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Oxidative stress is believed to be an important mediator of neu-
rodegeneration. However, the transcriptional pathways induced in
neurons by oxidative stress that activate protective gene responses
have yet to be fully delineated. We report that the transcription
factor Sp1 is acetylated in response to oxidative stress in neurons.
Histone deacetylase (HDAC) inhibitors augment Sp1 acetylation,
Sp1 DNA binding, and Sp1-dependent gene expression and confer
resistance to oxidative stress-induced death in vitro and in vivo.
Sp1 activation is necessary for the protective effects of HDAC
inhibitors. Together, these results demonstrate that HDAC inhibi-
tors inhibit oxidative death independent of polyglutamine expan-
sions by activating an Sp1-dependent adaptive response.

Oxidative stress has been postulated to be a common medi-
ator of a host of neurodegenerative diseases, including

Alzheimer’s disease, Parkinson’s disease, Friedreich’s ataxia,
Huntington’s disease, multiple sclerosis, and stroke (1–9). How-
ever, evidence that oxidative stress is an initiator or propagator
of any of these diseases is incomplete. Indeed, clinical trials of
antioxidants in a host of neurological conditions have not
resulted in dramatic clinical improvement (10–12). The limited
efficacy of antioxidant treatments results, in part, from our
limited understanding of the pathways activated by oxidative
stress in neurons that affect cell viability.

Primary cultures of cortical neurons provide a convenient in vitro
preparation for examining the mechanism(s) by which neuronal
degeneration is induced by oxidative stress (13, 14). Early in their
development in culture, embryonic rat cortical neurons exposed
continuously to elevated concentrations of extracellular glutamate
or the glutamate analog homocysteate (HCA) degenerate over
24 h. Degeneration occurs subsequent to the depletion of intracel-
lular glutathione, an important antioxidant. Under these condi-
tions, glutathione depletion by glutamate occurs as a result of
competitive inhibition of cystine (two cysteines joined by a disulfide
bond) uptake at its plasma membrane transporter, rather than
through the activation of ionotropic glutamate receptors. Although
neuronal death associated with decreased glutathione content
cannot be blocked by competitive or noncompetitive glutamate
receptor antagonists, it can be effectively circumvented by treat-
ment with the antioxidants vitamin E and idebenone (14). Gluta-
thione depletion and hypofunction of glutathione-dependent anti-
oxidant enzymes have been linked directly to the pathogenesis of
stroke (15), Huntington’s disease (16, 17), and Parkinson’s disease
(18–21) in studies of rodent models as well as human autopsy tissue.

Glutathione-depletion-induced death in primary neurons has
many features of apoptosis (23–25) and is completely suppressed by
inhibitors of macromolecular synthesis (24, 26). Although nontran-
scriptional mechanisms of protection by macromolecular synthesis
inhibitors have been proposed (26, 27), recent evidence suggests
that these agents may also act by interrupting the de novo expression

of ‘‘death proteins’’ (28, 29). The potential requirement for tran-
scription in the proper execution of apoptotic death induced by a
host of stimuli, including oxidative stress, has stimulated a search for
DNA-binding proteins known as transcription factors that are
activated by apoptotic stimuli and that govern expression of putative
death proteins. Indeed, several cell transcription factors that are
activated by death stimuli and that negatively regulate cell viability
have been identified, including p53 (30), c-jun (31–33), and E2F (34,
35). By contrast, several transcription factors that positively regulate
neuronal survival have also been identified, including cAMP re-
sponse element binding protein (25, 36, 37), hypoxia-inducible
factor-1 (25, 38), and NF-�B (39–42). Thus, whether a cell survives
or undergoes cell death in response to cell stress likely depends on
a complex interplay between factors, including the balance between
prodeath and prosurvival transcriptional regulators. A more com-
plete understanding of the panoply of transcriptional regulators
activated by apoptotic stimuli in neurons will guide attempts to tip
the balance of transcriptional activities in favor of survival.

Recent data suggest that transcription factor Sp1 may be added
to the list of apoptosis-associated transcription factors. Sp1 is a
member of an extended family of DNA-binding proteins that have
three zinc finger motifs and bind to GC-rich DNA (43, 44).
Although classically thought to regulate the constitutive expression
of numerous housekeeping genes, Sp1 transcriptional activities
have been found to change in association with differentiation
(45–47) and proliferation (48) and to regulate gene expression in
association with these as well as other cellular functions (49, 50).
Indeed, polyglutamine expansions in the huntingtin protein can
induce neuronal toxicity, in part, by sequestering Sp1 and one of its
coactivators, TAFII130, suggesting a role for Sp1 in neuronal
survival (51, 52). Because mutant huntingtin can induce oxidative
stress in vitro (53) and in vivo (3, 54), we chose to examine the role
of Sp1 in regulating cell viability in an established in vitro model of
oxidative stress. We recently showed that glutathione depletion
activates an Sp1-dependent adaptive response in neurons (H.R.,
J.L., K. Zaman, J. Kubilis, R.J.F., B. D. Ross, R. Neve, and R.R.R.,
unpublished observations). In this article, we provide evidence that
cellular oxidative stress activates Sp1 by enhancing its acetylation.
We further demonstrate that histone deacetylase (HDAC) inhib-
itors prevent oxidative neuronal death, in part, by augmenting this
Sp1-dependent adaptive response.
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Experimental Methods
Primary Neuronal Culture. Cell cultures were obtained from the
cerebral cortex of Sprague–Dawley rats (day 17 of gestation) as
described (14). To evaluate the effects of HDAC inhibitors on
HCA-induced cytotoxicity, trichostatin A (TSA, Calbiochem; 10–
1,000 ng�ml), suberoyl bis-hydroxamic acid (SAHA; Biomol, Ply-
mouth Meeting, PA; 1–20 �M), and butyrate (1–30 mM) were
added at the time cortical neurons were exposed to HCA.

Antisense (AS) Oligonucleotides (ODNs) to Reduce Sp1 Expression. Sp1
AS ODNs were designed to target single-stranded Sp1 mRNA and
specifically reduce its expression. The Sp1 AS sequence was 5�-
ATCTTGGTCGCTCATGGTCGC-3� and the Sp1 mismatch
(MM) sequence was 5�-ATCTTGGTCCGTCATGGTCGC-3�. All
AS and MM ODNs were modified to have phosphorothiate back-
bone at the ends (Molecular Research Laboratories, Durham, NC;
ref. 55). For cortical neuron cultures, final concentrations in the
range of 0.1–1 �M ODNs were incubated for 24–48 h in the
presence or absence of HCA � TSA.

Cell Damage and Death Detection. Population measurements of
neuronal cell viability were measured by using a nonradioactive
CellTiter 96 assay kit (Promega). In parallel, lactate dehydrogenase
release was performed as described (26).

Immunoblot Analysis. Cell lysates were obtained by rinsing cortical
neurons with cold PBS and adding 100 mM Tris (pH 7.4) buffer
containing 1% Triton-X 100, 150 mM NaCl, 1 mM sodium
orthovanadate, 5 mM sodium fluoride, 3 mM PMSF, 3 mM
DTT, 0.5 �g�ml leupeptin, and 10 �g�ml aprotinin. Proteins
were then transferred to nitrocellulose membrane (Bio-Rad).
Primary Abs against Sp1 (PEP2, Santa Cruz Biotechnology)
were diluted at 1:1,000 in 1% milk TBST and exposed to
membranes overnight at 4°C. Immunoreactive proteins were
detected according to the enhanced chemiluminescent protocol
(Amersham Pharmacia). To monitor the Sp1 acetylation in vivo,
neuronal lysates obtained from control and TSA-treated cells
were precleared by the addition of 30 �l of protein A-Sepharose
(50% vol�vol slurry) for 1 h at 4°C. The precleared lysates were
then incubated with 2 �g of Sp1 Ab for 4–6 h. Twenty-five
microliters of protein A-Sepharose was added to lysates and left
for 1 h at 4°C. The samples were boiled and divided into equal
aliquots before separation on SDS�PAGE and proteins immu-
noreactive to acetyl lysine were detected by using an acetyl
lysine-specific Ab (1:1,000 dilution; Upstate Biotechnology,
Lake Placid, NY).

Electrophoretic Mobility-Shift Assays (EMSAs) and Supershift Analy-
sis. We performed EMSAs on nuclear extracts from cortical
neurons by using a 32P-labeled ODN containing a WT or mutant
Sp-1 binding site (Santa Cruz Biotechnology). The sense strand
sequences of the double-stranded WT and mutant ODNs were
5�-ATTCGATCGGGGCGGGGCGAGC-3� and 5�-ATTC-
GATCGGTTCGGGGCGAGC-3�, respectively. Parallel EMSAs
were performed by using a radiolabeled Oct-1 (5�-TGTCGAAT-
GCAAATGACTAGAA-3�; Santa Cruz Biotechnology) binding
site. All subsequent steps were performed as described at 4°C (56).
To evaluate the effects of various agents on Sp1 and Sp3 DNA
binding, we added TSA (100 ng�ml).

Promoter Activity Assay. Cortical neurons were plated onto 24-well
culture plates. The next day, a transfection mixture was prepared by
adding 1.5 �g of the reporter expression vector (pSp1-Luc and
pmtSp1-Luc, firefly luciferase plasmid) into 150 �l of DMEM with
a combination of pRL-cytomegalovirus or thymidine kinase vector
(1 �g, containing Renilla luciferase gene) (57). Twenty minutes
after the addition of DMRIE-C reagent (6 �l; Life Technologies,

Grand Island, NY), the transfection mixture was combined with 1.0
ml of fresh medium and placed onto the cells in 24-well plates. The
cells were incubated for 24 h, and then cells were treated with the
designated concentrations of HDAC inhibitors. The next day, cells
were washed with PBS and then lysed with luciferase assay buffer
(Promega).

In Vitro Protein Acetylation Assay. GST, GST-Sp1, GST-Sp3, GST-
p53, and GST-Zta proteins were synthesized in Escherichia coli and
purified with glutathione beads. Fusion proteins were eluted by
using 20 mM glutathione in 1�HAT buffer [50 mM Tris�HCl, pH
8.0�10% glycerol�1 mM PMSF�0.1 mM EDTA�1 mM DTT�0.05
M NaCl�0.01 M sodium butyrate (Calbiochem)]. The acetylation
assay was performed as described (63, 64).

3-Nitroproprionic Acid (3-NP) Toxicity in Mice in Vivo. Male mice (n �
14) from the B6CBA background strain were housed under stan-
dard conditions with free access to water and food. Equal numbers
of mice (n � 7) were administered sodium butyrate (1.2 g�kg) via
i.p. injection each day for 7 days starting at 40 days of age. After 1
week, 3-NP (Sigma) was administered to both sodium butyrate- and
PBS-treated mice (50 mg�kg i.p. twice per day for 10 doses). During
3-NP treatment, both sodium butyrate and PBS administration
continued. The brain specimens were cut on a cryostat at 50
microns and stained for Nissl substance (cresyl violet) and terminal
deoxynucleotidyltransferase-mediated dUTP nick end labeling
(TUNEL). Striatal lesion volumes were computed in serial sections
through the rostro-caudal extent of each brain by videomicroscopic
capture of brain sections and subsequent volume analysis by using
NEUROLUCIDA (Microbrightfield, Williston, VT) image analysis
software. The Mann–Whitney U test was used to analyze differ-
ences between groups.

Results
Oxidative Stress Induces Sp1 Acetylation. Recent studies have sug-
gested that Sp1-dependent regulation of gene expression can be
repressed by HDACs, specifically HDAC1 (58). These studies have
suggested, but not demonstrated directly, that HDAC1 or other
HDAC family members can repress gene expression by deacetyla-
tion of the N-acetyl lysine resides of tissue factors such as Sp1.
Indeed, acetylation of lysine residues in transcription factors has
been described for a host of factors, including p53 (59), EKLF (60),
and NF-�B (61). We therefore examined whether glutathione
depletion in cortical neurons could lead to an increase in Sp1
acetylation. Immunoprecipitation with an Sp1 Ab followed by
Western blot analysis with an acetyl lysine Ab revealed a statistically
significant increase in Sp1 acetylation in response to oxidative stress
in cortical neurons (Fig. 1A). This increase in acetylation could be
suppressed by antioxidants such as deferoxamine mesylate (Fig.
1A), which abrogate glutathione depletion-induced neuronal death
(25). Acetylation of Sp1 appears to represent a general response of
cells to oxidative stress as addition of peroxide to U373 glioblastoma
cells also leads to increases in Sp1 acetylation (Fig. 1B). Moreover,
peroxide-induced Sp1 acetylation in glioblastoma cells can be
completely abrogated by the peroxide scavenger pyruvate (Fig. 1B;
ref. 62).

To determine whether cellular acetyl transferases can directly
acetylate Sp1 and its related family member Sp3, we examined
whether p300, a transcriptional coactivator with acetyl transferase
activity, could acetylate GST-Sp1 or GST-Sp3 purified from bac-
teria. Consistent with two recent reports (63, 64), we found that
purified, recombinant Sp1 and Sp3 could be acetylated by immu-
noprecipitated p300 (Fig. 1C). We also confirmed observations that
recombinant p53 and Zta could be acetylated in vitro by a p300-
containing complex (65). These results suggest that Sp1 and Sp3 can
be directly acetylated by known transcriptional coactivators with
acetyl transferase activity.

The net amount of acetylation of a protein is a balance between
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acetyl transferase activity and histone-deacetylating activity (66).
To determine whether small molecule, HDAC inhibitors can
increase Sp1 acetylation and Sp1 transcriptional activity in neurons,

we treated cortical neurons with the prototypic HDAC inhibitor
TSA (67, 68). TSA is an organic hydroxamic acid that can potently
inhibit the zinc hydrolase activity of HDACs by chelating zinc (69).
TSA was added exogenously to cortical neurons, resulting in a
concentration-dependent increase of Sp1 acetylation (Fig. 2A).
TSA-induced Sp1 acetylation correlated with an increase in Sp1
DNA binding (Fig. 2B) and reporter gene expression driven by two
Sp1 consensus response elements (Fig. 2C). Because results from
our laboratory (H.R., J.L., K. Zaman, J. Kubilis, R.J.F., B. D. Ross,
R. Neve, and R.R.R., unpublished observations) and others (51, 52)
predicted that agents that enhanced Sp1 transcriptional activity
would abrogate oxidative stress-induced death, we examined the
effects of TSA on oxidative cell death induced by the glutamate
analog HCA. As expected, we found that TSA prevented oxidative
stress-induced death in a concentration-dependent manner (Fig. 3
A and B). Protection by HDAC inhibition was associated with larger
neuronal cell bodies and more extensive neurites (Fig. 3B) and was

Fig. 1. Sp1 acetylation is increased by oxidative stress. (A) Immunoprecipitation
of Sp1 followed by immunoblotting with an Ab to acetyl lysine residues reveals
an increase in Sp1 acetylation in response to glutathione-depletion-induced
oxidative stress. Coadministration of the antioxidant deferoxamine mesylate
prevented Sp1 acetylation. Studies have established that deferoxamine (DFO)
inhibits oxidative neuronal death distal to glutathione depletion (25). Results are
mean fold increase of densitometric units � SE for three separate experiments
(P � 0.03). (B) U373 glioblastoma cell cultures were subjected to hydrogen
peroxide with or without sodium pyruvate, harvested after 4 h, immunoprecipi-
tated with anti-Sp1 Ab or normal rat serum (NRS), and analyzed by Western blots
with anti-acetyl lysine Ab as described in Experimental Methods. (C) In vitro
acetylation of recombinant Sp1 and Sp3 fusion proteins. Autoradiogram of
SDS�PAGE gel of fractionated proteins subjected to the in vitro acetylation
reaction. Arrows point to respective transcription factors containing radioactive
acetyl groups in presence of the acetyl transferase hemagglutinin (HA)-p300.
Differences in levels of acetylation by p300 among GST-Sp1, GST-Sp3, GST-p53,
andGST-Ztaprincipally reflectdifferingamountsof full-lengthprotein loadedon
gel as determined by Coomassie staining (data not shown).

Fig. 2. HDACinhibitorsaugmentSp1acetylation,Sp1DNAbindingactivity,and
Sp1-dependent reporter gene expression in cortical neuronal cultures. (A) Sp1
acetylation levels in cortical neurons treated with the prototypic HDAC inhibitor
TSA as determined by immunoprecipitation with an Sp1 Ab followed by immu-
noblotting with acetyl lysine Ab (Ac-Sp1) or Sp1 Ab alone (Sp1). Note that levels
of Sp1 do not change with increasing concentrations of TSA. (B) TSA enhances
binding of Sp1 and Sp3 to a canonical Sp1 DNA binding site. The electrophoretic
mobility-shift assay was performed by using nuclear extracts from cortical neu-
rons treated with and without TSA (100 ng�ml) for 60 min. The presence of Sp1
and Sp3 in each of the induced complexes was verified by supershift analysis.
Duringthis shortperiodofTSAexposure,Sp1orSp3protein levelsdidnotchange.
(C) Sp1-dependent luciferase activity in control and TSA (100 ng�ml)-treated
cortical neurons (gray bars). Note that luciferase activity does not change in the
presence of TSA when the Sp1 response element has been mutated (black bars).

Ryu et al. PNAS � April 1, 2003 � vol. 100 � no. 7 � 4283

N
EU

RO
SC

IE
N

CE



sustained for at least 7–10 days after removal of HCA and HDAC
inhibitors (data not shown). We attributed this protective effect to
the factor or histone acetylating function of TSA; the structurally
distinct HDAC inhibitors butyrate (5 mM; ref. 70) and suberoani-
lide hydroxamic acid (20 �M; ref. 71) also completely abrogate
oxidative death (Fig. 3C).

To determine whether Sp1 expression is necessary for the
protective effects of HDAC inhibitors, we diminished neuronal Sp1

expression in the presence of TSA by using an AS ODN specific for
Sp1 as well as its corresponding MM ODN control. We first
confirmed that Sp1 was reduced by 1 �M Sp1 AS ODN but not 1
�M MM ODN in the presence of TSA (50 ng�ml) and HCA (Fig.
4A). Densitometric analysis of three independent experiments
revealed that Sp1 AS ODN reduced Sp1 expression by 40%,
whereas the MM ODN control reduced Sp1 expression by only 8%.
We also found that levels of �-tubulin (Fig. 4A) and the closely
related Sp1 family member, Sp3, were unaffected by both ODNs
(data not shown). In parallel, we measured viability and as ex-
pected, we found that protection by submaximal concentrations of
TSA (50 ng�ml) is reduced significantly by the Sp1 ODN (P � 0.05)
but not the MM ODN (Fig. 4B). Together, these results are
consistent with the hypothesis that HDAC inhibitors prevent neu-
ronal death in this and possible other neurodegenerative paradigms
(72), in part, by activating Sp1-dependent transcriptional activity.

To evaluate whether HDAC inhibitors can induce Sp1 acetyla-
tion and prevent neuronal injury caused by oxidative stress in vivo
independent of expanded polyglutamine repeat proteins, we exam-
ined the effects of sodium butyrate on 3-NP toxicity in rodents.
3-NP is a mitochondrial toxin that produces striatal lesions that
closely mimic Huntington’s disease and are mediated by excito-
toxic-induced oxidative stress mechanisms (73, 74). Animals were
pretreated for 1 week with 1.2 g�kg per day sodium butyrate and
then exposed to 3-NP as described (73). Animals treated with
sodium butyrate and 3-NP had increased levels of acetylated Sp1 as
compared with 3-NP-treated animals alone (Fig. 5A). The in-
creased acetylation of Sp1 induced by sodium butyrate treatment
was associated with nearly complete protection from striatal 3-NP
toxicity as determined by Nissl staining (Fig. 5B) and TUNEL (Fig.
5C). The histopathological evaluation of 3-NP-induced striatal
lesion volumes showed significantly less tissue damage in sodium
butyrate-treated mice than in PBS-treated mice. (Sodium butyrate-
treated 3-NP mice: 1.59 � 0.38 mm3; PBS-treated 3-NP mice:

