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Methoxychlor is considered as pro-estrogen, while some of its metabolites are more potent
endocrine disruptors than the parent insecticide. Major activation of methoxychlor is through
cytochrome P450-catalyzed demethylation to bisphenol A-like metabolites. Cunninghamella elegans
is a well-known fungal species with its strong resemblance of the xenobiotic metabolism of the
mammalian system. In this study, the metabolism of methoxychlor was investigated with the
corresponding organism. Methoxychlor was rapidly transformed to approximately 11 metabolites
in phase | metabolism, including oxidation, hydroxylation, and dechlorination. Concentrations of
phase | metabolites reached a maximum at 4—6 days and gradually decreased until the end of the
experiments. Most metabolites from the phase | reaction were further transformed to sugar
conjugates. Approximately 11 or more glucose conjugates were found in culture supernatants
and gradually increased, while no glucuronides were observed throughout the experiments.
Piperonyl butoxide and chlorpyrifos strongly inhibit the degradation of methoxychlor and concomitant
accumulation of metabolites, indicating cytochrome P450 mediated metabolism. Little or no glyco-
sides were detected in chlorpyrifos- and piperonyl butoxide-treated cultures. From the results,
Cunninghamella elegans has shown strong similarities of the phase | metabolism of methoxychlor,
while the conjugation reaction is different from those of animal metabolism.
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INTRODUCTION

The recent development of novel pesticides ensures the safety
of agricultural production. However, many classical insecticides,
including organophosphorus and organochlorines, are still in use
in many countries. Many organochlorine insecticides (OCs) are
considered as the most notorious environmental contaminants.
In addition to their recalcitrant properties, several toxicological
effects are reported for OCs. For example, some OCs, including
hexachlorocyclohexanes (HCHs), DDT and related analogues,
and cyclodienes, are regarded as endocrine disruptors (6, 15, 22).
Among several OCs, methoxychlor has interesting environmental
and toxicological properties. Its mode of action is through the
inhibition of neuronal signal transduction and has relatively low
mammalian toxicity. It is less persistent than DDT or other OCs.
Despite these promising properties, there are strong public and
scientific concerns, and the use is banned in several countries
(e.g., (10)). Major toxicological effects of methoxychlor, other
than acute toxicity, are primarily related to a strong estrogenic
activity of demethylated metabolites (3—6, 9). Some of these
estrogenic metabolites, including 1,1,1-trichloro-2-(4-hydroxy-
phenyl)-2-(4-methoxyphenyl)ethane and 1,1,1-trichloro-2,2-bis-
(4-hydroxyphenyl)ethane (HPTE), are commonly found from
mammals, birds, and fishes (e.g., (7, 8, 19, 20, 23)). In general,
these metabolites are further transformed to other metabolites,
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including glucuronides or sulfates (19, 20). Both biotic and abiotic
factors are involved in environmental dissipation of methoxy-
chlor (e.g., photolysis, bacteria, and white rot fungi). Dechlorina-
tion was the most dominant metabolic pathway in micro-
organisms (2, 11,12,17,26,27).

Among the relevant soil microflora, numerous fungal species
are reported as promising tools to remediate contaminated soils
or other environments. For example, Phanerochaete chrysospor-
ium can metabolize many structurally unrelated xenobiotics (/7).
Cunninghamella spp. are another important model organism in
xenobiotic metabolism studies because of their metabolic resem-
blance with those of animals (/).

In this study, we investigated the metabolism of methoxychlor
by Cunninghamella elegans. From the metabolite profile analysis,
several metabolic pathways were confirmed to be common both
in animals and fungi, while some metabolic features were far
different from those of animals.

MATERIALS AND METHODS

Chemicals. The following reagents were obtained from Aldrich Korea
(Seoul, Korea): methoxychlor, chlorpyrifos, piperonyl butoxide, bis-
(trifluoromethylsilyl)acetamide-trimethylsilyl chloride (BSTFA-TMCS,
sylonBFT), -glucosidase from Aspergillus niger, and n-butylboronic acid.
Potato dextrose broth (PDB) and potato dextrose agar (PDA) were from
BD Korea (Seoul, Korea). Solvents, including methanol and ethyl acetate,
were HPLC or higher grade. Anhydrous sodium sulfate was from Junsei
(Japan). Other reagents were of the highest grade available.
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Figure 1. GC-MS total ion chromatograms of TMS-derivatized ethyl acetate extracts of culture supernatant of Cunninghamella elegans, treated with
methoxychlor after 2 days (A) and 4 days (B) of incubation. Y-axis signal enhanced chromatograms of phase | (C) and phase Il metabolite elution regions
(D) of cultures after 4 days of incubation. Asterisks are for possible glycosides, but there is incomplete information for identification.

