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The antiepileptic and anticancer agent, valproic
acid, induces P-glycoprotein in human tumour cell
lines and in rat liver
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Background and purpose: The antiepileptic drug valproic acid, a histone deacetylase (HDAC) inhibitor, is currently being
tested as an anticancer agent. However, HDAC inhibitors may interact with anticancer drugs through induction of
P-glycoprotein (P-gp, MDR1) expression. In this study we assessed whether valproic acid induces P-gp function in tumour cells.
We also investigated effects of valproic acid on the mRNA for P-gp and the cytochrome P450, CYP3A, in rat livers.
Experimental approach: Effects of valproic acid on P-gp were assessed in three tumour cell lines, SW620, KG1a and H4IIE.
Accumulation of acetylated histone H3 in rats’ livers treated for two or seven days with valproic acid was evaluated using a
specific antibody. Hepatic expression of the P-gp genes, mdria, mdr1b and mdr2, was determined by real-time polymerase
chain reaction. The effects of valproic acid on CYP3A were assessed by Northern blot analysis and CYP3A activity assays.
Key results: Valproic acid (0.5-2.0 mM) induced P-gp expression and function up to 4-fold in vitro. The effect of a series of
valproic acid derivatives on P-gp expression in SW620 and KG1la cells correlated with their HDAC inhibition potencies.
Treatment of rats with 1 mmol kg~ valproic acid for two and seven days increased hepatic histone acetylation (1.3- and 3.5-
fold, respectively) and the expression of mdria and mdr2 (2.2-4.1-fold). Valpromide (0.5-2.0 mm) did not increase histone
acetylation or P-gp expression in rat livers, but induced CYP3A expression.

Conclusions: Valproic acid increased P-gp expression and function in human tumour cell lines and in rat liver. The clinical
significance of this increase merits further investigation.
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Introduction

P-glycoprotein (P-gp) is the most important efflux transpor-
ter currently identified with respect to clinical practice and
medicine (Gottesman et al., 2002; Giacomini and Sugiyama,
2006). It was initially discovered by its ability to confer
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multidrug resistance (MDR) on mammalian tumour cells
(Juliano and Ling, 1976). However, P-gp is also expressed in
tissues involved in detoxification of drugs and other
xenobiotics and in blood-tissue barriers, such as the
intestinal epithelia, bile canalicular membranes of hepato-
cytes, epithelial cells in renal tubules and the blood-brain
barrier (Thiebaut et al., 1987; Cordon-Cardo et al., 1989).
P-gp consists of two proteins: MDR1 (MDR1 in humans,
mdrla and 1b in rats and mice) and MDR2 (MDR2 in
humans and mdr2 in rodents). Of these genes, MDR1, mdrla



and mdrlb expression leads to drug resistance, whereas
MDR2 and mdr2 encode a phosphatidylcholine transporter
in biliary canaliculi (Gottesman et al., 2002).

P-gp expression can be activated by a variety of xenobio-
tics, including dexamethasone (Figure 1) and paclitaxel.
Many of these compounds target nuclear receptors, such as
the steroid xenobiotic receptor and co-activate the expres-
sion of drug-metabolizing enzymes, such as the cytochrome
P450 (CYP), CYP3A4 (Synold et al., 2001; Yokogawa et al.,
2002; Wagner et al., 2005). Superimposed upon this regula-
tion is a dynamic chromatin ultrastructure, which regulates
the accessibility of transcription factors to their DNA targets.
Hypomethylated DNA and hypermethylated, deacetylated
histones are associated with transcriptional permissive state
of genes, mostly those involved in the regulation of the cell
cycle, differentiation and apoptosis (Acharya et al., 2005;
Drummond et al., 2005), as well as the MDR1 gene (Scotto,
2003). Thus, the inhibitors of histone deacetylase (HDAC),
butyric acid (Figure 1), trichostatin A and depsipeptide have
been shown to induce P-gp in various human cancer cell
lines and depsipeptide is a P-gp inducer in peripheral blood
mononuclear cells from patients with acute myeloid leukae-
mia (Mickley et al., 1989; Frommel et al.,, 1993; Jin and
Scotto, 1998; Scotto, 2003; Baker and EI-Osta, 2004; Odenike
et al., 2004; Piekarz et al., 2004; Tabe et al., 2005; Xiao et al.,
2005a, b). Because HDAC inhibitors are being investigated as
anticancer agents, these findings aroused a concern about
potential drug interactions of HDAC inhibitors with other
anticancer drugs, which are also substrates for P-gp (Tabe
et al., 2005; Xiao et al., 2005a).

Recently, it has been shown that therapeutic concentra-
tions of the established broad-spectrum antiepileptic drug
valproic acid (Figure 1), but not valpromide (Figure 1), the
primary amide of valproic acid, inhibit HDAC in a variety of
human cell lines and in rodents (Gottlicher et al., 2001; Phiel
et al., 2001; Ferrante et al., 2003; Gurvich et al., 2004; Eyal
et al., 2005). Valproic acid is currently in clinical trials as
a monotherapy or in combination with other anticancer
compounds for the treatment of solid and haematopoietic
malignancies (Blaheta et al., 2005; Raffoux et al., 2005; Yang
et al., 2005).
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In this study, we characterized the effect of valproic
acid and its derivatives on P-gp expression in tumour
cell lines and in rat liver, in order to assess if valproic acid
has the potential to induce resistance to drugs that are
substrates for P-gp. Because valproic acid could also coregu-
late the expression of CYP3A, we investigated the effects
of valproic acid on the mRNA levels and function of
this enzyme.

