 

sulfoxide (<1% v/v) before pre-incubating the samples. The cofactors used were a NADPH-136 

regenerating solution and UDPGA (1 mM, final concentration). For SULT-mediated 137 

metabolism, reaction mixtures were prepared as described above for CYP enzyme samples but 138 

using human liver S9 fraction (HLM S9; 0.5 mg/mL). The cofactors used were a NADPH-139 

regenerating solution and PAPS (1 mM). Samples were then processed as described in the 140 

section 2.2.1 above. 141 

 142 

2.2.4 Positive and Negative controls 143 

Positive and negative control samples for each family of enzymes of interest were prepared as 144 

described above for phase I and phase II metabolism. Positive control samples were prepared 145 

using tramadol, chlorpyrifos-oxon and methylenedioxypyrovalerone (MDPV) as marker 146 

substrates for CYPs (Subrahmanyam et al., 2001), PONs (Davies et al., 1996) and UGTs and 147 

SULTs (Negreira et al., 2015), respectively. The formation of the corresponding marker 148 

metabolites was monitored (i.e for CYPs two primary metabolites resulted from the methylation 149 

of tramadol in the terminal NH2 and in the OH substituted in the aromatic ring were monitored; 150 

for PONs there was a metabolite resulted from the hydrolysis of the P-O bond of chlorpyrifos-151 
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oxon and in the phase II metabolism, the metabolites resulted from the conjugation reactions 152 

between MPDV and SULF or GLUC were used as positive controls).  153 

Negative controls were prepared in each experiment in order to assure unequivocal 154 

determination of all metabolites. For CYPs-, UGTs- and SULT-mediated metabolism, three 155 

different negative control samples were prepared by replacing the enzymes (HLMs or HLS9 156 

fraction), the substrate or the specific cofactor (NADPH, UDPGA or PAPS) in the reaction 157 

mixture with an equivalent aliquot of buffer, acetonitrile or buffer, respectively. For PON-158 

mediated metabolism, only substrate and enzyme negative control samples (HLM for PONs) 159 

were prepared. To monitor chemical hydrolysis reaction and to determine the impurities 160 

eventually present in the stock solutions of the substrates, phosphate buffer (pH 7.4) or glycine 161 

buffer (pH 10) were used to dissolve individual standards (10 µM) and incubated alongside the 162 

metabolism samples. All positive and negative control samples were prepared according to the 163 

method described in the section 2.2.1.  164 

 165 

2.2.5 Kinetics of the phase I metabolites 166 

Kinetic experiments were conducted using HLM, varying the concentration of each substrate 167 

used (1 to 10 µM), the enzyme concentration (0.1-0.5 mg/mL, final concentration) and the 168 

incubation time (0 to 60 min). The samples were incubated and processed as described in the 169 

section 2.2.1. 170 

 171 

2.2.6 Reaction phenotyping using human recombinant CYPs 172 

The role of seven human recombinant CYP enzymes including rCYP1A2, rCYP2B6, 173 

rCYP2C9, rCYP2C19, rCYP2D6, rCYP2E1 and rCYP3A4 in the metabolism of V6 and BDP 174 

was investigated. Reaction mixtures were prepared as described in section 2.2.1, but using each 175 

human rCYP (20 pmol/mL, final concentration) instead of HLMs. The reaction was allowed to 176 
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proceed for 1h. Negative control samples were prepared by replacing the human rCYP with an 177 

equivalent aliquot of phosphate buffer. 178 

 179 

2.3 LC-QTOF-MS analysis 180 

The liquid chromatography-quadrupole-time-of-flight mass spectrometry (LC-QTOF-MS) 181 

system used consisted of a 1290 Infinity LC (Agilent Technologies, Santa Clara, California, 182 

USA) coupled to a 6530 Accurate-Mass QTOF-MS (Agilent Technologies, Santa Clara, 183 

