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Background: No information is available about the effect of class-selective histone deacetylase inhibitors (DIs) following
hindlimb ischemia.
Results: Class I and class IIa DIs prevent/delay ischemic muscle reconstruction at different stages.
Conclusion: Evidence is provided about a detrimental effect of DIs during normal muscle regeneration.
Significance: The therapeutic relevance of class-selective DIs in hindlimb ischemia may be limited by adverse effects.

Histone deacetylase inhibitors (DIs) are promising drugs for
the treatment of several pathologies including ischemic and fail-
ing heart where they demonstrated efficacy. However, adverse
side effects and cardiotoxicity have also been reported. Remark-
ably, no information is available about the effect of DIs during
tissue regeneration following acute peripheral ischemia. In this
study, mice made ischemic by femoral artery excision were
injected with the DIs MS275 and MC1568, selective for class I
and IIa histone deacetylases (HDACs), respectively. In
untreated mice, soon after damage, class IIa HDAC phosphory-
lation and nuclear export occurred, paralleled by dystrophin
and neuronal nitric-oxide synthase (nNOS) down-regulation
and decreased protein phosphatase 2A activity. Between 14 and
21 days after ischemia, dystrophin and nNOS levels recovered,
and class IIa HDACs relocalized to the nucleus. In this condi-
tion, the MC1568 compound increased the number of newly
formedmuscle fibers but delayed their terminal differentiation,
whereas MS275 abolished the early onset of the regeneration
process determining atrophy and fibrosis. The selective DIs had
differential effects on the vascular compartment: MC1568
increased arteriogenesis whereasMS275 inhibited it. Capillaro-
genesis did not change. Chromatin immunoprecipitations

revealed that class IIa HDAC complexes bind promoters of pro-
liferation-associated genes and of class I HDAC1 and 2, high-
lighting a hierarchical control between class II and I HDACs
during tissue regeneration. Our findings indicate that class-se-
lective DIs interfere with normal mouse ischemic hindlimb
regeneration and suggest that their use could be limited by alter-
ation of the regeneration process in peripheral ischemic tissues.

Acute peripheral ischemia is a major health problem associ-
ated with complications of age, diabetes, and atherosclerosis
which frequently result in seriousmorbidity andmortality. Fol-
lowing the ischemic event, in fact, an initial massive reduction
in blood flow is a prelude tomuscular tissue necrosis. In healthy
individuals, blood flow is restored in a relatively short time and
the tissue is repaired, whereas in the presence of chronic car-
diovascular alterations both processes are inefficient (1). Sev-
eral therapeutic approaches have been investigated to promote
blood flow recovery, including promotion of arteriogenesis,
angiogenesis, and muscle reconstitution; however, an effective
treatment is still lacking.
Histone deacetylase inhibitors (DIs)5 have been proven effec-

tive in cancer, neuromuscular disorders (2), and in several
experimental cardiac disease models including heart ischemia
and failure (3). However, their potential therapeutic use in the
treatment of peripheral vascular diseases has not been evalu-
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ated. Histone deacetylases (HDACs) are a family of 18 mole-
cules divided in four subclasses (I-II-III-IV) according to their
structural similarities and are involved in several biological pro-
cesses including development, differentiation, and prolifera-
tion. Through modulation of the acetylation level of histone
and nonhistone proteins they act as global regulators of gene
expression (4) and protein function (5). AmongHDACs, classes
I and II have been described as important regulators of tissue
regeneration. Class I HDACs (HDAC1, 2, 3, and 8) show a prev-
alent intranuclear distribution and target predominantly chro-
matin. Class II HDACs, further divided into IIa and IIb, shuttle
between the cytoplasm and nucleus and show different tissue
specificity. Specifically, the class IIa members HDAC4, 5, and 9
are expressed prevalently in heart, cardiac, and skeletal muscle
whereas HDAC7 is found in CD4/CD8 double-positive thymo-
cytes (6) as well as in endothelial and smooth muscle cells (7).
Class IIa members shuttle between the nucleus and cytoplasm
(8–10) depending on their phosphorylation status, which is
catalyzed by Ca2�/calmodulin-dependent protein kinases, and
determine nuclear export and inactivation (11). On the con-
trary, their dephosphorylation, induced by protein phosphatase
2A activation, mediates nuclear import (12). Interestingly, the
latter process may occur as a consequence of nitric oxide (NO)
production and is, in fact, impaired when NO is reduced as in
the degenerative context of dystrophic mdx mice, an animal
model of Duchenne muscular dystrophy (12, 13).
Because class IIa members do not bind chromatin directly,

their function requires the formation of multiprotein com-
plexes containing transcription factors and other HDACs such
as HDAC3. In skeletal muscle, class IIamembers associate with
MEF2 and repress myogenesis (14, 15). However, other evi-
dence suggests that their selective inhibition may arrest myo-
genesis in isolated satellite cells (13, 16).
Whereas pharmacological treatment with class I HDAC

inhibitors promoted muscle fibers maturation in mdx mice
(17), no information is available about the efficacy of these or
other epigenetic drugs in the postischemic regeneration of
normal muscular tissue. In light of these considerations this
study was aimed at evaluating the therapeutic potential of
class-selective DIs in a mouse model of post-ischemic
hindlimb regeneration.
Evidence is provided about a detrimental effect of selective

DIs on the ischemic hindlimb regeneration process. The DIs
interfered with processes important for triggering muscle
fiber maturation, including class I and class IIa activation
and satellite cell differentiation, raising important questions
about the opportunity of their use in post-ischemia hindlimb
regeneration.

