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Moxidectin: Characterization of Cattle, Sheep, and Rat in Vitro and in
Vivo Metabolites by Liquid Chromatography/Tandem Mass

Spectrometry
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Moxidectin, a macrocyclic lactone related to the milbemycins and avermectins, is a potent new endo-
and ectoparasitic agent. The in vivo metabolism of moxidectin was studied in cattle, sheep, and rats
with larger quantities of in vitro metabolites prepared from liver microsomal incubations. Both in vitro
and in vivo metabolites were characterized first byliquid chromatography/mass spectrometry to generate
molecular weight information on the unknown metabolites. Liquid chromatography/tandem mass
spectrometry was then employed to generate daughter ion spectra of the molecular species. These
spectra characterized the structures of unknown metabolites and served as structural fingerprints for
identification and correlation across species. The principal metabolites of moxidectin were determined
to arise from monohydroxylation of the parent. Dihydroxylation and O-demethylation coupled with
monohydroxylation were found to a lesser extent. Subtle differences in metabolism were observed

between the species.

INTRODUCTION

Moxidectin (Figure 1) is a potent new antiparasitic agent.
Its structure is related to the milbemycins (Mishima et
al., 1983; Takiguchi et al., 1980) and avermectins (Albers-
Schonberg et al., 1981) which have a novel mode of action
against a broad spectrum of nematode and arthropod
parasites of animals (Putter et al., 1981). Common features
of these compounds are a fused cyclohexene-tetrahydro-
furanring system, a bicyclic 6,6-membered spiroketal, and
a cyclohexene ring fused to the 16-membered macrocyclic
lactone ring.

Studies on the disposition, excretion, and metabolism
of radiolabeled moxidectin in cattle, sheep, and rats are
the subject of other papers from our laboratories (Afzal
et al., 1994; Wu et al., 1993; Zulalian et al., 1992, 1994).
Only ppb levels of drug-related radioactivity are detected
in various organs and tissues. Allspeciesshow very similar
metabolic patterns with the unaltered drug being the major
residuein the tissue at all time points studied. The subject
of this paper is the mass spectrometric characterization
of the metabolites isolated from in vivo and in vitro studies
of cattle, sheep, and rats.

MATERIALS AND METHODS

Preparative Isolation of Metabolites. Isolations of in vivo
metabolites from the feces of all species and from rat liver and
of in vitro metabolites from liver microsomal incubations are
detailed in other reports from our laboratories (Afzal et al., 1994;
Wu et al,, 1993; Zulalian et al., 1992, 1994). For the in vivo
metabolites, extraction followed by thin-layer chromatography
(TLC) in one dimension provided adequate separation of
radiolabeled bands for subsequent structural characterization.
In a few cases and especially for the rat liver metabolites,
additional purification was afforded by a single pass through a
high-performance liquid chromatographic column. For the in
vitro metabolites, extraction followed by a TLC cleanup toremove
theresidual parent yielded a mixture of metabolites immediately
amenable to mass spectrometric characterization.

Mass Spectrometric Characterization. Structural char-
acterizations of the metabolites by thermospray liquid chroma-
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Figure 1. Chemical structure of moxidectin.

tography/mass spectrometry (LC/MS) and thermospray liquid
chromatography/tandem mass spectrometry (LC/MS/MS) were
performed on a Finnigan-MAT TSQ-70 triple-stage quadrupole
system equipped with a Finnigan-MAT thermospray LC/MS
accessory. Two ABI Kratos Spectroflow Model 400 solvent
delivery modules controlled by a Spectroflow 783 programmable
absorbance detector/gradient controller delivered the HyO (0.1
M NH,0OAc) and CH30H (0.1 M NH,0Ac) to a Spectroflow 491
dynamic mixer/injector equipped with a 100-uzL loop on a
Rheodyne Model 7125 injector. UV absorbance at 245 nm was
monitored by a Spectra-Physics SP 4290 recording integrator.
The LC column was a Whatman RAC II Partisil 5-C8 (4.6 mm
X 10 cm) maintained at ambient temperature. Several prelim-
inary LC/MS and LC/MS/MS analyses used an isocratic mobile
phase of 80% CH3O0H/20% H,0 (0.1 M NH,OAc) at 1.5 mL/
min. A gradient from 35% aqueous to 20% aqueous at the same
flow rate provided better retention of the more polar metabolites,
enhanced the separation of the monohydroxy metabolites, and
still allowed the parent to elute in approximately 25 min.
Enhanced resolution of the monohydroxylated metabolites could
be obtained on a 25-cm X 4.6-mm Supelcosil LC-8 DB column
with a gradient of 30% aqueous (isocratic for 20 min) to 25%
aqueous over 25 min. Operational parameters specific to the
thermospray interface included the following: aerosol temper-
ature, 210 °C; vaporizer temperature, 70 °C; repeller voltage, 200
V. For LC/MS analyses, all ions were allowed to pass through
the first two quadrupoles while only the third quadrupole was
scanned. Massspectrometric operating parametersincluded the
following: conversion dynode voltage,—20 kV; electron multiplier
voltage, 1200 V; preamplifier gain 10 A/V. Additional instru-
mental parameters for MS/MS included the following: collision
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Figure 2. LC/UV chromatogram of monohydroxylated metab-
olites from steer liver microsomal incubation.

