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Characterization of Thiol-conjugated Metabolites 
of 2-Propylpent-4-enoic Acid (4-ene VPA), a Toxic 
Metabolite of Valproic Acid, by Electrospray 
Tandem Mass Spectrometry? 

Wei Tang and Frank S. Abbottj 
Division of Pharmaceutical Chemistry, Faculty of Pharmaceutical Sciences, University of British Columbia, Vancouver, BC, 
V6T 123, Canada 

The hepatotoxicity of the anticonvulsant drug valproic acid (VPA) is most likely associated with the bioactivation 
of its metabolite 2-propylpent-4-enoic acid (4-ene VPA), which is known to induce hepatic microvesicular steatosis 
in rats. This paper presents an on-line liquid chromatographic/tandem mass spectrometric (LC/MS/MS) identifica- 
tion of new glutathione (GSH)-related conjugates of the reactive metabolites of Cene VPA. Bile samples collected 
from male Sprague-Dawley rats dosed intraperitoneally with 4-ene VPA or its [2H,]-analogue (100 mg kg-’) 
were injected on to an ODS column interfaced to a LC/MS/MS instrument using electrospray ionization. LC was 
developed such that no overlapping of peaks occurred among those metabolites which may potentially produce 
common fragment ions of interest. Subsequent comparison of LC retention times and MS/MS full fragment ion 
spectra generated for putative metabolites with that of authentic reference compounds made available by chemical 
synthesis confirmed the presence of the GSH, cysteinylglycine, cysteine and N-acetylcysteine (NAC) conjugates of 
2-(2’-carboxypentanyl)oxiane (4,lepoxy VPA) and (Q-2-propylpenta-2,4-dienoic acid ((E)-2,4-diene VPA), 
respectively. Quantitatively, the biliary thiol conjugates accounted for 5% of the dose. This observation is novel for 
4-ene VPA metabolism in terms of the degradation of GSH conjugates to the corresponding mercapturic acids 
possibly occurring within the liver as opposed to an inter-organ process which involves the kidney. In addition, the 
GSH- and NAC-glucuronide di-conjugates of (E)-2,4-diene VPA were also identified as the biliary metabolites with 
the GSH-glucuronide di-conjugate being 10% of the corresponding mono-GSH conjugate. Taken together, these 
data clearly indicate that reactive metabolites of VPA can react with hepatic GSH via several different metabolic 
pathways and may subsequently produce depletion of GSH that leads to toxic consequences. 

KEYWORDS : valproic acid; metabolic profiling; liquid chromatography/tandem mass spectrometry; bio- 
activation; toxins 

INTRODUCTION 

A serious drawback of the anticonvulsant agent val- 
proic (VPA, 2-propylpentanoic acid) is the drug- 
associated liver toxicity which is characterized by 
hepatic microvesicular steatosis frequently accompanied 
by necrosis.’ The toxicity has been postulated to be due, 
at least partially, to the metabolic activation of VPA to 
electrophilic intermediates that have potential to react 
with hepatic critical macromolecules and glutathione 
(GSH).2-5 Although conjugation of reactive metabolites 
with GSH represents an important detoxification 
pathway, depletion of cellular GSH reserve has been 
known to lead toxic consequences.6 Two metabolites of 
VPA, namely 2-propylpent-4-enoic acid (4-ene VPA) 
and (E)-2-propylpenta-2,4-dienoic acid ((E)-2,4-diene 
VPA), have drawn particular attention because both 
compounds were shown to induce microvesicular stea- 
tosis in rat liver.’ Subsequent metabolic studies identi- 
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fied three 4-ene VPA and (E)-2,4-diene VPA related 
GSH conjugates, i.e. 2-propyl-5-(glutathion-S-y1)-4- 
hydroxypentanoic acid lactone (5-GS-4-hydroxy VPA 
lactone) arising from the conjugation of GSH with 2-(2’- 
carboxypentany1)oxirane (4,5-epoxy VPA), 2-propyl-5- 
(glutathion-S-yl)pent-3-enoic acid (5-GS-3-ene VPA) 
from (E)-2,4-diene VPA and 2-propyl-5-(glutathion-S-yl) 
-3-oxopentanoic acid from 2-propyl-3-oxopent-4-enoic 
acid, in rat bile, with the last conjugated metabolite 
being present in trace  amount^.^^^ The N-acetylcysteine 
(NAC) conjugate of (E)-2,4-diene VPA, 2-propyl-5-(N- 
acetylcystein-S-yl)pent-3-enoic acid (5-NAC-3-ene 
VPA), was detected in the urine of both experimental 
animals and patients receiving VPA the rap^.^ It was 
demonstrated in rats that hepatic GSH in both cyto- 
solic and mitochondria1 pools was depleted upon a 
single dose of 4-ene VPA.4*5 One mechanistic consider- 
ation suggests that the fl-oxidation of 4-ene VPA occurs 
in mitochondria to (E)-2,4-diene VPA which reacts with 
the residing GSH to deplete the mitochondrial GSH 
pool and thereby produce hepatocellular damage.4*5 
The microsomal cytochrome P-450 (P-450)-mediated 
oxidation of 4-ene VPA, on the other hand, produces 
4,5-epoxy VPA, which is regarded as the species 
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responsible for the decrease of GSH levels detected in 
the cytosolic ~ompar tmen t .~ .~  

It was recently demonstrated in uitro that the forma- 
tion of a thioester, presumably the CoA thioester, is 
essential for (E)-2,4-diene VPA to react with GSH in the 
presence or absence of glutathione S-transferase (GST) 
enzyme.* However, other activated forms of (E)-2,4- 
diene VPA, e.g. the glucuronide ester, can also react 
with GSH. Normally, the GSH conjugates of xeno- 
biotics are believed to be degraded consecutively via the 
mercapturic acid pathway to the corresponding cyste- 
inylglycine, cysteine and NAC  conjugate^.^ This paper 
presents an on-line liquid chromatographic/tandem 
mass spectrometric (LC/MS/MS) characterization and 
quantitation of the biliary GSH-related conjugates of 
4,5-epoxy VPA and (E)-2,Cdiene VPA in rats following 
a dose of 4-ene VPA. Using LC/MS/MS in conjunction 
with a deuterium-labelled drug, two di-conjugated 
metabolites of (E)-2,6diene VPA, i.e. 1-0-[2-propyl-5- 
(glutathion-S-yl)pent-3-enoyl]-~-~-glucuronide (5-GS-3- 
ene VPA-glucuronide) in the bile and 1-0-[2-propy1-5- 
(N-acetylcystein-S-yl)pent-3-enoyl]-~-~-glucuronide (5- 
NAC-3-ene VPA-glucuronide) in the bile and urine of 
rats treated with 4-ene VPA were identified. 

EXPERIMENTAL 

Materials 

GSH, rat liver GST, L-cysteine, cysteinylglycine and tri- 
fluoroacetic acid (TFA) were obtained from Sigma 
Chemical (St Louis, MO, USA). N-Acetyl-L-cysteine 
(NAC), ethyl pentanoate, allyl bromide, acrolein, dicy- 
clohexylcarbodiimide, 4-dimethylaminopyridine, pot- 
assium monoperoxysulfate (OXONE@) and 2,2,2-tri- 
fluoroethanol were the products of Aldrich Chemical 
(Milwaukee, WI, USA). PE-10 polyethylene tubing was 
purchased from Clay Adams (Parsippany, NJ, USA) 
and SPE octadecyl extraction column from J. T. Baker 
(Phillipsburg, NJ, USA). 