California, USA). The chromatographic separation of V6 and BDP metabolites was performed 184 

using a XBridge C18 column (150 × 2.1 mm, 2.6 µm) from Waters (Milford, MA, USA) heated 185 

at 40°C. The mobile phases consisted of water (A) and methanol (B) both buffered with 0.1 % 186 

formic acid. For the separation of V6 and its metabolites, the following elution gradient was 187 

used: 0-2 min 10% B; 2-12 min 10-60% B, 12-27 min 60-90% B; 27-30min 90% B; 30-31 min 188 

90-10% B; 31-36 min 90% B isocratic. For separation of BDP and its metabolites, the following 189 

elution gradient was used: 0-2 min 30% B; 2-15 min 30-70% B;  15-30 min 70-100% B;  30-35 190 

min 100% B isocratic; 35-36 min 100-30% B; 36-40 min 30% B isocratic. The flow rate was 0.2 191 

mL/min and the injection volume was 10 µL for both the methods. 192 

The QTOF-MS was tuned and calibrated (mass accuracy within ±2 ppm) before each analysis 193 

using a solution containing reference masses (Agilent Technologies, Santa Clara, California, 194 

USA) up to 1,700 mass-to-charge ratio (m/z) using the extended dynamic range (2 GHz). 195 

Samples were analyzed using positive and negative electrospray ionization modes (ESI), with 196 

gas temperature at 300 ºC; gas flow at 10 mL/min; nebulizer pressure at 40 psi; sheath gas 197 

temperature at 250 ºC; sheath gas flow at 11 mL/min. Capillary and fragmentor voltages were set 198 

to 3,500 and 90 V, respectively. The QTOF-MS was set to acquire m/z ranging between 50 and 199 

1,000 amu at a scan rate of 3 spectra per sec (0.33 ms/spectrum). The auto-MS/MS feature was 200 

used to obtain MS/MS spectra of precursor ions, using three different collision energy values 201 
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(10, 20 and 40 eV). During analysis, the mass accuracy of the QTOF (± 10 ppm) was constantly 202 

monitored by measuring reference masses ranging from m/z of 121 to 922 for both ESI modes.  203 

 204 

2.4 Data analysis 205 

Using a targeted approach, a list of predicted metabolites potentially formed in humans by the 206 

target families of enzymes was generated by Meteor Nexus software (v1.5, Lhasa Limited). 207 

Nexus is an expert knowledge-based software which gives predictions for a variety of 208 

toxicological endpoints. Meteor is the metabolic counterpart of Derek Nexus and can be used in 209 

conjunction with Derek to assess potential metabolites of compounds and their potential toxicity. 210 

Meteor uses a similar expert knowledge base system similar to Derek (based SAR program 211 

which contains expert rules (derived from public and proprietary data), but derived from 212 

metabolic data. The Meteor Nexus was used to predict the metabolites formed in vitro (phase 1 213 

and phase 2) by several enzymes in HLM. As outcome of the prediction, the formula, structure, 214 

reaction involved, enzyme, log P, likelihood, parent and intermediate compounds could be 215 

generated. Then, the list of generated metabolites was imported (in the .csv format) in the Mass 216 

Hunter Qualitative analysis software (Agilent), in order to verify the presence of the molecular 217 

ion of a predicted metabolite of V6 or BDP. The precursor ions identified by MS mode were also 218 

fragmented in MS/MS mode using several collision induction dissociation (CID) energy values 219 

(10 to 40 eV) to confirm the structures on the basis of the major fragments. The presence of false 220 

positive peaks due to in-source fragmentation of other (related) compounds was investigated to 221 

prevent misidentification of compounds.   222 

The main criteria for identification of metabolites were as follows: (a) peak signal-to-noise 223 

ratio (S/N) > 10, (b) the measured precursor m/z value should be within ±10 ppm of its predicted 224 

value; (c) lack of the precursor ion at the same retention time in all the negative control samples; 225 

(d) the isotope pattern should be identical to the predicted abundances; and (e) if the precursor 226 

m/z was fragmented, its fragmentation pattern should be explainable.  227 
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 228 