EXPERIMENTAL PROCEDURES

Animal Models and Surgical Procedures—All experimental
procedures complied with the Guidelines of the Italian National
Institute ofHealth andwere approved by the Institutional Animal
Careof the IstitutoDermopaticodell’Immacolata (IRCCS) (Rome,
Italy). Male 2-month-old C57BL/10 mice were used. Before sur-
gical procedures, mice were anesthetized with an intraperito-
neal injection of 1 mg/kg medetomidine (Domitor; Vetem,
Milan, Italy) and 75 mg/kg ketamine (Ketavet 100; Intervet

Farmaceutici, Aprilia, Italy). The femoral artery dissection pro-
cedure (n � 6/time point) was described previously (18). Mice
received daily intraperitoneal injections of the class IIa HDAC-
specific inhibitor MC1568 (40 mg/kg) or the class I HDAC-
specific inhibitor MS275 (5 mg/kg) starting 3 days before the
ischemia. Doses were chosen accordingly to our previous in
vivo studies (17, 19).
Control mice were treated with vehicle (saline plus dimethyl

sulfoxide; n � 6/treatment). Animals were analyzed at 3, 7, 14,
and 21 days after ischemia. The nonspecificNO synthase inhib-
itor N-(�)-nitro-L-arginine methyl ester (L-NAME) was given
to mice daily in the drinking water at a dose of 12.5 mg/100 ml
(20) for 28 days before the ischemic procedure and then
maintained.
Infections—Adductor muscles were infected with either

adenoviruses CMV-GFP encoding the constitutively active iso-
form of endothelial nitric-oxide synthase (eNOS S1177D) or
CMV-GFPnull (18). Muscles were injected with 1 � 108
plaque-forming units/animal immediately after ischemia. Five
mice were used for each experimental condition. Adenovirus
transfection efficiencywas evaluated bymeasuring the percent-
age of GFP-positive fibers.
Confocal Microscopy—Confocal analysis was performed as

reported previously (19). The following antibodies were used:
anti-HDAC4, anti-HDAC5, and anti-HDAC9 (1:100, poly-
clonal; Abcam); anti-HDAC2 (1:100, polyclonal; Santa Cruz
Biotechnology); anti-SMA (1:100,monoclonal; Santa Cruz Bio-
technology); anti-dystrophin (1:100, polyclonal; Abcam);
anti-nNOS (1:100, polyclonal; Santa Cruz Biotechnology),
anti-iNOS (1:50, polyclonal; Abcam); anti-desmin (1:100,
polyclonal; Abcam); and anti-GFP-FITC (1:500, polyclonal;
Abcam). Samples were analyzed using a Zeiss LSM510 Meta
confocal microscope.
Histology—Sections from adductor muscles were deparaf-

finized and processed for hematoxylin and eosin (H&E) stain-
ing. Degeneratingmuscle fibers were identified bymorphology,
differential eosin staining, and the presence of infiltrating cells
near the degenerating fibers. Assessment ofmuscle fiber regen-
eration was performed by measuring centrally nucleated fibers
indicating the presence of immaturemuscle fibers. The data are
expressed as total muscle fibers containing central nuclei pres-
ent in complete cross-sections of entire adductor muscles.
Degenerative areas were calculated by measuring the inflam-
matory/degenerative regions on H&E-stained sections. A Zeiss
Axioplan 2 fluorescence microscope with an image analyzer
and KS300 software (Carl Zeiss, Oberkochen, Germany) was
used to acquire images. Immature regenerating fibers were also
evaluated by desmin staining. The extent of fibrosis was evalu-
ated onMasson trichrome-stained sections.Quantificationwas
expressed as the percentage of fibrotic tissue present on the
total section. Assessment of arteriogenesis and capillarogenesis
was performed on smooth muscle actin or H&E-stained sec-
tions as described previously (18).
Blood Flow Measure—Blood flow was measured in ischemic

and contralateral hindlimbs by laserDoppler perfusion imaging
(Lisca) at base line, immediately after induction of ischemia
(day 0, to confirm efficient induction of ischemia), and 7, 14,
and 21 days after ischemia. Before imaging, mice were placed
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on a heating mat at 37 °C. Low or no perfusion was displayed in
dark blue, whereas high perfusion was displayed in red. To
avoid the influence of ambient light and temperature, results
were expressed as the ratio between perfusion in the left (ische-
mic) versus right (nonischemic) limb.
Chromatin Immunoprecipitation—Adductor muscles from

ischemic (7 and 14 days)mice treated or notwithMC1568were
used for the experiment. Chromatin cross-linking and ChIP
assays (n � 3) were performed as described previously (13, 21)
using specific antibodies to HDAC1 (Sigma), HDAC3 (Abcam,
Santa Cruz Biotechnology), HDAC4 (Abcam), H3K9m3
(Abcam), andH3ac (Abcam). Negative controls were generated
omitting antibody (NoAb) or using normal IgG (Santa Cruz).
DNA fragments were recovered and analyzed by quantitative
RT-PCR as described previously (13). Briefly, standard curves
were generated by serially diluting the input (5-log dilutions in
triplicate). Quantitative RT-PCR was performed in the ABI
Prism 7500 and 7900HT fast PCR instruments (Applied Biosys-
tems) using SYBR Master mix (Applied Biosystems) with eval-
uation of dissociation curves. The quantitative RT-PCR analy-
ses were performed in duplicate or triplicate, and the data
obtained were normalized to the corresponding DNA input
control. Data are represented as relative enrichment. Primer
sequences used for ChIP are as indicated in Table 1 and in Ref.
21 (m-telomerase reverse transcriptase (TERT)).
RNA Extraction and Real-time PCR Analysis—Total RNA