4-Ene VPA was synthesized by alkylating ethyl pen- 
tanoate with allyl bromide followed by alkaline 
hydrolysis3 and (E)-2,4-diene VPA by the alkylation of 
ethyl pentanoate with acrolein followed by hydro- 
mesyloxy-elimination and alkaline hydrolysis,8 2- 
Propyl-5-(glutathion-S-yl)pent-2-enoic acid (5-GS-2-ene 
VPA) was prepared from the GST-catalyzed conjuga- 
tion of GSH to N-acetyl-S-[(E)-2-propylpenta-2,4- 
dienoyllcysteamine followed by removal of the thioester 
group via alkaline hydrolysis.8 5-GS-3-ene VPA- 
glucuronide was isolated from the bile of rats treated 
with (E)-2,4-diene VPA." 2-[2H,]Propylpent-4-enoic 
acid (C2H,]-4-ene VPA) was synthesized in this labor- 
atory." 

Instrumentation and analytical methods 

NMR spectra were obtained on a Bruker WH-200 
spectrometer in the Department of Chemistry at the 
University of British Columbia (UBC); chemical shifts 
are expressed relevant to tetramethylsilane. 

LC/MS/MS experiments were carried out on a 
Fisons VG Quattro tandem mass spectrometer. Positive 
electrospray was used as the means of ionization and 
collision-induced dissociation (CID) involved argon as 
the target gas at a pressure of 3.0 x mbar (1 
bar = lo5 Pa). Other parameters were capillary voltage 
3.36 kV, cone voltage 29 V with skimmer offset by 5 V 
and collision energy 50 eV. Nitrogen served as the 
nebulizing gas and bath gas at flow rates of 20 and 220 1 
h-  I, respectively. The low- and high-mass resolutions 
were set at 5.5 for MS1 and 12.5 for MS2. The source 
temperature was 80 "C. MS/MS experiments were 
carried out on protonated molecular ions. 

LC was performed on a Hewlett-Packard Model 
109011 liquid chromatograph. LC-purified products 
were dissolved in methanol-water (1 : 1, v/v) containing 
0.05% TFA and introduced by direct infusion into the 
ion source at a flow rate of 50 pl min-'. An aliquot of 
the biological sample was injected on to a Hewlett- 
Packard Hypersil ODS column (100 x 2.1 mm id., 5 
pm) and also delivered to the ion source at 50 ,ul min-l. 
The mobile phase consisted of methanol-water 
(containing 0.05% TFA) and was programmed as 
follows: method A, 75% water for 3 min, a gradient 
decrease to 50% water at 6 min, a hold at 50% water to 
13 min, a gradient decrease to 15% water at 14 min and 
a hold at 15% water to 30 min; and method B, 75% 
water for 2 min, a gradient decrease to 50% water at 5 
min, a hold at 50% water to 6 min, a gradient decrease 
to 15% water at 8 min and a hold at 15% water to 30 
min. 

In some multiple reaction monitoring (MRM) experi- 
ments, differences in LC retention times were observed 
among several transitions selected for a single com- 
pound in a single run, but the differences were generally 
less than 0.2 min. An explanation for these differences is 
not readily apparent. 

Qualitative gas chromatographic (GC)/MS analysis 
was performed on a Hewlett-Packard Model 5700A gas 
chromatograph coupled with a MAT-111 mass spectro- 
meter. The gas chromatograph was fitted with a glass 
column packed with 3% Dexsil 300 on 100-200 mesh 
Supelcoport (1.8 m x 2 mm i.d., oven temperature 
increased at 32°C min-' from 50 to 300°C). The mass 
spectrometer was operated using electron impact ion- 
ization at an energy of 70 eV and emission current of 
300 PA. 

LC purification of synthetic products was performed 
on a Hewlett-Packard Model 1050 liquid chromato- 
graph fitted with a Whatman Partisill0 ODs2 column 
(250 x 9 mm id., 5 pm) using UV detection at 210 nm. 
The mobile phase consisted of various compositions of 
acetonitrile-water containing 0.05% TFA at 2.5 ml 
min- ' as detailed in the following sections. 

Synthesis of 2-propyl-5-(glutathion-S-yl)(or 
glycinecystein-S-yl or cystein-S-yl or 
N-acetylcystein-S-yl)pent-knoic acid (5-GS(or CysGly 
or Cys or NAC)-3-ene VPA) 

To (E)-2,4-diene VPA (5.7 mmol, 0.81 g) in dry methy- 
lene chloride (5 ml) were added 4- 
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dimethylaminopyridine (0.64 mmol, 78 mg) and 2,2,2- 
trifluoroethanol(5.9 mmol, 0.6 g). Dicyclohexylcarbodii- 
mide (7.1 mmol, 1.5 g) was added at 0°C. The mixture 
was stirred at room temperature for 24 h followed by 
consecutive washes with hydrochloric acid (1.0 M), satu- 
rated sodium hydrogen carbonate solution and water. 
Trifluoroethyl (E)-2-propylpenta-2,4-dienoate was 
obtained by distillation at 68 'C/2.5 mmHg. GC/MS: 
m/z (relative intensity, %) 95 (loo), 222 (M+', 42), 123 
(32), 165 (17), 193 (12), 179 (8), 207 (5). 

To an aqueous solution of one of either GSH, cyste- 
inylglycine, cysteine, or NAC (0.31 mmol or 50 mg per 5 
ml, pH 10.5) was added trifluoroethyl (E)-2- 
propylpenta-2,4-dienoate (0.45 mmol, 100 mg) in ace- 
tonitrile (2 ml). The mixture was stirred at room tem- 
perature for 24 h, washed with diethyl ether, acidified to 
pH 2.5 and extracted with ethyl acetate three times. The 
volume of the aqueous phase, except in the case of the 
NAC conjugate, was reduced to 200 pl in uacuo and the 
crude product was purified by LC. 

For the reaction involving conjugation with NAC, 
the ethyl acetate extracts were evaporated to dryness in 
uacuo. The residue was dissolved in water and subjected 
to purification by LC. 

5-GS3-ene VPA. LC purification : acetonitrile-water 

J H H  = 7 Hz, CH,CH,), 1.1-1.4 (m, 2H, CH,CH,), 1.4- 
1.7 (m, 2H, CHCH,), 2.2 (9, 2H, J H H  = 7 Hz, Glu, 

(m, 2H, Cys CH,), 3.0-3.2 (m, 3H, SCH,CH=, CHCO), 

4.5 (dd, lH, J H H  = 6 Hz, Cys CH), 5.5-5.7 (m, 2H, 
CH=CH). LC/MS/MS: m/z (relative intensity, YO) 448 
(MH', loo), 162 (49), 216 (31), 319 (22), 256 (18), 123 

(15:85); t R  = 10.5 min. 'H NMR (D,O): 6 0.9 (t, 3H, 

CHCH,), 2.5 (t, 2H, J H H  = 7 Hz, GIu CH,CO), 2.7-2.9 

3.9 (t, lH, J H H  = 6 Hz, Glu CH), 4.0 (s, 2H, Gly CHJ, 

(12), 373 (9). 