3. Results and Discussion 229 

For the first time, in vitro phase-I and phase-II metabolism of V6 and BDP was investigated 230 

in humans. As CYPs, PONs, UGTs and SULTs were selected as the family of enzymes possibly 231 

involved in the V6 and BDP metabolism, positive controls for each of these families of enzymes 232 

were prepared as quality control (Table SI-1, Supporting Information). Lack of detection of any 233 

of these marker metabolites in the corresponding enzyme and substrate negative controls 234 

suggests that the preparations used were metabolically competent for the families of enzymes 235 

tested. 236 

 237 

3.1 In vitro metabolites of V6 in HLM and S9 fraction 238 

The structure, compound name, retention time, proposed chemical formula, predicted and 239 

measured m/z ratio and mass accuracy (measured in Δ ppm) of the V6 metabolites detected are 240 

presented in Table 2. Also, the expected and measured isotopic pattern of V6 and most of its in 241 

vitro metabolites are reported in Figure SI-1 (Supporting Information). 242 

With very few exceptions (presented and discussed below), all identified V6 metabolites were 243 

not detected in any of the negative control samples prepared, did not result from in-source 244 

fragmentation of V6 or other V6 metabolites with higher m/z value and showed a retention time 245 

value not higher than that of V6 itself. Also, the measured isotopic patterns of the V6 metabolites 246 

detected matched the corresponding expected ones and in the vast majority of the cases the 247 

amount of each metabolite formed increased with increasing incubation time, protein and 248 

substrate concentrations (see Supporting Information, Figures SI-2 to SI-4). These results 249 

consistently suggest that the compounds detected are true V6 metabolites matching the proposed 250 

chemical formula. 251 

A first pathway of V6 metabolism is the cleavage at one of the four outer and at one of the 252 

two inner oxygen atoms forming M1 and M2, respectively (Figure 1). As both M1 and M2 were 253 
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detected only in samples containing NADPH, our results suggest that they are formed only by 254 

CYPs. Also, looking at the structure of V6, it suggests that M1 and M2 were formed by O-255 

dealkylation due to oxidation of the carbon atom next to one of the outer or of the inner oxygen 256 

atoms of V6, respectively. The structure of M1 was further elucidated using its MS/MS spectra 257 

(Figure SI-5, Supporting Information). Also, a peak corresponding to a metabolite resulting from 258 

hydrolysis of the P-O bond in the V6 structure ([M+H]+ 378.9612 at 20.8 min) was also detected. 259 

However, the peak intensity was equal in samples with or without NADPH, suggesting that its 260 

formation is not catalyzed by CYPs. The same peak intensity was obtained in the enzyme (HLM) 261 

negative control sample, suggesting that no microsomal enzyme (including hydrolytic enzymes, 262 

like PONs and carboxylesterases) is needed for its formation. Last, the same peak was not 263 

detected neither in the V6 negative control sample, nor in the V6 stock solution, suggesting that 264 

V6 is needed for its formation and that the peak eluting at 20.8 min is not an eventual impurity of 265 

V6 stock solution. Collectively, these results suggest that the peak detected at 20.8 min ([M+H]+ 266 

378.9612) is only the result of chemical hydrolysis of V6 occurring in the phosphate buffer used 267 

and, therefore, it is not a true metabolite of V6, but it is instead a degradation product of V6.  268 

M1 is further metabolized to a secondary metabolite (i.e M9) while no further secondary 269 

metabolite of M2 was detected. One chlorine atom of M1 is replaced by a hydroxylated group 270 

forming M9 (Figure 1). This reaction is known as oxidative dehalogenation which is 271 

preferentially catalyzed by CYP2E1 (Klaasens and Doull, 2007).  272 

A second pathway of V6 metabolism is the direct addition of an oxygen atom (forming M3 273 

and M4). Unfortunately, due to low abundances of M3 and M4, reliable MS/MS spectra could 274 

not be acquired, and therefore our data does not allow us to clarify where the newly formed 275 

hydroxylated groups are placed along the V6 molecule. However, considering the structure of 276 

