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Valproic acid (VPA) is a drug known for idiosyncratic

hepatotoxicity and is associated with oxidative stress. It is

metabolized extensively with at least one pathway leading to

reactive metabolites. The primary aim of the present study was to

determine whether oxidative metabolites of VPA generated in situ

contribute to the toxicity of the parent drug in sandwich-cultured

rat hepatocytes. Concentration-response experiments with VPA

produced median effective concentration values (mean ± SEM) of

1.1 ± 0.4, 12.2 ± 1.4, and 12.3 ± 1.9mM in the 2-(4-iodophenyl)-3-

(4-nitrophenyl)-5-(2,4-disulfophenyl)-2H-tetrazolium (WST-1; cell

viability), lactate dehydrogenase (LDH; necrosis), and 2#,7#-
dichlorofluorescein (DCF; oxidative stress) assays, respectively. At

equimolar concentrations, only the unsaturated metabolites of VPA

gave responses comparable to VPA, with 2,4-diene-VPA calculated

to be 3-, 6-, and 10-fold more potent than VPA in the WST-1, LDH,

and DCF assays, respectively. In support of a role for reactive

metabolites, 2-fluoro-2-propylpentanoic acid, which is relatively

resistant to biotransformation to form a 2,4-diene metabolite,

yielded little or no toxicity when compared with the nonhepatotoxic

octanoic acid or the vehicle-treated control. By comparison,

attenuating the in situ formation of 2-propylpent-4-enoic acid

(4-ene-VPA), 3-hydroxy-2-propylpentanoic acid, 4-hydroxy-2-

propylpentanoic acid, and 5-hydroxy-2-propylpentanoic acid by

an inhibitor of cytochrome P450 (1-aminobenzotriazole) did not

alter the effects of VPA on the WST-1, LDH, or DCF assay. Overall,

VPA toxicity in sandwich-cultured rat hepatocytes is independent of

the in situ formation of cytochrome P450–dependent oxidative

metabolites, including 4-ene-VPA. However, the data obtained from

structural analogues of VPA suggest that biotransformation does

appear to play a role in VPA toxicity in rat hepatocytes.
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stress; reactive metabolites; valproic acid.

Drug-induced liver injury is a leading cause of acute liver

failure (Russmann et al., 2009), and it is one of the most

common reasons for withdrawing a drug from the market

(Senior, 2007). Except for accidental or intentional overdose,

most drug-induced hepatotoxicities in humans are idiosyncratic

in nature (Park et al., 2005), including the one associated with

valproic acid (VPA; also known as 2-propylpentanoic acid or

dipropylacetic acid) (Zaccara et al., 2007). This drug has

a therapeutic role in various seizure disorders, migraine

headache, nerve pain, and bipolar disorder (Johannessen and

Johannessen, 2003). The mechanism responsible for VPA

hepatotoxicity is not known, but it has been postulated to

involve reactive metabolites of VPA (Tang, 2007) and

oxidative stress (Chang and Abbott, 2006).

VPA undergoes extensive hepatic biotransformation (Abbott

and Anari, 1999). In addition to undergoing glucuronidation

and b-oxidation, VPA is also metabolized by cytochrome

P450–catalyzed terminal desaturation to form 2-propylpent-4-

enoic acid (4-ene-VPA), which is subsequently converted in

a b-oxidation reaction to produce the electrophilic (E)-2-

propylpent-2,4-dienoic acid ((E)-2,4-diene-VPA) (Fig. 1). That

a metabolite of VPA might be responsible for VPA

hepatotoxicity was first hypothesized following an analysis of

fatal cases of hepatic injury in patients prescribed VPA therapy

(Zimmerman and Ishak, 1982). Since then, various clinical

reports have noted an abnormal pattern of VPA metabolite

profile in specific cases of VPA hepatotoxicity in patients (e.g.,

McLaughlin et al., 2000); however, no definitive conclusion

could be drawn from those individual case reports. In vivo, the

direct administration of synthetic 4-ene-VPA or (E)-2,4-diene-

VPA (100 mg/kg/day for several days) to rats has been shown

to result in hepatic microvesicular steatosis (Granneman et al.,
1984; Kesterson et al., 1984; Loscher et al., 1993; Tang et al.,
1995). However, the degree of liver injury resulting from