5-CysGly-Sene VPA. LC purification: acetonitrile-water 
(18:82); tR = 11.5 min. 'H NMR (D,O): 6 0.9 (t, 3H, 
J H H  = 7 Hz, CHZCH,), 1.1-1.4 (m, 2H, CH,CH,), 1.4- 
1.7 (m, 2H, CHCH,), 2.9-3.1 (m, 2H, Cys CH,), 3.1-3.3 
(m, 3H, SCH,CH=, CHCO), 4.0 (2s, 2H, Gly CH,), 4.5 
(dd, lH, J H H  = 6 Hz, Cys CH), 5.5-5.7 (m, 2H, 
CH=CH). LC/MS/MS: m/z (relative intensity, %) 319 
(MH', loo), 162 (18), 141 (lo), 123 (4), 216 (4), 256 (3). 

5-Cys-kne VPA. LC purification : acetonitrile-water 
(15:85); t, = 9.0 min. 'H NMR (D,O): 8 0.9 (t, 3H, 
J H H  = 7 Hz, CH,CH,), 1.1-1.4 (m, 2H, CH,CH,), 1.4- 
1.7 (m, 2H, CHCH,), 2.9-3.1 (m, 2H, Cys CH,), 3.1-3.3 
(m, 3H, SCH,CH=, CHCO), 4.2 (dd, lH, J,, = 6 Hz, 
Cys CH), 5.5-5.7 (m, 2H, CH=CH). LC/MS/MS: m/z 
(relative intensity, %) 262 (MH+, loo), 141 (ll), 123 (4). 

5-NAC-Sene VPA. LC purification : acetonitrile-water 
(22: 78); t R  = 10 min. 'H NMR (D,O): 6 0.8 (t, 3H, 
J H H  = 7 Hz, CH,CH,), 1.1-1.4 (m, 2H, CH,CH,), 1.4- 
1.7 (m, 2H, CHCH,), 1.9 (s, 3H, NAC COCH,), 2.7-2.9 
(m, 2H, NAC CH,), 2.9-3.1 (m, 3H, SCH,CH=, 

(m, 2H, CH=CH). LC/MS/MS: m/z (relative intensity, 
%) 304 (MH', loo), 123 (31), 130 (20), 164 (6), 141 (6), 
146 (6), 258 (9, 162 (4), 216 (3). 

CHCO), 4.5 (dd, lH, J H H  = 6 Hz,NAC NHCH), 5.4-5.6 

Synthesis of 2-propyl-5-(glutathion-S-yl)(or 
glycinecystein-S-yl or cystein-S-yl or 
N-acetylcystein-S-yl)-4-hydroxypentanoic acid lactone 
(5-GS(or CysGly or Cys or NAC)-4-hydroxy VPA 
lactone) 

To sodium hydrogen carbonate (34 mmol, 2.88 g), 
acetone (12 ml) and water (6 ml) in a distillation appar- 
atus with the receiver immersed in a dry ice-acetone 
bath was added potassium monoperoxysulfate (10 
mmol, 6 g). The reaction mixture was stirred vigorously 
at room temperature and a vacuum (water aspirator) 
applied. The efluent was collected as a yellow solution 
consisting of dimethyldioxirane and acetone." 

To the solution of dimethyldioxirane prepared above 
was added ethyl 2-propylpent-4-enoate (0.6 mmol, 100 
mg). The mixture was stirred at room temperature for 
18 h and ethyl 2-propyl-4,5-epoxypentanoate was 
obtained upon removal of the solvent in uacuo. GC/MS: 
m/z (relative intensity, YO) 101 (loo), 130 (42), 141 (38), 
115 (22), 157 (9, 186 (M", 2). 

To an aqueous solution of either GSH, cyste- 
inylglycine, cysteine or NAC (0.31 mmol or 50 mg per 5 
ml, pH 9.5) was added ethyl 2-propyl-4,5-epoxypenta- 
noate in acetonitrile (2 ml). The mixture was stirred at 
room temperature for 24 h, washed with diethyl ether, 
acidified to pH 2.5 and extracted with ethyl acetate 
three times. The volume of the aqueous phase, except in 
the case of conjugation with NAC, was reduced to 200 
p1 in V ~ C U O  and the crude product was purified by LC. 
For the conjugation with NAC reaction, the ethyl 
acetate extracts were evaporated to dryness in vacuo. 
The residue was dissolved in water and subjected to 
purification by LC. 

5-GS-Chydroxy VPA lactone. LC purification: 
acetonitrile-water (13 : 87); t, = 10 min. 'H NMR 
(D,O): 6 0.85 (t, 3H, J H H  = 7 Hz, CH,CH3), 1.2-1.8 (m, 
4H, CH,CH,), 2.1-2.3 (m, 3H, COCH, Glu, CHCH,), 
2.5 (t, 2H, J H H  = 7 Hz, Glu CHZCO), 2.8-3.2 (m, 6H, 
Cys CH,, SCH,, CH,CHCO), 3.9 (s, 2H, Gly CH,), 4-1 
(t, lH, J H H  = 6 Hz, Glu CH), 4.5 (m, lH, J H ,  = 6 Hz, 
Cys CH), 4.9 (m, lH, OCH). LC/MS/MS: m/z (relative 
intensity, %) 448 (MH+, loo), 216 (39), 319 (38), 373 
(19), 284 (15). 

5-CysGly-4-hydroxy VPA lactone. LC purification : 
acetonitrile-water (16 : 84); t ,  = 10.7 min. 'H NMR 
(D,O): 6 0.9 (t, 3H, J,H = 7 Hz, CH,CH,), 1.2-1.8 (m, 
4H, CH,CH,), 2.1-2.3 (m, lH, COCH), 2.5-3.2 (m, 6H, 
Cys CH,, SCH,, CH,CHCO), 4.0 (s, 2H, Gly CH,), 4.3 
(m, lH, J H H  = 6 Hz, Cys CH), 4.9 (m, lH, OCH). LC/ 
MS/MS: m/z (relative intensity, %) 319 (MH+, loo), 216 
(8), 177 (8), 284 (4), 141 (5). 

5-Cys-4-hydroxy VPA lactone. LC purification : 
acetonitrile-water (13: 87); t ,  = 8.9 min. 'H NMR 
(D,O): 6 0.9 (t, 3H, J H H  = 7 Hz, CH,CH,), 1.2-1.8 (m, 
4H, CH,CH,), 2.1-2.3 (m, lH, COCH), 2.5-3.2 (m, 6H, 

Cys CH), 4.9 (m, lH, OCH). LC/MS/MS: m/z (relative 
intensity, %) 262 (MH+, loo), 245 (6), 120 (3). 

