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ABSTRACT
Current therapies are less effective for treating sustained/per-
manent versus paroxysmal atrial fibrillation (AF). We and others
have previously shown that histone deacetylase (HDAC) in-
hibition reverses structural and electrical atrial remodeling in
mice with inducible, paroxysmal-like AF. Here, we hypothesize
an important, specific role for class I HDACs in determining
structural atrial alterations during sustained AF. The class I
HDAC inhibitor N-acetyldinaline [4-(acetylamino)-N-(2-amino-
phenyl) benzamide] (CI-994) was administered for 2 weeks
(1 mg/kg/day) to Hopx transgenic mice with atrial remodeling
and inducible AF and to dogs with atrial tachypacing-induced
sustained AF. Class I HDAC inhibition prevented atrial fibrosis
and arrhythmia inducibility in mice. Dogs were divided into three
groups: 1) sinus rhythm, 2) sustained AF plus vehicle, and 3)

sustained AF plus CI-994. In group 3, the time in AF over 2 weeks
was reduced by 30% compared with group 2, along with
attenuated atrial fibrosis and intra-atrial adipocyte infiltration.
Moreover, group 2 dogs had higher atrial and serum inflamma-
tory cytokines, adipokines, and atrial immune cells and adipo-
cytes compared with groups 1 and 3. On the other hand, groups
2 and 3 displayed similar left atrial size, ventricular function, and
mitral regurgitation. Importantly, the same histologic alterations
found in dogs with sustained AF and reversed by CI-994 were
also present in atrial tissue from transplanted patients with
chronic AF. This is the first evidence that, in sustained AF, class I
HDAC inhibition can reduce the total time of fibrillation, atrial
fibrosis, intra-atrial adipocytes, and immune cell infiltration
without significant effects on cardiac function.

Introduction
Atrial fibrillation (AF) is the most common cardiac arrhyth-

mia in clinical practice, afflicting almost 3 million Americans
and over 45 million individuals worldwide (Naccarelli et al.,
2009; Zoni-Berisso et al., 2014). Most of these patients
(75–85%) suffer from either sustained or permanent AF with
some form of heart disease and atrial remodeling (Murin et al.,
2014), which is defined as any structural or electrical alter-
ation that predisposes the atrium to arrhythmias. Evidence
supports the contribution of atrial remodeling and fibrosis to
the genesis of AF, and conversely, reduced atrial fibrosis
correlates with less AF in both paroxysmal and permanent
forms (Li et al., 2001; Liu et al., 2008; Marrouche et al., 2014).

This may explain why most patients with permanent AF are
less responsive to current antiarrhythmic or catheter-based
therapies (Gaita et al., 2008; Cappato et al., 2010), which do
not prevent or reduce atrial remodeling.
Inflammation is implicated in the pathogenesis of sustained

AF (Guo et al., 2012), whereas anti-inflammatory agents can
reduce its onset and recurrence (Abbaszadeh et al., 2012; Yu
et al., 2012). Atrial stretch and injury caused by heart failure
or by AF itself recruits inflammatory cells that release
proinflammatory cytokines, such as interleukin (IL)-1b and
tumor necrosis factor (TNF), to the atrium. These cytokines
regulate ion channel function (Grandy and Fiset, 2009;
Grandy et al., 2010; El Khoury et al., 2014) and the expression
of extracellular cellular matrix modulators (Siwik et al., 2000)
possibly involved in the mechanisms underlying atrial remod-
eling. Proinflammatory cytokines also induce the release of
profibrotic cytokines, such as transforming growth factor-b1
and platelet-derived growth factor, which recruit and stimu-
late the differentiation of myofibroblasts and fibroblasts
(Friedrichs et al., 2011). Finally, inflammatory cytokines
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produced by adipocytes and macrophages in visceral and
epicardial adipose deposits (Vieira-Potter, 2014) may further
contribute to the genesis of AF (Lin et al., 2012; Venteclef
et al., 2015). Of note, onlymature immune cells and adipocytes
release inflammatory cytokines, and class I histone deacety-
lases (HDACs) promote the differentiation and maturation of
these cell types (Haberland et al., 2010; Yamaguchi et al.,
2010; Summers et al., 2013). We previously showed that the
pan–histone deacetylase inhibitor trichostatin A reverses
established atrial fibrosis and inducible atrial arrhythmias,
without affecting cardiac chamber size, function, or hemody-
namics in transgenic mice overexpressing the transcription
factor homeodomain-only protein (HopxTg), a model of ven-
tricular hypertrophy (Liu et al., 2008). This was the first
report documenting the role played by HDACs in atrial
remodeling and arrhythmias in animals with structural heart
disease. Subsequently, other groups have confirmed our
findings and shown that pan-HDAC (Lkhagva et al., 2014)
orHDAC6 (Zhang et al., 2014) inhibition can prevent subacute
atrial electrical remodeling and inducible AF. Although these
results are encouraging, it is not known yet whether HDAC
inhibition can oppose the development of sustained AF, the
form with higher clinical impact.
In the present study, we hypothesize an important role for