Materials and methods

Materials

Cells and cell culture. As models for P-gp-expressing cells, we
used the human colon adenocarcinoma cell line SW620,
acute myelogenous leukaemia KGla cells and H4IIE rat
hepatoma cells (Mickley et al., 1989; Mehta et al., 1994; Bailly
et al., 1995). Specifically, SW620 cells respond to various
HDAC inhibitors (Mickley et al., 1989; Frommel et al., 1993;
Jin and Scotto, 1998; Synold et al., 2001). The cell lines were
from the American Type Culture Collection (Manassas, VA,
USA).

SW620 cells were cultured under standard cell culture
conditions with medium Roswell Park Memorial Institute
(RPMI) 1640. H4IIE and KGla cells were cultured in
minimum essential medium Eagle’s alpha. Culture media
were supplemented with 10% foetal calf serum, 100 U ml ™"
penicillin/streptomycin and 2 mM glutamine. For H4IIE cells,
medium was further supplemented with 10% calf serum.
Cells were cultured at 37°C in a humidified atmosphere of
5% CO2:95% O, and incubated with the tested compounds
or the vehicle in culture medium. Control cells were treated
with an equivalent concentration of dimethyl sulphoxide
(DMSO).

Animals. Male Sprague-Dawley rats (Simonsen Labora-
tories, Gilroy, CA, USA), weighing 250-300g were housed
in a temperature- and light- (12-h light/dark cycle) con-
trolled environment and allowed free access to food (S/L
Custom Lab Diet-7) and water. Animal care and the method
of Kkilling (decapitation following an anaesthetic dose of
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Chemical structures of valproic acid (VPA) and its derivatives and analogues — valpromide (VPD), propylisopropylacetic acid (PIA),

valnoctic acid (VCA), the valproic acid metabolite, 4-ene-VPA, and a synthetic analogue, 4-yn-VPA. Also shown for comparison are butyric acid

(BuA), an HDAC inhibitor and dexamethasone (Dex), a P-gp inducer.
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pentobarbitone) were approved by the Institutional Animal
Care and Use Committee at the University of Utah.

Test solutions. For the in vitro experiments, valproic acid,
valpromide, 4-ene-valproic acid, 4-yn-valproic acid, valnoc-
tic acid and propylisopropylacetic acid were dissolved in
DMSO. The DMSO concentration in the assays never
exceeded 1% (vv™'). Sodium valproate and sodium butyrate
were soluble in media.

For the animal studies, sodium valproate, valpromide and
dexamethasone were suspended in 0.5% methylcellulose.
Methylcellulose has been routinely used by us in pharmaco-
kinetic and pharmacodynamic evaluation of valproic acid
analogues and derivatives, including valpromide. It was
selected as the suspending agent in the current study in
order to simplify interpretation and comparison of our
present results to previous studies (Isoherranen et al., 2003,
Sobol et al., 2005). In contrast to sodium valproate, sodium
butyrate was not soluble in methylcellulose and hence was
dissolved in saline.

Flow cytometric detection of P-gp expression and function

P-gp expression. Cells were harvested by trypsinization,
washed and resuspended in phosphate-buffered saline
(PBS). Following recovery for 15min at room temperature,
cells were incubated with either the MDR1 monoclonal
antibody UIC2 or the control isotype for 30 min at 4°C. Cells
were washed twice with PBS/BSA (bovine serum albumin)/
NaNj3 and further incubated with PBS containing fluorescein-
isothiocyanate (FITC)-conjugated goat-anti-mouse immuno-
globulin (Ig)G (1:75) for 30 min at 4°C. The extent of specific
antibody binding was described as the ratio in mean
fluorescence intensities in the absence and in the presence
of the primary antibody.

P-gp function. Rhodamine 123 (Rh123) effux assay was used
to determine the functional effects of the test compounds on
P-gp, as described previously by Frommel et al. (1993) with
minor modifications. Briefly, cells were washed thoroughly
with PBS after incubation with the tested compounds,
incubated with drug-free media for 1h and then preloaded
with 1.2 uM Rh123 with or without one of the following P-gp
inhibitors: 40 uM verapamil, 20 uM cyclosporin A (CSA) or
0.5 uM PSC-833 for 30 min at 37°C. After washing twice, cells
were incubated with or without the P-gp inhibitor for 90 min
in medium at 37°C. Efflux was stopped by transferring the
tubes to ice. Samples were washed in ice-cold PBS and
analysed by flow cytometry. Non-viable cells were excluded
from analysis by propidium iodide staining. Each experi-
ment was performed at least twice on different days. The
ratio of Rh123 fluorescence retained in the cells in the
absence of an inhibitor to that obtained in the presence of
verapamil, CSA or PSC-833 was used as the measure of dye
retention.

