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Abstract

Fluorochloridone (FLC) is a herbicide used worldwide that is thought to be safe. However, due to 

its potential genotoxicity, cytotoxicity, and even systematic toxicity, there are increasing concerns 

about human exposure to this compound. Thus, the metabolism and bioactivation of FLC was 

investigated. After oral administration to mice, 27 metabolites were identified by ultrahigh 

performance liquid chromatography-electrospray ionization-quadrupole time-of-flight-mass 

spectrometry and with further structural identification by nuclear magnetic resonance 

spectroscopy. Hydroxylation and oxidative dechlorination were the major phase I pathways, while 

glutathione (GSH) and N-acetylcysteine conjugations were two major phase II pathways, 

indicating the formation of a reactive intermediate. In vitro microsomal and cytosolic studies 

revealed that a GSH conjugate (M13) was the predominant metabolite of FLC formed through a 

nucleophilic SN2 substitution of 3-Cl by GSH; this pathway is NADPH independent and 

accelerated by glutathione S-transferase (GST). Further, a kinetic study showed that M13 

formation in both human liver microsomes and cytosols obeyed typical Michaelis-Menten kinetics. 

The maximum clearance (Vmax/Km) of GSH conjugation in human liver microsomes was 

approximately 5.5-fold higher than human liver cytosol, thus implying that microsomal GST was 

mainly responsible for M13 formation. These findings are important for understanding the 

potential hazard of human exposure to FLC.
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INTRODUCTION

Agrochemicals, including pesticides and fertilizers, are used to increase the agricultural 

productivity and crop yields.1 However, their pervasive use in farming can result in a 

negative impact on the environment.2 The prevalent exposure of the populations to these 

substances has caused concerns over their potential health consequences.

Carotenoids play an important role in many physiological processes in plants. A lack of 

carotenoid synthesis may lead to typical bleaching symptoms, tissues blight, and death 

inplants.3 Phytoene desaturase (PDS) is a key enzyme for the photosynthetic apparatus of 

green plants and is involved in carotenoid biosynthesis. Therefore, PDS inhibitors are used 

as bleaching herbicides.4 Fluorochloridone (FLC), (3RS,4RS;3RS,4SR)-3-chloro-4-

chloromethyl-1-(α,α,α-tri-fluoro-m-tolyl)-2-pyrrolidone, belongs to the PDH bleaching 

herbicide family and is a selective herbicide that is widely applied, especially in Asia and 

North America, in the control of many broadleaf weeds and annual grasses in cereal, 

sunflower, and potato crops, among others. FLC is absorbed by roots and stems and causes 

bleaching of the leaves through interference with carotenoid biosynthesis.5–8

According to the European Food Safety Authority (EFSA), FLC does not cause genotoxicity 

or neurotoxicity nor is it a carcinogen.9,10 While there is consensus that the FLC is safe, its 

possible genetic and cytotoxic effects, as well as systematic toxicity, have been studied.11–14 

Recent work suggested that FLC and its two commercial formulations are able to induce 

single-strand DNA breaks in Chinese Hamster Ovary K1 (CHO-K1) cells.10 Furthermore, 

FLC could be considered a potential endocrine disruptor because it induces adverse effects 

in the reproductive functions and hormonal systems of male rats. The target organs of FLC 

as a potential endocrine disruptor in male rats are the testis and epididymis.9,10 Changes in 

body weights, hematology, serum chemistry, and organ weight ratios were observed in a 

long-term toxicity study in rats. Notably, testis and epididymis lesions were consistently 

observed by histopathological observations at the 45 and 90 days of dosing and the last 

recovery day.14 The potential risks of FLC to humans are largely unknown and need to be 

evaluated further.

The EFSA report also indicated that FLC undergoes extensive metabolism in rats and 

rabbits. The excretion rate of unchanged FLC was less than 1.5% of the applied dose.9 
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However, the complete metabolite profile of FLC remains unclear, and the nature of the 

enzymes responsible for its metabolism and elimination have not been investigated. In the 

present study, ultrahigh performance liquid chromatography-electrospray ionization-

quadrupole time-of-flight-mass spec-trometry (UHPLC-ESI-QTOFMS) combined with 

nuclear magnetic resonance (NMR) spectroscopy was used to determine the pathways of 

FLC metabolism, including the complete metabolic profile and the involvement of specific 

enzymes.