4-ene-VPA is not comparable from one study to another using

apparently similar experimental conditions (Loscher et al.,
1993; Tang et al., 1995). In rats administered VPA, urinary

levels of total 4-ene-VPA (i.e., free and conjugated forms), but

not those of (E)-2,4-diene-VPA, are correlated with serum

levels of a-glutathione S-transferase (Lee et al., 2009), which is

an in vivo marker of hepatotoxicity (Clarke et al., 1997).
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In vitro, 4-ene-VPA (0.5mM) was reported to be cytotoxic in

isolated rat hepatocytes in one study (Kingsley et al., 1983),

but not in another study at concentrations up to 20mM, unless

the cells were pretreated with buthionine sulfoximine to deplete

glutathione (Jurima-Romet et al., 1996). Additionally, 4-ene-

VPA has been reported as being less toxic (Jurima-Romet

et al., 1996), equally toxic (Kingsley et al., 1983), or more

toxic than VPA (Kesterson et al., 1984), which reflects the

different experimental models and toxicity markers employed

by the investigators in those studies. To date, there has been no

experimental evidence indicating that 4-ene-VPA or (E)-2,4-

diene-VPA is responsible for the hepatotoxic actions of the

parent drug. Moreover, the studies described above were

performed with the synthetic form of the 4-ene-VPA and (E)-

2,4-diene-VPA metabolites and at concentrations/doses con-

siderably greater than the levels that would normally be

attained endogenously after administration of the parent drug.

It is now recognized that a synthetic metabolite may not

necessarily exhibit the same pharmacokinetic and toxicity

profile as the corresponding metabolite generated endoge-

nously or in situ from the parent drug (Prueksaritanont et al.,
2006). Therefore, it remains to be determined whether the

process of biotransformation per se is responsible for the

hepatotoxic effects following VPA administration and which of

the in situ–generated metabolites of VPA contributes to the

hepatotoxicity.

The present study was conducted in sandwich-cultured rat

hepatocytes to gain insight into the chemical mechanism of

VPA hepatotoxicity. As indicated in a recent review article,

this hepatocyte culture model is known to ‘‘maintain cell

viability, polarized architecture, and liver-specific function’’

(Swift et al., 2010). Specific experiments were designed (1) to

compare directly the toxicity of a panel of oxidative

metabolites of VPA (i.e., (E)-2-propylpent-2-enoic acid [(E)-

2-ene-VPA], 2-propylpent-3-enoic acid [3-ene-VPA], 4-ene-

VPA, (E)-2,4-diene-VPA, 3-hydroxy-2-propylpentanoic acid

[3-OH-VPA], 4-hydroxy-2-propylpentanoic acid [4-OH-VPA],

5-hydroxy-2-propylpentanoic acid [5-OH-VPA], and 4-oxo-2-

propylpentanoic acid [4-keto-VPA]) with that of the parent

drug; (2) to determine whether the in situ–generated

4-ene-VPA and other primary metabolites (i.e., 3-OH-VPA,

4-OH-VPA, and 5-OH-VPA) produced by cytochrome P450–

mediated enzymatic reactions contribute to VPA toxicity; and

(3) to investigate the effects of structural analogs of VPA (i.e.,

2-fluoro-2-propylpentanoic acid [alpha-F-VPA] and octanoic

acid; Fig. 2) known to be compromised in specific bio-

transformation pathways. The results are discussed in the

context of the role of reactive metabolites in the development

of toxicity in hepatocytes treated with VPA.

MATERIALS AND METHODS

Chemicals and reagents. Sodium valproate, 1-aminobenzotriazole, tert-

butylhydroperoxide, dimethylsulfoxide, Triton X-100, and fetal bovine serum

were purchased from Sigma-Aldrich Chemical Co. (Oakville, Ontario,

Canada). Matrigel and Hepato-Stim medium were bought from BD Biosciences

(Mississauga, Ontario, Canada). 2#,7#-Dichlorodihydrofluorescein diacetate

(DCFDA), HepatoZYME-SFM medium, penicillin-streptomycin, and L-glutamine

were purchased from Invitrogen (Burlington, Ontario, Canada). Lactate

dehydrogenase (LDH) Cytotoxicity Detection Kit and 2-(4-iodophenyl)-3-

(4-nitrophenyl)-5-(2,4-disulfophenyl)-2H-tetrazolium (WST-1) reagent were

obtained from Roche Applied Sciences (Mississauga, Ontario, Canada).

FIG. 1. A simplified scheme illustrating the major biotransformation

pathways of VPA (Chang and Abbott, 2006). FIG. 2. Chemical structures of VPA, alpha-F-VPA, and octanoic acid.
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Ammonium acetate (High Performance Liquid Chromatography grade),

anhydrous ethyl ether (certified ACS grade), EDTA, o-phosphoric acid,

n-hexanes, methanol, and sodium hydroxide were bought from Fisher Scientific

(Ottawa, Ontario, Canada). 2#,7#-Dichlorofluorescein (DCF) was purchased

from PolySciences, Inc. (Warrington, PA).