gasand pressure, Arat 1.0 mT; collision energy,—10eV; resolution
of the parent ion, approximately 3 u at half-height; preamplifier
gain, 10° A/V, For the daughterion experiments in the MS/MS
mode, the first quadrupole was set on the parent ion of the
metabolite while the third quadrupole scanned the daughter ions.

RESULTS AND DISCUSSION

LC Separation of Metabolites. Both TLC and LC
with radioisotope detection showed that all the metabolites
of moxidectin were more polar than the parent. Thus, a
reversed-phase LC system prior to mass spectrometric
characterization guaranteed that the metabolites would
elute prior to the parent. Preliminary experiments with
initial isocratic conditions of 80% CH3;OH/20% H,0 (0.1
M NH,0OAc) gave prompt elution of the parent in under
6 min but minimal retention and resolution of an unex-
pectedly large number of isobaric metabolites. Conse-
quently, a gradient from 35% aqueous to 20% aqueous
provided better retention of the more polar metabolites,
enhanced the separation of the monohydroxy metabolites,
and still allowed the parent to elute in approximately 25
min.

A typical UV chromatogram of the monohydroxylated
metabolites isolated from the steer liver microsomal
incubation is shown in Figure 2. The peaks eluting prior
to the numbered monohydroxylated metabolites in this
chromatogram are tissue coextractives and not more polar
metabolites. Figure 2 also summarizes the elution char-
acteristics of all metabolites characterized in this study.
Use of this gradient LC system prior to mass spectrometric
analysis for all metabolic isolates facilitated chromato-
graphic comparisons to supplement the mass spectral
structural correlations across the species. A second
gradient system, which was not used routinely in subse-
quent mass spectrometric work, was developed specifically
for chromatographic comparisons of the monohydroxyl-
ated metabolites. A 25-cm X 4.6-mm Supelcosil LC-8
DB column with a gradient of 30% aqueous (isocratic for
20 minutes) to 25% aqueous over 25 min generated the
chromatogram shown in Figure 3 on the same isolate
analyzed in Figure 2. The enhanced resolution of this
specialized chromatographic system clearly separates
peaks for the minor monohydroxylated metabolites I (R;
= 25.93 min) and K (R; = 30.21 min) not observed in Figure
2.

LC/MS Characterization of Metabolites. The pri-
mary utility of thermospray LC/MS was to generate ions
indicative of the molecular weights of the isolated me-
tabolites (Blakley and Vestal, 1983; Voyskner and Haney,
1985). While LC/MS of the parent generates a structurally
useful fragment ion at m/z 528 arising from loss of the side
chain (OHCC(CH3)=CHCH(CHj);) from the (M + H)*
ion, most of the metabolites did not show this corre-
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Figure 3. LC/UV chromatogram using gradient system spe-
cialized for separating the monohydroxylated metabolites.
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Figure 4. Mass spectra from thermospray LC/MS of (A)
moxidectin and (B) metabolite J.

sponding loss by LC/MS (Figure 4). Scanning for fragment
ions below m/z 500 in LC/MS was futile because of the
intense background ions below m/z 500 arising from matrix
coextractives.