class I HDAC in driving chronic atrial remodeling by pro-
moting proinflammatory cytokine release during sustained
AF (see Supplemental Fig. 1). Therefore, the class I HDAC
inhibitor N-acetyldinaline [4-(acetylamino)-N-(2-amino-phenyl)
benzamide] (CI-994), a cytostatic anticancer agent (Pauer et al.,
2004; Undevia et al., 2004; Monneret, 2005), was first tested in
HopxTg mice with atrial remodeling and inducible arrhythmias
and then in a clinically relevant canine model of sustained AF.
Atrial tissue obtained from transplanted patients with AF and
terminal heart failure was used for comparison to identify
possible analogies between the histologic alterations reversed
byHDAC inhibition in the caninemodel and those found in the
human disease.

Materials and Methods
An expanded methods section is available in the Supplemental

Material.
All the procedures in animals were approved by the Temple

University Committee on Use and Care of Animals and complied with
National Institutes of Health guidelines.

Transgenic Mice. HopxTg, in which the murine Hopx cDNA is
overexpressed in cardiomyocytes under control of the a-myosin heavy-
chain promoter, has been previously described (Liu et al., 2008).
Surface ECG and invasive mouse electrophysiology studies of atrial
arrhythmia inducibility were performed as previously described
(Ismat et al., 2005; Li et al., 2005; Liu et al., 2008, 2015; Yuan et al.,
2010) in 16 HopxTg mice (aged 14–17 weeks) and 16 age-matched
nontransgenic wild-type littermates of both sexes, in equal propor-
tions. CI-994 (1 mg/kg/day) or vehicle (20% dimethylsulfoxide) was
administered intraperitoneally for 2 weeks. The high selectivity of
CI-994 for class I HDACs has been previously documented (Bradner
et al., 2010).

Dog Instrumentation. Fifteen purpose-bred male dogs (22–25 kg)
were chronically instrumented as previously described (Mitacchione
et al., 2014; Woitek et al., 2015). First, anesthesia was induced using
propofol (6 mg/kg i.v.) and maintained with 1.5–2% isoflurane
during 40% oxygen/60% air ventilation. A thoracotomy was then
performed in the left fifth intercostal space and a catheter was
placed in the descending thoracic aorta, a solid-state pressure gauge

(P6.5; Konigsberg Instruments, Pasadena, CA) was inserted into the
left ventricle (LV) through the apex, and a Doppler flow transducer
(Craig Hartley, Houston, TX) was placed around the left circumflex
coronary artery. Wires and catheters were run subcutaneously to
the intrascapular region. Prior to closing the chest, an implantable
loop recorder (Reveal XT; Medtronic Inc., Minneapolis, MN) was
placed subcutaneously over the left atrium. The chest was then
closed in layers, and the pneumothorax was reduced. Antibiotics
were given after surgery, and the dogs were allowed to fully recover
for at least 10 days. After recovery, a pacemaker (Consulta CRT-P;
Medtronic Inc.) was implanted subcutaneously, and an atrial lead
inserted into the right atrium.

Pacing Protocol in Dogs. Three days after the pacemakers were
implanted, dogswere assigned to either the sham-pacing (n5 5) or the
atrial tachypacing group (n 5 10). Sham-paced animals had pace-
makers programmed in the sense-only mode. High-rate pacing was
induced using a custom software protocol provided by Medtronic Inc.,
first at 210 bpm for 3–4 days, then 400 bpm for 3–4 days, and finally at
600 bpm for the following 21–28 days. If AF was detected, the
pacemakers would switch modes and not pace. Pacemakers resumed
pacing only if AF stopped and sinus rhythm was detected. Persistent
AF was defined as episodes lasting $3 days without reversal to sinus
rhythm. Once the animals remained in AF for at least 3 days, the
pacemakers in the tachypaced group were reprogrammed to sense-
only mode, and the animals were treated with CI-994 (1.0 mg/kg/day,
n5 5) or vehicle (20% dimethylsulfoxide, n5 5) for 14 days through an
intravascular catheter. This dose of CI-994, similar to the one used in
mice, was chosen based on a previous systematic toxicological study in
rats and dogs that found pathologic alterations at .2 mg/kg/day
(Graziano et al., 1997). Our goal was the maximal possible inhibition
of class I HDAC with a subtoxic dose. All of the animals were
euthanized at the end of the drug-infusion period. The pacemakers
and implantable loop recorders were interrogated weekly.

Electrogram Acquisition and Processing. The persistence of
sinus rhythm was verified in sham-paced dogs, and pacemaker
memories were checked to detect spontaneous AF episodes. Two
recording modalities were obtained daily from all dogs during
follow-up using the pacemaker right atrium–lead intracardiac electro-
gram, and the implantable loop recorder single-lead recording (left
atrial far-field signal).