Treatment protocols
The doses and schedule of valproic acid, butyric acid and
dexamethasone administration were selected based on the
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work of Tremolizzo et al. (2002), Ferrante et al. (2003) and
Yokogawa et al. (2002), respectively. Owing to the adverse
effects of chronic dexamethasone administration on rat liver
and total body weights (Man et al., 2002), the maximal
duration for its administration was 3 days. Within this
period, dexamethasone has been shown to induce mdrla
mRNA expression in rat liver (Yokogawa et al., 2002).
Accordingly, the dosing protocol used in this work was
considered to represent an adequate stimulus for P-gp. Rats
were randomly assigned to each experimental group and
received valproic acid (144mgkg~!, 1mmolkg™!), valpro-
mide (143mgkg, 1mmol kg™!), butyric acid (600mgkg~*,
7mmolkg™'), dexamethasone (50mgkg™', 0.1 mmolkg™)
or methylcellulose twice daily for 2 days. The same doses of
valproic acid, valpromide and butyric acid were administered
also for a period of 7 consecutive days. The parallel treatment
with dexamethasone included 4 consecutive days of methyl-
cellulose administration twice daily, followed by dexametha-
sone (50mgkg !, twice daily) for 3 days. Drugs were
administered intraperitoneally in a volume of 2 ulg~* body
weight.

Two hours after the last injection, rats were killed. Their
livers and brains were removed rapidly. Livers were weighed
and tissue samples were either frozen on dry ice and stored
at —80°C until processing or processed immediately for
microsomal preparation.

Analysis of histone acetylation

Preparation of nuclear extracts. Treated and control cells were
washed with PBS and harvested by scraping. They were then
centrifuged at 100 g for 10 min twice and resuspended in ice-
cold lysis buffer, containing 10mMm 4-(2-hydroxyethyl)-1-
piperazineethyl-sulphonic acid (pH 7.9), 1.5mM MgCl,,
10mM KCl, 0.2M HCI, 0.5mM dithiothreitol, 1.5mM phe-
nylmethylsulphonyl fluoride and 100kIUml™! aprotinin.
Samples were incubated on ice for 30 min. The lysates were
centrifuged at 16000g for 30 min at 4°C. The supernatant
was dialysed twice against 0.1 M acetic acid and twice against
H,O, for 1h each.

Histones were extracted from tissue samples as described
by Yasmineh and Yunis (1974), with slight modifications.
The tissues were homogenized in 0.32M sucrose containing
SmM MgCl,, 0.2mM CaCl,, 0.5mM dithiothreitol, 1.5 mM
phenylmethylsulphonyl fluoride and 100 kKIU ml~! aprotinin
(pH 7.4) and centrifuged at 1000 g for 10 min. The pellet was
then suspended in 2.2 M sucrose, SmM MgCl,, 0.2 mM CacCl,,
0.5 mM dithiothreitol, 1.5 mM phenylmethylsulphonyl fluor-
ide, 100kIUmI1™! aprotinin (pH 7.4) and centrifuged at
150004 for 1h. The histones present in this nuclear pellet
were resuspended in 0.4M H,SOy,, placed on ice for 30 min
and centrifuged at 12000 g for 20 min. The supernatant was
dialysed as described for cell lysates.

Immunodetection of acetylated histones. The concentration
of each nuclear extract preparation (which contains non-
histone proteins as well) was determined by the Lowry
method (Lowry et al., 1951) using BSA as the standard.
Samples were adjusted to equal protein concentrations,
mixed with sodium dodecyl sulphate (SDS) sample buffer
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Table 1 Oligonucleotide real-time PCR primers for amplification of rat mdrla, mdr1b and GAPDH for real-time PCR
Gene Primers
mdrla Forward AGGCAATGGCAACATTTTTTGGTGG
Reverse GATAAGCAGAAAAGCTGCACCCATG
mdr1b Forward AGTCCATAACGACATTTTCAGCCGG
Reverse GACCAACAGGTAGGCAATACCTATG
mdr2 Forward GCAAAGCTTGATGAAAAGGCTGCTGGAGGTG
Reverse GCTCTAGATAGGCCCAAGAAGACCAGCG
GAPDH Forward CAGTATGATTCTACCCACGG
Reverse CAGATCCACAACGGATACAT

Abbreviations: GAPDH, glyceraldehyde phosphate dehydrogenase, Mdr, multidrug resistance transporter; PCR, polymerase chain reaction.
Genbank Accession Number: mdrla — AF257746; mdr1b — M81855; mdr2 — L15079; GAPDH — M17701.

and separated by 10-16.5% tricine SDS—polyacrylamide gel
electrophoresis. Gels were either stained with Coomassie
blue and imaged with BioDocit (Upland, CA, USA) imaging
system or immunoblotted with antibodies against acetyl
histone H3 (1:7500) or $-actin (1:200) at 4°C overnight. The
blots were then incubated with peroxidase-conjugated goat-
anti-rabbit or rabbit-anti-goat IgG (1:40 000 and 1:10 000, for
anti-acetyl histone H3 and anti-f-actin antibodies, respec-
tively) for 1.5h and developed by enhanced chemilumine-
sence. The ratios between the optical densities of acetylated
histone-H3 and f-actin were compared among treatments.