CYS CH2, SCH2, CHZCHCO), 4.3 (m, lH, JHH = 6 Hz, 
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5-NAC-Chydroxy VPA lactone. LC purification : 
acetonitrile-water (15:85); tR = 10.2 min. 'H NMR 
(D20): d 0.85 (t, 3H, JH, = 7 Hz, CH2CH3), 1.2-1.8 (m, 
4H, CH2CH,), 2.05 (s, 3H, NAC COCH,), 2.1-2.3 (m, 
lH, COCH), 2.5-3.2 (m, 6H, NAC CH,, SCH,, 
CH,CHCO), 4.6 (m, lH, JHH = 6 Hz, NAC NHCH), 4.9 
(m, lH, OCN). LC/MS/MS: m/z (relative intensity, %) 
304 (MH', loo), 262 (14), 130 (14), 216 (ll), 162 (8), 245 
(6), 258 (6). 

Synthesis of 2-propy1-2-fluoro-5-(glutathion-S-y1)-4- 
hydroxypentanoic acid lactone (5-GS-2-fluoro-4-hydroxy 
VPA lactone) 

This compound was prepared following the same pro- 
cedure as described above except using ethyl 2-propyl- 
2-fluoropent-4-enoate as the starting material. LC puri- 
fication: acetonitrile-water (13 : 87); t ,  = 10 min. 'H 

1.5 (m, 2H, CH,CH3), 1.7-2.1 (m, 2H, CFCH,), 2.2 (9, 

Glu CH,CO), 2.8-3.2 (m, 6H, Cys CH,, SCH,, 
CH2CFCO), 3.9 (s, 2H, Gly CH,), 4.0 (t, lH, JHH = 6 
Hz, Glu CH), 4.55 (rn, lH, Cys CH), 4.9 (m, lH, OCH). 
LC/MS/MS: m/z (relative intensity, %) 466 (MH', loo), 
337 (28), 234 (26), 391 (9), 320 (9), 177 (9). 

NMR (DzO): 6 0.9 (t, 3H, JHH = 7 Hz, CHZCH,), 1.3- 

2H, JH, = 7 Hz, Glu CHCH,), 2.6 (t, 2H, J,H = 7 Hz, 

Animal experiments 

Male Sprague-Dawley (Vancouver, BC, Canada) rats 
weighing 230-280 g were allowed free access to food 
(Purina Laboratory Chow) and water. They were 
housed in regular cages and exposed to a controlled 12 
h cycle of light and darkness. 

Four rats were anesthetized with urethane (1 g kg-') 
and their bile ducts cannulated with PE- 10 tubing. 
Control bile was collected for 15 min. An aqueous solu- 
tion of 4-ene VPA (pH 7) was then administered at 100 
mg kg-' by intraperitoneal (i.p.) injection and bile col- 
lected for an additional 6 h. 

One rat was treated in the same way as above but 
dosed i.p. with ['H7]-4-ene VPA in an aqueous solution 
(pH 7) at 100 mg kg-l. 

Four rats, after control urine was collected, were 
administered aqueous 4-ene VPA (pH 7) at 200 mg 
kg-' by i.p. injection and housed in metabolic cages to 
collect urine for 24 h. 

Detection and quantitation of the biliary GSH-related 
conjugates of 4,5-epoxy VPA and (E)-2,4diene VPA 

Rat bile (100 pl) was mixed with an equivalent volume 
of aqueous TFA (0.05%) containing 5-GS-2-fluoro-4- 
hydroxy VPA lactone (internal standard, 17 pg ml-') 
and the percipitates were removed by centrifugation at 
13 600 g for 15 min. Rat urine (500 PI) was applied to a 
C, extraction cartridge which was pre-washed with 
methanol and water. The cartridge column was con- 
secutively washed with water and methanol. The meth- 
anol eluate was evaporated to dryness in vacuo and the 
residue reconstituted in aqueous TFA (0.05%, 100 pl). 

Aliquots (2-20 pl) of the bile or urine samples were 
injected on to the Hypersil ODS column and subjected 
to LC/MS/MS analysis. 

LC method A was used for chromatographic separa- 
tion of the GSH and cysteinylglycine conjugates and 
LC method B for the separation of the cysteine and 
NAC conjugates. The MRM mode was employed for 
the selective detection of the following metabolites : 
5-GS-2-ene VPA, transition m/z 448 -+ 123; 5-GS-3-ene 
VPA, transition m/z 448 3 162; 5-GS-4-hydroxy VPA 
lactone, transition m/z 448 -+ 284; 5-CysGIy-4-hydroxy 
VPA lactone, transition m/z 319 -+ 284; 5-CysGly-3-ene 
VPA, transition m/z 319 -+ 162; 5-NAC-4-hydroxy VPA 
lactone, transition m/z 304 -+ 216; 5-NAC-3-ene VPA, 
transition m/z 304 -+ 123; 5-Cysd-hydroxy VPA 
lactone, transition m/z 262 -+ 245 and 5-Cys-3-ene VPA, 
transition m/z 262 -+ 141. The dwell times were set at 2 
s. Calibration graphs for the quantitation of the biliary 
metabolites were constructed over the range 0.5-50 pg 
ml-' with r2 > 0.99. 

To record full fragment ion spectra of the metabo- 
lites, MS/MS dwell times were adjusted to provide a 
scan rate of - 1 s per 100 u. 

Detection and quantitation of the biliary 
GSH-glucuronide di-conjugate of (E)-2,4diene VPA 

An aliquot of the bile or urine was treated in the same 
way as described above. LC method B and the MRM 
mode were employed for selective detection of the GSH- 
glucuronide and NAC-glucuronide di-conjugates of (E)-  
2,4-diene VPA. In combination with the retention time, 
three transitions were used as criteria for identification 
of the metabolites: m/z 624-+448, 624+319 and 
624 -+ 162 for 5-GS-3-ene VPA-glucuronide; m/z 
631 -+ 455, 631 3 326 and 631 -+ 162 for 5-GS-C2H7]-3- 
ene VPA-glucuronide; m/z 480 4 304, 480 --+ 286 and 
480 -+ 123 for 5-NAC-3-ene VPA-glucuronide and m/z 
487 -+ 311, 487 -+ 293 and 487 -+ 130 for 5-NAC-[2H7]- 
3-ene VPA-glucuronide. The dwell times were set at 2 s. 
A calibration graph for the quantitation of biliary 
5-GS-3-ene VPA-glucuronide was constructed over the 
range 3-50 pg ml-I with rz > 0.99. 

All data were presented as means f standard devi- 
ations. 

RESULTS 

Synthesis of the putative metabolites 

Esterified 2,4-diene VPA is known to be essential for the 
diene to react with GSH,3 but attempts to obtain the 
GSH conjugate of the diene free acid by hydrolysis of 
the ethyl ester has led to a facile retro-Michael cleavage 
of GSH." The GSH conjugate of (E)-2,4-diene VPA 
has been prepared using porcine esterase to hydrolyze 
the ester form of the GSH conjugated diene.4 The dis- 
advantages of this method are the need for several 
clean-up steps and the use of relatively expensive ester- 
ase. For example, both the GSH conjugate of (E)-2,4- 
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diene VPA and the corresponding ethyl ester precursor 
needed to be purified by LC4 Thus, an ideal ester form 
of (E)-2,4-diene VPA should be sensitive towards hydro- 
lysis at a relatively low pH (at a pH which does not 
affect the stability of GSH peptide bonds) and also be 
able to survive long enough in an aqueous solution to 
complete the reaction with GSH. With this in mind, the 
trifluoroethyl and tBDMS esters of (E)-2Adiene VPA 
were tested as potential ester candidates. The tBDMS 
ester was subsequently found to be labile towards 
hydrolysis in the aqueous medium, but trifluoroethyl 
(E)-2-propypenta-2,4-dienoate served as a perfect pre- 
cursor for the conjugation reaction. At pH 10, the con- 
jugation with GSH and hydrolysis to cleave the ester 
bond can be simultaneously accomplished in one step. 
The relatively high pH used in this study was con- 
sidered to be useful in generating more free thiolate (the 
pK, for G S H e G S -  f H +  is 8.66) in the medium as 
well as facilitating the hydrolysis of the ester bond. The 
tripeptide GSH is stable at this pH for at least 1 week 
as determined by LC (data not shown). 