V6, the carbon atoms where an oxygen atom can be added without causing O-dealkylation are 277 

the carbon atoms next to the terminal six chlorine atoms of V6. Also, these metabolites are 278 

further metabolized by oxidative dehalogenation forming M7 and M8 (Figure 1). 279 
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A third pathway of V6 metabolism is oxidative dechlorination (forming M5 and M6). The 280 

structure of M6 was confirmed using the fragments reported in its MS/MS spectra (Supporting 281 

Information, Figure SI-5). Then, M5 and M6 are further metabolized in three different ways. 282 

First, they form the corresponding carboxylic acids, although the intermediate aldehydes that are 283 

typically formed were not detected. Second, either M5 or M6 forms a sulfate conjugated (Figure 284 

1). Third, either M5 or M6 undergoes oxidative dechlorination for a second time (forming M10), 285 

which in turn undergoes O-dealkylation (forming M11). Since these reactions are catalyzed by 286 

CYPs, our data suggest that the role of this family of enzymes in the oxidative metabolism of V6 287 

in vitro is predominant. 288 

 289 

3.2 In vitro metabolites of V6 produced by PONs 290 

Formation of V6 metabolites by PONs was monitored in HLM and human serum. In serum 291 

incubations, two signals corresponding to M1 (but with a retention time of 20.7 instead of 22.0 292 

min) and to a potential V6 metabolite ([M+H]+ 378.9612 (M12) and retention time of 20.8 min) 293 

were detected. Both of these potential V6 metabolites can result from chemical and/or enzymatic 294 

(PONs-catalyzed) hydrolysis. However, the intensity of both these peaks was the same in the 295 

metabolism sample (containing buffer, human serum and V6) and in the enzyme negative control 296 

(i.e. without human serum), suggesting that their formation does not require enzymes present in 297 

the human serum. Also, none of these two potential V6 metabolites were detected in the V6 298 

negative control sample, suggesting that V6 is needed for their formation. As none of these two 299 

potential V6 metabolites were detected in the V6 stock solution, they are not impurities of the V6 300 

stock solution used for our in vitro metabolism incubations. Therefore, collectively our results 301 

consistently suggest that the two signals detected correspond to products of V6, possibly 302 

produced by chemical hydrolysis. Therefore, these two peaks were not considered as V6 303 

metabolites. This conclusion is corroborated by the same findings obtained when using HLM 304 

incubations containing NADPH to assess the role of CYP enzymes in V6 metabolism.  305 
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 306 

3.3 Identification of the rCYPs involved in the metabolism of V6 307 

Formation of five phase I metabolites was catalyzed in humans by the rCYPs (Figure 2). Two of 308 

them (i.e., the M1 and M9) are exclusively catalyzed by the same enzyme, the rCYP1A2 in 309 

which M1 is formed at higher levels than the M9. However, there are other enzymes such as 310 

rCYP2C9, rCYP2C19 and rCYP3A4 that catalyze the formation of another V6 metabolite, the 311 

M4, suggesting that its metabolism is not dependent of only one rCYP, as it happens in particular 312 

for M1 and M9. Also, M8 is catalyzed by two families of enzymes, the rCYP2C19 and 313 

rCYPs3A4 and M4 by rCYPC29 and rCYPC219. The formation of M12 is observed when the 314 

experiments were conducted in the presence of all individual rCYPs. Yet, this metabolite was 315 

detected in the enzyme negative control, therefore its formation is not exclusively dependent on 316 

the enzyme presence, suggesting that chemical hydrolysis was predominant in the formation of 317 

this metabolite in this assay and that none of the rCYPs was able to catalyze its formation  (at 318 

least in detectable amounts). These results are again consistent with those obtained for HLM and 319 