Total RNA isolation

Total RNA was isolated from HA4IIE cells or from approxi-
mately 200mg of frozen liver tissue using the acid guanidi-
nium thiocyanate-phenol-chloroform extraction method,
modified from Chomczynski and Sacchi (1987).

Quantitative detection of mdrla, mdrlb, mdr2 and GAPDH
mRNA by real-time RT-PCR
Twenty micrograms of total RNA from each sample (con-
centration of total RNA was determined from the absorbance
at 260 nm) was subjected to electrophoresis in 1% denatur-
ing agarose gel containing formaldehyde. Sample integrity
was determined by visualization of sharp 18S and 28S bands
with ethidium bromide. First-strand cDNA was synthesized
using the Superscript II reverse transcriptase with random
primers, according to the manufacturer’s protocol.
Real-time polymerase chain reaction (PCR) for mRNA of
mdrla, mdrlb, mdr2 and glyceraldehyde phosphate de-
hydrogenase (GAPDH) was performed using the LightCycler
system and software version 3.5.3 (RocheApplied Science,
Indianapolis, IN, USA). The sequences of the selected gene-
specific primer pairs are shown in Table 1. Amplification
mixtures contained 2ul of DNA template, 1ul of 5uM
primers, 1.6l of 1.25mM deoxynucleoside triphosphates
(dNTPs), 1ul of PCR buffer, containing MgCl, (final
concentration 20mMm), 1 ul of Taq polymerase, 1 ul of SYBR
green and 2.4 ul PCR-grade H,O per sample. PCR cycling
conditions were 95°C for 2min, followed by 45 cycles of
denaturation at 95°C for Os (rapid heat transfer across the
glass PCR capillary)/annealing at 60°C (for GAPDH, mdrla
and mdrlb) or 65°C (for mdr2) for Os/extension at 72°C
for 15s. Separate calibration (standard) curves for mdrla,

mdrlb, mdr2 and GAPDH were constructed using serial
dilutions of DNA fragments. The standard curve samples
were included in each PCR. Negative controls for contam-
ination by extraneous RNA (replacement of RNA with water)
were run with each set of reactions. Melting curves,
performed after each amplification, produced a single
prominent product.

The mRNA level of mdrla, mdrlb and mdr2 was expressed
as a ratio to that of GAPDH.

Northern blot analysis
Total RNA was transferred to a Nytran membrane (Schleicher
and Schuell) by downward alkaline transfer, crosslinked with
UV light and hybridized with cDNA probes labelled with
[¢-*2P]dCTP by random primed synthesis (Amersham Multi-
prime, Amersham Biosciences, Pittsburgh, PA, USA) using
the manufacture’s specifications. Rat cDNA probes for the
assessed mRNAs were used as described previously (Lamb
et al., 2001).

Hybridized blots were washed twice for 30 min at 42°C in
2 x saline-sodium citrate (SSC), 0.1% SDS, twice for 30 min at
42°C in 0.1 x SSC, 0.1% SDS and once for 45 min at 54°C
in 0.1 x SSC, 0.1% SDS. Autoradiographic film was exposed
for 6-72h at —70°C with an intensifying screen and the
intensity of the developed band was determined by scanning
densitometry using Molecular Analyst (Bio-Rad, Hercules,
CA, USA) software. To remove any effects of gel loading and
transfer variations, all mRNA bands were normalized to a
housekeeping gene, cyclophilin mRNA, in the same sample.

Microsomal preparation and enzyme assays

Microsomal and cytosolic fractions from saline-infused livers
were prepared according to the procedure described by
Franklin and Estabrook (1971). Protein concentrations were
determined by the method of Lowry et al. (1951).

For CYP3A activity, liver microsomes (0.2 mg protein ml ™)
from control and treated rats were incubated with 200 uMm
testosterone in phosphate buffer (pH 7.4), for 15min at
37°C. The internal standard, 11p-hydroxytestosterone, was
added at the termination of the incubation. Testosterone and
its 6-hydroxylated metabolite were extracted with dichloro-
methane and analysed by high-pressure liquid chromato-
graphy using CH3CN:0.1% trifluoroacetic acid in H,O with
UV detection at 236 nm.
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Statistical analysis

Five or seven rats were included in each 2- or 7-day treatment
group, respectively. Experiments in cell culture were re-
peated at least three times. The P-values were calculated by
analysis of variance with Dunn’s multiple comparison test
for post hoc pairwise comparison with the control value.
Statistical analyses were performed with GraphPad InStat,
version 3.01 (GraphPad Software, San Diego, CA, USA). Data
are expressed as meansts.em. A P-value of <0.05 was
considered significant.