Synthesis of VPA metabolites and analogues. The following VPA

metabolites and analogues were synthesized as described previously: 4-ene-

VPA and (E)-2,4-diene-VPA (Kassahun et al., 1991); (E)-2-ene-VPA, 3-ene-

VPA, 3-OH-VPA, 4-OH-VPA, 5-OH-VPA, and 4-keto-VPA (Zheng, 1993);

and alpha-F-VPA (Tang et al., 1997). Purity was > 99% as determined by

liquid chromatography and mass spectrometry.

Animals. Adult male Sprague-Dawley rats were purchased from Charles

River Laboratories, Inc. (Senneville, Quebec, Canada) and housed in

a temperature-controlled (22�C) room with 12 h dark-light cycles. The animals

were provided ad libitum with food (Labdiet 5001 Rodent Diet, PMI Feeds

Inc., Richmond, IN) and water. All animal experiments were approved by the

Animal Care Committee at the University of British Columbia.

Isolation and culturing of rat hepatocytes. Hepatocytes were isolated by

a two-step collagenase method (Seglen, 1993) as described previously (Tong

et al., 2005a). Cell viability was > 85%, as assessed by trypan blue exclusion

(Jauregui et al., 1981). Cells were suspended at a concentration of 0.7 million

cells per milliliter in Hepato-Stim medium supplemented with penicillin

(100 U/ml), streptomycin (100 lg/ml), L-glutamine (2mM), and heat-

inactivated fetal bovine serum (10% vol/vol). Isolated hepatocytes were seeded

at a density of 0.56 million cells per well in 12-well plates (Costar 3513, Corning

Inc.) coated with Matrigel and allowed to attach for 4 h in a 37�C, 5% CO2

incubator. Subsequently, the medium was aspirated and replaced with 0.8 ml of

HepatoZYME-SFM medium supplemented with Matrigel (250 lg/ml), penicillin

(100 U/ml), streptomycin (100 lg/ml), and L-glutamine (2mM). The plates were

then placed in a 37�C, 5% CO2 incubator for 20 h to allow for the formation of

the sandwich culture (Swift et al., 2010).

Treatment of cultured rat hepatocytes. At 24 h after plating of

hepatocytes, culture medium was aspirated and replaced with fresh

HepatoZYME-SFM medium supplemented with penicillin (100 U/ml),

streptomycin (100 lg/ml), and L-glutamine (2mM). Hepatocytes were treated

with VPA, (E)-2-ene-VPA, 3-ene-VPA, 4-ene-VPA, (E)-2,4-diene-VPA, 3-

OH-VPA, 4-OH-VPA, 5-OH-VPA, 4-keto-VPA, alpha-F-VPA, octanoic acid,

or tert-butylhydroperoxide for 24 h at the concentrations indicated in each

figure legend. In another experiment, hepatocytes were pretreated with 1-

aminobenzotriazole (0.5mM) or culture medium (vehicle control) 30 min prior

to the administration of VPA (1mM in the WST-1 assay and 12mM in the LDH

and DCF assays) or culture medium (vehicle control). At 24 h thereafter,

cytotoxicity assays were performed. A previous study showed that treatment of

rat hepatocytes with VPA for 24 h leads to maximal or near-maximal effects in

various indices of hepatocyte toxicity (Takeuchi et al., 1988).

WST-1 assay. Hepatocyte viability was assessed by the WST-1 assay

(Rousar et al., 2009). At the end of the drug treatment period, hepatocytes were

washed with warm (37�C) and sterile PBS (pH 7.4) and incubated at 37�C with

1 ml of the supplemented culture medium containing 50 ll of the stock WST-1

solution. The reduction of the WST-1 reagent to its formazan product was moni-

tored spectrophotometrically at regular intervals at a wavelength of 450 nm in a

Labsystems Multiskan Ascent multiwell plate reader (Thermo Electron Corp.,

Burlington, Ontario, Canada). The rate of WST-1 product (formazan) formation

was calculated as a percentage of the rate in the vehicle-treated control cells.

The blank consisted of the culture medium and an equal amount of the

tetrazolium dye.

LDH assay. Hepatocyte necrosis was measured by the cellular release of

LDH (Bajt et al., 2004). The LDH assay was performed essentially according

to the instructions in the LDH Cytotoxicity Detection Kit (Roche Applied

Sciences). At the end of the drug treatment period, an aliquot of the culture

supernatant was immediately stored on ice. Subsequently, hepatocytes were

washed with warm PBS (pH 7.4) and incubated with 1.25 ml of lysis buffer

(2% vol/vol Triton X-100 and 20mM EDTA in PBS, pH 7.4). The enzymatic

reaction was initiated by the addition of 100 ll of the reaction mixture

(provided in the kit). Reaction product was monitored spectrophotometrically at

regular intervals at a wavelength of 492 nm in a Labsystems Multiskan Ascent

multiwell plate reader (Thermo Electron Corp.). LDH release in the supernatant

was calculated as a percentage of the total cellular LDH content (i.e., sum of the

LDH levels in the supernatant and in cell lysate).