HLM S9 fractions.  320 

The V6 metabolites formed in higher amounts are M7, M8, M3 and M4. For instance, in 321 

further studies would be interesting to evaluate the dependence of formation of M7 and M8, once 322 

these are secondary metabolites of M3 & M4. Here, the rate and amounts formed of these two 323 

secondary metabolites could be conditioned by the amount of precursor molecules (M3 and M4), 324 

competition between compounds for the CYPs, substrate/incubation time/HLM. The evaluation 325 

of the formation of M3/M4 (after isolation) followed by the formation of M7/M8, could bring 326 

some insights about the selectivity in the V6 in vitro metabolism pathway and reactions involved 327 

by the CYPs (here the hydroxylation seems to have a predominant role). 328 

 329 

3.4 In vitro metabolism of BDP  330 
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 Six phase I metabolites of BDP were identified in incubations containing HLM without 331 

NADPH (Figure 3, Table 4). A first metabolite (MM1) was formed by the loss of diphenyl 332 

phosphate resulting from the hydrolysis of the corresponding P-O bond. As MM1 was also 333 

detected in enzyme negative control samples (about 20% of the signal in the metabolism 334 

sample), our data suggest that MM1 is mainly formed by enzymatic hydrolysis (possibly 335 

catalyzed by PONs) and by chemical hydrolysis. Two metabolites with the same pseudo-336 

molecular ion (MM2 and MM3) were formed by the subsequent loss of a phenyl group of MM1. 337 

A tertiary metabolite (MM4) was subsequently formed by the loss of the phenyl group of MM2 338 

or MM3. Since MM2, MM3, and MM4 were not detected in the enzyme or substrate negative 339 

control samples, our data suggest that chemical hydrolysis does not seem to be involved in their 340 

formation. Due to the low abundance of the pseudo-molecular ions of MM1-MM4, their isotopic 341 

pattern could not be measured. MS/MS spectra could only be obtained for MM1. It showed a 342 

characteristic fragment at m/z 135.08044 and formula C9H11O, corresponding to an isopropyl-343 

phenol fragment.    344 

As PONs are likely involved in the formation of MM1-MM4 and are expressed also in serum, 345 

the presence of MM1-MM4 was also screened in serum incubations. MM1 was detected with a 346 

twice as high signal intensity in the metabolism sample than in the enzyme negative control 347 

sample and not in the substrate negative control, suggesting that MM1 derives from BDP and 348 

that serum PONs are involved in its formation. In contrast, MM2 and MM3 were found at the 349 

same abundance in the metabolism sample and in the enzyme (serum) negative control sample 350 

but not in the substrate negative control sample. This suggests that MM2 and MM3 derive from 351 

BDP and that PONs present in serum are not involved in their formation as are those present in 352 

HLM.  353 

Signals corresponding to a glucuronidated (MM1-Gluc) and a sulfated (MM1-Sulf) conjugate 354 

of MM1 were detected (Table 4) when HLMS9 fraction was incubated with BDP (MS/MS 355 

spectra in Supporting Information, Figure SI-6). The lack of detection of these compounds in 356 
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enzymes and co-factor (UDPGA and PAPS, respectively) negative controls suggests that these 357 

metabolites are true glucuronidated and sulfated conjugates of MM1 produced by UGTs and 358 

SULTs, respectively. 359 

Two additional metabolites of BDP were also detected. Bisphenol-A (BPA) (MM6) was 360 

detected in serum incubations, but not in enzyme or substrate negative control samples (Table 4), 361 

suggesting that BPA is a true metabolite of BDP. BPA can be formed by hydrolysis of both the 362 

inner ether bonds of BDP, possibly catalyzed by serum PONs. As the intensity of BPA signal 363 

was low (approximately 1x103), neither its isotopic pattern, nor its MS/MS spectra could be 364 

determined. Therefore, its identification is only tentative and remains to be confirmed.  365 