was extracted using the TRIzol Reagent (Invitrogen) following
the manufacturer’s instructions. cDNA preparation and real-
time PCR conditions were as described previously (22). Primer
sequences used for mRNA analysis were as indicated in Ref.
23 (armadillo repeat containing X-linked 2 (Armcx2)) and in
Table 1.
Western Blotting and Immunoprecipitation—Western blot-

ting was performed according to standard procedures. Adduc-
tor muscles were lysed in Laemmli buffer. Results were ana-
lyzed by ImageJ v1.28 software. Optical density values of
specific proteins were normalized to that of tubulin and cor-
rected for those obtained from controls that were considered
equal to 1. Data represent the mean of at least three independent
experiments � S.E. The following antibodies were used: anti-
HDAC5 (1:1000, polyclonal; Abcam), anti-HDAC2 (1:500,

polyclonal; Santa Cruz Biotechnology), anti-phospho-HDAC5
(1:500, polyclonal; Abcam), anti-nNOS (1:500, polyclonal;
Abcam), anti-eNOS (1:1000, polyclonal; Abcam), anti-iNOS
(1:200, polyclonal; Abcam), anti-H4 trimethylated lysine 20
(1:1000, polyclonal; Abcam), anti-H3 trimethylated lysine 4
(1:1000, polyclonal; Abcam), anti-H3 phosphorylated serine
10 (1:1000, monoclonal; Abcam), anti-H3 acetylated lysine 9
(1:1000, polyclonal; Abcam), anti-GAPDH (1:2000, monoclo-
nal; Abcam), and anti-tubulin (1:4000,monoclonal; Sigma). Co-
immunoprecipitations were performed using 500-�g extracts
after lysis of samples in 50mMTris-HCl (pH 7.4), 150mMNaCl,
1% Triton X-100, 2 mM MgCl2, and 1% sodium deoxycholate
supplemented with 1 mM PMSF and protease inhibitor mix
using 4 �g of anti-S-nitrosocysteine (polyclonal; Alpha Diagnos-
tic) or anti-acetylated lysine (polyclonal; Abcam). The Ademtech
Bioadembeads paramagnetic beads system was used to immuno-
precipitate the specific proteins according to the manufacturer’s
instructions.
Phosphatase Assay—Phosphatase assays were performed

using the Ser/Thr Phosphatase Assay System (Promega)
according to the manufacturer’s instructions as described pre-
viously (13).
miRNA Analysis—Total RNA was obtained homogenizing

adductormuscles in TRIzol. miRNA levels were analyzed using
the TaqMan real-time PCR (quantitative PCR) method (3.4
ng/assay) and quantified with a 7900HT Fast Real-time PCR
system (Applied Biosystems). Primers for miRNAs and the
reagents for reverse transcriptase and real-time PCR reactions
were all obtained fromApplied Biosystems. Relative expression
was calculated using the comparative cycle threshold (Ct)
method (2DCt). Different samples were normalized to miR-16
or to U6 snRNA expression.
Statistics—Data are presented as mean � S.E. Differences

among groups were assessed by analysis of variance. The Stu-
dent’s unpaired t test was used to compare 2 groups. A 95%
confidence interval (p � 0.05) was considered significant.

RESULTS

Class IIa HDAC Nuclear Localization Is Lost during Early
Muscle Regeneration following Hindlimb Ischemia—Class IIa-
selective inhibitors have never been tested in skeletal muscle

TABLE 1
Sequences of primers used for ChIP and mRNA analysis

Primer sequences for ChIP
Forward Reverse

mCCNB1 5�-AGCTTGGACAGCACACAAGTGA-3� 5�-CGCGAGGTCAGGCTCTATG-3�
m-fos 5�-TCCAGTTCCGCCCAGTGA-3� 5�-TCAGCTGGCGCCTTTATAGAA-3�
mTNF� 5�-TGTCCCCAACTTTCCAAACC-3� 5�-GAAAACTTCCTTGGTGGAGAAAAC-3�
mHDAC2 5�-CCACACCTATAAGGAGATGGACATG-3� 5�-CAGCATCCATACCTGCTCGTAAT-3�
mHDAC1 5�-CTCGGCGTATTCTCGGTAAAA-3� 5�-CTCTGCAGCCCGCTTCAC-3�
mMir206 5�-CCCGGATGCCCCTAAAAA-3� 5�-AGCACTGACCAGTTCTGAGTGTTG-3�
mDys 5�-TCTCCATGTTCTACAGGTTGTGAAG-3� 5�-GCTACAGGTTGCTCTCCACAAA-3�
nNOS 5�-CCTGGGCAGCAAGATGCTAA-3� 5�-TCACGCTGTGGCATTTCTCT-3�
eNOS 5�-CCAATCCTCTACACCCAAATACCT-3� 5�-TGCGTGTTGGAGTTTATAGTTCTGT-3�
MYH2 5�-CCCAGCGACGCCAAAA-3� 5�-TGAGTATGTGGGTAAATCTCCTATGG-3�
MYOG 5�-TCACATGTAATCCACTGGAAACG-3� 5�-AATATAGCCAACGCCACAGAAAC-3�

Primer sequences for mRNA
Forward Reverse

c-fos 5�-CGGAGGAGGGAGCTGACA-3� 5�-CAAACGCAGACTTCTCATCTTCAA-3�
Aldolase 5�-CGCTGCCAGTATGTTACTGAGAA-3� 5�-TGGTCGCTCAGAGCCTTGT-3�
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regeneration. To understand their potential application in this
context, we analyzed the function of class IIa during post-isch-
emic regeneration. Mice were made ischemic by femoral artery
excision (18, 24), and class IIa HDAC distribution was analyzed
by confocal microscopy. In normo-perfused or sham-operated
animals, HDAC5, HDAC4, and HDAC9 (Fig. 1A) were local-
ized predominantly in muscle fiber nuclei. Soon after ischemia
(3–7 days) they were exported to the cytoplasm and reacquired
nuclear localization at later time points (days 14 and 21) (b–e
and insets).
NO is a potent epigenetic regulator active on class I and IIa