MATERIALS AND METHODS

Materials.

Fluorochloridone, NADPH, and glutathione (GSH) were purchased from Sigma-Aldrich (St. 

Louis, MO). Human liver microsomes (HLM) from a pool of 33 donors (Catalog. 452161) 

were purchased from BD Gentest Corp (Woburn, MA). Human liver cytosols (HLC) from a 

pool of 46 donors (Catalog. HMCYPL) were purchased from GIBCO (ThermoFisher 

Scientific, MA). The recombinant enzymes CYP1A1, CYP1A2, CYP1B1, CYP2B6, 

CYP2C8, CYP2C9, CYP2C19, CYP2D6, CYP2E1, CYP3A4, and CYP3A5, produced in 

baculovirus were purchased from BD Gentest. Pooled mouse liver microsomes (MLM) and 

cytosols (MLC) were prepared from male C57BL/6 mouse liver homogenates by differential 

ultracentrifugation.15

Animals.

Male C57BL/6 mice from Charles River Laboratories (Wilmington, MA) were housed in a 

temperature-and humidity-controlled vivarium under a 12 h light/dark cycle with ad libitum 

access to food and water. All animal husbandry protocols were in accordance with the NIH 

Guide for the Care and Use of Laboratory Animals. All mouse studies were performed in 

accordance with an animal study protocol approved by the National Cancer Institute Animal 

Care and Use Committee. Additional details on the mouse study are provided in the 

Supporting Information.

In Vitro Incubations.

The incubation system (200 μL) contained 100 mM phosphate buffer solution (pH = 7.4), 

1.0 mg·mL−1 microsomes or cytosols, 5 mM MgCl2, 5 mM GSH, and 20 or 100 μM FLC. 

The mixture was preincubated at 37°C for 3 min and initiated with 2 mM NADPH. The 

reaction was stopped by an aliquot of 200 μL of ice-cold acetonitrile after 60 min. After 

centrifugation at 14 000 × g for 10 min, a 5 μL aliquot of the supernatant was injected into a 

UHPLC-ESIQTOFMS. The in vitro incubation system for recombinant human CYPs was 

similar to that used for the liver microsomes, except that the microsomes were substituted 

with 50 nM recombinant cDNA-expressed CYPs. The reaction time was 60 min, and 

metabolites were analyzed using UHPLC-ESIQTOFMS.

Kinetic Analysis of GSH Transferase in Microsomes and Cytosols.

The incubations for the kinetic analyses of microsomes and cytosols were performed 

typically using nine concentrations (range, 10–2000 μM) of FLC at protein concentrations of 

0.2 mg/mL for 30 min. The results were obtained from three replicates in different 
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incubations, and all the data were expressed as means ± SD. The data were transformed, and 

Eadie-Hofstee curves were plotted to help identify kinetic models. The Michaelis-Menten 

equation was used to calculate the kinetic parameters by nonlinear least-squares regression 

analysis by use of Prism 6.0 GraphPad Software: V = Vmax × S/(Km + S), where V is the 

reaction velocity, Vmax is the maximum velocity, Km is the Michaelis constant (substrate 

concentration at 0.5 Vmax), and S is the substrate concentration.

UHPLC-ESI-QTOFMS and UHPLC-ESI-TQMS Analysis.

Profiling and identification of metabolites were performed on an Acquity UHPLC/Premier 

Q-TOF MS (Waters Corp.) with an electrospray ionization source. An Acquity UHPLC 

system coupled with a XEVO triple-quadrupole tandem mass spectrometer (Waters 

Corporation) was used for quantitation. Additional methodological details are provided in 

the Supporting Information.

RESULTS AND DISCUSSION

Metabolite Characterization in Mice.