Hemodynamic Measurements in Dogs. During the cardiac pac-
ing protocol, hemodynamic measurements were taken every week from
conscious dogs placed on the laboratory table, as previously described
(Mitacchione et al., 2014; Woitek et al., 2015). The aortic catheter was
attached to a strain-gauge transducer to measure aortic pressure. LV
pressurewasmeasuredusing the solid-state pressure gauge. Blood flow
in the left circumflex coronary artery was measured with a pulsed
Doppler flow meter (model 100; Triton Technology, San Diego, CA). All
signals were digitally stored via an analog-digital interface (Notocord
hem evolution; Notocord Croissy-sur-Seine, France) at a sampling rate
of 250 Hz. Digitized data were analyzed offline by the Notocord
software. The parameters were captured during one respiratory cycle
and comprised heart rate; mean aortic pressure; LV end-diastolic, peak
systolic, and end-systolic pressure; mean blood flow in the left
circumflex coronary artery; and the maximum and minimum of the
first derivative of LV pressure.

Serum Cytokine Measurements in Dogs. Serum cytokine and
adipokine levels were measured in blood obtained from the aorta and
coronary sinus of dogs before atrial-tachypacing, after sustained AF
was induced, and after 2 weeks of CI-994 or vehicle infusion using
enzyme-linked immunosorbent assay performed by the National
Institutes of Health–supported Metabolomics Center at the Univer-
sity of California (Davis, CA). Cardiac-derived cytokine production
was calculated as the cytokine concentration in the coronary sinus
serum minus that in the aorta, multiplied by the coronary flow rate.

Histology and Immunohistochemistry. Detailed protocols for
histology have been previously described (Liu et al., 2008, 2015). The
primary antibodies used were rabbit polyclonal anti-CD19 antibody
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(R&D Systems, Minneapolis, MN), rabbit polyclonal anti-CD4 antibody
(Abcam, Cambridge, UK), rabbit polyclonal anti-CD163 antibody (Santa
Cruz Biotechnology, Dallas, TX), rabbit polyclonal anti-CD68 antibody
(Abcam), rabbit polyclonal anti–Perilipin-1 (Santa Cruz Biotechnology),
rabbit polyclonal anti–Pref-1 antibody (Santa Cruz Biotechnology),
rabbit polyclonal anti-TNFa antibody (SantaCruzBiotechnology), rabbit
polyclonal anti–IL-6 antibody (Santa Cruz Biotechnology), rabbit poly-
clonal antileptin antibody (Santa Cruz Biotechnology), or rabbit poly-
clonal antiadiponectin antibody ( Santa Cruz Biotechnology). Sections
were incubated with Alexa488 or Alexa594 rabbit anti-mouse or goat
anti-rabbit secondary antibodies (Thermo Fisher Scientific, Waltham,
MA) for fluorescent images, or using the secondary antibody for
horseradish peroxidase staining (Abcam). Sections were analyzed using
a Nikon TE200 (Nikon Instruments Inc., Tokyo, Japan) microscope
equipped with a charge-coupled device camera and epifluorescence
capabilities or a Zeiss LSM 510 confocal microscope (Zeiss, Oberkochen,
Germany). All histologic analyses were performed in a blinded manner.

Statistical Analysis. Differences in means among multiple data
sets were analyzed using one- or two-way analysis of variance
(ANOVA) with treatment or presence of atrial fibrillation as the
independent factors. When ANOVA showed significant differences,
pairwise comparisons between means were tested using Tukey post-
hoc analysis. When data were not normally distributed, ANOVA on
ranks was used with the Kruskal-Wallis test, followed by pairwise
comparison using the Dunn test. Data sets with smaller sample sizes
(n # 5) were compared using the Wilcoxon rank sum test. All values
are reported as the mean 6 1 S.E.M. A probability value ,0.05 was
considered significant.

Results
Class I HDAC Inhibition Reduces Atrial Remodeling,

AF Induction, and Markers of B Cells and Adipocytes
in Mouse Atria. As shown in Fig. 1, class I HDAC inhibition
with CI-994 completely prevented the development of atrial
fibrosis and atrial arrhythmia inducibility in HopxTg mice,
similar to the effects we previously observed using pan-HDAC

inhibition in this model (Liu et al., 2008). Arrhythmia and
other cardiac parameters are summarized in Supplemental
Table 1. However, similar to the majority of genetic mouse
models of arrhythmias (Riley et al., 2012), HopxTg mice do not
develop the spontaneous or sustained AF that is often
associated with atrial remodeling in clinical populations.
Therefore, to determine if class I HDAC inhibition reverses
atrial remodeling associated with sustained AF, we tested
CI-994 in a dog model that more closely mimics the charac-
teristics of the human disease.
Class I HDAC Inhibition Reduces Atrial Remodeling