The results of the LC/MS analyses are summarized in
Table 1. The molecular weight differences of the major
metabolites from the parent fall into three categories; (1)
additions of multiples of 16 u indicating hydroxylation;
(2) loss of 14 u indicating O-demethylation; and (3)
combinations of 1 and 2. The23-keto compound (P), where
a carbonyl group replaces the oxime on the parent, and
its hydroxylated derivative (E) generated (M + NH,)*
ions rather than (M + H)* ions. The 23-keto compound
was confirmed by exact LC cochromatography and a mass
spectral match against a synthetic reference standard.

LC/MS/MS Characterizations of Metabolites. Tan-
dem mass spectrometry (MS/MS) has demonstrated itself
to be a powerful technique for structural characterization
of unknown organic compounds (Perchalski et al., 1982;
Coutant et al., 1987) and has been especially useful when
used in conjunction with a “soft” MS ionization technique,
such as thermospray LC/MS, which induces little initial
fragmentation (Covey et al., 1986; Voyskner et al., 1987).
Ourlaboratory has recently reported the characterization
of the metabolites of maduramicin using the combined
technique of LC/MS/MS (Stout et al., 1991). In this
approach, the molecular species of the metabolite gen-
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Table 1. LC/MS and LC/MS/MS Data from the in Vivo and in Vitro Metabolites of Moxidectin
LCRT daughter ions rat cattle sheep
metab (m:s) (M+H) As B C LML FLMFLMTF comments

A 4:14 672 544 264 392 X X X X dihydroxy: CH;OH at C-14,-OH on SC*
514 232

B 5:14 672 544 264 X X X dihydroxy: CH;0H at C-14 or C-24, ~OH on SC

C 5:53 642 530 250 362 X X X X X monohydroxy, O-demethylated: CH;OH at C-14 or C-24
512 344

D 6:14 642 X monohydroxzy, O-demethylated

E 8:31 644¢ 4814 X 23-keto w/-OH on SC

F 9:56 672 528¢ 218 374¢ X X dihydroxy: both ~OH’s on SC
498¢
496¢

G 10:20 672 X dihydroxy

H 12:20 656 544 264 376 X X X X X X X monohydroxy: CH;OH at C-14
514 234 344
512

I 656 X monohydroxy

J 13:32 656 528 218 X X X X monohydroxy: -OH at C-29
498
496

K 14:03 656 X X monohydroxy

L 14:48 656 544 264 376 X X X monohydroxy: CH;OH at C-24
514 234 344
512

M 15:21 656 528 218 X X X X X monohydroxy: -OH on SC
498
496

N 15:53 656 528 218 X X X monohydroxy: ~OH on SC
498
496

0 17:21 656 X monohydroxy

P 19:00 628¢ 4819 X X 23-keto

Q 21:46 656 544 218 X X monohydroxy: ~OH at C-4
514
512

24:49 640 528 218 mozxidectin

498
496

¢ Refers to the ion series shown in Figure 6. ¢ Abbreviations: LM, liver microsomal; L, liver; F, feces; SC, side chain. ¢ (M + NHy). ¢ Daughter

ions from (M + NH,). ¢ Daughter ions from (M + H - H;0).

erated by LC/MS is selected in the first quadrupole and
fragmented by collisionally activated dissociation (CAD)
with a collision gas in the second quadrupole. The
resultant fragment ions are scanned with the third
quadrupole to give a “daughter ion” spectrum character-
izing the metabolite.

As shown in Figure 5, the daughter ion spectrum of
moxidectin is rich in structural information allowing the
sites of hydroxylation to be localized to different regions
of the parent. The fragmentations observed in the
daughter ion spectrum of moxidectin also correlate well
with those present in its electron impact mass spectrum
(Jones et al., 1993). The principal high mass fragmention
at m/z 528 (Figure 6) arises from the same side-chain loss
observed in LC/MS of the parent (Figure 4). Losses of
CH,0 and CH30H from m/z 528 generate the ions at m/z
498 and 496, respectively. The m/z 218 ion (Figure 6)
essentially retains the parent structure from C-13 through
C-24 after allowing for the loss of CH;0 from the oxime.