Fig. 3. HDAC inhibitors inhibit neuronal death induced by glutathione-
depletion-induced oxidative stress. (A) TSA inhibits HCA-induced apoptosis in a
concentration-dependent manner. Cell viability was measured by 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyl tetrazoliumbromide(MTT)reduction.Lactate
dehydrogenase (LDH) release assay and TUNEL were performed in parallel to
verify that MTT changes reflect changes in viability. Each point is the mean � SD
of three to five independent experiments. (B) Phase-contrast microscopy of
cortical neurons: (a) control; (b) 1 mM HCA; (c) 100 ng�ml TSA (note the change
inthemorphologyof thecellbodies);and(d)100ng�mlTSAplus1mMHCA(note
howTSA-treatedneuronsmaintaintheir cellbodyandneuritemorphology inthe
presence of 1 mM HCA). (Magnifications: �200.) (C) Structurally distinct HDAC
inhibitors, butyrate (5 mM) and SAHA (5 �M), also inhibit HCA-induced death.
Cell viability was measured by using the MTT reduction, LDH release, or TUNEL as
described in Experimental Methods. All methods gave quantitatively similar
results.

Fig. 4. Sp1 is necessary for the protective effects of HDAC inhibitors. (A) Sp1 AS
ODNs,butnotMMODNs,depleteSp1protein levels incorticalneurons.Sp1ODNs
do not alter the levels of �-tubulin. (B) Sp1 AS ODNs reverse TSA-induced pre-
ventionofHCA-induceddeath;MMODNsdonot.Resultsaremean�SEfor three
separate experiments.
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9.62 � 2.24 mm3; P � 0.001.) There was an 83.5% reduction in
lesion volume in the sodium butyrate-treated mice (Fig. 5B).

Discussion
Oxidative Stress Induces Sp1 Acetylation. Recent studies have fo-
cused attention on the role of decreased activity of acetyl trans-
ferases such as cAMP response element-binding protein or
TAFII130 in mediating the toxic, transcriptional, repressive effects
of mutated proteins, including proteins such as huntingtin, andro-
gen receptor, and atrophin, with expanded polyglutamine repeats,
in neurons (72, 75–77). These findings, along with the established
ability of Sp1-dependent transcription to be activated by acetyl
transferases and repressed by HDACs (58), raised the possibility
that cellular stresses such as oxidative stress might stimulate adap-
tive Sp1-dependent transcription by altering the balance of activity
of acetylation and deacetylation in favor of acetylation. Indeed, we
found that glutathione-depletion-induced or peroxide-induced ox-
idative stress significantly increased Sp1 acetylation in neurons (Fig.
1A) and glioblastoma cells (Fig. 1B), respectively. The results here
also represent direct evidence that Sp1 can be acetylated in an intact
cell. We confirmed the ability of Sp1 to be acetylated by p300, a
known Sp1 coactivator that contains acetyl transferase enzyme
activity by in vitro acetylation assays (Fig. 1C). However, whether

oxidative stress, like nerve growth factor, induces Sp1-dependent
gene expression by recruitment of the coactivator p300 to Sp1 or
Sp3 bound to DNA or alternatively, by dissociation of HDAC1 from
an Sp1�Sp3 complex, is unclear (Fig. 5D).

The increase in steady-state levels of acetylated Sp1 by oxidative
stress is analogous to hyperacetylation of p53 in response to a host
of stresses. DNA damage or oxidative stress induce p53 acetylation.
The increased p53 acetylation seems to be necessary for p53-
dependent transcriptional responses. The NAD-dependent histone
and nonhistone deacetylase, Sir2�, can deacetylate p53 at its lysine
(382) residue and inhibit p53-dependent p21 waf1�cip expression in
mouse embryo fibroblasts (65). Defining the precise residues in the
Sp1 protein that are acetylated in response to oxidative stress will
be an important step toward understanding how changes in the
redox state of a neuron are transduced into increases in Sp1
acetylation.