HDACs (12, 13). Thus, we reasoned that after hindlimb ische-
mia the nuclear export of class IIa HDACs could be a conse-
quence of the transient down-regulation of dystrophin and
nNOS reducing local NOproduction and the activity of protein
phosphatase 2A (12). In agreement with this hypothesis, we
observed that NO-dependent production of cGMP decreased
at 3 and 7 days after ischemia and recovered at 14 days (Fig. 1B).
Coincidently, HDAC5 nuclear export and phosphorylation
occurred (Fig. 1C), paralleled by reduction in protein phospha-
tase 2A activity (Fig. 1D). As expected, as early as 3 days after
ischemia, dystrophin expressionwas lost, regaining normal lev-
els around the 14-day time point as shown in Fig. 2A. This

process coincided with a transient down-regulation of nNOS
between 3 and 7 days after damage (Fig. 2, B and C). Further
experiments revealed that, during the early phases after acute
ischemia, iNOS expression was significantly increased, consis-
tent with its role in the stress response to injury and inflamma-
tion (Fig. 2D), whereas eNOS and nNOS were down-regulated
(Fig. 2E).
Class IIa Inhibition Delays Muscle Fiber Maturation—The

data reported above indicate the nuclear export/import of class
IIa HDACs as timely regulated during post-ischemia regenera-
tion. To explore the effect of their inhibition on tissue recovery
we treated ischemic mice with the class IIa-selective inhibitor
MC1568 (25). Histological analyses revealed that the prolonged
inhibition of class IIa had no effect on the extension of ischemic
areas (see Fig. 3B). However, although MC1568 increased the
number of newly formed fibers, it clearly delayed their matura-
tion-determining accumulation of central nucleated fibers.
Their persistence was, in fact, still evident at 14 (Fig. 3,C andD,
and graph in A) and 21 days after ischemia, when the adductor
muscle fibers in untreated ischemic controls were almost com-
pletely regenerated (Fig. 3D). Accordingly, in ischemic muscles
treated with MC1568, myosin heavy chain (MHC) expression
was reduced comparedwith vehicle-treatedmice (Fig. 3E), sug-

FIGURE 1. Alteration in the dystrophin-nitric oxide pathway following ischemia determines class IIa nuclear export. A, confocal microscopy showing
HDAC5, HDAC4, and HDAC9 distribution (green) in control (a) and post-ischemic adductor muscle at 3 (b), 7 (c), 14 (d), and 21 days (e). Nuclei were counter-
stained with TOPRO3 (blue). Magnification, �40. Insets show HDAC5 distribution from control and ischemia 3-day panels; arrows indicate nuclei with low
HDAC5 content. B, measurement of cGMP levels during ischemia. C, Western blotting showing the level of HDAC5 and its phosphorylation in control and in
ischemic muscle. The graph shows the relative increase in HDAC5 phosphorylation normalized to total HDAC5 protein and to loading control (Tubulin). D,
phosphatase activity in control and ischemic muscles. *, p � 0.05 versus control. Error bars, S.E. AU, arbitrary units.
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gesting a persistent delay of the regeneration process. To assess
whether MC1568 treatment could have impact on the dystro-
phin-NOS-NO pathway, we investigated the expression of these

proteins. In the presence of MC1568 nNOS and dystrophin were
down-regulatedat 3days and recovered tonormal levels at 14days
as in ischemic control. eNOS had a similar expression pattern in

FIGURE 2. A, representative images of dystrophin expression (red) in control and post-ischemic muscle at 3 and 14 days. Nuclei were stained with TOPRO3 (red).
Magnification, �40. B and C, analysis of nNOS expression in control and ischemic muscles by confocal microscopy (B; magnification, �63) and Western blotting (C).
Nuclei were stained with TOPRO3 (blue). The graph shows the relative level of nNOS normalized to loading control (GAPDH). *, p � 0.05 versus control. D, evaluation of
iNOS expression in control and ischemic muscles at 3, 7, 14, and 21 days by Western blotting and confocal microscopy. E and F, evaluation of eNOS and nNOS (E) and
dystrophin (F) in ischemic muscles from control (vehicle) and MC1568- or MS275-treated mice at 3 and 14 days after ischemia. Error bars, S.E. AU, arbitrary units.
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vehicle- andMC1568-treated mice at 3 days whereas its recovery
at 14 days was slightly delayed (Fig. 2, E and F).
Class IIa Inhibition Amplifies Ischemia-dependent Epigenetic

Changes—HDACs typically repress gene expression by reduc-
ing the acetylation level of core histones and nonhistone pro-
teins, including transcription factors. We noted that in

untreated ischemic tissue, the nuclear export of class IIa
HDACs was paralleled by an increase in histone H3 lysine 9
acetylation (H3K9ac) well detectable at 3 and 7 days after dam-
age. Other H3 epigenetic marks associated with gene activa-
tion, including serine 10 phosphorylation (H3S10p) and lysine
4 trimethylation (H3K4m3), were also increased. In contrast to

FIGURE 3. Effect of class IIa inhibition on muscle differentiation and epigenetic modifications. A–D, histological analysis of control (A) and ischemic muscle
(3, 14, and 21 days, B–D, respectively) treated with vehicle or the class IIa HDAC-specific inhibitor MC1568 (H&E-stained sections). The graph (A, right panel)
shows that the increase in immature centronucleated fibers is higher in MC1568-treated ischemic muscles than in vehicle-treated ischemic muscles. *, p � 0.05
versus control. E, Western blot showing MHC levels during post-ischemic regeneration in adductor muscles from untreated and MC1568-treated mice. The
graph shows the relative level of MHC normalized to loading control (GAPDH). *, p � 0.05 versus control. F, Western blot of histone modifications showing an
increase, soon after ischemia, in the level of H3K9ac, H3S10p, and H3K4m3 whereas H3K20m3 level was decreased. G, Western blot of histone modifications
(H3K9ac, H3S10p) showing the effect of MC1568 treatment in ischemic samples. Band density analyses are shown in the bottom panels. *, p � 0.05 versus
control; #, versus ischemia 3 days; °, versus ischemia 14 days. Error bars, S.E.
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this, the global level of lysine 20 trimethylation on histone H4
(H4K20m3), typically associated with chromatin compaction
and gene repression, was markedly decreased (Fig. 3F). In
untreated animals, these ischemia-associate changeswere tran-
sient and fully reversed between 14 and 21 days post-damage.
Conversely, the presence of increasedH3S10p orH3K9ac levels
was significantly prolonged in ischemic mice treated with
MC1568, suggesting persistence of cellular activation in
response to the drug (Fig. 3G).
Prior studies from our group demonstrated overexpression

of genes involved in proliferation and differentiation, including
c-fos, cyclin A, cyclin B, and TNF�, in chronically regenerating

muscle of dystrophic mdx mice (13). This alteration was asso-
ciated with the presence of abundant epigeneticmarks of active
transcription (13). To mechanistically explore the role of
HDACs in this condition, chromatin immunoprecipitations
(ChIP) were performed in ischemic muscle. The results
revealed that the association of class IIa HDAC4 with the c-fos
promoter (vehicle-treated controlmuscle, CTR), was undetect-
able 7 days post-ischemia in both untreated and MC1568-
treated animals (Fig. 4A). However, at 14 days post-ischemia
therewas a significant increase ofHDAC4occupancy in control
mice that was prevented by MC1568. During the progress of
these experiments, we noted that, following HDAC4 occu-

FIGURE 4. Epigenetic control of class IIa HDACs at gene-specific level. Analysis of HDAC4 and 3 occupancy onto the promoter of c-fos (A), TERT (C), TNF� (D),
and CCNB1 (E) by chromatin immunoprecipitations. The enrichment of H3K9m3 on these promoters is also shown. *, p � 0.05 versus control; #, versus ischemia
7 days; °, versus ischemia 14 days. B, mRNA expression level of c-fos. *, p � 0.05 versus ischemia 14 days. Error bars, S.E.

Epigenetics of Hindlimb Ischemia

AUGUST 9, 2013 • VOLUME 288 • NUMBER 32 JOURNAL OF BIOLOGICAL CHEMISTRY 22921



pancy, the trimethylation of histone H3 lysine 9 (H3K9m3) in
the c-fos promoter region increased significantly, fostering a
potential transcription repression role of this molecule. To
address whether the epigenetic control mediated by class IIa
HDACs correlates with c-fos expression we evaluated its
mRNA level at 14 days when the MC1568 effect was very evi-
dent. In agreement with the ChIP results, we found that c-fos
expression was repressed, an effect abolished by the DI (Fig.
4B). ChIP performed on other genes involved in proliferation
and inflammation including mTERT, TNF�, and Cyclin B1,
revealed similar epigenetic regulation by class IIa (Fig. 4, C–E).
Because on chromatin the catalytic activity of class IIa HDACs
relies on their associationwith co-factors and othermembers of
the class I HDAC family, we analyzed the presence of HDAC3
on c-fos, mTERT, TNF�, and Cyclin B1 promoters. HDAC3
recruitment paralleled that of HDAC4. Conversely, analysis of
HDAC3 and 4 occupancy on promoters of genes implicated in
muscle differentiation, such as MHC, myogenin, dystrophin,
eNOS, and nNOS, revealed that the chromatin binding of these
molecules was not induced by ischemia and remained
unchanged in MC1568-treated samples (Fig. 5). On the con-
trary, the parallel analysis of HDAC1 occupancy on the same
genomic regions showed recruitment after ischemia. Neverthe-
less, this occurred only in the presence of the class IIa inhibitor
MC1568, suggesting hierarchical relationships among HDACs
of different classes (Fig. 5). Taken together, these results indi-
cate that a HDAC3/4 complex is present on chromatin and is
possibly involved in the regulation of gene expression during
post-ischemia muscle regeneration.
HDAC1 and 2 Expression Is Class IIa-dependent—Although

transiently, ischemic muscle shows features similar to those of
the chronically regenerating tissue ofmdxmicewhereNOdefi-
ciency contributes to class IIa inactivation and class I overex-
pression and activation (13, 26). We show here, in fact, that
during post-ischemic regeneration HDAC2 levels increase
between 3 and 14 days. Surprisingly, MC1568 induced HDAC2
overexpression as assessed by confocal microscopy and West-
ern blotting (Fig. 6A). Further, we measured the level of
HDAC2 cysteine nitrosylation, which is NO-dependent and
known to negatively regulate enzyme activity (26, 27) (Fig. 6B)
and found that this post-translational modification was
increased in ischemic samples at 14 days compared with
untreated controls. In the presence of MC1568 the level of
HDAC2 S-nitrosylation was significantly reduced compared
with untreated ischemic controls. The levels of acetylated
HDAC2 remained unchanged in all experimental conditions
(Fig. 6B). HDAC1 expression was also evaluated and found
increased in the presence of ischemia and further up-regulated
byMC1568 treatment (Fig. 6C). On the contrary, there were no
detectable changes in HDAC3 levels (data not shown). Of note,
whereas the inhibition of class IIa HDACs induced overexpres-
sion of class I members HDAC1 and 2 during ischemia, inhibi-
tion of class I HDACs by MS275 did not alter the expression of
class IIa members HDAC4 and 5 (data not shown), supporting
the possibility of a hierarchical relationship between the two
classes.
Class I and II Interplay Modulates myomiR Expression—A