Culture of Fungus. Cunninghamella elegans ATCC 36112 was ob-
tained from American type Culture Collection (Manassas, VA). It was
typically maintained on PDA at 27 °C, while liquid cultures were on PDB
at the same temperature, 180 rpm. For the degradation experiment, seed
culture was prepared on PDB for 2 days. After removal of culture media,
mycelia (approximately 2 g) was resuspended in fresh PDB (500 mL),
supplemented with methoxychlor (2 mg in 0.5 mL of methanol), and
cultured at 27 °C and 180 rpm for a predefined period. To study the effects
of cytochrome P450 inhibitors, a stock solution of inhibitors (200 uL,
10 mg/L of methanol) was added and preincubated for 6 h, followed by
addition of methoxychlor (2 mg/0.5 mL of methanol). Sterilized control
was prepared through the same procedures but sterilized at 120 °C for
30 min. All experiments were performed in triplicate. For large-scale
preparation of metabolites, three cultures (500 mL x 3, total 1.5 L) were
combined and extracted after 10 days of incubation.

Extraction and Derivatization of Metabolites. Aliquots of cul-
ture with mycelium (80 mL) were diluted with saturated NaCl solution
(50 mL), and pH was adjusted approximately 2—3 with 6 N hydrochloric
acid. The mixture was extracted with ethyl acetate (150 mL x 2) and dried
over anhydrous sodium sulfate. After removal of solvent under reduced
pressure, the residue was resuspended in dry pyridine (I mL) and
derivatized with BSTFA-TMCS (200 «L) at 85 °C for 1 h. To determine
the presence of catecholic metabolites, an aliquot of the organic extracts
from batch culture was concentrated to dryness and redissolved in acetone
(20 mL). After addition of n-butylboronic acid (I mg), the mixture was
gently refluxed for 3 h. Acetone was removed under reduced pressure, and
the residue was dissolved in ethyl acetate (2 mL).

Hydrolysis of Conjugates. To determine the chemical structures of
conjugates, aliquots of crude organic extracts from batch cultures were
concentrated to dryness and redissolved in a mixture of ethyl acetate and
methanol (2 mL, 1/1, v/v). Half of the solution was derivatized with
BSTFA-TMCS, while another half was suspended in sodium acetate

buffer (30 mL, 5 mM, pH 5.2). After addition of 5-glucosidase (1 mg) from
Aspergillus niger, the mixture was incubated at 37 °C, 100 rpm, for 6 h. The
solution was then extracted with ethyl acetate (100 mL x 2). After re-
moving organic solvent, residue was derivatized with BSFTA-TMCS.

Instrumental Analysis. Methoxychlor and metabolites were analyzed
with GC-MS (Shimadzu GCMS QP-2000 and GC-2010), equipped
with a DB-5MS column (60 m, 0.25 ym film thickness, 0.25 mm i.d.;
Agilent Technologies, USA). Helium was a carrier gas at a flow rate of
0.85 mL/min. The column temperature were programmed as follows:
230 °C (10 min) then raised to 295 °C at a rate of 2 °C/min and held for
65 min. Temperatures of the injection port and interface were set at
285 and 280 °C, respectively. The mass spectrometer was operated at
electronimpact (EI) mode at 70 eV. For the analysis of n-butylboronic acid
derivatives of metabolites, the same conditions were used except column
temperature: 130 °C (10 min) and raised to 290 °C at a rate of 5 °C/min and
held for 40 min.

RESULTS

Metabolism of Methoxychlor. Approximately 100 different
peaks were observed in TMS-derivatized culture extracts
(Figure 1). Peaks with characteristic chlorine isotopic mass
fragments were evaluated to determine the structures and com-
pared with those from the literature.