DCF assay. The cellular conversion of DCFDA to DCF was used as

a general index of oxidative stress (Halliwell and Whiteman, 2004). At the end

of the drug treatment period, hepatocytes were washed with sterile PBS (pH

7.4) and incubated with 1 ml of the supplemented culture medium containing

DCFDA. Preliminary experiments indicated that a suitable concentration was

2lM. The fluorescence emission of DCF was monitored at regular intervals at

an excitation wavelength of 485 nm (band width of 20 nm) and an emission

wavelength of 530 nm (band width of 25 nm) in a Cytofluor Series 4000

multiwell fluorescence plate reader (Applied Biosystems, Bedford, CA). The

blank samples contained culture medium, but without cells. The amount of

DCF formed was calculated based on a calibration curve constructed using

authentic DCF standard. The rate of DCF formation was calculated as

a percentage of the DCF formation in the vehicle-treated control group.

Quantification of VPA metabolites. Levels of 4-ene-VPA, 4-OH-VPA,

5-OH-VPA, 3-OH-VPA, (E)-2-ene-VPA, 3-ene-VPA, (E,E)-2,3-diene-VPA, (E,Z)-

2,3-diene-VPA, and (E)-2,4-diene-VPA were quantified by gas chromatography-

mass spectrometry (Tong et al., 2003). VPA-1-O-acyl glucuronide was quantified by

liquid chromatography-tandem mass spectrometry as described previously (Tong

et al., 2005b), except that the dwell time was 0.05 s, cone voltage was 20 V, and

collision energy was 10 eV.

Statistical analysis. Data were analyzed by one-way ANOVA (SigmaStat

for Windows, Version 3.5, Systat Software, Inc., Chicago, IL) and, when

appropriate, was followed by the Student-Newman-Keuls multiple comparison

test. In cases where assumptions for a parametric test were violated, the data

were analyzed by a nonparametric test (Kruskal-Wallis one-way ANOVA by

ranks). effective concentration (EC50) values were generated by sigmoidal

curve fitting using the four-parameter Hill equation: y ¼ y0 þ [axb/(cb þ xb)]

(SigmaPlot 2001 for Windows, version 7.0, SPSS, Inc., Chicago, IL).

RESULTS

Effects of VPA and tert-Butylhydroperoxide

An initial experiment in sandwich-cultured rat hepatocytes

was performed to assess the effects of VPA on WST-1 product

formation, LDH release, and DCF levels and to verify the

effects of a known hepatotoxicant, tert-butylhydroperoxide

(Cervinkova et al., 2009; Nieminen et al., 1995; Martin et al.,
2001), on these markers. The results indicate that VPA and

tert-butylhydroperoxide decreased WST-1 product formation

(Fig. 3A) and increased LDH release (Fig. 3B) and DCF levels

(Fig. 3C).

Concentration-Response Relationship in the Effects of VPA

To further characterize the effects of VPA on markers of

cytotoxicity and oxidative stress, concentration-response experi-

ments were performed. Sandwich-cultured rat hepatocytes were

treated with varying concentrations of the drug for 24 h. As

evident by the concentration-response curves, VPA decreased

WST-1 product formation, elevated LDH release, and increased
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DCF levels over the range of 0.75–12mM (Fig. 4A), 6–300mM

(Fig. 4B), and 6–100mM (Fig. 4C), respectively. The experi-

mentally derived EC50 values were 1.1 ± 0.4mM (mean ± SEM)

in the WST-1 assay, 12.2 ± 1.4mM in the LDH assay, and

12.3 ± 1.9mM in the DCF assay.

Effects of Individual Synthetic Metabolites of VPA

To compare the relative toxicity of individual synthetic

metabolites of VPA, sandwich-cultured rat hepatocytes were

treated with an equimolar concentration (1mM in the WST-1

assay and 12mM in the LDH and DCF assays) of (E)-2-ene-

VPA, 3-ene-VPA, 4-ene-VPA, (E)-2,4-diene-VPA, 3-OH-

VPA, 4-OH-VPA, 5-OH-VPA, or 4-keto-VPA for 24 h. The

concentrations were chosen to reflect the EC50 values in the

effect of VPA in each of the assays. Among the individual

synthetic metabolites investigated, only (E)-2-ene-VPA, 4-ene-

VPA, (E)-2,4-diene-VPA, and VPA reduced WST-1 product

formation, and the magnitude of the effect was greater for (E)-

2-ene-VPA and (E)-2,4-diene-VPA than for VPA (Fig. 5A). In

contrast, only (E)-2,4-diene-VPA and VPA increased LDH

release, and the magnitude of the effect of the former was

greater than that of the latter (Fig. 5B). By comparison, only

(E)-2-ene-VPA, 3-ene-VPA, (E)-2,4-diene-VPA, and VPA

increased DCF levels, and the magnitude of the effect of (E)-

2,4-diene-VPA was greater than that of VPA (Fig. 5C).

