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Tubastatin A Improves Post-Resuscitation
Myocardial Dysfunction by Inhibiting

NLRP3-Mediated Pyroptosis Through
Enhancing Transcription Factor EB Signaling

Jiefeng Xu, MD, PhD*; Xue Zhao, MD*, Xiangkang Jiang, MD*; Lu He, MD; Xinjie Wu, MD; Jiangang Wang, MD;
Qijiang Chen, MD; