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Abstract

Emerging evidence suggests that the neuroprotective effects of valproic acid (VPA) occur via
inhibition of histone deacetylases (HDACS) and activation of gene expression. This study assessed
the ability of four VPA derivatives to cause histone hyperacetylation and protect against
glutamate-induced excitotoxicity in cultured neurons. We found that (S)-2-pentyl-4-pentynoic acid
(compound I11) and (z)-2-hexyl-4-pentynoic acid (compound V) were far more potent and robust
than VVPA in inducing histone hyperacetylation and protecting against glutamate excitotoxicity.
Thus, the increase in histone acetylation elicited by compounds 111 and V was significant at 5 uM
and reached a maximal increase of 600-700% at 50-100 pM, compared with only a 200%
increase by VPA at 100 uM. The neuroprotective effects of compounds 111 and V were evident at
10-25 puM and reached a complete protection at 50-100 pM, while a significant partial protection
by VPA was observed at 100 M. These two compounds were also more effective than VPA in
increasing HSP70-1a and HSP70-1b mRNA levels. At 50 uM, compound V was most robust in
increasing HSP-1a mRNA levels, followed by compound 11, and then by VPA. HSP-1b mRNA
was only significantly upregulated by compounds V and 11, but not by VPA or other VPA
derivatives under these treatment conditions. Our results suggest that these two VVPA derivatives
may ultimately be developed into potent neuroprotective drugs in preclinical and clinical studies.
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Valproic acid (VPA), 2-n-propylpentanoic acid, is commonly used to treat seizures and
bipolar disorder, as well as for prophylaxis of migraine headaches. Previous work has shown
that VPA inhibits histone deacetylases (HDACSs), which are fundamental to histone
acetylation regulation, chromatin remodeling, and gene expression [9, 14]. VPA appears to
inhibit Zn**-dependent class | (HDAC 1, 2, 3, 8) and class Ila (HDAC 4, 5, 7, 9) HDACs,
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with little effect on class 11b or other classes [3]. Furthermore, through HDAC inhibition,
VPA is known to play multiple neuroprotective roles in cellular settings and in animal
models of neurodegenerative diseases [3]. For example, in cultured cerebellar granule cells,
pretreatment with VPA or structurally similar and dissimilar HDAC inhibitors protected
neurons from apoptosis induced by glutamate-induced, N-methyl-D-aspartate (NMDA)
receptor-mediated excitotoxicity [10-12]. In addition, the neuroprotective effects of VPA
are mediated, at least partially, by induction of neuroprotective proteins and neurotrophins
such as a-synuclein [10], heat shock protein 70 (HSP70) [12], brain-derived neurotrophic
factor (BDNF) [2, 18] and glial cell line-derived neurotrophic factor (GDNF) [2]. Studies
suggest that treatment with VVPA or related HDAC inhibitors exerts variable degrees of
beneficial effects in many rodent models of neurodegenerative diseases including stroke,
Huntington’s disease, Parkinson’s disease, amyotrophic lateral sclerosis, spinal muscular
atrophy, and Alzheimer’s disease [3].

Because of its ability to inhibit HDACs, VPA suppresses proliferation, and induces
differentiation and apoptosis of tumor cells [1]; as a result, it is under clinical investigation
as an anti-cancer agent. Although VPA is generally safe and well-tolerated, it is associated
with some rare but severe side effects, notably liver toxicity [4] and teratogenicity [13]. The
mechanisms underlying these adverse effects are not well defined; however, accumulating
evidence suggests that these actions are also related to HDAC inhibition. Nau and
colleagues studied the teratogenic activity of 20 VPA derivatives with various structural
modifications, including side chain elongation, double/triple bond inclusion, carboxyl group
derivatization and carbon-2 position enantiomerization [7]. They found a striking correlation
between the derivates’ potency as HDAC activity inhibitors and their capacity to induce
teratogenesis in a mouse model. In the present study, we assessed the ability of four VPA
derivatives to protect against glutamate-induced excitoxicity in primary cerebellar granule
cell cultures. We also compared the neuroprotective profile of each derivative and its ability
to increase HSP70 mRNA with that of VPA.

Cerebellar granule cells were prepared from 8-day-old rats and cultured as described
previously [11], with minor modifications. Cytosine arabinofuranoside (10 pM) was added
to the cultures 24 hours after plating to arrest growth of non-neuronal cells. For viability
assays, cultures were pretreated with indicated concentrations of a HDAC inhibitor, starting
from 1 day in vitro (DIV) and at 7 DIV, cells were exposed to 50 uM glutamate for 24 hours
to induce neurotoxicity. Compounds I-V were synthesized by Nau and coworkers as
previously described [7].

To determine cell survival in a quantitative colorimetric assay, the mitochondrial
dehydrogenase activity that reduces 3-(4, 5-dimethylthiazol-2-yl)-2, 5-dipheny! tetrazolium
bromide (MTT) was measured [10]. Cerebellar granule cells cultured on 96-well plates were
incubated with MTT (125 pg/ml) added directly to the growth medium for 1 hour at 37°C.
The medium was then aspirated, and the resulting formazan product was dissolved in
dimethylsulfoxide and quantified spectrophotometrically at 540 nm. Results are expressed as
a percentage of viability of the control culture. In some experiments, cell viability was also
assessed by microscopic examination of granule cells incubated with calcein-AM, which is
hydrolyzed by an intracellular esterase in viable cells to yield a green fluorescent product
[11]. Chromatin condensation was detected by staining cell nuclei with Hoechst dye 33258.
Cerebellar granule cells grown on six-well plates were washed with ice-cold PBS and fixed
with 4% formaldehyde in PBS. Cells were then stained with Hoechst 33258 (5 pg/ml) for 5
minutes at 4°C. Nuclei were visualized under an inverted fluorescence microscope at a
wavelength of 360 nm as described previously [11].
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Total RNA was isolated from cerebellar granule cells using the RNeasy Mini kit (Qiagen,
Valencia, CA) according to the manufacturer’s instructions. Real time quantitative RT-PCR
was performed from reverse-transcribed cDNA samples. Briefly, 2 pg of each RNA sample
was reverse transcribed into cDNA in a 100 pl reaction by using High-Capacity cDNA
Archive Kit (Applied Biosystems, Foster City, CA). The RT was performed at 25°C for 10
min, 37°C for 120 min, and 85°C for 5 min. An aliquot of 22.5 pl of each diluted cDNA was
used as a template for each PCR in conjunction with 25 pl of TagMan universal master mix
(Applied Biosystems) and 2.5 pl matched TagMan gene expression assay mixture (Applied
Biosystems) containing a 20x mix of forward primer, reverse primer, and 6-
carboxyfluorescein-labeled TagMan minor groove binder probe in a total volume of 50 pl.
The PCR cycling was performed first by incubation at 50°C for 2 min followed by 95°C for
10 min and then 40 cycles of 95°C for 15 s and 60°C for 1 min. The cycle threshold (Ct)
values corresponding to the PCR cycle number at which fluorescence emission in real time
reaches a threshold above the baseline emission were determined. TagMan gene expression
assay kits for HSP70-1a, HSP70-1b, and B-actin were also obtained from Applied
Biosystems. Percentage-changes in transcripts were performed in triplicate and calculated
after adjusting for B-actin transcript levels.

Cerebellar granule cells cultured in six-well plates were detached by scraping and then
sonicated for 30 seconds in lysis buffer, as previously described [10]. Protein concentration
was determined with a BCA™ protein assay kit (Pierce, Rockford, IL). Aliquots containing
equal protein amounts (10 ug) from each sample were mixed with an equal volume of SDS
sample buffer, loaded into a 4-12% Nupage Bis-Tris gel, and then subjected to
electrophoresis. After separation, proteins were transferred to a polyvinylidene difluoride
membrane, and incubated for 1 hour with a primary antibody against acetylated histone-H3
at lys® and lys'# (Millipore, Billerica, MA), or B-actin (Sigma, St. Louis, MO) in 0.1%
Tween 20/PBS and then with a HRP-labeled secondary antibody (GE Healthcare, Little
Chalfont, UK). The reactive bands were visualized by detecting chemiluminescence on the
membrane. Protein intensities were quantified by using NIH Image J 1.42 software.

Quantified data are presented as mean = SEM from three to five independent experiments.
Statistical significance was analyzed by one-way ANOVA and the Bonferroni post hoc test.
A p value of <0.05 was considered significant.

The abilities of VPA and four VPA derivatives to enhance levels of histone acetylation, to
protect against glutamate-induced excitotoxicity, and to induce HSP70-1a and HSP70-1b
MRNA were evaluated in cerebellar granule cells. These four VPA derivatives were chosen
because they show substantial differences in their potency to inhibit HDACs and capacity to
induce teratogenesis. Table 1 highlights results of previous studies reporting that (S)-2-
pentyl-4-pentynoic acid (compound I11) and (z)-2-hexyl-4-pentynoic acid (compound V)
had an 1C5 value eight and 30-times lower than that of VPA (compound 1), respectively, for
inhibiting HDACs; compounds 111 and V also had much more teratogenic potential than
VPA for HDAC inhibition. (R)-2-pentyl-4-pentynoic acid (compound 1V), the enantiomer of
compound 11, had an ICsg more than twice that of VPA, while (x)-2-ethyl-4-methyl
pentanoic acid (compound Il) did not inhibit HDACSs or induce teratogenesis (Table 1).

In support of these previous observations, we found that treating cerebellar granule cells
with compounds 111 and V induced a concentration-dependent increase in levels of histone
H3 acetylation, an index of HDAC inhibition (Fig. 1C and E). The increase was significant
at 5 uM and reached a maximum of 600-700% of the untreated control at 50 or 100 pM.
VPA treatment also caused a dose-dependent increase in histone H3 acetylation levels with
only a 200% increase at 100 uM (Fig. 1A), while compounds Il and IV failed to induce a
significant increase in histone acetylation at the doses examined (Fig. 1B and D).
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We next examined the ability of these five compounds to protect against glutamate-induced
excitotoxicity in cerebellar granule cells. Similar to their ability to inhibit HDACs,
compounds 111 and V completely blocked glutamate-induced cell death, as determined by
the MTT assay (Fig. 2C and E). Their neuroprotective effects were evident at 10-25 pM and
reached completion at 50-100 uM. VPA treatment induced significant partial
neuroprotection only at the highest concentration (100 puM) tested (Fig. 2A), while
compounds Il and 1V provided no protection against glutamate-induced neurotoxicity (Fig.
2B and D).

Neuronal viability was also assessed by morphological inspections after treatment. Exposure
of cerebellar granule cells to glutamate caused a robust increase in chromatin condensation,
a hallmark of apoptosis, detected by Hoechst dye staining; notably, glutamate-induced
chromatin condensation was markedly suppressed by treatment with compound 111 (Fig.
3A). Furthermore, the number of viable neurons revealed by calcein-AM staining was
decreased by glutamate exposure, and this excitotoxicity-induced neuronal loss was restored
by treatment with compound V (Fig. 3B).

A recent study from our laboratory demonstrated that VPA-induced HSP70 expression
through HDAC inhibition is neurorotective against glutamate excitotoxicity in primary
cortical neurons [12]. We therefore examined mRNA levels of HSP70-1a and HSP70-1b in
cerebellar granule cells following treatment with each of these five compounds for 24 hours.
At 50 pM, compound V was most effective in increasing HSP70-1a mRNA levels, followed
by compound 111, and then by VPA (Fig. 4A). At this concentration, HSP70-1b mRNA
levels were significantly enhanced by compounds V and 111, but not by VPA or compounds
I1'and IV (Fig. 4B).

Collectively, the present study compared the neuroprotective effects of VPA and four VPA
derivatives. We found that two compounds, (S)-2-pentyl-4-pentynoic acid (compound I11)
and (x)-2-hexyl-4-pentynoic acid (compound V), were more potent and effective than VPA
in increasing histone hyperacetylation and protecting against glutamate-induced, NMDA
receptor-mediated neurotoxicity in cerebellar granule cells. Specifically, compounds 11l and
V (50 pM) robustly increased (67 fold) histone H3 acetylation and provided almost
complete neuroprotection against excitoxicity; VPA had no such effect at this concentration.
These active concentrations of compounds 111 and V in neuroprotection are expected to be
achievable in vivo and in patients, because the VPA plasma concentrations in patients
treated for epilepsy are 300-700 pM.

These results are consistent with a previous report noting that compounds Il and V had an
ICs for HDACSs of 48 uM and 13 uM, respectively, compared with an ICgq of 398 uM for
VPA [7]. Moreover, pharmacokinetic data demonstrate that, in mice, compound Il is more
stable, with an extended half-life (4.2 h) compared to VPA (1.4 h) [6]. Taken together, this
research suggests that the pharmacological profiles of compounds Il and V warrant further
investigation to establish their putative beneficial effects and potential side effects in
preclinical models of neurodegenerative neurological diseases that involve excitotoxic cell
death such as cerebral ischemia, traumatic brain injury and spinal cord injury. It is also
relevant to note that VPA derivatives including compounds Il and V have potent
hemoglobin F-inducing activity [16], raising the possibility that they may be useful in
treating B-thalassemia and sickle cell disease. Among the compounds tested, only
hemoglobin F-inducing drugs cause accumulation of acetylated histone proteins, suggesting
an involvement of HDAC inhibition in the induction of hemoglobin F.