potential hierarchical regulation of transcription among

FIGURE 5. Evaluation of HDAC1, 3, and 4 recruitment on eNOS, dystro-
phin, nNOS, MHC, and myogenin promoters by ChIP. *, p � 0.05 versus
ischemia 14 days. Error bars, S.E.
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HDACs of different classes during post-ischemia regeneration
was investigated by ChIP. HDAC4 and HDAC3 were found
present on HDAC1 and HDAC2 promoters in nonischemic
control samples (Fig. 6,D andE). Ischemic damage significantly

reduced this association at 7 days after ischemia regardless of
DI treatment. However, at 14 days after ischemia, HDAC1 and
2 promoter occupancy by the HDAC3/4 complex significantly
increased in untreated ischemic animals, whereas it was virtu-

FIGURE 6. The expression level of HDAC1 and 2 is under the control of class IIa HDACs during ischemia. A, analysis of HDAC2 protein levels by confocal
microscopy or Western blotting in control and ischemic muscle treated with vehicle or MC1568. The graph shows the relative level of HDAC2 normalized to
loading control (GAPDH). Error bars, S.E. B, analysis of HDAC2 post-translational modifications. Western blots show the level of cysteine nitrosylation and
acetylation of HDAC2 in control and ischemic muscle, treated or not with MC1568, at 14 days. The graph on the right indicates the levels of these PTM relative
to total unmodified protein. *, p � 0.05 versus control; #, versus ischemia 14 days. C, evaluation of HDAC1 protein level. The graph shows the relative level of
HDAC1 normalized to loading control (GAPDH). *, p � 0.05 versus control. D and E, recruitment of HDAC4, HDAC3, and H3K9m3 onto HDAC1 (D) and 2 (E)
promoters by ChIP. *, p � 0.05 versus control; #, versus ischemia 7days; °, versus ischemia 14 days. F and G, relative expression of miR-1 (F) and miR-206 (G) in
normal and ischemic muscle treated or not with MC1568. *, p � 0.05 versus ischemia 7 days; #, versus ischemia 14 days; °, versus ischemia 21 days. H,
measurement of HDAC1 and H3ac enrichment on miR-206 promoter by chromatin immunoprecipitation. º, p � 0.05 versus ischemia 14 days.
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ally abrogated in the presence of MC1568. Further, ChIP anal-
ysis for the transcriptional repression chromatin marker
H3K9m3 showed similar kinetics on HDAC1 and 2 promoters
(Fig. 6, D and E), indicating the lack of repression in the pres-
ence of MS1568 at 14 days. This evidence suggests a regulatory
role exerted by class IIa HDACs on HDAC1 and 2 and possibly
on their targets.
HDAC1 and 2 regulate muscle differentiation through the

modulation of different targets, including microRNAs (miRs)
such asmiR-1 andmiR-206. ThesemiRs are important formus-
cle development and regeneration (28, 29), and their alteration
contributes to the progression of different types of muscular
dystrophy (30, 31). Prior studies demonstrated that in mdx
mice reconstitution of NO signaling or treatment with the spe-
cific class I HDAC inhibitor MS275 normalized myomiR

expression including miR-1 and miR-206 (32). Based on this
evidence, we evaluated whether the increase in HDAC1 and 2
expression, occurring in ischemic muscle and sustained by the
class IIa inhibitor, could alter miR-1 andmiR-206 levels. In this
context, miR-1, which showed a progressive increase during
normal post-ischemic muscle regeneration (32) (Fig. 6F), was
significantly down-regulated byMC1568 at 14 days. Expression
of miR-206, increasing in normal post-ischemic muscle, was
also down-regulated by MC1568 between 14 and 21 days of
post-ischemia regeneration (Fig. 6G). To determine whether
this down-regulation wasmediated directly by HDAC1we per-
formedChIP assays.We observed detachment of HDAC1 from
the miR-206 promoter as early as 7 days after ischemia in both
vehicle- and MC1568-treated animals (Fig. 6F). On the con-
trary, at 14 days after damage, a significantHDAC1 recruitment

FIGURE 7. Evaluation of class I- and class IIa-selective DIs on post-ischemic regeneration. A, comparative analysis of tissue recovery after ischemia (14 days)
in adductor muscles treated with the class IIa HDAC-specific inhibitor MC1568 or the class I-specific inhibitor MS275 (H&E-stained sections). B, comparative
analysis of the same samples for the presence of fibrosis (Masson trichrome staining). *, p � 0.05 versus control. C, representative images showing desmin
expression in ischemic muscles (14 days) treated with vehicle, MC1568, or MS275. D–F, evaluation of arteriogenesis (D and E) and capillarogenesis (F) in
ischemic muscles at 3, 14, and 21 days from mice treated with vehicle, MC1568, or MS275. *, p � 0.05 versus control. Representative images of arterioles are
shown for ischemic muscles treated with vehicle, MC, or MS at 14 days. G, measurements of limb perfusion by Lisca immediately after ischemia (T0) and at 2,
7, 14, and 21 days after ischemia. Error bars, S.E.
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was observed only in the presence of MC1568 (Fig. 6H). Evalu-
ation of acetylated H3 enrichment onto the miR-206 promoter
indicated that an open, transcriptionally competent chromatin
was present in this region at 14 days after ischemia but absent in
the presence of MC1568.
Class I Restricted InhibitorMS275 Prevents Proliferation and