Drugs and reagents

Valproic acid was a gift from Teva (Petach Tikva, Israel).
Culture media, foetal calf serum, medium supplements and
antibiotics were purchased from Biological Industries (Beith
Haemek, Israel). PSC 833 was kindly provided by Professor
W Stein (The Hebrew University of Jerusalem, Israel). Valproic
acid derivatives and constitutional isomers were synthesized
as described previously in the following references: 4-ene-
valproic acid (Hauck and Nau, 1989), 4-yn-valproic acid
(Hauck and Nau, 1992), valnoctic acid (Radatz et al., 1998)
and propylisopropylacetic acid (Bojic et al.,, 1996). The
monoclonal antibody UIC2 and the control isotype were
purchased from Immunotech (Marseille, France), antibodies
against acetyl histone H3 were from Upstate Biotechnology
(Lake Placid, NY, USA), antibodies against f-actin from Santa
Cruz Biotechnology (Santa Cruz, CA, USA), horseradish
peroxidase-conjugated goat-anti-rabbit and rabbit-anti-goat
antibodies from Jackson ImmunoResearch Laboratories
(West Grove, PA, USA), FITC-conjugated goat-anti-mouse
antibodies from Jackson ImmunoResearch Laboratories
(West Grove, PA, USA) and aprotinin from Kamada (Rehovot,
Israel). Components for first-strand cDNA synthesis (Super-
Script II reverse transcriptase, 5 x buffer, dithiothreitol,
random primers, oligo-dTs, dNTPs and Taq polymerase) were
purchased from Invitrogen (Carlsbad, CA, USA), 10 x PCR
buffer and SYBR green were from Idaho Technology (Salt
Lake City, UT, USA). Nytran membranes were purchased
from ISC Bioexpress (Kaysville, UT, USA), and the Multi-
prime DNA labelling kit from Amersham Pharmacia Biotech
(Little Chalfont, UK). [«-3?P]dCTP was purchased from
DuPont NEN (Boston, MA, USA). All other reagents were
from Sigma-Aldrich (St Louis, MO, USA).

Results

Effect of valproic acid on P-gp expression and function

We have compared P-gp function in SW620 colon carcinoma
and KG1la lymphoma cells treated with valproic acid to those
of cells treated with the vehicle. Using an antibody specific
to the human MDR1, we demonstrated that valproic acid
induced a fourfold increase of MDR expression in SW620 cells
(Figure 2a). A 2.2- to 4-fold induction of P-gp function
in KG1la was observed 5 days after the onset of incubation of
KG1la with 1 mM valproic acid (Figure 2b), using verapamil as
the P-gp inhibitor. The effect of valproic acid on P-gp
function was time dependent. It was not demonstrated
following 15 min of incubation and was more pronounced
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after 5 days of incubation, then after 2 days (Figure 2b).
Similar results were obtained using the P-gp-specific inhibitor
PSC-833 (data not shown). We also investigated whether P-gp
expression was reversed by removal of valproic acid. KGla
cells were cultured for 5 days with valproic acid and then
washed and incubated without valproic acid for additional 3
days. Withdrawal of valproic acid from treated cells resulted
in a return of P-gp function to baseline levels (data not
shown). These results demonstrate that P-gp overexpression
is dependent on the presence of valproic acid.

In order to assess whether P-gp induction is shared by
valproic acid analogues and derivatives, which also inhibit
HDAC, we compared the effect of these compounds, each
possessing various potencies as HDAC inhibitors (Eyal et al.,
2005), on P-gp function in SW620 cells (Figure 3). The tested
drug concentrations were selected according to the previous
cytotoxicity data for the tested compounds in these cells
(Eyal et al., 2005). The effects of 4-ene- valproic acid and 4-yn
valproic acid, which are established HDAC inhibitors with
ICso values for inhibition of HDAC from HeLA nuclear
extracts of 1.5 and 0.5 mM, respectively, compared to 1.5 mM
of valproic acid (Goéttlicher et al., 2001; Eyal et al., 2005,
unpublished data), were similar to that of valproic acid. On
the other hand, valnoctic acid (ICso=8.5mM) and propyl-
isopropylacetic acid (ICso>10mM), which are both less
potent than valproic acid as HDAC inhibitors (Eyal et al.,
2005), did not induce P-gp function. These results suggest
a correlation between HDACs inhibition and P-gp expression
by valproic acid analogues and derivatives.

Quantitative PCR analysis was used to evaluate alterations
in mdrla and mdr1b gene expression in the rat hepatoma cell
line H4IIE treated with valproic acid. Figure 4 shows that,
at concentrations associated with induction of the MDR1
protein expression and activity, valproic acid increased the
mRNA levels of mdrla and mdrlb twofold and more than
threefold, respectively. Valpromide did not affect mdrl
mRNA levels in these cells.

Effect of valproic acid on histone acetylation in rat liver

To correlate the effects of the tested compounds on levels of
the mRNA for hepatic transporter and metabolic enzymes
with histone acetylation status in vivo, nuclear extracts were
prepared from the livers of control and treated animals and
the levels of acetylated histone H3 were evaluated using a
specific antibody (Figure 5a). Representative experiments
demonstrating the effects of the tested compounds on
histone H3 in rat liver are shown in Figure Sb. Valproic acid
induced significant histone hyperacetylation in rat liver after
7 treatment days (3.5+1.0-fold of control, P<0.05)
(Figure 5a). At this time, butyric acid increased histone H3
acetylation by 3.3+0.4-fold, as compared to control
(P<0.05). Valpromide, in contrast to valproic acid, did not
induce histone H3 hyperacetylation.