Dose-Response Relationship in the Effects of Synthetic
2,4-Diene-VPA

As demonstrated in Figures 5A–C, (E)-2,4-diene-VPA was

the only synthetic metabolite among those investigated that

consistently produced greater toxicity than VPA in sandwich-

cultured rat hepatocytes. Therefore, we further characterized

the effects of synthetic (E)-2,4-diene-VPA, with the aim of

identifying the minimum toxic concentration of this metabolite

in each of the toxicity markers employed in the present study.

Concentration-response experiments showed that the toxicity

FIG. 3. Effects of VPA and tert-butylhydroperoxide on markers of cell

viability, necrosis, and oxidative stress in sandwich-cultured rat hepatocytes.

Freshly isolated hepatocytes were cultured and treated with VPA (1mM in the

WST-1 assay and 6mM in the LDH and DCF assays), tert-butylhydroperoxide

(t-BOOH, 5mM), or culture medium (vehicle control) for 24 h in a 37�C, 5%

CO2 incubator. WST-1 (A), LDH (B), and DCF (C) assays were performed as

described under ‘‘Materials and Methods’’ section. Data are expressed as mean

± SEM for three or four independent experiments. *Significantly different from

the vehicle-treated control group, p < 0.05.

FIG. 4. Dose-response relationship in the effects of VPA on markers of

cell viability, necrosis, and oxidative stress in sandwich-cultured rat

hepatocytes. Freshly isolated hepatocytes were cultured and treated with

varying concentrations of VPA or culture medium (vehicle) for 24 h in a 37�C,

5% CO2 incubator. WST-1 (A), LDH (B), and DCF (C) assays were performed

as described under ‘‘Materials and Methods’’ section. Data are expressed as

mean ± SEM for four independent experiments. *Significantly different from

the vehicle-treated control group, p < 0.05.
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of this metabolite became statistically significant at concen-

trations � 0.3mM (Fig. 6A), 1mM (Fig. 6B), and 0.3mM

(Fig. 6C) in the WST-1, LDH, and DCF assays, respectively.

By comparison, the effects of VPA became statistically

significant at concentrations � 0.75mM (Fig. 4A), 6mM

(Fig. 4B), and 3mM (Fig. 4C) in the WST-1, LDH, and DCF

assays, respectively. Therefore, (E)-2,4-diene-VPA was 3-, 6-,

and 10-fold more potent than VPA in the WST-1, LDH, and

DCF assays, respectively, as judged by the minimum toxic

concentrations.

Effects of Inhibiting the In Situ Formation of Cytochrome
P450–Dependent Oxidative Metabolites of VPA

Biotransformation studies have shown that VPA is metab-

olized to various cytochrome P450–dependent oxidative

metabolites, including 4-ene-VPA (Abbott and Anari, 1999),

which subsequently undergoes b-oxidation to produce (E)-2,4-

diene-VPA (Fig. 1). Therefore, we determined whether the

in situ–generated 4-ene-VPA and other primary metabolites

(i.e., 3-OH-VPA, 4-OH-VPA, and 5-OH-VPA) of cytochrome

P450–dependent enzymatic reactions contributed to the de-

velopment of toxicity in hepatocytes treated with VPA. Our

experimental strategy involved the use of 1-aminobenzotriazole,

which is a broad spectrum, mechanism-based inactivator of

cytochrome P450 enzymes (Ortiz de Montellano and Mathews,

1981). This chemical has been shown to inhibit the in vivo
formation of cytochrome P450–dependent oxidative metabo-

lites of VPA in rats dosed with VPA (Tong et al., 2003).

Preliminary experiments with sandwich-cultured rat hepatocytes

indicated that at a concentration of 0.5mM, 1-aminobenzotriazole

maximally inhibited the oxidative metabolism of VPA and it

did not produce cytotoxicity, as assessed by the WST-1

and LDH assays, or oxidative stress, as indicated by the DCF

assay (data not shown). Consequently, this concentration of

FIG. 5. Effect of individual synthetic metabolites of VPA on markers of

cell viability, necrosis, and oxidative stress in sandwich-cultured rat

hepatocytes. Freshly isolated hepatocytes were cultured and treated with (E)-

2-ene-VPA, 3-ene-VPA, 4-ene-VPA, (E)-2,4-diene-VPA, 3-OH-VPA, 4-OH-

VPA, 5-OH-VPA, 4-keto-VPA, or VPA at a concentration of 1mM (WST-1

assay) or 12mM (LDH and DCF assays) for 24 h in a 37�C, 5% CO2 incubator.

Control cells were treated with culture medium (vehicle) for the same length of

time. WST-1 (A), LDH (B), and DCF (C) assays were performed as described

under ‘‘Materials and Methods’’ section. Data are expressed as mean ± SEM

for three to five independent experiments. *Significantly different from the

vehicle-treated control group, p < 0.05. **Significantly different from the

vehicle-treated and VPA-treated groups, p < 0.05.

FIG. 6. Dose-response relationship in the effects of synthetic (E)-2,4-

diene-VPA on markers of cell viability, necrosis, and oxidative stress in

sandwich-cultured rat hepatocytes. Freshly isolated hepatocytes were cultured

and treated with varying concentrations of (E)-2,4-diene-VPA or culture

medium (vehicle) for 24 h in a 37�C, 5% CO2 incubator. WST-1 (A), LDH (B),

and DCF (C) assays were performed as described under ‘‘Materials and

Methods’’ section. Data are expressed as mean ± SEM for three independent

experiments. *Significantly different from the vehicle-treated control group,

p < 0.05.
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1-aminobenzotriazole was used in our inhibition experiment.

As shown in Figures 7A–C, treatment of hepatocytes with VPA

alone produced the expected effects in the WST-1, LDH,

and DCF assays. However, 1-aminobenzotriazole did not

attenuate the magnitude of the various toxicity markers

in VPA-treated hepatocytes. Control analysis indicated that

1-aminobenzotriazole suppressed the in situ formation of 4-

ene-VPA, 3-OH-VPA, 4-OH-VPA, and 5-OH-VPA (Table 1).

Overall, based on the results obtained from the inhibition

experiments with 1-aminobenzotriazole (Figs. 7A–C), the in
situ–generated 4-ene-VPA, 3-OH-VPA, 4-OH-VPA, and 5-

OH-VPA did not contribute to the toxicity in cultured rat

hepatocytes treated with VPA.

Comparative Effects of Alpha-F-VPA, Octanoic Acid, and
VPA

To gain further insight into the chemical mechanism of VPA

toxicity, we employed an experimental strategy that involved

the investigation of structural analogues of VPA (i.e., alpha-F-

VPA and octanoic acid, Fig. 2). Previous studies have shown

that alpha-F-VPA is resistant to the enzymatic generation of the

corresponding (E)-2,4-diene (Tang et al., 1997), glucuronide

(Tang et al., 1997), and Coenzyme A (CoA) esters (Grillo

et al., 2001). By comparison, octanoic acid, which is an eight-

carbon straight chain fatty acid, is not expected to undergo

biotransformation to form a 4-ene or 2,4-diene metabolite, as

predicted on the basis of its chemical structure. Therefore, we

compared the effects of an equimolar concentration of alpha-F-

VPA, octanoic acid, and VPA on markers of cytotoxicity and

oxidative stress in sandwich-cultured rat hepatocytes. The

results show that alpha-F-VPA and octanoic acid had little or

no effect on WST-1 product formation (Fig. 8A), LDH release

(Fig. 8B), or DCF levels (Fig. 8C) when compared with the

vehicle-treated control group. In agreement with the findings

from a previous experiment (e.g., Figs. 3A–C), VPA decreased

WST-1 product formation (Fig. 8A), whereas it increased LDH

release (Fig. 8B) and DCF levels (Fig. 8C).

DISCUSSION

Relative Toxicity of Synthetic, Oxidative Metabolites of VPA

The present study provides the first comprehensive charac-

terization of the cytotoxic potential of a panel of specific

FIG. 7. Effects of 1-aminobenzotriazole on markers of cell viability,

necrosis, and oxidative stress in sandwich-cultured rat hepatocytes treated with

VPA. Freshly isolated hepatocytes were cultured and pretreated with 1-

aminobenzotriazole (1-ABT, 0.5mM) or culture medium (vehicle) 30 min prior

to the administration of VPA (1mM in the WST-1 assay and 12mM in the LDH

and DCF assays) or culture medium (vehicle). Cells were incubated for 24 h in

a 37�C, 5% CO2 incubator. WST-1 (A), LDH (B), and DCF (C) assays were

performed as described under ‘‘Materials and Methods’’ section. Data are

expressed as mean ± SEM for four independent experiments in the WST-1

assay, seven in the LDH assay, and five in the DCF assay. *Significantly

different from the vehicle-treated control group, p < 0.05.

TABLE 1

Effect of 1-Aminobenzotriazole on VPA Metabolite Levels in

Sandwich-Cultured Rat Hepatocytes Treated with VPA

Metabolite Control 1-Aminobenzotriazole

Concentration (lM)

4-ene-VPA 0.11 ± 0.04 None detected*

4-OH-VPA 3.78 ± 0.69 0.45 ± 0.11*

5-OH-VPA 3.09 ± 0.64 0.31 ± 0.14*

3-OH-VPA 0.32 ± 0.05 15 ± 0.02*

(E)-2-ene-VPA 2.76 ± 0.46 3.03 ± 0.44

3-ene-VPA 0.82 ± 0.23 0.80 ± 0.22

(E,E)-2,3-diene-VPA 3.65 ± 1.23 3.72 ± 1.21

(E,Z)-2,3-diene-VPA 0.38 ± 0.09 0.42 ± 0.08

(E)-2,4-diene-VPA None detected None detected

VPA-1-O-acyl glucuronide 94 ± 26 98 ± 27

Note. Sandwich-cultured rat hepatocytes were pretreated with

1-aminobenzotriazole (0.5mM) or culture medium (vehicle control) for

30 min prior to the administration of VPA (12mM) or culture medium

(vehicle control). At 24 h thereafter, supernatant was collected. VPA metabolite

levels were quantified by gas chromatography-mass spectrometry and liquid

chromatography-tandem mass spectrometry as described in the ‘‘Materials and

Methods’’ section.

*Significantly different from the control group, p < 0.05.
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metabolites of VPA in a single experimental model. Among the

individual metabolites investigated, only (E)-2,4-diene-VPA

was consistently more toxic than VPA, as assessed by markers

of cell viability, necrosis, and oxidative stress in sandwich-

cultured rat hepatocytes. Consistent with this finding, this

metabolite was also more effective than VPA in the

development of hepatic steatosis and inhibition of b-oxidation

in rats (Kesterson et al., 1984). Interestingly, elevated levels of

thio-conjugated (E)-2,4-diene-VPA have been reported in urine

of patients who developed hepatotoxicity (Kassahun et al.,
1991). As determined in our cell culture experiments, 4-ene-

VPA did not increase LDH release or DCF levels when

compared with the control group, whereas it did compromise

cell viability as measured by the WST-1 assay and to a similar

extent as the parent drug. The lack of an effect of 4-ene-VPA

on LDH release is in contrast to the increase reported in an

earlier study in cultured rat hepatocytes (Kingsley et al., 1983).

However, it is in agreement with a subsequent study that

showed a lack of an effect by the metabolite unless the

hepatocytes were depleted of glutathione (Jurima-Romet et al.,
1996). By comparison, (E)-2-ene-VPA, which is a b-oxidation

metabolite of VPA (Abbott and Anari, 1999), decreased WST-

1 product formation and increased DCF levels, suggesting that

they compromised cell viability and produced oxidative stress.

The lack of an effect on LDH release by (E)-2-ene-VPA is in

agreement with a previous finding in cultured rat hepatocytes

(Jurima-Romet et al., 1996). It is also consistent with the

observation that the administration of 2-ene-VPA to rats does

not produce hepatic steatosis (Kesterson et al., 1984; Loscher

et al., 1992). Overall, our analysis of a panel of specific

metabolites of VPA identified (E)-2,4-diene-VPA as one that

was consistently more toxic than VPA in sandwich-cultured rat

hepatocytes.

Assessment of the Role of In Situ–Generated Cytochrome
P450–Dependent Metabolites of VPA in VPA Hepatocyte
Toxicity

As shown in the present study, 1-aminobenzotriazole was

capable of inhibiting the in situ formation of 4-ene-VPA, 3-

OH-VPA, 4-OH-VPA, and 5-OH-VPA in sandwich-cultured

rat hepatocytes treated with VPA, in agreement with our

previous in vivo findings in rats (Tong et al., 2003). However,

the decrease in the in situ formation of these metabolites was

not accompanied by any changes in WST-1 product formation,

LDH release, or DCF levels, suggesting that these oxidative

metabolites of VPA did not significantly contribute to

the development of cytotoxicity or oxidative stress in

hepatocytes treated with the parent drug. In a previous study,

1-aminobenzotriazole pretreatment to rats administered VPA

also did not attenuate the plasma levels of 15-F2t-isoprostane

(Tong et al., 2003), which is a marker of lipid peroxidation

(Halliwell and Whiteman, 2004). Based on the published

literature (Tang et al., 1997) and data from the dose-response

experiment shown in the present study, (E)-2,4-diene-VPA

would be another candidate metabolite that might be involved

in VPA hepatocyte toxicity. In principle, the application of

a general cytochrome P450 inhibitor such as 1-aminobenzo-

triazole is expected to compromise the enzymatic formation of

(E)-2,4-diene-VPA in hepatocytes treated with the parent drug.