and Sustained AF inDogs. DogswithAFdeveloped increased
left atrial size and mitral regurgitation (MR) with no
significant effect on ventricular ejection fraction, cardiac
output, blood pressure, or coronary perfusion compared
with control dogs in sinus rhythm (Table 1). However, when
we scanned the ECG records at the end of the protocol, we
found that dogs in sustained AF infused with CI-994 had
experienced phases of sinus rhythm, and over the 2 weeks of
infusion, their percentage of time of fibrillation was reduced
by 30% compared with dogs receiving only vehicle (Fig. 2,
A–C). Dogs in sustained AF receiving CI-994 also had
slightly reduced MR but no significant difference in cardiac
chamber size or function (Table 1).
Atrial tissue was then analyzed to assess the effects of AF

and CI-994 on structural remodeling. First, we performed
histologic analysis of trichrome-stained sections of right and
left atrial tissue. Fibrosis was increased in both atria of dogs
with sustained AF and vehicle infusion compared with those
in sinus rhythm. AF dogs infused with CI-994 displayed less
atrial fibrosis comparedwith AF dogs infusedwith vehicle, but
still more than dogs in sinus rhythm (Fig. 2, D–K). In addition,
trichrome staining revealed regions with unstained vacuoles
consistent with the presence of intramyocardial adipocytes
(Fig. 2, D–K), which was confirmed by immunohistochemical

Fig. 1. Inhibiting class I HDACs reduces atrial
remodeling and arrhythmias in Hopx transgenic
mice. Trichrome-stained images of the left atrium
from HopXTg (A), wild-type (B), HopXTg mouse
treated with CI-994 (C), and wild-type mouse treat-
ed with CI-994 (D). (E) Plot showing percentage of
atrial fibrosis from at least 26 fields/atrium and four
different atria/group. (F) An episode of induced
atrial arrhythmia in a HopxTg mouse. (G) Number
of atrial tachyarrhymia (AT) episodes induced in
each group of eight mice. (H) Average duration of
induced AT episodes in each group. (I) Percentage of
mice with inducible AT in each group of eight mice.
*P , 0.05 versus HopxTg; †P , 0.05 versus WT (wild
type); ‡P , 0.05 versus Hopx–CI-994; xP , 0.05
versus WT–CI-994.
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staining with antibodies specific for differentiated adipocytes
(Perilipin-1) and preadipocytes (Pref-1). Sustained AF caused
a significant increase in atrial Perilipin-1- and Pref-1–stained
cells compared with atria from dogs in sinus rhythm, or AF
dogs treated with CI-994 (Fig. 3). These results suggest that
inhibiting class I HDACs reverses atrial remodeling and AF
duration in a model with sustained AF, independent of effects
on hemodynamics or cardiac function. Furthermore, these
findings suggest that class I HDACs in sustained AF contrib-
ute to the increased presence of adipocytes. The higher
number of Perilipin-1–positive cells in the atrium from dogs
in sustained AF, which was attenuated by CI-994, also
suggests that class I HDACs may induce dedifferentiation of
intra-atrial adipocytes.
To further explore the tissue alterations occurring during

sustained AF, we performed immunohistochemical analysis
using antibodies against CD19 to quantify B cells, antibodies
against CD4 to identify helper T cells, and antibodies against
CD163 to mark macrophages. Left atrial sections of dogs with

sustained AF displayed more B cells and macrophages
compared with those in sinus rhythm, and this alteration
was prevented by CI-994 (Fig. 4). However, we detected
fewer CD41 cells in the atrium of dogs with sustained AF
compared with those with sinus rhythm.
Class I HDAC Inhibition Reduces Serum and Left

Atrial Inflammatory Cytokines in Dogs. Next, we
assessed the concentration of inflammatory cytokines and
adipokines in the plasma of dogs before atrial tachypacing and
after 2 weeks of sustained, postpacing AF without and with
CI-994 administration. Blood samples were collected from the
aorta and coronary sinus to determinewhether cytokines were
released by the heart. Cardiac-derived TNFa, IL-6, IL-8, IL-10,
and adiponectin increased with sustained AF in the serum and
some were almost normalized by class I HDAC inhibition
(Table 2). Of note, increased serum levels of these cytokines
and adipokines in the serumhave been reported in patientswith
sustained AF as well (Liuba et al., 2008; Shimano et al., 2008;
Ozcan et al., 2014). However, serum levels of IL-10 and resistin

TABLE 1
Echo and hemodynamic data from dogs with AF
MR grade based on Doppler flow criteria with 1 = mild, 2 = moderate, 3 = severe, and 4 = torrential.