Expression of P-gp genes in the livers of control and treated rats
Real-time PCR was used to determine the relative levels of
mdrla, mdrlb and mdr2 mRNA in the livers from treated
animals, compared with controls. The mRNA content of the
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Figure 2 Effect of valproic acid on P-gp function in SW620 and KG1a cells. The abscissa is a logarithmic scale of fluorescence intensity. The
ordinate shows the relative frequency of cells in a given fluorescence intensity channel. (a) Indirect immunofluorescence staining of P-gp in
SW620 cells. Cells incubated for 5 days with medium containing valproic acid or the vehicle only were washed and incubated with UIC2 anti-P-
gp antibody (bright line) or the isotype control (dark line). The ratio of mean fluorescence intensities in the absence and in the presence of the
primary antibody is presented for each treatment. (b) Rh123 efflux from KG1a cells treated with butyric acid (BuA, 0.5 mm) or valproic acid
(VPA, 0.5-1.5 mMm). Cells were treated with the test compounds for the indicated periods, washed with PBS and incubated with Rh123 with or
without verapamil (Ver), then washed again and Rh123 efflux established, in the absence (dark line) or presence (bright line) of verapamil. The
ratio of Rh123 fluorescence retained in the cells in the absence of verapamil to that obtained in the presence of verapamil is presented for each
treatment as a numerical value within each histogram. Higher values indicate increased P-gp expression or function, for Figure 2a and b,
respectively. Similar results were obtained in two additional experiments.

mdrla and mdrlb and mdr2 genes PCR products was
normalized to GAPDH. As shown in Figure 6a, valproic acid
significantly increased mdrla mRNA levels in the liver after 2
treatment days, and the magnitude of this effect was higher
after 7 treatment days (2.2+0.7- and 4.1+ 1.3-fold increase,
respectively, compared with control, P<0.05). Unlike
valproic acid, valpromide did not induce mdrla expression.
The effect of both valproic acid and valpromide on mdrib
expression was not statistically significant and its extent was
lesser compared to mdrla (Figure 6b). Valproic acid also
induced mdr2 expression (28 +0.8- and 3.6 +0.7-fold) after 2
and 7 days, respectively (Figure 6¢).

Effects of valproic acid on expression and function of hepatic
drug-metabolizing enzymes in control and treated rats

In order to assess whether valproic acid coregulates P-gp and
CYP isozymes in vivo in rat liver, the effect of valproic acid on
the levels of CYP3A mRNA was assessed following 2 and 7
days of treatment. Although valproic acid did not affect
CYP3A expression in rats, valpromide produced a significant
increase of CYP3A mRNA levels after 2 days of treatment,
but not after 7 days (Figure 7a). However, the effect of
valpromide on CYP3A mRNA did not translate into an
increase in CYP3A activity in microsomes prepared from the
livers of treated rats (Figure 7b).
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Figure 4 Quantitative PCR determination of mdrla and mdrib
mRNA copy numbers in control and valproic acid-treated H4IIE cells.
Cells were incubated for 36 h in the presence of 1 mMm valproic acid,
1 mMm valpromide or the vehicle only. The relative copy number of
mdrla and mdrlb was determined by quantitative real-time PCR
and normalized by the amount of GAPDH. Results are expressed as
fold increase in the copy number, compared to control (mean+
s.e.m., N=3).

Discussion

Inhibitors of HDAC such as butyric acid, trichostatin A and
depsipeptide have been shown to induce P-gp expression
and function in various human cancer cell lines and in blood
cells from patients with acute myeloid leukaemia (Mickley
et al.,, 1989; Frommel et al., 1993; Jin and Scotto, 1998;
Synold et al., 2001; Scotto, 2003; Baker and El-Osta, 2004;
Odenike et al., 2004; Piekarz et al., 2004; Tabe et al., 2005;
Yamada et al.,, 2005). It has been suggested that P-gp
induction by HDAC inhibitors may be associated with a
low response to those anticancer drugs that are substrates for
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Figure 5 Effect of valproic acid on histone H3 acetylation in rat
liver. Rats were treated with valproic acid (VPA; 144 mgkg ™' b.i.d.),
valpromide (VPD; 143mgkg™" b.i.d.), butyric acid (BuA;
600mgkg"b.i.d.), dexamethasone (Dex; 50mgkg~' b.i.d.) or
methylcellulose (control). Acetylated histone H3 from liver homo-
genates was stained with a specific antibody. Autoradiographs were
analysed by densitometry, and the optic densities (OD) values for
acetylated histone H3 were normalized by the OD of f-actin (the
loading control). (a) Effects of the tested compounds on acetylated
histone H3 in rat liver. (b) Representative immunoblots of liver
extracts for one animal from each treatment — butyric acid (BuA),
dexamethasone (Dex); valproic acid (VPA) and valpromide (VPD).
SW620, nuclear extract from SW620 cells, treated for 24 h with 2 mm
valproic acid before lysis. Values (mean+s.e.m.) are expressed as
fold increase, compared to control run in parallel. *Significantly
different from control, P<0.05; n=5 or n=7 in the 2- or 7-day
treatment groups, respectively.