The identities of the metabolites were elucidated based on their accurate mass, isotope 

pattern, chromatographic, and MS/MS fragmentation comparisons with the parent 

compound. The chromatographic and MS fragmentation behaviors of FLC were first 

investigated. FLC eluted at 6.6 min and exhibited triplet protonated molecular ions at m/z 
312.015/314.005/315.993 in the positive ion mode due to the presence of two chlorine atoms 

in the molecule (Figure 1A). In the MS/MS spectrum, FLC gave fragments at m/z 292.010, 

276.040, 256.036, 240.060, 212.070, 198.052, 172.037, and 145.027, with the fragmentation 

pattern shown in Figure 1B. Typically, the major fragment ions were produced by losses of 

hydrogen fluoride (20.006 Da) and hydrogen chloride (35.977 Da) at carbon 3.

The metabolic profiles of FLC in mice urine, bile, feces, and serum after a single oral 

administration of 50 mg/kg FLC are shown in Figure 2. The metabolic profiles of FLC in 

mice on a lower dose of 5 mg/kg are similar (Figure S1), although less metabolites were 

detected due to the limits of sensitivity. The chromatographic peak at 6.6 min was assigned 

to unchanged FLC (M0) because its retention time and mass spectral fragmentation pattern 

were identical to those of reference FLC. Table 1 and Table S1 summarize the possible FLC 

metabolites, including their retentions times, measured accurate [M + H]+, and proposed 

elemental compositions. These metabolites were designated as M1 to M15 according to their 

m/z-values. The characteristic mass spectral fragmentation ions and the proposed structures 

are listed in Table S2.

Urine.—In addition to the parent FLC, a total of 19 metabolites were detected in the urinary 

metabolic profiles (Figure 2A). M1 was proposed to be a reductive-dechlorinated metabolite 

based on the mass shift of 32.962 Da. M2 and M3 were assumed to be oxidative-

dechlorinated metabolites. Due to the electron withdrawing effect of the amide group, 3-OH 

more easily loses a water molecule to form a carbonium fragment ion at m/z 276.047. Thus, 

M2 was identified as 3-OH-dechlorofluorochloridone and M3 was 4-

hydroxylmethyldechlorofluorochloridone. M4 produced a characteristic neutral loss of 
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formic acid (46.006 Da) upon MS/MS fragmentation, indicating that M4 was a carboxylic 

metabolite of M3. M5–1 and M5–2 exhibited protonated molecules at m/z 328.012, which 

are 15.995 Da higher than that of FLC, in line with hydroxylated metabolites. The 

occurrence of a fragment ion at m/z 145.028 suggested an unchanged trifluorophenyl group. 

Other fragments ions at m/z 308.010, 292.035, 274.030, 256.060, and 228.054 were all ~16 

Da higher than the corresponding fragments ions of FLC, indicating that they are 5-hydroxyl 

metabolites. In addition, because of the electron donating effect of aminoacyl, no dehydrated 

ion was observed for these two aliphatic-hydroxyl metabolites. After hydroxylation, a new 

chiral center at carbon 5 was generated. M5–1 and M5–2 were a pair of diastereomeric 

conjugates; thus, two chromatographic peaks were observed.

All the other metabolites detected were phase II conjugates. According to the accurate 

masses and MS/MS fragmentation patterns shown in Table 1, Table S1, and Table S2, M7, 

M8, and M9 were identified as dechlorinated cysteine, N-acetylcysteine (NAC), or 

glycerylcysteine conjugates of FLC, respectively. A diagnostic fragment ion appeared at m/z 
308.012, whose formation is attributed to cleavage of the cysteinyl C-S bond, implying the 

presence of a thioether motif. Likewise, M7–1−M7–4 and M10–1−M10–4 were 

dechlorinated cysteine and NAC conjugates of M5–1 and M5–2, respectively. M11–1, M11–

2, and M11–3 were glucuronide conjugates of oxidative-dechlorinated FLC based on the 

observation of the base peak at m/z 294.051 formed by a 176.032 Da neutral loss of 

glucuronic acid in their MS/MS spectra. The occurrence of fragment ion at m/z 276.039 

indicated that M11–1 and M11–2 were originated from M2, and M11–3 was derived from 

M3. According to the urine MS chromatogram shown in Figure 2A, and the UV 

chromatogram (Figure S2A), the major components in urine were the carboxylic metabolite 

M4, dechlorinated cysteine conjugate M6, and dechlorinated NAC conjugate M8.

Bile.—A total of 11 metabolites were detected in the bile metabolic profiles (Figure 2B). 