Sinus Rhythm Control (n = 5) Sustained AF + Vehicle Infusion (n = 5) Sustained AF + CI-994–Treated (n = 5)

LA EDL axis (cm) 2.8 6 0.30†,‡ 3.6 6 0.55* 3.7 6 0.49*
LA volume (ml) 18.0 6 1.3†,‡ 30.2 6 2.5* 33.7 6 5.3*
LV diastolic size (cm) 4.4 6 0.32 4.7 6 0.38 4.8 6 0.40
MR grade 0.4 6 0.54†,‡ 2.3 6 0.5*,† 2.8 6 1.1*,‡

LVEF (%) 62.0 6 2.8 58.5 6 1.1 57.4 6 3.1
Heart rate (bpm) 93.8 6 18.6†,‡ 156.3 6 36.6* 165.6 6 18.8*
Coronary flow (ml/min) 60.8 6 7.5 53.4 6 5.8 55.2 6 8.8
dP/dt max. (mm Hg/s) 3209 6 140†,‡ 2149 6 318* 2083 6 308*
LV EDP (mm Hg) 5.1 6 1.3†,‡ 9.2 6 1.5* 10.1 6 1.8*
LV ESP (mm Hg) 133.1 6 11.0 119.9 6 10.9 121 6 16.5

LA, left atrium; EDL, end-diastolic long; EDP, end-diastolic pressure; ESP, end-systolic pressure.
*P , 0.05 versus control; †P , 0.05 versus CI-994; ‡P , 0.05 versus tachypacing.

Fig. 2. CI-994 reduces atrial fibrillation and fibrosis
in dogs. (A) A typical ECG trace recorded by the
Reveal monitor and showing the presence of sus-
tained AF at the end of the atrial pacing period,
before vehicle or CI-994 infusions were started.
Vertical box = 0.1 mV, horizontal box = 200 ms. (B)
Reveal histogram showing hours/day dogs were in
AF. Top panel is from a dog treated with CI-994,
bottom panel is from a dog given vehicle for the last
2 weeks (vertical lines). (C) Plot of percentage of time
dogs were in AF, with and without CI-994 treat-
ment. The CI-994-treated dogs were in AF for ∼30%
fewer hours/day than the vehicle-treated dogs.
Trichrome-stained sections of the posterior left
atrium (D–F) and posterior right atrium (H–J) from
dogs in sinus rhythm (D and H), dogs in AF plus
vehicle for the last 2 weeks (E and I), and dogs in AF
treated with CI-994 for the last 2 weeks (F and J).
Scale bar in (D) applies to (D–F) and (H–J). (G and
K) The percentage of fibrosis averaged from at least
22 images and 5 dogs/group from the left and right
atrium, respectively. *P , 0.05 versus sinus rhythm
(Sinus); †P , 0.05 versus sustained (Sus) AF; ‡P ,
0.05 versus CI-994. AT, atrial tachyarrhymia; LA,
left atrium; RA, right atrium.
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were not higher during AF. On the other hand, angiotensin
II and adiponectin increased in systemic circulation during AF
and remained elevated after class I HDAC inhibition, which
supports our previous finding that HDAC inhibition may be
independent of angiotensin II signaling in atrial remodeling
(Liu et al., 2008). The elevated circulating cytokines in AF
were consistent with histologic evidence in atrial tissue.
The inflammatory cytokines TNFa and IL-6, as well as the
adipokines leptin and adiponectin, were more highly
expressed in the atrium of dogs in AF compared with those
in sinus rhythm, and this increase was attenuated by CI-994
(Supplemental Fig. 2).
Atrial Immune Cells and Intra-atrial Adipocytes in

Humans with Chronic AF. The aforementioned results
show that class I HDAC inhibition reverses atrial remodeling
in the atria of HopxTg mice. Moreover, in the dog model of
sustained AF, the reversal of atrial fibrosis by CI-994 is
associated with reduced B cell infiltration and adipocyte
differentiation. But how relevant is the presence of atrial

B cell infiltration and adipocyte development in clinical AF?
To address this question, we performed histologic analysis of
atrial tissue obtained from transplanted patients with AF and
end-stage heart failure. First, we analyzed trichrome-stained
sections of the right and left atrium from failing human hearts
in sinus rhythm and found there was more atrial fibrosis and
adipocyte-like vacuoles compared with nonfailing, control,
normal hearts in sinus rhythm in both atria (Fig. 5). Moreover,
failing hearts with chronic AF had significantly more atrial
fibrosis and adipocyte-like vacuoles compared with the atria
from failing hearts in sinus rhythm (Fig. 5). Interestingly,
based on the documented etiology of heart failure, we found
that hearts failing from severe MR displayed the largest
amount of fibrosis and intra-atrial adipocytes (Supplemental
Fig. 3). Since patients with end-stage heart disease due to
severeMR developed themost extensive atrial remodeling, we
focused on atrial samples from this group. On these, we
performed immunohistochemical analysis with antibodies spe-
cific for Perilipin-1 and Pref-1 to determine if the intra-atrial

Fig. 3. CI-994 reduces atrial adipocytes in dogs
with sustained AF. Immunostaining of canine left
atrial sections with antibodies against Perilipin-1
(A–C) and Pref-1 (E–G) from control dogs in sinus
rhythm (A and E), dogs with atrial tachypacing-
induced sustained AF (B and F), and dogs with
sustained AF treated with CI-994 (C and G). Blue
arrowheads point out positively stained Pref-1 cells
with visible nuclei; there is nonspecific Perf-1
staining against intercalated disks. Scale bar in
the left-hand panel applies to that row. (D and H)
Comparison of the differences in positive staining for
each marker between groups as an average of at
least 24 images from five different hearts/group.
*P , 0.05 versus sinus rhythm (sinus); †P , 0.05
versus sustained (Sus) AF; ‡P , 0.05 versus CI-994.

Fig. 4. CI-994 reduces atrial immune cell infiltra-
tion in dogs with sustained AF. Immunostaining of
canine left atrial sections with antibodies against
CD19 to identify B cells (A–C), CD4 to label helper
T cells (E–G), and CD163 to mark macrophages
(I–K) from control dogs in sinus rhythm (A, E, and I),
dogs with atrial tachypacing-induced sustained AF
(B, F, and J), and dogs with sustained AF treated
with CI-994 (C, G, and K). Blue staining is 4,6-
diamidino-2-phenylindol to identify nuclei. Yellow
arrowheads point out positively stained cells with
stained nuclei. Scale bar in the left-hand panel
applies to that row. (D, H, and L) Comparison of the
number of CD19+, CD4+, and CD163+ cells per
image, respectively. Twenty total images were
analyzed from five different hearts/group for each
marker. CI-994, sustained atrial fibrillation plus
CI-994; Sinus, sinus rhythm; Sus, sustained. *P ,
0.05.
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vacuoles are adipocytes. These studies showed that left
atria from patients with end-stage valvular heart disease
and chronic AF displayed significantly more Perilipin-
1–positive, intra-atrial adipocytes and Pref-1 staining com-
pared with patients with end-stage valvular disease in sinus
rhythm (Fig. 6). Importantly, echocardiographic assess-
ment just prior to heart explant showed that ventricular
function was not different between patients in sinus rhythm
and chronic AF, but patents in AF had left atria that were
∼25% larger (Supplemental Table 2).
Next, we used immunohistochemical analysis to assess

immune cell infiltration in atria from patients with and
without chronic AF using the same antibodies as for the dog
tissue analysis. These studies showed more B cells and
macrophages infiltrating the atrium during chronic AF com-
pared with sinus rhythm (Fig. 7). However, similar to our
findings in the dog model, there were fewer helper T cells in
the atrium of patients with chronic AF and heart failure
compared with those in sinus rhythm and heart failure (Fig.
7). Finally, the inflammatory cytokines TNFa and IL-6, as
well as the adipokines leptin and adiponectin, were more
highly expressed in atria from patients with AF and heart
failure compared with those in sinus rhythm with either
nonfailing or failing hearts (Supplemental Fig. 4).
Taken together, these findings suggest that, in addition to

fibrosis, pronounced adipocyte and immune cell infiltration
are atrial histologic hallmarks of sustained AF. Moreover, the
striking similarities between human and canine histologic

alterations support the clinical relevance of our dog model of
sustained AF.

Discussion
Our results support an important role for class I HDACs in

the pathogenesis of sustained AF. Prompted by the beneficial
effects of class I HDAC inhibition on atrial remodeling and
inducible AF in a genetic mouse model of ventricular hyper-
trophy, we subsequently tested this intervention in a more
clinically relevant canine model of sustained AF, where it
intermittently restored sinus rhythm and reduced fibrosis and
other histologic alterations found in clinical AF. The majority
of AF patients present with atrial structural remodeling and
permanent forms that do not respond well to current antiar-
rhythmic or ablative therapies. Therefore, the fact that
inhibiting class I HDACs can reduce existing atrial remodel-
ing and re-establish phases of sinus rhythm during sustained
AF is highly significant and may lead to more effective
therapies for patients with permanent AF. Previous studies
have shown that HDAC inhibitors oppose electrical and
structural remodeling (Liu et al., 2008; Lkhagva et al., 2014;
Zhang et al., 2014), but none of them tested these effects in a
model of sustained AF.
AF is an adult-onset disease that afflicts increasing num-

bers of patients (Naccarelli et al., 2009; Zoni-Berisso et al.,
2014). The rising incidence of AF is a side effect of improved
therapies that improve the survival of individuals with heart
failure or prior myocardial infarction. Many of these patients

TABLE 2
Serum cytokine levels in dogs with AF

Cardiac-Derived Production Sinus Rhythm Control (n = 5) Sustained AF + Vehicle Infusion (n = 5) Sustained AF + CI-994–Treated (n = 5)

TNF (pg/h) 3.2 6 0.9* 64 6 21†‡ 3.5 6 1.1*
IL-1b (pg/h) 0.1 6 0.1 0.2 6 0.1 0.2 6 0.1
IL-6 (pg/h) 0.5 6 0.2*,† 52 6 18†,‡ 2.4 6 1.2*,‡

IL-8 (pg/h) 0.3 6 0.1*,† 28 6 10†,‡ 1.9 6 1.0*,‡

IL-10 (pg/h) 0.2 6 0.2*,† 3.3 6 0.9‡ 2.9 6 0.7*,‡

Ang-II (ng/h) 0.1 6 0.1*,† 0.3 6 0.1†,‡ 0.5 6 0.1*,‡

Resistin (ng/h) 0.1 6 0.1 0.2 6 0.1 0.3 6 0.2
Adipoq. (mg/h) 0.3 6 0.1*,† 2.1 6 0.9‡ 2.0 6 1.1‡

Leptin (ng/h) 0.1 6 0.1 0.3 6 0.2 0.2 6 0.1

Adipoq., adiponectin; Ang, angiotensin.
*P , 0.05 versus AF; †P , 0.05 versus CI-994; ‡P , 0.05 versus control.