Methoxychlor was extensively metabolized by Cunninghamella
elegans, and approximately 21 or more metabolites were observed
from the organic extracts (Figures 1 and 2, Table 1). These
metabolites can be grouped into two different classes based on
their retention times. Methoxychlor and 11 metabolites were
eluted at 19—30 min (class I), while an additional 11 metabolites
were observed at 59—80 min (class II). Several pairs of class I
metabolites have shown common mass spectral patterns. For
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example, metabolites 1, 4, and 7 have m/z 285 ion as base peaks,
while m1/z 343 ion was the most abundant ion in metabolites 6 and
9 (Table 1). Additional pairs of metabolites with ions of m/z 227
or 373 as base peaks were also observed throughout the experi-
ments (metabolites 2/5 and 8/10, respectively). Peak 5 (retention
time, Rt, 22.8 min) was identified as residual methoxychlor
(5, Figure 1). From the close inspection of mass spectra, 3 and
11 have also shown a characteristic chlorine-isotope pattern and
are considered to be methoxychlor metabolites.

To determine the catechol metabolites, culture extracts
were derivatized with n-butylboronic acid. One metabolite
(I, Rt, 49.8 min) has shown characteristic mass spectra of
catechols (Figure 3). An additional metabolite (II) was also
suspected as a catechol metabolite. However, it was not possible
to identify the structure because of strong interference.

In comparison with class I metabolites, the mass spectra of
class II metabolites share a common fragmentation pattern
(Table 1). In all peaks (12—22), the m/z 361 fragment was the
most abundant ion, and several additional ions (m2/z 103, 129,
147, 169, 217, 243, and 271) were found from all metabolites.
Fragments, giving a characteristic chlorine isotope pattern, were
minor in all class IT metabolites (Table 1). Approximately three
more peaks were observed in crude extracts (Rt’s, 79—83 min,
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Figure 2. Degradation of methoxychlor by Cunninghamella elegans in no-
inhibitor control and sterilized mycelia (A) and piperonyl butoxide and
chlorpyrifos (B). PB, piperonyl butoxide. Results were from three replicates.
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Figure 1). These peaks showed the above-mentioned common
mass spectral patterns of class II metabolites. However, it was
difficult to confirm the identities of these metabolites because of
low signal intensities and interference. Crude culture extracts
were incubated with S-glucosidase from Aspergillus niger. GC-
MS analysis of the extracts before and after enzymatic treatment
has shown a clear difference. Both class I and II metabolites were
observed in the initial reaction mixture, but no traces of class 11
metabolites were detected after 6 h of incubation (Figure 4).

Degradation of Methoxychlor. Approximately 80% of methoxy-
chlor was transformed into other metabolites within 8 days,
where the time-dependent removal of methoxychlor was followed
by typical exponential decay (Figure 2A). Accumulation of
metabolites was accompanied by concomitant decrease of meth-
oxychlor (Figure 5). However, the kinetic patterns of class I and 1T
metabolites were quite different. The levels of class I metabolites
reached maximum at 4—6 days and gradually decreased, while the
concentrations of class I metabolites continuously increased
until the end of experiments (Figure 5). For example, metabolites
7 and 9, the most abundant class I metabolites, reached a
maximum at 4 days and decreased slowly. Their relative propor-
tions to other class I metabolites also decreased from 75 to 38%
(Figure 6).

Effects of Cytochrome P450 Inhibitors. Two cytochome P450
inhibitors, relevant in agricultural practices, were investigated.
Approximately 50—60% of methoxychlor still persisted in the
culture, treated with piperonyl butoxide and chlorpyrifos even
after two weeks, while only a trace amount was found in the
control (Figure 2). The most noticeable difference between the
control and inhibitor-treated sample was the formation of class I1
metabolites. No or only a trace amount of class II metabolites
were found in inhibitor-treated samples, while the proportion of
corresponding metabolites was much higher in control cultures at
14 days (Figures 5 and 7).