The retention times and MS/MS mass spectra of these metabolites were compared with 

those detected in urine. The carboxylic metabolite M4 was the only phase I metabolite 

detected, and M6, M8, and M11–3 were also excreted into bile. M12 to M15 were newly 

identified metabolites. M12 exhibited a protonated ion at m/z 473.034, with an elemental 

composition of C17H17Cl2F3N2O4S, which was one chlorine more and one hydrogen less 

than that of M8, suggesting that the chlorine atom still existed in the structure of M12. 

Therefore, M12 was consistent with the attachment of the NAC moiety to the parent FLC. 

M13 and M14–1−M14–4 were dechlorinated GSH conjugates of FLC and hydroxylated 

FLC, respectively, and M15 was a GSH conjugate of FLC, based on mass shifts and 

elemental compositions. Thus, a series of specific GSH conjugate ions were produced via 

neutral losses of glycine (75.032 Da), pyroglutamic acid (129.043 Da), glutamine (146.069 

Da), and γ-glutamyl-dehydroalanyl-glycine (273.096 Da).16 These results further supported 

the structural assignments for the GSH conjugates. According to the bile MS chromatogram 

shown in Figure 2B and the UV chromatogram (Figure S2B), the dechlorinated GSH 

conjugate of FLC M13 was the predominant metabolite in bile. Other major metabolites 

include the carboxylic metabolite M4 and dechlorinated cysteine conjugate M6.
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Feces.—A total of 11 metabolites, along with parent FLC, were detected in the extracts of 

fecal homogenates. Based on the MS chromatogram shown in Figure 2C and UV 

chromatogram (Figure S2C), M6 and M8 were the major FLC-related components, followed 

by M5–1 and M5–2. Phase I metabolites M1 to M4 and other phase II conjugates M9, M10–

4, and M12 were also detected as minor components.

Serum.—A total of 6 metabolites were detected in serum, with M6 and M8 as the major 

circulating metabolites, followed by the unmetabolized FLC. Phase I M3 and M4 and phase 

II conjugates M11–3 and M13 were minor metabolites. It is widely accepted that circulating 

metabolites may contribute to toxicity of a compound.17,18 Thus, more attention should be 

paid to M6 and M8 in future studies of FLC because of their potentially high systematic 

exposure.

The proposed metabolic map of FLC in mice is depicted in Scheme 1. UHPLC-TQMS was 

applied to quantify FLC in mice (Table S3). The concentrations of FLC in serum at 4 and 24 

h post-dose were 0.941 ± 0.220 and 0.053 ± 0.025 μM, respectively, for the low dose group 

and 8.02 ± 2.81 and 0.285 ± 0.076 μM, respectively, for the high dose group. The 24-h 

excretion rates of FLC in urine (0.122−0.0134%) and feces (1.21−1.40%) were very low, 

and even undetectable in bile, implying that FLC was efficiently absorbed from the gut and 

extensively metabolized in mice. Dechlorination combined with GSH, NAC, or cysteine 

conjugation (M13, M8, and M6) was the primary route for FLC disposition. The detection of 

a series of glycerylcysteine, cysteine, and NAC conjugates indicates that these conjugates in 

mice were derived from tripeptide GSH conjugates via the classic mercapturate pathway 

mediated by multiple enzymes including γ-glutamylcysteine transpeptidase, dipeptidase, 

and N-acetyl transferase.19–21 The identification of many thioether conjugates of FLC 

demonstrated the high reactivities of FLC to the nucleophiles and the formation of 

potentially harmful reactive intermediate in vivo.

Besides the abundant thioether conjugates detected, the carboxylic metabolite M4 was also a 

major phase I metabolite and found at a relatively high level in urine and bile. Its formation 

required the oxidative dechlorination first to form an aldehyde intermediate, followed by 

further oxidation to the carboxylic acid. Oxidative dechlorination, also called hydrolytic 

dechlorination, is a common metabolic pathway for chlorinated compounds.22,23

In Vitro Biotransformation and Bioactivation of FLC by Liver Microsomes.