Fig. 5. Heart failure and chronic AF increase atrial
fibrosis and adipocytes. Trichrome-stained sections
of human left atrium (LA) (A–C) and right atrium
(RA) (E–G) from a patient in sinus rhythm without
heart failure (A and E), a patient in sinus rhythm
with end-stage heart failure (B and F), and a patient
with chronic AF and end-stage heart failure (C and
G). Scale bar in the left-hand panel applies to all
panels in that row. (D and H) Comparison of the
percentage of area of atrial fibrosis between these
groups in the left and right atrium, respectively,
averaged from 20 images or more from three
different hearts/group. HF, heart failure; N-FH,
nonfailing heart; SR, sinus rhythm. *P , 0.05
versus SR N-FH; †P , 0.05 versus SR HF; ‡P ,
0.05 versus AF HF.

446 Seki et al.

http://jpet.aspetjournals.org/lookup/suppl/doi:10.1124/jpet.116.234591/-/DC1
http://jpet.aspetjournals.org/lookup/suppl/doi:10.1124/jpet.116.234591/-/DC1


have ventricular dysfunction that elevates intracardiac pres-
sure on the thinner-walled atrium, which induces chronic
inflammation and, in turn, structural remodeling and a
predisposition to sustained AF. HDACs, in particular class I
HDACs, promote the maturation of adipocytes and inflamma-
tory cells that produce inflammatory cytokines (Haberland
et al., 2010; Summers et al., 2013). In our dog model, we could
assess not only atrial and circulating levels of TNFa and
interleukins but also their cardiac production, which in-
creased during AF and was mostly normalized by CI-994.
Increased Adipocytes with Atrial Remodeling in

Sustained AF. In dogs with sustained AF, class I HDAC
inhibition prevented the pathologic increase in mature atrial
adipocytes. Although the contribution of obesity to AF is well
established, and adipocytes have been shown to directly
influence atrial myocyte electrophysiology (Lin et al., 2012),
our findings suggest that the increase in adipocytes is a
significant component of atrial structural remodeling in
sustained AF that may lead to the release of inflammatory

adipokines within the atrial myocardium. The appearance of
intra-atrial adipocytes in the remodeled atrium, confirmed in
atrial samples from patients with AF, may be related to the
fact that mesenchymal precursors, which give rise to preadi-
pocytes, are also fibroblast precursors and can differentiate
into either adipocytes or fibroblasts (Liu et al., 2009). In-
creased intra-atrial adipocytes can contribute directly to the
arrhythmogenic substrate by creating barriers to electrical
conduction, as well as releasing inflammatory cytokines and
adipokines that influence atrial myocyte electrophysiology
and induce fibrosis.
B Cell Infiltration in Atrial Remodeling with Sus-

tained AF. B cell infiltration of the atrium during sustained
AF was an unexpected discovery. Although it has been
appreciated for some time that lymphocytes infiltrate the
atrium during AF, almost all of the evidence implicates
T cells in this process (Yamashita et al., 2010). However, newer
evidence suggests that B cells may actually drive inflammation
by recruiting T cells in some diseases, such as obesity and

Fig. 6. Heart failure and chronic AF increase atrial
adipocytes. Immunostaining of human left atrial sec-
tions with antibodies against Perilipin-1 (A–C) and
Pref-1 (E–G) from patients in sinus rhythm without
heart failure (A and E), patients in sinus rhythm with
end-stage heart failure (B and F), and patients with
chronic AF and end-stage heart failure (C and G). Blue
arrowheads point out positively stained Pref-1 cells
with visible nuclei. Scale bar in the left-hand panel
applies to that row. (D and H) Comparison of the
differences in positive staining for eachmarker between
groups as an average of at least 24 images from three
different hearts/group. HF, heart failure; N-FH, non-
failing heart; SR, sinus rhythm. *P , 0.05 versus SR
N-FH; †P, 0.05 versus SRHF; ‡P, 0.05 versus AFHF.