DISCUSSION

In a recent review, Asha et al. pointed out that there are strong
similarities in xenobiotics metabolism between Cunninghamella

Table 1. Retention Times and Fragmentation Patterns of Methoxychlor and Metabolites in GC-MS

ID retention time (Rt)® other organism® mass fragmentation pattern
1 19.692 AFM 402(M™,3), 387(11), 343(18), 328(15), 285(100), 245(20)
2 20.217 A B,M,W 310(M™,4), 239(14), 227(100), 113(8)
3 20.425 A M 366(M*, 100), 351(21), 327(15), 316(43)
4 21.867 A M 368(M*,3), 353(1), 298(3), 285(100), 270(2)
5 22.775 - 344(M*,3), 306(2), 309(1), 274(4), 227(100)/Methoxychlor (parent)
6 23.292 AM 426(M™,4), 411(2), 376(1), 343(100), 270(7)
7 24.242 A F,HM 402(M™,2), 389(1), 332(2), 296(1), 285(100)
8 24.792 NR 456(M*,7), 441(1), 373(100), 355(2), 315(15)
9 25.375 A F,H M 460(M™,3), 445(2), 410(1), 390(4), 343(100), 313(1), 270(5)
10 26.867 AH 492(M™,6), 475(1), 456(1), 420(3), 373(100), 332(2), 285(8)
11 27.825 H, M 548(M™, 5), 478(4), 431(100), 389(4), 343(7), 327(22), 275(8)
12° 57.825 N 450(20), 398(50), 361(100), 315(46). 271(23), 243(48)
13 59.083 A M 450(24), 429(2), 361(100), 332(75), 271(24), 243(25), 217(48)
14 59.500 AM 450(25), 429(4), 361(100), 332(75), 271(28), 243(32), 217(50)
15 61.817 AM 450(12), 390(75), 361(100), 217(48)
16 62.892 A 450(20), 366(60), 361(100), 332(23), 271(24), 243(26), 217(48)
17 63.567 A 456(25), 450(23), 361(100), 332(15), 271(25), 243(20), 217(40)
18 67.433 AM 641(2), 551(1), 450(10), 368(17), 361(100), 331(9), 285(30), 271(20)
19 69.333 A M 495(2), 450(10), 426(13), 361(100), 343(32), 271(27), 243(20)
20 70.600 NR 450(24), 361(100), 298(100), 271(20), 243(28), 217(47)
21 74.708 AFM 450(18), 404(13), 368(2), 361(100), 331(10), 285(48), 271(22)
22 76.050 AFM 462(10), 450(12), 426(3), 361(100), 343(48), 319(7), 271(25), 243(29)

2Retention times of TMS derivatives.  Metabolites, found from metabolic studies with A, bird; B, bacteria; F, fish; H, human cytochrome P450; M, mammals; W, fungi; NR, not
reported (reference: Davison 1982/1984, Grifoll, Hu, Kupfer, Lee, Ohyama 2004/2005, Stuchal, Yim). °Metabolites (12—22) from Cunninghamella elegans were glycosides, while

the conjugates from other organisms are glucuronides.
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Figure 3. GC-MS total ion chromatogram of n-butylboronic acid derivatized organic extracts of cultures after 10 days of incubation (A) and mass spectrum of

catecholic metabolite | (B).
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Figure 4. GC-MS chromatograms of organic extracts of cultures (14 days)

before (A) and after treatment of 5-glucosidase (B).

Figure 6. Time-dependent changes of the GC-MS peak area of metabo-
lites 7 and 9 (line plot) and percent of both metabolites over total peak area
of class | metabolites (bar plot).
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spp. and animals (/). Although details of specific xenobiotics
metabolism may be different between these biosystems, general
metabolic outlines can be deduced from such a model organism,
through which we can speculate toxicological studies of selected
chemicals. Methoxychlor, as mentioned above, is a pro-estrogen,
which can be transformed to several metabolites with endocrine-
disrupting activity. In this study, a detailed metabolic profile was
investigated and compared with those of animals.

Figure 7. GC-MS total ion chromatograms of organic extracts of cultures
without inhibitor (A) and with piperonyl butoxide (B) after 4 days.