The acetone-catalyzed decomposition of potassium 
peroxomonosulfate produces dimethyldioxirane, whch 
is a very clean and efficient reagent for epoxidation.12 
Upon mixing with an alkene, dimethyldioxirane adds 
an oxygen to the double bond with acetone being 
formed as the only by-product. In this study, the result- 
ant ethyl 2-propyl-4,5-epoxypentanoate could be used 
immediately without further purification. The conjuga- 
tion with GSH and hydrolysis of the ester bond were 
again accomplished in a single step. 

Subsequent syntheses of the cysteinylglycine, cysteine 
and NAC conjugates were carried out according to 
similar procedures. 

LC/MS/MS characterization of the biliary mercapturic 
acid pathway metabolites in rats treated with 4ene VPA 

The CID fragment ion spectra of the GSH conjugates of 
4,5-epoxy VPA and (E)-2,4-diene VPA appeared to be 

216" ONH"COOH 

MH+ 

' 'i9 

identical with the published data,438 in which the 
neutral loss of glycine or glutamate residues is a 
common feature. Only a few other fragment ions need 
to be addressed here because of their involvement in the 
quantitation of the biliary conjugated metabolites. 
Thus, the fragment ion at m/z 284 derived from the 
protonated 5-GS-Chydroxy VPA lactone was probably 
the result of the combined neutral loss of glutamine and 
a molecule of water. Upon CID, 5-GS-3-ene VPA pro- 
duced a fragment ion at m/z 162 corresponding to the 
species of [HSCH,CHCO-gly] +,4 while its structural 
isomer 5-GS-2-ene VPA, underwent a facile retro- 
Michael cleavage to form a prominent fragment ion at 
m/z 123.' 

In contrast to the GSH conjugates, CID of the cyste- 
inylglycine conjugates produced no neutral loss of 75 
Da which corresponds to a glycine molecule (Fig. 1). 
Interestingly, there was also no fragment ion (m/z 244) 
found to arise from the combined neutral loss of glycine 
and glutamate moieties in the GSH conjugates, indicat- 
ing that elimination of glycine or pyroglutamate was no 
longer a favored process following the loss of either one 
of these two species. Among fragments having common 
m/z ratios and shared by both 5-CysGly-4-hydroxy 
VPA lactone and 5-CysGly-3-ene VPA, m/z 216 may 
represent RSCHzCH=NH2+, where R = VPA moi- 
eties, while the ion at m/z 141 is probably produced via 
the neutral loss of cysteinylglycine residue in a retro- 
Michael fashion. Although it was suggested that 5-GS- 
4-hydroxy VPA lactone would not undergo a retro- 
Michael the fragment ion at m/z 141, which 
possibly corresponds to the protonated 2-propyl-4- 
hydroxypent-4-enoic acid lactone [Fig. 1(A)] has been 
observed in all four of this type of thiol conjugate, 
namely 5-GSH, 5-cysteinylglycine, 5-cysteine and 
5-NAC substituted 4-hydroxy VPA lactones, Com- 
pelling evidence to support this structural assignment 
was obtained from CID of the biliary metabolite 
derived from r2H,1-4-ene VPA dosed to rats, where the 
transition m/z-319; 141 shifted 
not shown), suggesting that the 
ated with the VPA backbone. 

rnlz 0 m/z 
100  150 200 250 300 350 100 150  200 250 300 350 

to m/z 326 + 148 (data 
fragment ion is associ- 
Additional informative 

Figure 1. Tandem mass spectra of the biliary metabolites (A) 5-CysGly-4-hydroxy VPA lactone and (B) 5-CysGly-3-ene VPA. The frag- 
mentations for these compounds are discussed in the text. The configuration of the compounds remains to be clarified. 
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MH+ MH' 

Figure 2. Tandem mass spectra of the biliary metabolites (A) 5-NAC-4-hydroxy VPA lactone and (B) 5-NAC-3-ene VPA. The fragmenta- 
tions for these compounds are discussed in the text. The configuration of the compounds remains to be clarified. 

fragment ions were at m/z 177 for 5-CysGly-4-hydroxy 
VPA lactone, resulting from the neutral loss of 4- 
hydroxy VPA lactone [Fig. l(A)], and m/z 162 for 5- 
CysGly-3-ene VPA, representing the same fragment 
species seen in the case of the corresponding GSH con- 
jugate [Fig. 1(B)J4 

While the neutral loss of ketene from the protonated 
5-NAC-4-hydroxy VPA lactone produced a prominent 
fragment at m/z 262 [Fig. 2(A)], the retro-Michael 
cleavage appeared to be a dominant process in the CID 
of 5-NAC-3-ene VPA with the charge retained on either 
the VPA or NAC moiety, resulting in the fragment ions 
at m/z 141 (MH' - NAC), 123 (MH' - NAC - water) 
and 164 (NAC + H') [Fig. 2(B)]. The fragments at m/z 
130 observed in both the CID fragment ion spectra of 
5-NAC-4-hydroxy VPA lactone and 5-GS-3-ene VPA 
(Fig. 2) may arise from either the protonated NAC fol- 
lowing the neutral loss of hydrogen sulfide (NAC + H+ 
- H,S) or direct cleavage of the thioether bond on the 

NAC side of the parent molecule. A second common 
fragment ion was at m/z 216, possibly resulting from the 

MH+ 42r 

combined neutral loss of ketene, carbon monoxide and 
a molecule of water, apparently represents the species 
identical with those m/z 216 fragment ions derived from 
the corresponding GSH and cysteinylglycine conju- 
gates, respectively (Fig. 2). 

Under the LC/MS/MS conditions used, very little 
fragmentation occurred following CID of the cysteine 
conjugates. The neutral loss of a molecule of ammonia 
from the protonated 5-Cys-4-hydroxy VPA lactone 
gave a fragment ion at m/z 245 [Fig. 3(A)], while the 
neutral loss of cysteine from 5-Cys-3-ene VPA via a 
retro-Michael reaction produced an ion at m/z 141 [Fig. 
3m1. 

Quantitation of the biliary mercapturic acid pathway 
mono-conjugates 

Quantitation of the conjugated metabolites of 4-ene 
VPA was achieved using on-line LC separation and 
MS/MS monitoring (Figs 4 and 5). Linearity of the cali- 

14' // EH 
I...<. 