P-gp (Tabe et al., 2005; Xiao et al., 2005a). In the current
study, we addressed the question whether, similarly, P-gp
may be induced during the treatment with the antiepileptic
and recently introduced anticancer agent, valproic acid.
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Figure 6 Quantitative PCR determination of mdr1a (a), mdr1b (b)
and mdr2 (c) mRNA copy numbers in the livers of control and
treated rats. Rats were treated with valproic acid (VPA; 144 mgkg ™"
b.i.d.), valpromide (VPD; 143mgkg~"' b.i.d.), butyric acid (BuA;
600mgkg~" b.i.d.), dexamethasone (Dex; 50mgkg~"' b.i.d.) or
methylcellulose (control). The relative copy number of mdria,
mdr1b and mdr2 was determined by quantitative real-time PCR and
normalized by the amount of GAPDH. Results are expressed as fold
increase in the copy number, compared to control (mean +s.e.m.).
*Significantly different from control, P<0.05. **Significantly differ-
ent from control, P<0.01. n=5 or n=7 in the 2- or 7-day treatment
groups, respectively.

In SW620 cells, a model cell line for P-gp induction by
HDAC inhibitors (Mickley et al., 1989; Frommel et al., 1993),
and in P-gp-expressing KGla cells, valproic acid induced
both expression and function of P-gp, as indicated by
immunocytochemistry and by Rh123 efflux assays, respec-
tively (Figure 2). This effect of valproic acid was pronounced
at a concentration of valproic acid that is therapeutically
effective (as an antiepileptic) and inhibitory for HDAC
activity in vitro; that is, 0.5 mMm (Géttlicher et al., 2001; Phiel
et al., 2001; Johannessen et al., 2003).
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Figure 7 Hepatic enzyme expression and activity in the livers of
control and treated rats. (a) Relative amount of CYP3A mRNA. The
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fold increase in the copy number, compared to control (mean+
s.e.m.). (b) Microsomal CYP3A activity. Testosterone was used as the
substrate for CYP3A. *Significantly different from control, P<0.05;
n=>5 or n=7 in the 2- or 7-day treatment groups, respectively.

The effect of valproic acid on P-gp was not considered
to be associated with a genomic change of P-gp, as over-
expression was reversible after removal of valproic acid from
the culture medium (data not shown). Similarly, Mickley
et al. (1989) have previously demonstrated a rapid decline in
P-gp mRNA after withdrawal of butyric acid and a gradual
decline in the level of the protein with a half-life of about
24 h and a return to near-normal by 96 h. It has also been
shown that butyric acid and trichostatin A affect MDR1
transcription rather than the mRNA stability (Mickley et al.,
1989; Frommel et al., 1993; Jin and Scotto, 1998; Synold
et al., 2001; Baker et al., 2005).

The possibility of phosphorylation-induced activation of
P-gp function (Lee, 2001) was also examined. Our results
demonstrate time dependence of the effect of valproic acid
on P-gp function, without any shift in signal of the
fluorescent P-gp substrate Rh123 after 15 min of incubation
of SW620 cells with valproic acid (Figure 2b). A shift
appeared when the cells were incubated for 48h with
valproic acid and was more pronounced after 7 days of
incubation, suggesting a transcriptional rather than post-
transcriptional effect of valproic acid. The selectivity of the
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effect of valproic acid on MDR1 in SW620 cells was
confirmed using PSC 833, a specific P-gp inhibitor.

To characterize further the relationships between in vitro
inhibition of HDAC and P-gp induction and establish
a relationship between HDAC inhibition and induction
of P-gp function, we compared the efflux function of
cells treated with valproic acid, its derivatives (valpromide,
4-ene- valproic acid and 4-yne- valproic acid; Figure 1) and
constitutional isomers (propylisopropylacetic acid, valnoctic
acid; Figure 1) possessing various degrees of HDAC inhibitory
activity. We found that the valproic acid metabolite, 4-ene-
valproic acid, and the synthetic valproic acid derivative,
4-yn- valproic acid, both established HDAC inhibitors
(Gottlicher et al., 2001; S Eyal et al.,, 2005, unpublished
data), mimic valproic acid in inducing P-gp function in
SW620 cells. In contrast, the constitutional isomers of
valproic acid, valnoctic acid and propylisopropylacetic acid,
which are less potent HDAC inhibitors (Eyal et al., 2005), did
not induce P-gp function. These results support the assump-
tion that induction of P-gp function in vitro by valproic acid
and its derivatives may be related to their activity as HDAC
inhibitors.

In order to assess whether the increase in P-gp function is
owing to the selection of subpopulations of cancer cells with
pre-existing high MDR1 expression or is owing to MDR1
induction by valproic acid, we analysed the effect of valproic
acid on P-gp mRNA in rat hepatoma cells using real-time
reverse transcriptase-PCR. In hepatoma cells, valproic acid
increased both mdrla and mdrlb mRNA levels after 36h
of incubation (Figure 4), which is approximately the time
to maximal induction of P-gp mRNA in several cell lines
(Mickley et al., 1989). Taken together with the effect of
valproic acid on P-gp expression in rat liver and the fact that
valproic acid is not a substrate for P-gp in the rat (Baltes et al.,
2005), this result suggests that valproic acid induces P-gp
expression, rather than selecting for resistant cells.