Promotes Fibrosis after Hindlimb Ischemia—Inhibition of class
IIa HDACs determined a change in the post-ischemic response
of muscle precursors that were kept proliferating without
undergoing terminal differentiation (Fig. 3). Similar to dystro-
phic mdx mice, this condition was characterized by increased
levels of HDAC2. In light of the fact that HDAC2 inhibition, by
means of selective HDAC inhibitors, NO donors, or siRNAs,
induced maturation and functional amelioration of the dystro-
phic muscle (17, 26), we reasoned that class I HDAC inhibition
could have a beneficial effect in the post-ischemic regeneration.
Surprisingly, inhibition of class IHDAC function byMS275was
detrimental and amplified the ischemic damage to hindlimb
muscles, preventing the regeneration process (Fig. 7A). In
agreement with this evidence, we found a significant delay in
dystrophin, eNOS, and nNOS expression in animals treated
with MS275 compared with controls (Fig. 2, E and F). This
phenomenon was paralleled by a dramatic reduction of cen-
trally nucleated fibers and a significant accumulation of fibrosis
(Fig. 7, A and B). Accordingly, the expression of desmin, which
increases in regenerating fibers, was higher inMC1568-treated
mice and reduced in MS275-treated mice (Fig. 7C).
Because recovery of dystrophin/NO signaling appears

delayed in MS275-treated mice we evaluated whether this
could affect HDAC4, 5, and 9 nuclear relocalization. We found
that in the presence of MC1568, class IIa nuclear shuttling
occurred normally at 14 days after ischemia whereas it was sig-
nificantly delayed in the presence of MS275 (Fig. 8, A–C). Fur-
ther, we found that class IIa inactivation by chemical treatment
(MC1568) or by cytoplasmic sequestration, secondary to
MS275 treatment, was associated with epigenetic global alter-
ation. In fact, at 14 days after ischemiaH3K4m3 andH4K20m3,
which were up-regulated and down-regulated, respectively,
soon after ischemia, return to normal in ischemic control mice
(Fig. 3F). However, in the presence of MC1568 or MS275 (Fig.
8D) the level of H3K4m3 remained high at 14 days whereas the
level of H4K20m was still low.
Vascular Regeneration Is Differentially Regulated by Class I

and IIa HDAC Inhibitors—To explore further whether HDAC
inhibitors could have an impact on vascular regeneration, arte-
riogenesis and capillarogenesis were measured after ischemia.
The results show that in the presence ofMC1568 arteriogenesis
increased as indicated by the number of arterioles detected at
14 and 21 days, whereas the MS275 compound significantly
reduced this effect (Fig. 7,D and E). Capillary density was unaf-
fected by either drug and undistinguishable from control (Fig.
7F). Consistently, hindlimb perfusion showed that MC1568
determined a more efficient flow recovery at 14 and 21 days
(Fig. 7G).

FIGURE 8. Evaluation of class I- and class IIa-selective DIs on class IIa HDAC
nuclear export. A–C, confocal analysis of HDAC4 (A), HDAC5 (B), and HDAC9
(C) distribution (green) in control and post-ischemic adductor muscles at 3
and 14 days in untreated or MC- or MS-treated mice. Nuclei were counter-
stained with TOPRO3. D, Western blots of histone modifications (H3K4m3,

H3K20m3) in control and ischemic muscles at 3 and 14 days of untreated or
MC- or MS-treated mice. Band densities are shown in the right panels. *, p �
0.05 versus control. Error bars, S.E.
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FIGURE 9. Evaluation of the effect of eNOS (adenovirus eNOS-S1177D) overexpression in ischemic mice treated or not with MC1568 and MS275 at 14
days. Adenovirus GFP-CMVnull-injected mice were used as controls. A, representative images of H&E-stained sections. B, analysis of centronucleated fibers. C,
evaluation of degenerative areas. *, p � 0.05 versus control; §, p � 0.05 versus MC; °, p � 0,05 versus MS. D, evaluation of centronucleated fibers at 14 days of
ischemia in vehicle and L-NAME-treated mice. E, measurement of limb perfusion by LISCA immediately after ischemia and at 14 days after ischemia in
AdGFP-CMV-eNOS- or AdGFP-CMVnull-infected adductors treated or not with MC1568 or MS275. *, p � 0.05 versus control; §, p � 0.05 versus MC. Represent-
ative images are also provided of animals soon after ischemia and at 14 days. F, representative images of GFP-positive fibers in ischemic adductor muscles
infected with AdGFP-CMV-eNOS or AdGFP-CMVnull. The graph shows the percentage of GFP-positive fibers in ischemic untreated or MC1568- or MS275-
treated mice. Error bars, S.E.
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NOproduction is very important duringmuscle and vascular
regeneration (33). In line with this consideration, our data on
muscle regeneration showed that negative effects of class-selec-
tive DIs were associated with impaired eNOS/nNOS reexpres-
sion. To investigate whether the effect of DIs could be modu-
lated by NO, ectopic expression of a constitutively active form
of eNOS was achieved by adenoviral infection. As described
previously, the adenoviral transfer of eNOS reduced ischemic
damage (Fig. 9, A–C) and improved blood flow recovery (Fig.
9E). Of note, eNOS overexpression counteracted the effect of
MC1568 andMS275, reducing the number of central nucleated
fibers and the extent of degenerative areas. On the contrary, the
inhibition of NOS by L-NAME, which interferes with the class I
HDAC inactivation mediated by NO (34), determined a signif-
icant increase of immature central nucleated fibers. Accord-
ingly, limb perfusion analysis revealed that the eNOS gene
transfer strongly improved blood flow recovery at 14 days with
no difference between control andMC1568- orMS275-treated
mice (Fig. 9E).