HDAC Inhibitors Abrogate Oxidative Stress-Induced Death Induced by
Glutathione Depletion in Vitro and 3-NP in Vivo: Implications for
Therapy of Neurological Diseases. Enhanced acetylation of Sp1
and enhanced neuronal survival in response to glutathione
depletion by three structurally distinct HDAC inhibitors (TSA,
butyrate, and SAHA) suggest that glutathione depletion-

Fig. 5. The HDAC inhibitor sodium butyrate enhances Sp1 acetylation and inhibits 3-NP-induced oxidative neuronal death in vivo. (A) Sp1 acetylation levels in brains
of mice (n � 3 for each group) treated without (Left) and with (Right) the HDAC inhibitor sodium butyrate (SB;1.2 g�kg per day) along with 3-NP (50 mg i.p. twice a
day for 5 days) as determined by immunoprecipitation with an Sp1 Ab followed by immunoblotting with acetyl lysine Ab (Ac-Sp1) or Sp1 Ab alone (Sp1). Note that levels
of Sp1 do not change with SB treatment. (B) Nissl staining of a representative tissue section from mice treated as described in A. Note the loss of Nissl staining induced
by 3-NP administration is completely inhibited by SB treatment. (C) TUNEL of a representative tissue section from mice treated as described in A. TUNEL labels
double-stranded breaks in DNA and reflects DNA damage. DAPI (4�6-diamidino-2-phenylindole) intercalates into DNA and stains nuclei. Note overlay between TUNEL
and DAPI in mice treated with 3-NP alone but not those treated with 3-NP plus SB. (Magnifications: �400.) (D) Model for redox activation of Sp1 and adaptive responses
to oxidative stress. Oxidative stress leads to enhanced acetylation of Sp1. Increased Sp1 acetylation could accrue from decreases in HDAC activity or increases in histone
acetyl transferase activity. Hyperacetylated Sp1 binds DNA more avidly, leading to recruitment of coactivators such as TAFII130 in the TFIID complex. This putative
Sp1-associated complex can then recruit RNA polymerase II to the promoter of genes such as catalase (22), MnSOD, and p21 waf1�cip1 and increase expression of their
mRNA and protein. Up-regulation of the expression of these genes permits the cell to counter oxidative stress and oxidative damage and promotes cell survival. Mutant
huntingtin protein can sequester Sp1 and TAFII130 and prevent appropriate adaptation to oxidative stress. The absence of these adaptive responses can lead to
persistent oxidative stress and cell dysfunction and ultimately death.
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induced Sp1 acetylation in the absence of HDAC inhibitors
represents a frustrated attempt of the cells to protect them-
selves. HDAC inhibitors have been found to up-regulate a
number of genes with putative neuroprotective actions includ-
ing calbindin D28 (78), metallothionine (79), telomerase (80),
and p21 waf1�cip1 (71). Of note, induction of the telomerase
(80), MnSOD (81), and p21 waf1�cip1 (82) promoters by
butyrate, TSA, or SAHA requires Sp1 and�or Sp3 binding
sites. Together, these studies are congruent with a model in
which Sp1 is necessary for the protective effects of HDAC
inhibitors in cortical neurons subjected to glutathione deple-
tion. The finding here that AS suppression of Sp1 inhibits the
ability of HDAC inhibitors to completely inhibit oxidative
death (Fig. 4) is also consistent with such a model (Fig. 5D).
Several groups have now identified protective roles for HDAC
inhibitors in combating the toxicity of mutant huntingtin or
mutant androgen receptors, proteins with expanded polyglu-
tamine repeats in vitro (83, 84) and in vivo (85). Moreover,
HDAC inhibitors can also abrogate cellular toxicity caused by
X-linked adrenoleukodystrophy; the protective effects of these
agents in this paradigm have been correlated with increased

mitochondrial activity and�or mass (86). Future studies will
clarify whether the prevention of neuronal injury and�or death
in response to proteins with expanded polyglutamine repeats
or peroxisomal disorders by HDAC inhibitors requires, in part,
Sp1 binding to GC boxes in DNA. Independent of the precise
mechanism of action of HDAC inhibitors, our findings in vitro
(Fig. 3) and in vivo (Fig. 5) suggest that these agents are able
to abrogate the deleterious effects of oxidative stress in
neurons independent of expanded polyglutamine repeats and
thus may be propitious therapeutic agents for a host of
neurological diseases, including Huntington’s disease, amyo-
trophic lateral sclerosis, Parkinson’s disease, and stroke, which
have been associated in some cases with decreased histone
acetyl transferase activity and in all cases with increased levels
of oxidative damage.
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