This metabolite could be formed either from (E)-2-ene-VPA in

a reaction that is cytochrome P450 dependent or from 4-ene-

VPA, the formation of which is also cytochrome P450

dependent (Fig. 1). It is unlikely that (E)-2,4-diene-VPA itself

would be able to contribute to the cytotoxicity and oxidative

stress by the parent drug because according to our dose-

response data, the minimum toxic concentrations of this

metabolite were 0.3, 1, and 0.3mM in the WST-1, LDH, and

DCF assays, respectively. As shown in the present study, (E)-

2,4-diene-VPA was not detectable in our sandwich-cultured rat

FIG. 8. Comparative effects of octanoic acid, alpha-F-VPA, and VPA on

markers of cell viability, necrosis, and oxidative stress in sandwich-cultured rat

hepatocytes. Freshly isolated hepatocytes were cultured and treated with an

equimolar concentration of octanoic acid, alpha-F-VPA, or VPA (1mM in the

WST-1 assay and 12mM in the LDH and DCF assays). Control cells were

treated with culture medium (vehicle). All cells were incubated for 24 h in

a 37�C, 5% CO2 incubator. WST-1 (A), LDH (B), and DCF (C) assays were

performed as described under ‘‘Materials and Methods’’ section. Data are

expressed as mean ± SEM for three or four independent experiments.

*Significantly different from the vehicle-treated control group, p < 0.05.
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hepatocytes treated with VPA. Overall, the results from our

chemical inhibition experiments suggest that the in situ–

generated 4-ene-VPA, 3-OH-VPA, 4-OH-VPA, and 5-OH-

VPA did not contribute in a significant way to the cytotoxicity

or oxidative stress in sandwich-cultured rat hepatocytes treated

with the parent drug.

Potential Role of Biotransformation in VPA Hepatocyte
Toxicity

We employed structural analogues of VPA as a means to

gain additional insight into the potential role of biotransfor-

mation in the development of toxicity in rat hepatocytes treated

with VPA. As shown in the present study, treatment of

sandwich-cultured rat hepatocytes with alpha-F-VPA or

octanoic acid produced little or no cytotoxicity or oxidative

stress. In previous in vivo studies, treatment of rats with alpha-

F-VPA or alpha-F-4-ene-VPA was not associated with steatosis

(Tang et al., 1995) or lipid peroxidation as assessed by the 15-

F2t-isoprostane assay (Tong et al., 2005b), in contrast to their

nonfluorinated counterparts. The lack of toxicity observed with

the alpha-fluorinated analogues of VPA was originally

attributed to their inability to form the toxic (E)-2,4-diene

metabolite (Tang et al., 1995). However, subsequent studies

indicated that they were also considerably less able to form

a CoA ester (Grillo et al., 2001) or a glucuronide (Tang et al.,
1997). Thus, our experimental findings with alpha-F-VPA and

octanoic acid imply that biotransformation appears to play

a role in VPA toxicity in rat hepatocytes in culture and that the

CoA ester or glucuronide of VPA could be candidate

metabolites that contribute to the toxicity of the parent drug.

Indeed, CoA esters of carboxylic acids are electrophilic

reactive species, as demonstrated by the reactivity of (E)-2,4-

diene-VPA-CoA toward glutathione and hepatic proteins (Tang

and Abbott, 1996). Depletion of CoA from VPA treatment has

been associated with impaired mitochondrial b-oxidation or

decreased oxidative phosphorylation in various experimental

models (Silva et al., 2008). That the glucuronidation pathway

of VPA may also contribute to VPA hepatotoxicity is

suggested by our previous finding of an association between

the formation of VPA-1-O-acyl glucuronide and the de-

velopment of lipid peroxidation in rats (Tong et al., 2005b).

Acyl glucuronides of certain drugs have been shown to possess

toxicity, including diclofenac 1-O-b-acyl glucuronide, which is

known to bind to cellular proteins and suspected to be

responsible for the hepatotoxicity of the parent drug (Tang,

2007). Further mechanistic experiments are warranted to

determine whether the formation of VPA-CoA ester or VPA

glucuronide is responsible for the hepatotoxicity of the parent

drug.

Summary and Conclusion

Among a panel of synthetic metabolites of VPA (i.e., (E)-

2-ene-VPA, 3-ene-VPA, 4-ene-VPA, (E)-2,4-diene-VPA, 3-

OH-VPA, 4-OH-VPA, 5-OH-VPA, and 4-keto-VPA), only

(E)-2,4-diene-VPA was consistently more potent and toxic than

VPA, as evaluated by markers of cell viability, necrosis, and

oxidative stress in sandwich-cultured rat hepatocytes. In situ–

generated cytochrome P450–dependent oxidative metabolites,

including 4-ene-VPA, did not contribute to hepatocyte toxicity

of the parent drug, according to our chemical inhibition

experiment. However, it appears that biotransformation does

play a role, as inferred by the lack of or substantially decreased

toxicity of structural analogues of VPA (i.e., alpha-F-VPA and

octanoic acid) that are compromised in specific biotransforma-

tion pathways.
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