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Cytochrome P-450-Catalyzed Formation of A4-VPA, 
a Toxic Metabolite of Valproic Acid 

Liver damage induced by the antiepileptic drug valproic acid P A )  is believed to be 
mediated by an unsaturated metabolite of the drug, A4-VPA. In studies of the 
biological origin of this hepatotoxic compound, it was found that liver microsomes 
from phenobarbital-treated rats catalyzed the desaturation of VPA to A4-VPA. 
Indirect evidence suggested that cytochrome P-450 was the responsible enzyme, a 
conclusion that was verified by studies with a purified and reconstituted form of the 
hemoprotein, which catalyzed the oxidation of VPA to 4 -  and 5-hydroxyvalproic acid 
and to A4-VPA. Desaturation of a nonactivated alkyl substituent represents a novel 
metabolic function of cytochrome P-450 and probably proceeds via the conversion of 
substrate to a transient free radical intermediate, which partitions between recombina- 
tion (alcohol formation) and elimination (olefin production) pathways. These findings 
have broad implications with respect to the metabolic generation of olefins and may 
explain the increased hepatotoxic potential of VPA when it is administered in 
combination with potent enzyme-inducing anticonvulsants such as phenobarbital. 

v ALPROIC ACID (VPA, FIG. 1) IS A 

simple, branched-chain fatty acid 
that has broad-spectrum anticon- 

vulsant activity and is used in the treatment 
of multiple forms of epilepsy (1). Although 
VPA was initially considered to be relatively 
free from serious side effects, there is recent 
clinical evidence that small numbers of pa- 
tients develop serious liver damage while 
maintained on VPA therapy (2). Indeed, 
this hepatic injury may prove fatal, and 
estimates of the frequency of VPA-related 
patient deaths have ranged from 1 in 37,000 
to 1 in 500, depending on factors such as 
the age of the recipient and the nature of 
concomitant therapy (3). Although the 
mechanism of this liver toxicity remains 
unknown, animal studies have implicated 2- 
n-propyl-4-pentenoic acid (A4-VPA), an un- 

saturated metabolite of the drug (Fig. l ) ,  as 
a causative agent (2). Thus, A4-vPA was 
found to be the most toxic metabolite of 
VPA in rat hepatocytes in vitro (4), to 
inhibit both hepatic cytochrome P-450 (5) 
and fatty acid P-oxidation activity (6) in 
vitro, and to be a potent inducer in vivo of 
hepatic microvesicular steatosis (the charac- 
teristic tissue lesion in VPA-induced liver 
injuq7) (9. 

Typically, A~-VPA is present at low con- 
centrations in biological fluids from humans 
and animals given VPA ( 4 ,  although very 
high levels of this metabolite were detected 
in a child who died from VPA-induced liver 
failure (9). Studies in the rhesus monkey 
have shown that the fraction of an intrave- 
nous dose of VPA that is metabolized to the 
A4 olefin may be as high as 3 to 4% (lo),  
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and thus the quantitative significance of the 
desaturation pathway leading to this toxic 
product may be greater than suspected pre- 
viously. Despite the interest in A4-VPA, 
however, details of the metabolic process by 
which the parent drug is transformed to this 
unsaturated product are unclear. One early 
hypothesis was that A4-vpA is formed by 
loss of the elements of water from 4-OH- 
VPA or 5-OH-VPA (1 1) .  This possibility is 
unlikely, since control experiments have 
shown-that these alcohols are chemically (8) 
and metabolically (12) stable entities that do 
not undergo dehydration reactions. The 
metabolic origin of A4-vPA, therefore, re- 
mains obscure. 

In studies with rats, Lewis e t  al. (13) 
re~orted that the incidence of VPA-induced 
liver injury was increased in animals treated 
with phenobarbital. Significantly, many of 
the human subjects who developed serious 
hepatotoxicity during VPA therapy had 
been treated concomitantly with enzyme- 
inducing drugs such as phenobarbital or 
phenyt& (2). Since these agents have a 
profound influence on microsomal enzymes 
in general, and on the cytochrome P-450 
system in particular (14), we investigated 
whether A~-VPA was formed in hepatic 
microsomes from phenobarbital-treated rats 
(15). 