LC/MS/MS of the major rat metabolite (H) generates
daughter ions of m/z 656 at m/z 544, 514, and 512 which
areshifted +16 u from the correspondingions of the parent,
thus showing that hydroxylation is not on the side chain.
Ionsat m/z 234 and 264 (m/z 234 with retention of NOCH3)
are also shifted +16 u from the parent indicating an
hydroxymethyl group is likely at either C-14 or C-24. The
ion at m/z 376, which has no counterpart in the daughter
ion spectrum of the parent, is 112 u higher than m/z 264
and corresponds to inclusion of the side chain with the
m/z 264 ion (Figure 6). M/z 344 is loss of CH30H from
m/z 376. The minor rat metabolite (L) also shows this

same general fragmentation pattern, thus also indicating
hydroxylation on the methyl groups at either C-14 or C-24.
After allowing for the 16 u shift in the corresponding
daughter ions, the relative intensities of the daughter ions
of metabolite H are very close to those of the parent while
those of metabolite L differ markedly from the other two.
The most notable difference is a suppression of fragmen-
tation at the side chain of metabolite L. Since a hydroxyl
group further removed from the region of the side chain
would have the least impact on side-chain fragmentation,
the major rat metabolite H is proposed to be hydroxylated
on the methyl at C-14 while metabolite L is hydroxylated
on the methyl at C-24. These structural proposals are
also consistent with the observed LC polarities of the two
metabolites with H being more polar than L. The
hydroxymethyl at C-24 would be expected to exhibit
greater intramolecular H bonding and, thus, lower polarity
than the C-14 hydroxymethyl which is isolated from other
heteroatoms.

In contrast to the major rat metabolite, the major cattle
and sheep metabolites (J) generate identical daughter ion
spectra of m/z 656 whose major daughter ions are identical
tothose in the daughter ion spectrum of the parent (Figure
5). This situation can only arise when the hydroxyl group
is located on the side chain and, thus, lost with the side-
chain fragmentation. Two other later eluting monohy-
droxylated metabolites (M,N) show similar fragmentation
schemes, thereby also indicating side-chain hydroxylation.
As in the case of the major rat metabolite H, metabolite
J is more polar than the other side-chain hydroxylated
metabolites, thus indicating hydroxylation furthest away
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Figure 5. Daughter ion spectra from LC/MS/MS of the (M +
H) ions of (A) mozxidectin, (B) major rat metabolite H, (C) minor
rat metabolite L, (D) major sheep and cattle metabolite J, and
(E) metabolite C.

from the heteroatoms of the macrocyclic system, i.e., on
the terminal methyl groups. This deduction is supported
by the LC/MS analyses of these side-chain hydroxylated
metabolites which showed the least loss of HoO from the
(M + H) ion of J. This behavior would be expected from
J because loss of HyO from the (M + H) ion of an
hydroxylated terminal methyl group would yield a primary
carbonium ion. Hydroxylation at the allylic methyl or
methine groups on the side chain would lose H;O more
readily from the (M + H) ion because the resultant
fragment ion would be an allylic carbonium ion.

The interpretation of the daughter ion spectrum of the
monohydroxylated, O-demethylated metabolite (C), the
most polar rat metabolite, is comparatively straightforward
(Figure 5). The m/z530ionis 112 ulower than the parent
ion at m/z 642, indicating loss of the unaltered side chain.
The most obvious difference between the metabolite’s
daughter ion spectrum and that of parent moxidectin is
replacement of losses of 30 u and 32 u (from m/z 528 to
m/z 498 and 496) with losses of 18 u, H;O, (from m/z 530
to m/z 512 and from m/z 362 to 344). This alteration in
fragmentation can only occur if the metabolite is O-de-
methylated. The m/z 250 ion is 14 u lower than the
corresponding m/z 264 ion in the daughter ion spectrum
of metabolite J further confirming O-demethylation and
showing that hydroxylation has occurred at the methyls
on either C-14 or C-24. Since the major rat metabolite J
has the hydroxymethyl at C-14, hydroxylation at the C-14
methyl is the most likely possibility for metabolite C.
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Figure 6. Structures of daughter ions used for structural
characterizations of moxidectin metabolites.

In an identical manner, the daughter spectra generated
by LC/MS/MS were used to locate the sites of hydrox-
ylation and to confirm O-demethylation inthe metabolites.
Table 1 summarizes the results of these investigations and
cross-correlates the in vivo and in vitro metabolites of the
three species. Considering that in many cases only a few
hundred ng of metabolite were present in a complex matrix
prior to analysis, LC/MS and LC/MS/MS demonstrated
a remarkable effectiveness for characterizing their struc-
tures.
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