Overall, 21 or more metabolites were observed during experi-
ments. Metabolites, noted as class I (1—4, 6—11) could be
subgrouped by m/z of base peaks of mass spectra (m/z, 227,
285, 343, 366, 373, and 431). The fragment ion (m/z 227)
corresponds to the bis(4-methoxyphenyl)methylene group. The
presence of this ion indicates that metabolite 2 has the above-
mentioned structures with m/z 310 as the molecular ion. These
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characteristics were well-coincided with literature values of
monodechlorinated methoxychlor (7, 8). Mass spectra of three
metabolites (1, 4, and 7) have shown m/z 285 as the base peak,
which corresponds to the 4-hydroxyphenyl 4’-methoxyphenyl-
methylene group. Metabolite 7 with m1/z 402 as the molecular ion
was confirmed as monodemethylmethoxychlor, which is known
as the estrogenic metabolite of methoxychlor. Isotopic mass
distribution around the molecular ion of metabolite 4 (m/z 368/
370/372) indicates this metabolite as monodechlorinated deriva-
tives of 7. The mass spectrum of 1 was very similar with 7 but
was not able to confirm the structure. It may be an isomer of 7.
The fragment ion of m/z 343 was the base peak of 6 and 9,
indicating the presence of the bis(4-hydroxyphenyl)methylene
group. They have shown mass spectra very similar with 1,1-di-
chloro-2,2-bis(4-hydroxyphenyl)ethane (6) and 1,1,1-trichloro-
2.,2-bis(4-hydroxyphenyl)ethane (9) (7). Metabolite 3 has shown
a mass spectrum very similar with that of I,1-dichloro-2-
(4-hydroxyphenyl)-2-(4-methoxyphenyl)ethylene (7,8). The frag-
ment ion of m/z 373 was the base peak of mass spectra of
metabolite 8 and 10. These two metabolites were tentatively
identified as hydroxylated metabolites of monodemethoxy meth-
oxychlor derivatives (4 and 7, respectively). The mass spectrum of
metabolite

11 has shown m/z 431 and 548 as the base peak and molecular ion,
respectively. These results indicate that 11 may have a trihy-
droxylated metabolite of methoxychlor. According to the pre-
vious studies, several catechol metabolites of methoxychlor were
produced from animals (8, /3, 16). Three metabolites (8, 10,
and 11) were considered to be catechol-type compounds. To
determine whether the hydroxyl groups in polyhydroxylated
metabolites are located in ortho-(catechol)- or nonadjacent posi-
tion, the crude extracts were derivatized with n-butylboronic acid.
Because this acid can form a stable five-membered cyclic diester
only with catechols or syn-dihydrodiols, it is commonly used in
the study of bacterial degradation of polycyclic aromatic hydro-
carbons, where these diols are produced from Rieske-type dioxy-
genase (21). Among the several peaks, metabolite 8 gave
characteristic mass spectral fragments of n-butylboronate of
catechols, including the molecular ion (m/z 412), removal of the
CCl; group (m/z 295), and sequential removal of the alkyl group
(m/z 252,238, and 227). These results indicate that metabolite 8 is
1,1,1-trichloro-2-(3,4-dihydroxyphenyl)-2-(4-methoxyphenyl)ethane.
According to the above structural information, it can be stated that
all class I metabolites were produced from phase I reaction of
xenobiotics.

The mass spectra of metabolites 12—22 (class II) showed
frequent ions. The mass/charge (m/z) and intensities of these
common fragments (e.g., m/z 103, 129, 147, 169, 217, 243, 271,
361, and 450) are of per-TMS derivatized hexose moieties of
various conjugates. The identity of the carbohydrate group was
confirmed by treating the crude extracts with S-glucosidase
(Figure 4). After enzymatic hydrolysis, peaks of all class II
metabolites disappeared with concomitant increase of several
peaks, assigned as class I metabolites. Metabolites 12—22 were
confirmed as glucose conjugates of class I metabolites (1—4 and
6—11). It is noteworthy that the mass spectra of these conjugates
were very similar with those of glucuronides of methoxychlor
metabolites from various animals (7, 8). The mass spectra of most
glucuronides contain common ions, derived from per-trimethyl-
silylated glucuronic acid and diagnostic ions, indicating the
structural identities of aglycones. The mass spectrum of 12 has
shown the dichloromethyl group (m/z 398), and this metabolite
was tentatively identified as a glycoside of the hydroxylated
derivative of 2. According to the mass spectral fragments,
corresponding aglycones, compound 16 was identified as the
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glycoside of metabolite 3. Compounds 13 and 14 gave quite
similar mass spectra. The chlorine isotopic fragment pattern
indicates these metabolites as isomeric pairs of glycosides of
monodechlorinated 3, while 15 has two hydroxyl groups and a
monochloroethene link. Close inspection of mass spectra of
metabolites 17—19 indicates the presence of dichloromethyl
groups with a different number of hydroxyl and methoxy groups.
Metabolites 17, 18, and 19 were tentatively identified as glycosides
of 8, 4, and 6, respectively. Several ions in the mass spectra of 21
and 22 (e.g., m/z 402 and 462) suggest that the trichloromethyl
group presents in these metabolites. With additional information
from the literature, these metabolites were confirmed as glyco-
sides of 7 and 9, respectively (7, 8). The mass spectrum of 20
indicates the presence of the dichloromethyl group but failed to
confirm the structure. Overall, metabolites 12—22 were those of
phase II metabolism, through which phase I metabolites are
transformed into more hydrophilic conjugates of numerous
primary metabolites in eukaryotic organisms.