Metabolites of VPA formed in microsom- 
a1 incubations were isolated, converted to 
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trimethylsilyl (TMS) derivatives, and ana- 
lyzed by selected ion-monitoring gas chro- 
matography-mass spectrometry (GC-MS) 
(16). As shown in Fig. 2, A4-VPA was 
indeed detected in such extracts, where it 
was accompanied by a second unsaturated 
metabolite of VPA, identified tentatively as 
the A3 olefin. However, neither of these 
metabolites was formed in microsomal incu- 
bations that lacked nicotinamide adenine 
dinucleotide phosphate (NADPH), the nec- 
essary cofactor for mixed-function oxidase 
activity (Fig. 2B). 

Having established that A4-vPA was pro- 
duced from VPA by rat liver microsomal 
preparations, we next determined the role of 
&tochrome P-450 in the desaturation reac- 
tion by performing experiments with inhibi- 
tors (and an inducer) of this enzyme. Three 
hydroxylated metabolites of VPA, namely, 
3-, 4-, and 5-OH-VPA, were included in the 
analytical protocol in order to determine 
whether the formation of A4-vPA in micro- 
somes paralleled the production of these 
known (17) cytochrome P-450-derived 
products. The results of these studies (Table 
1) showed that the formation of A4-vpA 
(and each of the hydroxylated metabolites) 
was induced by phenobarbital, and was 
abolished either by denaturing the micro- 
somal protein by heating or by omitting 
cofactors from the incubation media. Fur- 
thermore, generation of A4-VPA was 
blocked by carbon monoxide and by metyra- 
pone (an inhibitor of cytochrome P-450) 
and was also inhibited when air was exclud- 
ed from the system (argon atmosphere). 
These results suggested that the formation 
of A4-VPA from VPA was a consequence of 
cytochrome P-450 catalysis. 

Although the cytochrome P-450-mixed- 
function oxidase system is known to mediate 
a wide variety of metabolic reactions (18), 
including dehydrogenation of heteroatomic 
substrates such as acetaminophen (19) and 
4-aryl-l,4-dihydropyridine derivatives (20), 
only one report has appeared on P-450- 
catalyzed desaturation of an alkyl substitu- 
ent to yield the corresponding alkene, name- 
ly, the conversion of testosterone to 17P- 
hydroql-4,6-androstadien-3-one (21). In 
contrast to the situation with testosterone, 
however, desaturation of VPA takes place at 
a nonactivated position, which suggests that 
the reaction has wide applicability and may 
occur with a broad spectrum of aliphatic 
substrates. In view o f  the novel na&re of 
this process, therefore, we conducted fur- 
ther metabolic experiments using a purified 
and reconstituted preparation of cpto- 
chrome P-450 (22). The major phenobar- 
bital-inducible form of the enzyme from rat 
liver was used in these studies, and the 
products of incubation of VPA were ana- 

Table l .  Effect of modifiers on the microsomal metabolism of VPA. Values cited are means t SEM of 
the rates of formation of A4-vPA, 3-OH-VPA, 4-OH-VPA, and 5-OH-VPA, expressed in picomoles of 
product per nanomole of cytochrome P-450 per 20 minutes. The specific contents of cytochrome P-450 
in these preparations were 0.93 nmol per milligram of protein (control) and 2.0 nmol per milligram of 
protein (phenobarbital-treated). ND, not detected. The limits of detection for A4-VPA, 3-OH-VPA, 4- 
OH-VPA, and 5-OH-VPA were 15, 75, 300, and 15 pmol of product per nanomole of P-450 per 20 
minutes, respectively. 

Rate of formation of 
Treaunent 

A4-VPA 3-OH-VPA 4-OH-VPA 5-OH-VPA n 

Control mcrosomes 
Phenobarb~tal rnlcrosomes 

Complete system 
Mlnus cofactors 
Plus argon* 
Plus c0.o2 (3.1)" 
Plus metyrapone (0 5 mM)t  
Plus metyrapone (1.0 miM)t 
Denatured m~crosomesf 

*Experiments performed under argon, or a w t u r e  of carhon monoxlde and oxygen, were carried out In scinullauon 
v~als sealed w~th  rubber septa tMetyra one was added to reacuon vessels m phosphate buffer $Denatured 
enzymes were prepared by lmmerslon m a {oihg water bath for 15 nunutes. 

lyzed, as before, by GC-MS. As indicated in 
Table 2, incubation of VPA with the puri- 
fied enzyme confirmed that the formation of 
A4-VPA was cytochrome P-450-dependent 
and showed that 4-OH- and 5-OH-VPA 
(but not 3-OH-VPA) were also produced 
by this isoenzyme. As expected, no metabo- 
lites were detected when incubations were 

performed in the absence of either 
NADPH-cytochrome P-450 reductase or 
the cytochrome P-450 itself. 

In additional experiments, we incubated 
4-OH- and 5-OH-VPA (at concentrations 
up to 1 miM) with hepatic microsomes from 
phenobarbital-treated rats to verify that A4- 
VPA was not formed as an artifact by dehy- 

5-OH-VPA A' -V PA 4-OH-VPA 

Fig. 1. Proposed scheme for the cytochrome P-450-dependent metabolism of VPA to 4-OH-, 5-OH-, 
and A4-VPA. The oxidation states of the heme iron participating in hydrogen atom abstraction 
(pathways 1) and recombination (pathways 2) steps are as shown. Loss of a second hydrogen atom 
from either of the putative radical intermediates (depicted in brackets) would account for the formation 
of A4-VPA (pathway 3). 
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Tablg 2. Metabolism of VPA by a purified and reconstituted cytochrome P-450 s stem Values are 
expressed as means I SEM of the rates of formation of VPA metabolites in picomores of broduct per 
nanomole of cytochrome P-450 per 20 minutes. ND, not detected. 

Rate of formation of 
Treatment 

A4-VPA 3-OH-VPA 4-OH-VPA 5-OH-VPA n 

Complete system 84 +: 8 ND 8746 2 893 771 t 36 3 
Minus cytochrome P-450 ND ND ND ND 3 
Minus cytochrome P-450 ND ND ND ND 3 

reductase 
Phenobarbital microsomes 66 8 1502 2 175 4318 2 179 497 t 35 9 

dration of either of these alcohols. No A4- 
VPA was found in any of these incubations, 
proving that the olefin is a genuine metabo- 
lite of VPA. These results together show 
that A4-vpA is produced from the parent 
drug by the action of hepatic microsomal 
cytochrome P-450 functioning in the novel 
capacity of a desaturase enzyme. 

This observation may explain earlier re- 
ports that certain drugs undergo desatura- 
tion reactions when incubated with liver 

microsomal preparations. The anticoagulant 
warfarin (23), for example, and the synthetic 
corticosteroid flunisolide (24) have been 
shown to yield unsaturated derivatives in 
microsomal incubations, although it was 
speculated that the underlying mechanism in 
these cases involves an initial cytochrome P- 
450-catalyzed hydroxylation step, followed 
by loss of the elements of water from a 
putatively unstable alcohol. In view of our 
findings with VPA as substrate, it is tempt- 

ing to postulate that the desaturation of 
warfarin, flunisolide, and VPA may occur by 
a common mechanism, with cytochrome P- 
450 functioning as a desaturase enzvme " 
attacking benzylic (warfarin), allylic (fluni- 
solide), and alkyl (VPA) centers. A possible 
mechanism to Bccount for the cytochrome 
P-450-dependent metabolism of VPA to 4- 
OH-, 5-OH-, and A4-VPA is outlined in 
Fig. 1, and invokes the initial formation of a 
carbon-centered VPA free radical via hydro- 
gen atom abstraction (from position 4 or 5) 
by the perferryl oxygen of the heme pros- 
thetic group. This step is followed either by 
recombination of carbon radical-perferric 
hydroxide radical pairs to yield the isomeric 
alcohols or by elimination of a hydrogen 
atom from the carbon radicals to generate 
the b4 olefin. In the latter case, the perferric 
hvdroxide radical could serve as a conve- 
nient acceptor for the second hydrogen 
atom that is removed from the substrate 
(25). Although tentative at present, this 
scheme is nev<rtheless fullv consistent with 
the emerging view of cytochrome P-450- 
catalyzed alkane hydroxylation reactions as 
proceeding via nonconcerted, free radical 
mechanisms (18, 26). 

Although the scope of cytochrome P- 
450-mediated desaturation reactions re- 
mains to be established, the metabolism of 
VPA by the "A4-pathwayx clearly has impor- 
tant clinical implications, especially with re- 
gard to the use of VPA in polytherapy. 
Thus, desaturation of VPA to yield the 
potent hepatotoxin A4-VPA, catalyzed by 
isoenzymes of cytochrome P-450 that have 
been induced soecificallv bv coadministra- , , 
tion of phenobarbital or other anticonvul- 
sants, may prove to be a pivotal step in the 
sequence of events leading to VPA-induced 
liver injury. Epileptic treated con- 
comitantly with VPA and phenobarbital 
may be at especially high risk, therefore, and 
should be monitored c~refully for early signs 
of hepatic dysfunction. 
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these responses occurred at the exact retention time (16.2 minutes) of the TMS derivative of A4-VPA; 
and (iii) the ratios of responses in the three ion current chromatograms (2.19:1.00:1.74) were almost 
identical to those obtained from the authentic reference material (2.29:1.00:1.80). (B) Microsomal 
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Substance P Activation of Rheumatoid Synoviocytes: 
Neural Pathway in Pathogenesis of Arthritis 

Several clinical features are consistent with nervous system involvement in the 
pathogenesis of rheumatoid arthritis. The neuropeptide substance P is one possible 
mediator of this interaction, since it can be released into joint tissues from primary 
sensory nerve fibers. The potential effects of the peptide on rheumatoid synoviocytes 
were examined. The results show that substance P stimulates prostaglandin E2 and 
collagenase release from synoviocytes. Furthermore, synoviocyte proliferation was 
increased in the presence of the neuropeptide. Similar effects were observed with a 
truncated form of substance P. Synoviocytes were sensitive to very small doses of the 
neuropeptide (10-9iV), and its effects were inhibited by a specific antagonist. Thus, the 
specific stimulation of synoviocytes by the neuropeptide substance P represents a 
pathway by which the nervous system might be directly involved in the pathogenesis of 
rheumatoid arthritis. 

ULTIPLE FACTORS APPEAR TO 

contribute to the pathogenesis of 
rheumatoid arthritis (RA), in- 

cluding genetic predisposition, impaired im- 
munological control of virus infection, and 
autoantibody formation (1). In the syno- 
vium, activated lymphocytes and monocytes 
interact to generate interleukin-1 (IL-1). 
This lymphokine and monocyte-derived tu- 
mor necrosis factor-alpha (TNF-a) stimu- 
late release of collagenase and prostaglandin 
E2 (PGE2) from synoviocytes (2). 

Certain clinical findings are consistent 
with nervous system involvement in RA: (i) 
the distribution of synovitis is usually sym- 
metric (3);  (ii) joints in the paretic side of 

hemiplegic patients who later develop RA 
are spared from the inflammatory process 
(4);  and (iii) onset and exacerbation of the 
disease are often preceded by psychological 
trauma ( 5 ) .  The basis for such effects in RA 
is unknown. Joints are innervated by cor- 
puscular mechanoreceptors and plexus, as 
well as by free endings of small unmyelinat- 
ed sensory afferent nerve fibers (6). These 
sensory fibers contain the neuropeptide sub- 
stance P, which is involved in transmission 
of pain signals (7). Substance P is released in 
the spinal tract upon orthodromic stimula- 
tion, but is also released antidromically from 
the peripheral nerve terminals (8) .  This 
neuropeptide has multiple proidammatory 
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properties (9) and has been shown to in- 
crease the severity of adjuvant-induced ar- 
thritis in rats (10). The relative susceptibil- 
ities of knee and ankle joints to adjuvant 
arthritis are correlated with the densities of 
their sensory afferent nerve fibers (10). The 
nonneural target cell for the effects of sub- 
stance P in joints is unknown, and the role 
of the peptide in RA has not been explored. 
We now report that in RA synoviocytes are 
stimulated by substance P. 

The effect of substance P on the function 
of synoviocytes in RA was tested by measur- 
ing PGE2 and collagenase production (1 1) .  
Synoviocytes were isolated by collagenase- 
deonrribonuclease treatment of svnovial tis- 
sues obtained from RA patients undergoing 
joint replacement and were passaged once in 
culture before use in the experiments. We 
quantified by radi~immunoassa~ the levels 
of PGE2 secreted during 48 hours of cul- 
ture. Substance P, truncated substance P 
containing amino acids 4 to 11, and the 
antagonist [D-pro2, ~ - P h e ~ ,  ~ - T r ~ ~ ] s u b -  
stance P (D-substance P) were added at start 
of culture. 

Synovioqtes spontaneously released 
PGE2 at 92 ? 14 ngiml during 48 hours of 
culture (Fig. 1A). The addition of substance 
P increased PGE2 release in a dose-depen- 
dent manner, with maximal stimulation oc- 
curring at 1 0 - ' ~ .  A similar dose-response 
curve was obtained with substance P frag- 
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