'COOH MH' 

H2N 

'262 
I 

Figure 3. Tandem mass spectra of the biliary metabolites (A) 5-Cys-4-hydroxy VPA lactone and (6) 5-Cys-3-ene VPA. The fragmenta- 
tions for these compounds are discussed in the text. The configuration of the compounds remains to be clarified. 
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Figure 4. On-line LC/MS/MS detection of 5-GS-2-ene VPA (m/z 448 + 123, t ,  * 21.86 rnin), 5-GS-3-ene VPA (m/z 448 + 162, t ,  = 
23.22 rnin), 5-GS-4- hydroxy VPA lactone (m/z 448 + 284, t ,  = 18.79 rnin), 5-CysGly-4-hydroxy VPA lactone (m/z 31 9 + 284, f, = 20.1 5 
min) and 5-CysGly-3-ene VPA (m/z 319 + 162, t ,  = 24.24 rnin) in the bile of rats dosed with 4-ene VPA. Corresponding peaks were 
obtained for the synthesized standard compounds spiked into control bile (data not shown). 

bration graphs was observed for all analytes over the 
concentration ranges tested; the coefficients of determi- 
nation were greater than 0.99. The inter-day and intra- 
day relative standard deviation (RSDs) for the assay of 
biliary thiol conjugated metabolites were less than 15% 
at higher concentrations and less than 20% at lower 
concentrations (Table 1). 

Upon administration of 4-ene VPA by i.p. injection at 
100 mg kg-', the biliary excretion of GSH related 
mono-conjugates derived from 4,5-epoxy VPA and (E)- 
2,4-diene VPA over a 6 h period was estimated to be 6.3 
and 1.2 pmol, respectively (Table 2). Thus, the summa- 
tion of all the mercapturic acid pathway metabolites 
accounted for 4.8% of the dose. 

Among the biliary metabolites, the NAC conjugates 
of 4,5-epoxy VPA and (E)-2,4-diene VPA were detected 

in the urine as well [Fig. 5(B)]. No effort was made to 
resolve chromatographically stereoisomers of the conju- 
gated metabolites. 

Detection and quantitation of the GSH-glucuronide 
di-conjugate of (a-2,Cdiene VPA 

LCIMSIMS detection of the di-conjugate 5-GS-3-ene 
VPA-glucuronide in the bile of rats treated with 4-ene 
VPA or its heptadeuterated analogue was carried out 
using MRM of two sets of three transitions (Fig. 6): m/z 
624 + 448/631 + 455 corresponding to a neutral loss of 
176 Da appeared to be characteristic for the glucuro- 
nides while m/z 624 + 3191631 - 326 and 624 + 162/ 
631 + 162 were indicative of the presence of a GSH 

A B 
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Figure 5. On-line LC/MS/MS detection of 5-NAC-4-hydroxy VPA lactone (m/z 304- 216, t ,  = 17.98 rnin). 5-NAC-3-ene VPA (m/z 
304 -+ 123, t ,  = 18.93 rnin), 5-Cys-4-hydroxy VPA lactone (mp 262 -, 245, t ,  - 18.66 min) and 5-Cys-3-ene VPA (m/z 262 + 141. t ,  = 

20.29 min) in (A) the bile and (B) urine of rats dosed with 4-ene VPA. Corresponding peaks were obtained for the synthesized standard 
compounds spiked into control bile (data not shown). 
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Table 1. Interday and intra-day RSDs for assay of biliary 
mercapturic acid pathway metabolites (n = 3) 

Compounds. 

5-GS-4-OH VPA lactone 

5-GS-3-ene VPA 

5-cysgly-4-OH VPA lactone 

5-cysgly-3-ene VPA 

5-NAC-4-OH VPA lactone 

5-NAC-3-ene VPA 

5-cys-4-OH VPA lactone 

5-cys-3-ene VPA 

5-GS-3-ene VPA-glucuronide 

Concentration Inter-day Intra-day 
(pg ml-') RSD (%) RSD (%) 

20.6 6.4 2.0 
2.6 3.3 3.9 
7.5 5.2 1.8 
1 .o 11.4 4.2 

25.4 2.8 3.3 
3.2 10.6 6.7 

12.7 12.7 2.9 
1.6 13.7 11.1 
5.5 6.9 1.4 
0.3 7.3 7.3 
5.0 12.1 1.5 
0.3 10.5 3.6 

20.0 7.1 4.7 
1.5 11.5 1 .o 
7.5 7.0 3.8 
0.5 5.8 6.3 

50.0 4.7 1.9 
3.1 5.2 4.8 

'MS/MS in MRM mode was used for quantitation: m/z 
448 + 284,5-GS-4-hydroxy VPA lactone; m/z 448 -+ 162, 5-GS- 
3-ene VPA; m/z 31 9 -+ 284. 5-CysGly-4-hydroxy VPA lactone; 
m/z 31 9 -+ 162. 5-CysGly-3-ene VPA; m/z 304 -+ 21 6, 5-NAC-4- 
hydroxy VPA lactone; m/z 304 + 123, 5-NAC-3-ene VPA; m/z 
262 + 245, 5-Cys-4-hydroxy VPA lactone; m/z 262 -+ 141, 
5-Cys-3-ene VPA and m/z 624-448, 5-GS-3-ene VPA- 
glucuronide. 

moiety in the molecules. l o  These transitions coincided 
at 20.87 and 20.77 min on the LC retention scales for 
the putative GSH-glucuronide di-conjugate and the 
heptadeuterated analogue, respectively. Thus, the com- 
bined LC retention time and MSIMS CID feature, in 
comparison with the authentic reference compound, 
confirmed the structural assignment for the biliary 
metabolite (Fig. 6). Subsequent quantitation of 5-GS-3- 
ene VPA-glucuronide using a published assay 
(summarized in Table 1)" indicated that the excretion 
of this metabolite in the bile over a 6 h period 
accounted for 0.03% of the 4-ene VPA dose (Table 2). 
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Figure 6. On-line LC/MS/MS detection of 5-GS-3-ene VPA- 
glucuronide in (A) the bile of rats treated with 4-ene VPA (m/z 
624 -+ 162, 624 -+ 31 9 and 624 -+ 448, t ,  = 20.87 min) and (6) 
the bile of a rat treated with C2H,]-4-ene VPA (m/z 631 -+162, 
631 -+ 326 and 631 -+ 455, t ,  - 20.77 min). Corresponding peaks 
were obtained for the reference compound spiked into control bile 
(data not shown). 