To more fully determine the enzymes that carry out FLC biotransformation, HLM 

metabolism of FLC was studied. Representative chromatograms of the microsomal 

incubations with or without HLM or NADPH are illustrated in Figure S3 and summarized in 

Table S4. Approximately 30% of the parent compound was consumed in HLM incubations 

supplemented with NADPH, and three oxidative metabolites were generated, including 4-

hydroxylmethyldechlorofluorochloridone (M3), carboxylic metabolite (M4), and 5-

hydroxylfluorochloridone (M5–1 and M5–2). The coincubation of FLC with GSH, NADPH, 

and HLM allowed for 40% more consumption of FLC and the detection of three GSH 

conjugates, dechlorinated GSH conjugates of FLC (M13) and hydroxylated FLC (M14–1 

and M14–4). In the absence of NADPH (Figure 2C), only M13 was detected with an 
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identical amount as found in the NADPH-supplemented system, suggesting that the 

formation of M13 was CYP independent. HLM and MLM incubations yielded similar 

metabolic profiles toward FLC, which demonstrates that mice may be a suitable animal 

model to predict FLC metabolism and toxicity in humans.

Characterization of the GSH Conjugate of Fluorochloridone.

As noted above, dechlorinated GSH conjugate of FLC (M13, FLC-SG) was the major 

metabolite identified in mice and after microsomal incubations with FLC. To determine the 

region of modification in the M13 molecule, an FLC-SG metabolite was separated and 

purified from a scaled-up MLM incubation. HR-MS and two-dimensional NMR data were 

used to fully characterize its structure. First, FLC-SG displayed a protonated molecular peak 

at m/z 583.124 ([M + H]+) corresponding to a molecular formula of C22H26ClF3N4O7S, 

indicating that the chlorine atom in fluorochloridone had been substituted by GSH. In the 

MS/MS spectrum, a series of fragment ions at m/z 508.088, 454.080, 437.052, 362.020, 

351.055, 334.025, and 308.010 formed by the cleavages within the GS moiety were 

observed (Figure 3A). While mass spectrometry provides a molecular formula for FLC-SG, 

its chemical structure and site of conjugation cannot be determined by MS data alone. To 

elucidate the structure of the conjugate, a standard suite of NMR experiments including 1H 

and 13C NMR spectra, and 2D 1H–1H COSY, HSQC, and HMBC experiments were 

recorded and analyzed. 1H and 13C chemical shift assignments were made by interpretation 

of the 1H and 13C NMR spectra combined with the HSQC data and are summarized in Table 

S5 and Figure S4A-D. The structure of the conjugate was determined by interpretation of the 

COSY and HMBC data as follows. The 1H–1H COSY spectrum (Figure S4E) showed four 

coupled units or spin systems (Figure S4F) that could in turn be connected to one another by 

the 2- and 3-bond 1H–13C correlations observed in the HMBC spectrum (Figure 3B). The 

correlations from H-3 to C-12″ of GSH and from H-12″ to C-3 of FLC confirmed that the 

chlorine atom on the pyrrolidine ring of FLC was substituted by the sulfur atom of the thiol 

group in GSH yielding the structure shown in Figure 3B.

It appears that GSH conjugation takes place via nucleophilic substitution of the chlorine 

atom by GSH to form M13. Because M15, which still has 3-Cl in its structure, was also 

detected in vivo, M13 formation is considered to be an SN2 reaction with the chlorine atom 

serving as an intramolecular leaving group. Usually, the intermediate is very unstable and 

hard to capture. However, for FLC, the electron-withdrawing group of the amide can 

stabilize the intermediate M15 and make it detectable. This type of nucleophilic SN2 

substitution by GSH is also observed for other chlorinated compounds, such as alachlor, 

metalachlor, and propachlor.24

Identification of CYPs Involved in FLC Oxidative Metabolism.