The role of CYPs in BDP in vitro metabolism was also investigated. The only metabolite 366 

detected was the diphenylphosphate (MM5), not detected in NADPH, enzyme or substrate 367 

negative control samples. Diphenyl phosphate can result from O-dealkylation of the two inner 368 

oxygen atoms of BDP, in a similar way as seen for RDP (Ballesteros-Gomez et al., 2015). As the 369 

intensity of its signal was low (approximately 1x103), neither its isotopic pattern, nor its MS/MS 370 

spectra were determined. Therefore, its identification remains to be confirmed. No other 371 

metabolite that can be formed by CYPs was detected. 372 

 373 

3.5 Identification of the rCYPs involved in BDP metabolism 374 

Incubating BDP with a panel of human rCYPs, only M1 could be detected (Figure 4). 375 

Although several human rCYPs were involved in its formation, our data suggest that rCYP3A4 376 

was the most active rCYPs, followed by rCYP1A2 and rCYP2B6. 377 

Previous studies have indicated that among several rCYPs, the CYP2B6 is effectively 378 

involved the in vitro metabolism of other FRs, such as BDE-99 (Erratico et al., 2012) or BDE-47 379 

(Feo et al., 2013) and in the formation of their hydroxylated BDE metabolites in HLMs. 380 

Although, the activity of the rCYP2B6 in the phase I metabolism BDP and also for V6) was 381 

confirmed, it was not the predominant rCYP family involved in the metabolism of these FRs. 382 
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 383 

3.6 Human in vitro metabolism of BDP in comparison with other aryl-PFRs  384 

Overall, our results suggest that PONs are a more active family of enzymes in the in vitro 385 

metabolism of BDP as compared to CYPs, which role seems to be almost negligible because of 386 

the very limited number of metabolites detected and their low relative amounts. This finding is in 387 

contrast with the largely predominant role of CYPs in the in vitro metabolism of TPHP (Van den 388 

Eede et al., 2013) and of resorcinol bis(diphenylphosphate) (RDP) in humans (Ballesteros-389 

Gomez et al., 2015). As TPHP, RDP and BDP are arylphosphate flame retardants (PFRs), the 390 

results of the present study and those previously reported (Van den Eede et al., 2013) suggest 391 

that differences in chemical structures of individual PFRs can result in important differences in 392 

their in vitro (and possibly in vivo) metabolism. 393 

The results reported in the present study underline the key importance of using the appropriate 394 

experimental design to be able to properly identify true in vitro metabolites of the substrate of 395 

interest and distinguish them from its chemical breakdown products, impurities eventually 396 

present in the standards used and from artifacts due to in-source fragmentation of the targets 397 

during analysis. The present study tentatively suggests new metabolites that can be suitable 398 

candidate biomarkers of human exposure of V6 and BDP in future biomonitoring studies.  399 
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Table 1. In vitro metabolism of V6 and BDP. 495 

 496 

Enzyme Fraction Cofactor Buffer Metabolites Reactions 
Positive 

controls 

CYPs HLM NADPH Phosphatea Phase I 
Oxidation 

Hydrolysis 
Tramadol 

PONs 
HLM, S9, 

serum 
- Tris-HClc Phase I Hydrolysis 

Chlorpyrifos-

oxon 

SULTs S9 
NADPHb  

+ PAPs 
Phosphatea Phase II Sulfation MDPVd 

UGTs HLM 
NADPHb  

+ UDPGA 
Phosphatea Phase II Glucuronidation MDPVd 

a100 mM phosphate buffer (pH 7.4);  bNADPH Regenerating system; c100 µM Tris-HCl in 2 mM CaCl2 (pH 497 

8.0); d methylenedioxypyrovalerone 
498 

  499 
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Table 2. Phase I and Phase II metabolites of V6 formed in in vitro in human liver 500 

preparations (HLM and S9 fractions) and in human serum. 501 

Structure 
Compound 

(tR, min) 
Chemical 
formula 

Molecular ion (m/z) 
Target 
[M+H]+ 

Measured 
[M+H]+ 

∆ 
(ppm) 

 