In a similar fashion, three fragments from each of the 
NAC-glucuronide and its heptadeuterated analogue 
were used as criteria for the identification: the transition 
m/z 480 3041487 -+ 311 represents the neutral loss of 
the dehydroglucuronic acid moiety; m/z 480 -+ 2861 
487 -+ 293 correspond to the loss of glucuronic acid and 
mlz 480 -+ 123/487 -+ 130 are likely to arise from the 
combined neutral loss of glucuronic acid and NAC." 
MRM of these transitions coincided at 17.92 min on the 
LC retention scales for the putative biliary NAC- 
glucuronide di-conjugate and at 17.72 min for the 

Table 2. GSH-related conjugates of 4,5-epoxy VPA and Q-2,ddiene VPA excreted in the bile of 
rats treated with 4-ene VPA" 

Biliary conjugated metabolitesb (rmol) 

Primary metaboltte GSH Cysteinylglycine Cysteine NAC GSH-glucuronide 

4.5-EpOw VPA 2.91 * 0.65 2.51 iO.17 0.74 * 0.1 5 0.1 3 f 0.05 

(f)-2,4-Diene VPA 0.59 *0.10 0.56 *0.04 0.06 *0.02 0.03 *0.01 0.05 iO.01 

'Rats were anesthetized with urethane (1 g kg-') and their bile ducts cannulated with PE-10 tubing. 
An aqueous solution (pH 7) of 4-ene VPA was administered a t  100 mg kg-' by i.p. injection and bile 
collected for an additional 6 h. 
bThe biliary metabolites identified by comparing their LC/MS/MS properties with those of synthetic 
reference compounds were 5-GS-4-hydroxy VPA lactone, 5-CysGly-4-hydroxy VPA lactone, 5-Cys-4- 
hydroxy VPA lactone and 5-NAC-4-hydroxy VPA lactone from 4.5-epoxy VPA and 5-GS-3-ene VPA, 
5-CysGly-3-ene VPA, 5-Cys-3-ene VPA, 5-NAC-3-ene VPA and 5-GS-3-ene VPA-glucuronide from 
(€)-2,4-diene VPA. Quentitation was performed based on LC/MS/MS in the MRM mode of character- 
istic ion transitions derived from each metabolite and the levels were expressed as means i SD (n = 4). 
' Percentage of the 4-ene VPA dose, calculated on a molar basis. 

(1.65%) (1.43%) (0.42%) (0.07%) 

(0.34%) (0.32%) (0.04%) (0.02%) (0.03%) 
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Figure 7. On-line LC/MS/MS detection of 5-NAC-3-ene VPA- 
glucuronide in (A) the bile of rats treated with 4-ene VPA (m/z 
480 -+ 123, 480 -+ 286 and 480 -+ 304, t ,  = 17.92 or 18.02 min) 
and (B) the bile of a rat treated with C2H,]-4-ene VPA (m/z 
487 -+ 130, 487 -+ 293 and 487 -+ 31 1, t ,  = 17.92 or 17.72 rnin). 
The NAC-glucuronide di-conjugate was also detected in the urine 
(data not shown). G represents glucuronic acid. 

biliary heptadeuterated analogue (Fig. 7). The di- 
conjugate 5-NAC-3-ene VPA-glucuronide was also 
detected in the urine (data not shown). 

DISCUSSION 

The hepatotoxic metabolite 4-ene VPA has been shown 
to arise from the microsomal P450-catalyzed desatu- 
ration of VPA.14 Further biotransformations of 4-ene 
VPA include the microsomal P450-mediated epoxida- 
tion of the terminal double bond and mitochondria1 j?- 
0xidati0n.l~ The resultant 4,5-epoxy VPA in 
endoplasmic reticulum and (E)-2,4-diene VPA-CoA in 
mitochondria react with the residing GSH in each sub- 
cellular compartment: presumably under the influence 
of different GST enzymes.* The corresponding GSH 
conjugates, namely 5-GS-4-hydroxy VPA lactone and 
5-GS-3-ene VPA, have been identified.3s4 In the present 
study, the cysteinylglycine, cysteine and NAC conju- 
gates of 4,5-epoxy VPA and (E)-2,4-diene VPA were 
characterized by LC/MS/MS in addition to the GSH 
conjugates following a dose of 4-ene VPA to rats. This 
observation is novel for 4-ene VPA metabolism but is in 
accordance with results derived from an earlier investi- 
gation conducted in our laboratory regarding N -  
formylamphetamine metabolism to a GSH conjugate, 

where all metabolites along the mercapturic acid 
pathway were also detected in rat bile.I6 

The liver is generally believed to be the major site for 
GSH conjugation while the kidney and the small intes- 
tine are responsible for degradation of GSH conjugates 
to cysteine Cysteine conjugates formed 
in the kidney or gut are thought to be transported back 
to the liver for N-a~etylation. '~~'~ Because the kidney 
was determined to have abundant N-acetyltransferase 
activity, with a specific activity nearly twice that of liver, 
it is puzzling that the inter-organ model for mercapturic 
acid biosynthesis requires cysteine conjugates to be N -  
acetylated in the liver.'' Recently, the model was 
further challenged by the finding that the GSH, cyste- 
inylglycine, cysteine and NAC conjugates were detected 
as the biliary metabolites of l-chloro-2,4-dinitrobenzene 
in perfused rat and guinea pig livers." Thus, as an 
alternative it has been proposed that the GSH conju- 
gates can be degraded within the biliary space to the 
cysteine conjugates, the latter being transported back to 
the liver for N-acetylation and the resultant mercapturic 
acids released into the bile.*' The on-line LC/MS/MS 
identification of all the mercapturic acid pathway conju- 
gates derived from the metabolism of 4-ene VPA follow- 
ing a single dose after bile duct cannulation appears to 
be in accordance with this biliary-hepatic cycling 
model. 

For the sake of discussion, the conjugated 4-ene VPA 
metabolites will be divided into two groups, the 5-thiol- 
4-hydroxy VPA lactone series as group 1 and the 5- 
thiol-3-ene VPA series as group 2. From a quantitative 
point of view, the intact GSH conjugates were still the 
major metabolites, making up 46-47% in each group of 
the biliary mercapturic acid pathway metabolites, 
whereas the cysteinylglycine conjugates ranked second, 
being 40% in group 1 and 45% in group 2. These large 
amounts of 5-CysGly-4-hydroxy VPA lactone and 5- 
CysGly-3-ene VPA found in the bile conceptually con- 
tradict the assumption that primary metabolites of 
GSH conjugates are formed and degraded in the kidney 
or small intestine. Since most of the y-glutamyl trans- 
peptidase (y-GT) activity in rat liver was found to be 
localized in bile d u ~ t u l e s , ~ ~ * ~ ~  hydrolysis of the GSH 
conjugates to the corresponding cysteinylglycine conju- 
gates may occur at these distal sites within the biliary 
tree. 

The cysteine and NAC conjugates were determined to 
be -10% in each group of metabolites with the levels 
of the intermediate cysteine conjugates being higher 
than that of the mercapturic acids, suggesting a possible 
saturation of hepatic N-acetyltransferase. On the other 
hand, because the experiments were conducted in intact 
animals, the contribution from potential hepto-renal 
cycling to the profile of the detected biliary metabolites 
could not be excluded. The levels of NAC conjugates 
might also be dependent on the efficiency of the export 
system that eliminates the conjugates from the liver. 
Nevertheless, our observations regarding the thiol con- 
jugate metabolism of two distinctive classes of com- 
pounds, N-formylamphetamine' and 4-ene VPA, in 
rats may be viewed as an indication that the degrada- 
tion of GSH conjugates to mercapturic acids does occur 
in the liver and may be a fairly common phenomenon 
for xenobiotics. This conclusion is further supported by 
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a recent report in which detection of the mercapturic 
acid pathway metabolites of verlukast in rat bile was 
de~cribed.’~ 