HSP70, a molecular chaperone and anti-apoptotic protein, is induced by VPA treatment in
cultured cortical neurons [12] and in the ischemic brain of rats [15]. In cortical neurons,
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VPA induces HSP70 by inhibiting class | HDACs, and likely involves binding acetylated
Sp1 to the gene promoter [12]. These events are required for neuroprotection against
glutamate excitotoxicity. The present study found that, in cerebellar granule cells
compounds 111 and V at 50 pM, but not VPA, robustly increase HSP70-1a and HSP70-1b
MRNA levels. At this dose, compound 1V, the (R)-enantiomer of 2-pentyl-4-pentynoic acid,
which is about 20-fold less potent than its (S)-enantiomer in inhibiting HDACS, had no
effect on this measure. However, it is notable that both (R) and (S)-enantiomers of this
compound improve short-term social recognition capacity in rats with longer-lasting effects
of the R-congener [8]. This suggests that mechanisms other than HDAC inhibition may be
involved in the acute memory-improving effects of these compounds. In addition, compound
Il ((£)-2-ethyl-4-methyl pentanoic acid) shares the inositol trisphosphate-depleting effects of
mood stabilizers (e.g., VPA, lithium, and carbamazepine) [5], raising the possibility that this
drug might be developed for the treatment of bipolar disorder without producing teratogenic
side effects. Indeed, sodium butyrate, which is structurally and pharmacologically similar to
VPA, was recently reported to have antidepressant activity and potentiate the efficacy of the
antidepressant fluoxetine [17]. The present findings suggest that, in addition to VPA,
compounds 11 and V should also be explored for their putative antidepressant and antimanic
effects.
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Fig. 1.

Dose-dependent effects of five compounds on histone H3 acetylation levels in cerebellar
granule cells. Compounds Il and V were more potent and robust (600-700%) than VPA
(Compound I) in increasing acetylated histone H3 (Ac-H3) levels. Compounds Il and 1V had
little or no effect on Ac-H3 levels. The data are means + SEM from three independent
experiments. *p<0.05, **p<0.01, ***p<0.001 between groups.
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Fig. 2.

Dose-dependent effects of five compounds on glutamate-induced excitotoxicity. Compounds
Il and V were more potent and effective than VVPA in blocking glutamate-induced
excitotoxicity. Compounds Il and IV were ineffective. Cell viability was quantified by MTT
assay and expressed as means + SEM of percentage of vehicle-treated control from five
independent cultures. *p<0.05, **p<0.01, ***p<0.001 between groups.
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Morphological assessment of neuroprotective effects of compounds 11l and V. After
glutamate treatment, granule cells were stained with Hoeschst dye to detect chromatin
condensation, a hallmark of apoptosis (A), or with calcein-AM for viable cells (B). At 50
MM, both compounds 111 and V almost completely blocked glutamate-induced chromatin
condensation and loss of viable neurons. Scale bar, 20 um; arrows, apoptotic cells.
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Fig. 4.

Compounds I11 and V markedly increased mRNA levels of HSP70-1a and HSP70-1b in
cerebellar granule cells. Compounds Il and V were more effective than VPA (Compound I)
in inducing HSP70-1a mRNA at 50 uM (A), while compounds I11 and V, but not VPA,
increased HSP70-1b mRNA levels at this concentration (B). Data are presented as means
SEM of percentage of control from three independent experiments. *p<0.05, **p<0.01,
***pn<0.001 between groups.
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Table 1

Chemical structures, teratogenic effects, and HDAC inhibition potencies for VPA and its derivatives. Data are
derived from a previous publication [7]. Teratogenic potential ranges from 0 to +++++, while acetylated
histone H4 (Ac-H4) ranges from 0 to ++. HDAC blocking potencies for the five compounds are approximately
correlated with their abilities to induce histone hyperacetylation and teratogenesis.

Compounds and Teratogenic | AC-H, | HDAC ICs
Structures Potential (0 to ++) (HM)
Valproic Acid t + 398450
I CO,H

/\/I\/\

(+)-2-ethyl-4-methyl pentanoic acid
I CO,H

0 0 >10,000

(S)-2-pentyl-4-pentynoic acid e + 48+12

CO,H
Il v
\ ’
(R)-2-pentyl-4-pentynoic acid tHE + 869+183
CO,H

H

(*)-2-hexyl-4-pentynoic acid bt ++ 1342
HO 0]
Vv
~

~I
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