Identification of the enzymes involved in FLC metabolism is helpful for deciphering the 

biotransformation pathways that facilitate a more complete understanding of an 

interindividual response to xenobiotics. The catalytic activities of a panel of human 

recombinant CYP isozymes in oxidizing FLC were then examined, revealing that oxidative 

biotransformation of FLC was carried out by CYP1A1, 1A2, 2C8, 2C9, 2E1, and 3A4 

through oxidative dechlorination at 6-Cl to form M3 (Figure 4A). Likewise, the 
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hydroxylation (M5–1 and M5–2) was catalyzed by CYP1A1, 1A2, and 3A4. The highest 

rates of M3, M5–1, and M5–2 production were observed in the incubations with CYP3A4, 

1A1, and 3A4, respectively. Based on their average hepatic expression, CYP3A4 was 

assumed to be the principle CYP mediating FLC oxidative metabolism. Notably, CYP3A4 is 

a major enzyme involved in the xenobiotic metabolism, and its activity can be influenced by 

pregnane X receptor (PXR) inducers of CYP3A4, rifampicin and dexamethasone,25 and the 

inhibitors of CYP3A4, ketoconazole and grapefruit juice.26,27 Additionally, aryl 

hydrocarbon receptor (AhR) agonists, such as omeprazole, can markedly increase the 

expression of CYP1A1 and CYP1A2.28 Exposure to cigarette smoke also induces CYP1A1 

in human liver and lung tissues.29,30 Therefore, all of these will affect the metabolic fate of 

FLC in vivo. Individual differences in these enzyme activities also could result in different 

metabolic rates of FLC and thus the different responses to FLC toxicities.

The carboxylic metabolite M4 was not formed by recombinant CYPs. However, the 

generation of M3 and M4 is supposed to be associated with the same oxidative 

dechlorination pathway through an aldehyde intermediate, which could be reduced to 

produce the alcohol metabolite M3 or could alternatively be oxidized to the carboxylic 

metabolite M4. The commercial recombinant CYPs all contain CYP oxidoreductase to 

support their activities, and thus M3 was detected in the current study. Aldehyde 

dehydrogenase, alcohol dehydrogenase, and aldehyde oxidase were reported to be involved 

in the oxidation of aldehyde intermediate to carboxylic acid.31 The exact enzyme that 

catalyzes M4 formation needs further investigation.

Role of Glutathione Transferase in the Formation of the GSH Conjugate of 
Fluorochloridone.

To probe the role of glutathione S-transferase (GST) in M13 formation, the GSH 

conjugation of FLC was investigated in buffer, MLM, MLC, HLM, and HLC (Figure 4B). In 

buffer, a trace amount of M13 was detected; in the presence of microsomes or cytosols, the 

yield of M13 was significantly increased (P < 0.01). The formation of M13 in microsomes 

was more than 2-fold higher than that in cytosols. These findings indicated that the SN2 

substitution of 3-Cl by GSH proceeded in a nonenzymatic manner but could be accelerated 

by both microsomal and cytosolic GST, whereas microsomal GST had the higher specific 

activity. The chlorine atom in FLC probably has an interaction with the GST, assisting in 

orientating the substrate relative to GSH.

Kinetic analysis of GSH conjugation in MLM, MLC, HLM, and HLC was conducted using 

a wide range of FLC concentrations (20–2000 μM). A Michaelis-Menten kinetic model was 

best fitted to M13 formation by microsomes and cytosols, as evidenced by the Eadie-Hofstee 

plot (Figure 5 and Figure S5). All the apparent enzyme kinetic parameters are summarized 

in Table 2. In HLM and HLC, although HLM showed lower affinity with a higher Km value 

than HLC (374 vs 148 μM), the maximum conjugation rate (Vmax) in HLM is much faster 

(5.63 vs 0.404 pmol·min−1·mg protein−1). Therefore, the maximum clearance (Vmax/Km) of 

GSH conjugation in HLM was approximately 5.5-fold higher than HLC (15.1 vs 2.73 mL 

·min−1·mg protein−1). In MLM and MLC, MLM showed a higher affinity (367 vs 2014 μM) 

and faster maximum conjugation rate (9.5 vs 4.65 pmol·min−1·mg protein−1), and thus the 

Shi et al. Page 8

Environ Sci Technol. Author manuscript; available in PMC 2018 October 03.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



maximum clearance in MLM was approximately 11.2-fold higher than MLC (25.9 vs 2.31 

mL· min−1·mg protein−1). All these data supported the conclusion that microsomal GST, 

rather than cytosolic GST, was responsible for FLC-SG formation.

Implications in FLC Toxicity.