In order to assess the effect of valproic acid on histone
acetylation and P-gp mRNA levels in vivo, we measured
hepatic levels of acetylated histone H3, an index of HDAC
inhibition, following 2 and 7 days of drug administration to
rats. The positive external standard was the nuclear extracts
from valproic acid-treated SW620 cells, which expresses high
levels of acetylated histone H3 following treatment with
valproic acid (Eyal et al., 2005), and valpromide was used as a
valproic acid derivative, which does not inhibit HDAC. The
observed increase in acetylated histone levels in the livers of
rats following 7 days of treatment with valproic acid suggests
that this compound inhibit liver HDACs in vivo (Figure 5a
and b). The dose of valproic acid, 1 mmolkg ™' (144 mgkg™),
was chosen following Tremolizzo et al. (2002), who assessed
the dose-response relationships for the induction of histone
hyperacetylation by valproic acid in mice tissues. This dose
equals the EDs, for valproic acid in anticonvulsant rodent
models (Bialer et al., 1994; Bialer et al., 2004) and produces
in rats an average plasma Cp,,x of 247 mgl‘1 (Blotnik et al.,
1996), compared with 73.6-170.49 mg1~" achieved in cancer
patients (Chavez-Blanco et al., 2005). Despite the fact that, in
rats, the fraction of valpromide metabolized to valproic acid
is 42% (Blotnik et al., 1996), the resulting concentration of
valproic acid (as a valpromide metabolite) was probably not
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sufficient to induce significant HDAC inhibition and histone
hyperacetylation in the livers of valpromide-treated rats. It
has been demonstrated that following intravenous adminis-
tration of 74mgkg~! valproic acid or valpromide to rats,
Cmax Vvalues of valproic acid in plasma were 247rngl’1
(1.71mM) and 78 mgl~' (0.55mMm), respectively. The Cpay,
expressed as drug amount per tissue weight, of valproic acid
and valpromide in rat liver was 72mgkg~! and 105 mgkg™~?,
respectively (Blotnik et al., 1996). Assuming linear pharma-
cokinetics of both valproic acid and valpromide at this dose
range, the administration of 143 mgkg~! valpromide to rats
would result in a hepatic Cy,a.x of valproic acid, which is
below its reported ICso for HDAC inhibition in vitro
(Gottlicher et al., 2001; Phiel et al., 2001; Gurvich et al.,
2004; Eyal et al., 2005).

We used gene-specific primers for mdrla, mdrlb and mdr2
and real-time PCR, to determine whether valproic acid
induces P-gp expression in rats. Valproic acid and butyric
acid induced expression of mdrla, but not mdrlb, in the
livers of treated rats (Figure 6). Therefore, the expression of
these transporters may be at least partially differentially
regulated by valproic acid, as has been previously demon-
strated for dexamethasone (Salphati and Benet, 1998). In
accordance with its lack of inhibition of HDAC both in vitro
and in rat liver, under the current experimental conditions
valpromide did not induce P-gp expression in the livers
from the treated rats. However, we cannot exclude effects
of valpromide on P-gp expression that are mediated by
mechanisms other that HDAC inhibition (Figure 6). Simi-
larly, alternative regulatory pathways might lead to the
higher increase in mdrlb mRNA following the treatment
with butyric acid, compared with valproic acid. In addition
to mdrla, valproic acid also regulates the hepatic expression
of mdr2, which is involved in bile acid excretion. The
implications of mdr2 induction by wvalproic acid are
currently unknown.

To test the hypothesis that valproic acid might coordi-
nately regulate hepatic P-gp and CYP3A, we investigated the
effects of valproic acid on CYP3A mRNA levels in the livers of
treated rats. CYP3A enzymes in the rat include CYP3A2, the
orthologue of the human CYP3A4, which is responsible for
the metabolism of about 50-70% of all pharmaceutical
agents (Synold et al., 2001; Yokogawa et al., 2002). Dex-
amethasone, a potent inducer of both P-gp and CYP3A
through activation of nuclear receptors, was used as the
positive control and induced CYP3A expression in rat liver.
In contrast to dexamethasone, valproic acid did not affect
the expression of CYP3A in rat liver (Figure 7). This finding is
consistent with the lack of effect of the HDAC inhibitor
trichostatin A on CYP3A expression in human cell lines
(Rodriguez-Antona et al.,, 2003). On the other hand,
valpromide induced CYP3A expression, but not the function
of these isosymes, probably by molecular mechanisms
different from those activated by valproic acid (Figure 5).

In conclusion, the present study demonstrates that
valproic acid induces the expression of P-gp in rat liver and
activates P-gp function in human tumour cell lines.
Although valpromide is the primary amide of valproic acid,
the effects of these two closely related compounds on the
investigated genes are probably mediated by distinct mole-



cular mechanisms, and the free carboxylic group in the
valproic acid molecule is likely to be important for valproic
acid’s effects on both HDAC and P-gp. Currently, most
reported effects of valproic acid on the pharmacokinetics of
other drugs result from inhibition of their hepatic metabo-
lism (Patsalos and Perucca, 2003a, b), and we are not aware of
any clinical studies assessing valproic acid effects on P-gp
substrates such as paclitaxel, doxorubicin and digoxin. Thus,
the clinical significance of P-gp induction by valproic acid
should be further investigated.
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