V6 (24.9) C13H24Cl6O8P2 582.9122 582.9091 -5.32 

Phase I metabolites 

 

M1 (22.0) C11H21Cl5O8P2 520.9204 520.9198 1.15 

 

M2 (15.5) C4H9Cl2O4P 222.9688 222.968 -3.59 

 

M3 (21.6)a 
 

C13H24Cl6O9P2 598.9071 598.9108 6.18 

M4 (22.8)a C13H24Cl6O9P2 598.9071 598.9067 -0.67 

 

M5 (21.7)a C13H25Cl5O9P2 564.9461 564.9497 6.37 

M6 (22.1)a C13H25Cl5O9P2 564.9461 564.9470 1.59 

 

M7 (21.6)a C13H25Cl5O10P2 578.9254 578.9301 8.12 

M8 (22.8)a C13H25Cl5O10P2 578.9254 578.9239 -2.59 
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M9 (20.6) C11H22Cl4O9P2 502.9538 502.9582 8.75 

 

M10 (18.7) C13H26Cl4O10P2 546.9800 546.9807 1.28 

 

M11 (15.8) C9H18Cl3O6P 358.9979 358.9998 5.29 

 

M12 (20.9)b C9H17Cl4O5P 378.9612 378.9593 -5.01 

      

Structure 
Compound 

(tR, min) 
Chemical 
formula 

Molecular ion (m/z) 

   Target 
[M-H]- 

Measured 
[M-H]- 

∆ 
(ppm) 

Phase II metabolites 

 

M5/M6-Sulf 
(23.1) 

C13H25Cl5O12P2S2 642.8880 642.8884 -0.78 

aOnly one possible isomeric form is shown; b Mainly formed by chemical hydrolysis in the in vitro experiments 502 

  503 
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Table 3. Phase I and phase II metabolites of BDP formed in in vitro in human liver 504 

preparations (HLM and S9 fractions) and in human serum. 505 

Structure 
Compound 

(tR, min) 
Chemical 
formula 

Molecular ion (m/z) 
Target 
[M+H]+ 

Measured 
[M+H]+ 

∆ 
(ppm) 

Phase I metabolites      

 

BDP (26.5) C39H34O8P2 693.1802 694.1852 2.30 

 

MM1 
(22.0) 

C27H25O5P 461.1512 461.1529 3.69 

 

MM2 
(9.06) 

C21H21O5P 385.1199 385.1161 -9.87 

MM3 
(9.12) 

C21H21O5P 385.1199 385.1208 2.34 

 

MM4 
(12.2) 

C15H17O5P 309.0886 309.0882 -1.29 

 

MM5 
(20.1) 

C12H11O4P 251.0460 251.0468 3.19 

 

MM6 
(18.3) 

C15 H16O2 229.1223 229.1228 2.18 

Phase II metabolites      

 

MM1-Gluc 
(20.0) 

C33H33O11P 635.1688 635.167 -2.83 

 

MM1-Sulf 
(23.1) 

C27H25O8PS 539.0935 539.0936 0.19 
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Figure 1. Scheme of V6 phase I and phase II metabolites formed in human liver fractions. 506 

 507 

  508 
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Figure 2. Formation of V6 phase I metabolites by seven rCYPs expressed in human liver. 509 
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Figure 3. Scheme of BDP phase I and phase II metabolites formed by CYP and PON 512 

enzymes. 513 

 514 

 515 

  516 
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Figure 4. Formation of BDP phase I metabolite MM1 by seven rCYPs expressed in human 517 

liver. 518 

 519 
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Highlights 

- V6 forms hydroxylated and hydrolytic phase I metabolites by CYPs and PONs  

- BDP forms hydrolytic and O-dealkylated phase I metabolites by PONs  

- Only few glucuronidated and sulfated phase II metabolites were produced 

- rCYP1A2 was responsible for the exclusive formation of two metabolites of V6 

- CYPs are important in the metabolism of V6 

- PONs have a predominant role in the in vitro metabolism of RDP 