Since biliary excretion of all mercapturic acid 
pathway metabolites is considered to be unusual, the 
assay methods used in this study are worthy of dis- 
cussion in order to solidify our claim. The LC/MS/MS 
methodology was in general characterized by its speci- 
ficity towards the analytes of interest. However, a ques- 
tion arose when it was noticed that fragment ions might 
be produced prior to CID in the Q2 cell and thus a 
primary fragment ion could be subjected to CID to 
form secondary fragments. For example, the protonated 
molecular ions of the GSH conjugates (MH’ : m/z 448 
for both 5-GS-Qhydroxy VPA lactone and 5-GS-3-ene 
VPA) dissociated through the neutral loss of pyrogluta- 
mic acid to give fragment ions at m/z 319. Such MS- 
induced dissociation might be confused with the ions 
arising from the metabolites of the GSH conjugates if 
the metabolite and the parent GSH conjugate itself hap- 
pened to co-elute. This problem arises because the frag- 
ment ions of the GSH conjugates and the protonated 
parent ions of their metabolites possess identical chemi- 
cal structures and therefore would give identical frag- 
ment ion spectra upon CID. In this case, the fragment 
ions at m/z 319 are virtually the same as the protonated 
cysteinylglycine conjugates derived from the corre- 
sponding GSH conjugates via the y-GT-catalyzed 
removal of the glutamyl residue. A similar situation 
may exist for the cysteine-NAC conjugate pairs: the 
loss of ketene from the NAC conjugates (MH+ = m/z 
304 for both 5-NAC-Chydroxy VPA lactone and 
5-NAC-3-ene VPA) to give the fragment at m/z 262 is a 
mass equivalent to the protonated molecular ions of the 
cysteine conjugates. If the cysteine conjugates and their 
N-acetylated metabolites were to co-elute, specific 

(5-GS-Chydroxy 
VPA lactone) 

detection of the cysteine conjugates would be difficult at 
best. Although a decrease in the fragmentation prior to 
CID in the 4 2  cell could be achieved by reducing the 
cone voltage, the sensitivity would be compromised. 
Thus, chromatographic separation of the cysteine con- 
jugates from the NAC conjugates and separation of the 
cysteinylglycine conjugates from the GSH conjugates 
were sought in order to identify these metabolites 
unambiguously. Under current conditions, LC was 
developed such that no overlapping of peaks occurred 
among those compounds which may potentially 
produce common fragments of interest (Figs 4 and 5). 

Similarly to that found for (E)-2,4-diene VPA-treated 
rats,” two structural isomers of the GSH conjugates of 
(E)-2,4-diene VPA were produced during the metabo- 
lism of 4-ene VPA in rats. Along with 5-GS-3-ene VPA, 
5-GS-2-ene VPA was identified as a minor biliary 
metabolite. This result was consistent with our in vitro 
investigation using the N-acetylcysteamine thioester of 
(E)-2,4-diene VPA as a structural mimic of the corre- 
sponding CoA ester. A small amount of 5-GS-2-ene 
VPA N-acetylcysteamine ester was detected when rat 
liver mitoplast fraction was used as the source of GST 
enzyme.8 Conjugation of GSH to (E)-2,Cdiene VPA 
derived from 4-ene VPA is believed to occur in mito- 
chondria with the diene metabolite activated for GSH 
addition by its CoA thioester form (Scheme l).3 

Other biliary GSH-related metabolites found to be 
common to both 4-ene VPA and (E)-2,4-diene VPA 
were 5-GS-3-ene VPA-glucuronide and 5-NAC-3-ene 
VPA-glucuronide. In contrast to (E)-2,4-diene VPA 
metabolism where the GSH-glucuronide di-conjugate in 
bile was six times that of the corresponding GSH 
mono-conjugate, lo the levels of 5-GS-3-ene VPA were 
determined to be ten times higher than that of 5-GS-3- 
ene VPA-glucuronide in 4-ene VPA treated rats. In 
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Scheme 1. Biotransformation pathways leading to the formation of the thiol-conjugated metabolites of 4-ene VPA. 
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order to explain this observation, one must consider 
that the conjugation of GSH with the diene substrate 
occurs primarily in the endoplasmic reticulum upon a 
dose of (E)-2,4-diene VPA. Whether the mono-GSH 
conjugate found in the bile of rats administered (E)-2,4- 
diene VPA was a product of the fl-glucuronidase-cata- 
lyzed hydrolysis of 5-GS-3-ene VPA-glucuronide or 
resulted from a CoA-mediated process in mitochondria 
remains to be clarified. However, this quantitative com- 
parison of the di-conjugates us. the mono-conjugate 
arising from 4-ene VPA or from (E)-2,4-diene VPA sup- 
ports the postulate that the GSH-glucuronide di- 
conjugate found in 4-ene VPA metabolism is likely 
formed via the glucuronidation of (E)-2,4-diene VPA 
‘leaked’ out from the mitochondria followed by conju- 
gation with GSH in the cytosolic compartment (Scheme 
1). The 5-GS-3-ene VPA-glucuronide is subsequently 
converted into the corresponding NAC-glucuronide di- 
conjugate through the biliary-hepatic cycling pathway 
for mercapturic acid biosynthesis. 

In the urine of rats treated with 4-ene VPA, only the 
NAC conjugates of 4,5-epoxy VPA and (E)-2,4-diene 
VPA and the NAC-glucuronide di-conjugate of (E)-2,4- 
diene VPA were detected. This result could be attrib- 
uted to the selective transport mechanisms of the 
kidney. 

The hypothesis relating VPA hepatotoxicity to its 
metabolite 4-ene VPA is largely based on the structural 
similarity between 4-ene VPA and the known hepatot- 
oxicant pent-4-enoic acid.2fi However, the hepatot- 
oxicity of VPA was observed to be independent of the 
serum levels of 4-ene VPA in either humans or experi- 
mental animals, and thus it was concluded that 4-ene 
VPA was not a decisive f a ~ t o r . ~ ’ , ~ ~  An argument can be 
made on the basis of the GSH conjugate of (E)-2,Cdiene 

VPA being identified such that a correlation of drug 
metabolite with toxic effects may not necessarily be 
expected, rather the further biotransforrnation to reac- 
tive species should be ~ontemplated.~ This mechanistic 
consideration was substantiated by the finding that 
neither (E)-2,4-diene VPA nor hepatic microvesicular 
steatosis was detected in the rats chronically treated 
with a-fluorinated 4-ene VPA analogue (a-fluoro-4-ene 
VPA)’ despite the liver uptake of 4-ene VPA and a- 
fluoro-4-ene VPA being comparable (unpublished data). 

In the present study, on-line LC/MS/MS data identi- 
fied eleven thiol-conjugated metabolites in the bile of 
rats treated with 4-ene VPA. Among them, nine metab- 
olites have not been reported previously for the bio- 
transformation of 4-ene VPA. The total biliary 
excretion of the GSH related conjugates over a 6 h 
period was determined to be 5% of the dose. Although 
this result is at the lower limit of the reported 5-12% 
range estimated from intensities of MS/MS responses 
for thiol conjugates after 4-ene VPA admini~tration,~ 
uur data further confirm that metabolic activation of 
4-ene VPA occurs in the liver to form highly reactive 
electrophilic species which react with hepatic GSH and 
have potential to attack critical macr~molecules.~~~ 
Further investigation is needed to determine the toxico- 
logical significance of the mercapturic acid pathway 
metabolites of 4-ene VPA. 
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