To evaluate the toxicity of FLC, mice were fed on the diet containing 0.5% FLC or control 

diet for 10 days. Alanine transaminase (ALT), a biochemical marker of hepatoxicity, was 

elevated significantly (Figure S6A). The aqueous peroxide and triglycerides were both 

slightly increased, indicative of mild oxidative injury and steatosis induced by FLC (Figure 

S6B,C).

FLC can be conjugated with GSH by GST. GSH is an important antioxidant in fungi, plants, 

animals, and humans, that prevents damage to important cellular components that are caused 

by reactive oxygen species such as free radicals and peroxides.32 Abundant FLC-SG 

formation may lead to the GSH depletion and correspondingly result in increased oxidative 

stress in vivo. Indeed, the liver aqueous peroxide, an indicator of oxidative stress, was 

induced by prolonged FLC treatment (Figure S6B). In addition, the GSTs are generally 

accepted to be important in detoxifying xenobiotics in mammals, plants, insects, bacteria, 

and fungi33 and were implicated in the detoxification of various environmental contaminants 

such as herbicides and other persistent organic pollutants.24,34 The current study proved that 

FLC is highly reactive as it can form the GSH conjugate only in buffer without GST 

catalysis. Moreover, the GST superfamily is composed of multiple isozymes with significant 

evidence of functional polymorphic variation in humans.35 Hence, FLC is likely to alkylate 

macromolecules in vivo (e.g., protein, nucleic acids, etc.) through covalent binding in 

addition to the conjugation with GSH and thus could pose a risk to human health.

Furthermore, the carboxylic metabolite M4 was another major metabolite, formed via 

bioactivation to an aldehyde intermediate. The aldehyde formed endogenously by 

intermediary metabolism is known to be hepatotoxic.31,36,37 Alcohol consumption is a major 

cause of fatty liver due to the production of toxic metabolites including aldehydes during 

alcohol metabolism in liver.38–40 This most commonly occurs with chronic consumption. 

The current study showed that FLC induces mild liver steatosis due in part to slightly 

increasing hepatic triglycerides in mice fed a diet containing 0.5% FLC for 10 days (Figure 

S6C). Further studies will be needed to fully understand the correlation between the 

occurrence of fatty liver by prolonged FLC exposure and its oxidative dechlorination 

metabolism pathway. Understanding the metabolism and bioactivation mechanisms of FLC 

as well as their potential links to its toxicity require additional investigation.

In conclusion, FLC was easily absorbed and extensively metabolized in mice. The 

metabolites identified were mainly derived from the hydroxylation, oxidative dechlorination, 

and GSH and NAC conjugations. In vitro studies proved that a GSH conjugate was the 

predominant metabolite of FLC and was formed via a nucleophilic SN2 substitution 

mechanism. This bioactivation pathway was independent of NADPH and could be 

accelerated by GST. The potential safety issues regarding FLC need further evaluation. 

Understanding the correlation between bioactivation and toxicity will provide an important 
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theoretical basis for determining the toxicology of fluorochloridone FLC and related 

herbicides.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Q-TOF mass spectra of fluorochloridone in the ESI+ mode. (A) MS spectrum. (B) MS/MS 

spectrum and fragmentation pattern.
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Figure 2. 
Metabolic profiles of fluorochloridone in urine (A), bile (B), and feces (C) collected at 0 to 

24 h postdose and serum samples (D) collected at 4 h postdose. Mice received a single oral 

administration of 50 mg·kg−1 fluorochloridone.
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Figure 3. 
MS/MS spectrum (A) and HMBC spectrum (B) of isolated fluorochloridone GSH conjugate.
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Figure 4. 
Formation of M3, M5–1, and M5–2 in incubations of fluorochloridone with recombinant 

human CYPs (A) and formation of M13 in buffer, HLM, HLC, MLM, and MLC (B). Data 

are presented as means ± SD. One-way ANOVA with Tukey’s correction: **P < 0.01.
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Figure 5. 
Enzyme kinetics of GSH conjugation by HLM (A) and HLC (B) fitted by Michaelis-Menten 

kinetic model. Eadie-Hofstee plots are shown as insets. Data were obtained from three 

replicates.

Shi et al. Page 17

Environ Sci Technol. Author manuscript; available in PMC 2018 October 03.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Scheme 1. 
Proposed Metabolic Pathways of Fluorochloridone in Mice
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