DISCUSSION

The present study addresses the efficacy of class-restricted
DIs in post-ischemic tissue regeneration. Our data show that
the class IIa-selective inhibitor MC1568 significantly increases
immature muscle fibers and new arteriole formation prevent-
ing, however, complete tissue maturation, possibly as a conse-
quence of HDAC1 and 2 overexpression in the nuclei of surviv-
ing/regenerating muscle precursors and newly formed fibers.
Conversely, the inhibition of class I HDACs by the selective
compound MS275 caused a dramatic detrimental effect char-
acterized by early growth arrest of muscle precursors, preven-
tion of post-damage tissue regeneration, and significant accu-
mulation of fibrosis. This evidence clearly puts into a negative
light the potential use of DIs in tissue regeneration after
hindlimb ischemia. The molecular basis of this detrimental
effect may rely on different functions of the two classes of
HDACs selectively inhibited by the drugs (Fig. 10). Our exper-
imental evidence, in fact, indicates that the nuclear export of
class IIa, which occurs early after post-ischemic damage, is
strictly timely regulated and is required for class I HDAC over-
expression, chromatinmodification, and gene regulation in the
early phases of regeneration. Of interest, the effect of MS275
was remarkably different from that obtained in nonischemic
chronically regenerating mdx mice where class I inhibitors
ameliorated the process of muscle regeneration (17). We rea-
soned that this divergence could reflect intrinsic differences in
themolecularmechanisms involved in acute versus chronic tis-
sue regeneration. Class I HDAC inhibitors were beneficial, in
fact, when it was necessary to inhibit the chronically ongoing
muscle regeneration process typical of Duchenne muscular
dystrophy characterized by a constant rate of precursor activa-
tion and proliferation.
Peripheral ischemia determines muscular and vascular dam-

age. For this reason we evaluated the effects of MS275 and
MC1568 on newly formed arterioles and capillaries. As inmus-
cle fibers, we found a different effect of the two inhibitors, with
MC1568 increasing arteriogenesis andMS275 counteracting it.
On the contrary, neither treatment altered capillarogenesis. In

agreement with this evidence, MC1568 induced a faster blood
perfusion recovery whereas MS275 delayed it compared with
controls. Arteriogenesis and angiogenesis are qualitative, quan-
titative, and temporally distinct processes. A large body of
knowledge indicates that arteriogenesis is the enlargement of
preexisting vessels based on smooth muscle cell proliferation
and driven mainly by shear stress, NO, and inflammatory cyto-
kines such as MCP-1 (35). Conversely, angiogenesis is essen-
tially a de novo generation of capillaries driven by hypoxia and
regulated by several factors, including VEGF and Notch signal-

FIGURE 10. Scheme illustrating the temporal activation of class I and IIa
HDACs during post-ischemic regeneration, their interplay, and the
effect of class-selective DIs. A, during the early phase of this process, char-
acterized by satellite cell activation and proliferation, class IIa HDAC is inacti-
vated, and this allows the derepression of class IIa-dependent genes (c-fos,
TERT, CycB, TNF�, HDAC1, and HDAC2). Class I HDAC activation in this phase, in
turn, regulates the expression of miR-1 and 206. In the second phase of post-
ischemic repair (from 14 to 21 days) characterized by terminal differentiation,
class IIa is reactivated, and class I is repressed. B, effects of class I (MS275) and
IIa (MC1568) DIs on muscle regeneration process during ischemia. Block of
class I determines muscle atrophy and fibrosis, whereas block of class IIa
induces delayed muscle maturation.
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ing (36). Tissue-specific differences in HDAC expression, not
all of them being expressed in endothelial, smooth muscle, or
satellite cells (37), may explain the discrepancies. It cannot be
excluded, however, that proangiogenic and proarteriogenic
factors could be differentially regulated by MC1568 and
MS275. In this regard, we observed a class IIa-dependent regu-
lation of the inflammatory factor TNF� in MC1568-treated
mice. In addition to these considerations, we reasoned that the
post-ischemic revascularization process might be under the
influence of NO synthesis because it occurs poorly in eNOS-
deficient mice (33). NO is also very important in muscle regen-
eration process, and its production is compromised in mdx
mice. In the progress of ourworkwe accumulated evidence that
the reduced/delayed eNOS and nNOS reexpression after ische-
mic damage could be one of the key elements at the basis of the
detrimental DI effect on muscle regeneration. Indeed, the
ectopic expression of an eNOS transgene, known to reduce oxi-
dative stress and to improve perfusion and tissue recovery (38),
overcame the regeneration limitations induced byMC1568 and
MS275 by promoting a faster recovery of limb perfusion in con-
trols and in DI-treated animals. Therefore, the alteration in
gene expression leading to prevention or delayed reactivation
of the dystrophin-NOS-NO axis determined by both DIs may
provide the molecular basis to explain our findings.
Taken together, these results indicate that interfering with

the timely regulated function of class I and IIa HDACs during
ischemicmuscle tissue regeneration bymeans of class-selective
DIs was detrimental rather than beneficial for tissue regenera-
tion. AlthoughDIs are now in clinical use as valuable anticancer
therapy, cardiac adverse side effects (39, 40) and cardiac hyper-
trophy (41) have been recently described associated with their
use. Thus, the evaluation of their safety and toxicity is of par-
ticular relevance for potential therapeutic application in regen-
erative medicine. In conclusion, our data raise a concern about
potential risks associated with the use of DIs in the treatment of
post-ischemic damage.
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