Fig. 7. Heart failure and chronic AF increase atrial
immune cell infiltration. Immunostaining of human
left atrial sections with antibodies against CD19 to
identify B cells (A–C), CD4 to detect helper T cells
(E–G), and CD68 to mark macrophages (I–K) from
patients in sinus rhythmwithout heart failure (A, E,
and I), patients in sinus rhythm with end-stage
heart failure (B, F, and J), and patients with chronic
AF and end-stage heart failure (C, G, and K). Yellow
arrowheads point out positively stained cells with
stained nuclei. Blue staining is 4,6-diamidino-2-
phenylindol to identify nuclei. Scale bar in the left-
hand panel applies to that row. (D, H, and L)
Comparison of the number of CD19+, CD4+, and
CD68+ cells per image, respectively. Twenty total
images were analyzed from three different hearts/
group for each marker. HF, heart failure; N-FH,
nonfailing heart; SR, sinus rhythm. *P , 0.05.
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diabetes (DeFuria et al., 2013). Recently, it was reported that
B cells play an important role in postinfarct remodeling, where
they infiltrate the ventricle and recruit monocytes (Zouggari
et al., 2013). Therefore, precedents exist to support the
contribution of B cells to myocardial remodeling. Interestingly,
we saw fewer helper T cells in atria of patients with heart
failure and AF compared with those with heart failure and in
sinus rhythm. A reduction of helper T cells within the atrium
was also reproduced in the dog model of sustained AF. It is
likely that other T cell subtypes are increased in the fibrillating
atrium, but we were not able to obtain adequate staining using
several commercially available anti-CD3 antibodies to assess
the total number of T cells.
However, the question remains as to whether adipocytes

and B cell infiltration may be relevant players in atrial
remodeling in patients with AF. We could not directly address
this question in the present study, but interpretations are
possible based on the existing literature. Sustained AF
induces extreme metabolic stress upon the atrial myocar-
dium, and B cells release significant amounts of macrophage
migration inhibitor factor (Wymann et al., 1999), whereas
adipocytes produce the adipokine D-dopachrome tautomerase
(Iwata et al., 2012), which both inhibit AMP-dependent pro-
tein kinase activity through CD74 (Miller et al., 2008; Qi et al.,
2014). It has recently been shown that adenosine mono-
phosphate kinase is an important regulator of metabolic
stress in the fibrillating dog atrium (Harada et al., 2015).
Therefore, B cells and adipocytes may initially infiltrate the
fibrillating atrium to modulate metabolic stress by releasing
factors that inhibit adenosine monophosphate kinase, but
later induce adverse structural remodeling that promotes
sustained AF by releasing inflammatory cytokines.
Class I HDAC Inhibition and Cardiac Function. A

major advantage offered by our dog model is the relative
preservation of ventricular function during the entire dura-
tion of AF, without modifying atrioventricular node func-
tion. Therefore, by using echocardiography and chronically
implanted probes, we could also assess the potential effects
of class I HDAC inhibition on cardiac contractility and
hemodynamics independent of AF. Although the effects of
class I HDAC inhibition on AF and atrial remodeling are
encouraging, we did not observe any improvement in cardiac
function or chamber size, but we did see a slight reduction in
the amount of MR during the 2-week treatment period. One
reason explaining the lack of a significant improvement in
cardiac function or chamber size may be related to the study
design, since we left the dogs in sustained AF and never
attempted to cardiovert them, either before or during the
drug-treatment period.
Study limitations. The present investigation provides the

proof of principle that class I HDAC inhibition can be
considered as a possible new therapy for sustained AF. As
mentioned in the Materials and Methods, the dose of CI-994
was chosen based on the hypothetical maximization of
therapeutic effects while remaining within the limits of
minimal toxicity. We did not observe harmful side effects in
our dogs, and we did not expect any based on previous
literature (Graziano et al., 1997). Subsequent studies will
need to test lower doses and/or longer treatment periods,
which might also lead to atrial size reduction, and, impor-
tantly, will need to determine whether the beneficial effects of
class I HDAC inhibition on atrial remodeling and reduction in

AF persist after interruption of the treatment. Finally, it will
be interesting to test whether the combination of HDAC6
inhibitors, previously shown to prevent electrical remodeling
in canine inducible AF (Zhang et al., 2014), and class I
inhibitors can work synergistically in sustained AF, with even
more pronounced beneficial effects than CI-994 alone.

Conclusions
Whereas we initially sought to determine if class I HDAC

inhibition can reduce atrial remodeling and sustained AF,
which our study results support, it is intriguing that we
discovered previously unknown cellular effects related to
atrial remodeling with sustained AF, such as intra-atrial
B cell infiltration and increased adipocytes. Pan-HDAC
inhibitors as well as CI-994 are already approved or being
tested to cure various forms of cancer in humans (Pauer et al.,
2004; Undevia et al., 2004;Monneret, 2005;Mann et al., 2007);
therefore, the translational potential of our findings is en-
couraging. Given the failure of other pharmacological options
for the treatment of sustained AF, the short-term inhibition of
specific HDAC classes with agents administered at subtoxic
doses might prove efficacious in stopping and perhaps revert-
ing atrial remodeling with minimal or no damage of other
organs.
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