Because of its interesting metabolic patterns and toxicological
importance of metabolites, numerous studies have been published
in relation to the metabolism of methoxychlor (e.g., 4,5,7,8,13,
10, 14)). Many organisms from several different taxa have shown
detailed metabolic insights, indicating common pathways
and some novel degradation mechanisms. Fungal metabolism
of methoxychlor has been performed with several white rot
fungi (/1, 12, 17). However, it has to be mentioned that major
degradative enzymes in white rot fungi are largely different from
those of animals and other fungi. In most cases, reactive oxygen
(e.g., hydroxyl radical)-generating systems are involved in the
degradation of recalcitrant chemical by these fungi, while cyto-
chrome P450 is the most common catalytic component of
xenobiotic metabolism in animals and other fungal species. Most
phase I metabolites (except 8) from the present study have already
been reported from animal studies 4,5, 7,8, 13, 14, 16, 19, 20).
Several important mechanisms, including demethylation, hydro-
xylation, oxidation to alkenes, and dechlorination, are involved in
the metabolisms. In many animal systems, cytochrome P450s
play a major role in xenobiotic degradation, where the metabolic
outcome is most of the above-mentioned metabolites. Treatment
of piperonyl butoxide and chlorpyrifos strongly inhibited meth-
oxychlor degradation and concomitant formation of metabolites.
Among the trace of metabolites in inhibitor-treated cultures, a
large portion of metabolites are from dehalogenation of parent
pesticides (e.g., metabolite 2—4), while didemethylated or hydro-
xylated/demethylated metabolite (6—11) levels were far less than
those of control experiments (Figure 7). Both piperonyl butoxide
and chlorpyrifos are well-known inhibitors of cytochrome
P450 (24, 25). Reduced formation of demethylated or hydro-
xylated metabolites (most of phase I metabolites) by a selected
inhibitor suggests that major metabolic transformations of meth-
oxychlor in Cunninghamella elegans are catalyzed by cytochrome
P450. In addition, the common presence of most phase I
metabolites in this fungi indicates strong resemblance with animal
xenobiotics metabolism.

Among identified metabolites, formation of glycosides, rather
than glucuronides, was a characteristic difference of phase II
metabolism of methoxychlor between Cunninghamella elegans
and animals. Xenobiotics—glucuronide (or sulfate) conjugations
are one of the most common phase II metabolisms in animals,
while glycoside formations are more common in plants and fungi.
However, it has to be mentioned that Cunninghamella spp. can
also form glucuronide or sulfates during the metabolism of
selected drugs (e.g., (18)). Additional differences include forma-
tion of disubstituted conjugates. Ohyama et al. reported that
disubstituted conjugates of methoxychlor (glucuronic acid and
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Figure 8. Proposed phase | metabolism of methoxychlor by Cunninghamella elegans. Several glycosides of phase | metabolites were also found (phase I
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sulfate in the same metabolite) were found in rat-liver slice
experiments (79, 20). However, no trace of such metabolite was
observed in the present study.

Previous studies suggested that estrogenic potencies of meth-
oxychlor metabolites (7 and 9) are related to the bisphenol
A (4,4-dihydroxy-2,2-diphenylpropane)-like structure (9). Both
metabolites were the most abundant products throughout the
experiment with Cunninghamella elegans (Figure 1). However, the
level decreased after 4—6 days, while the concentrations of their
conjugates (21 and 22) or other phase I metabolites with less
estrogenic activity gradually increased. These results indicate that
Cunninghamella elegans can efficiently transform methoxychlor
to less toxic metabolites through phase I metabolism, which is
highly similar to those of animals, followed by glycoside forma-
tion (Figure 8).
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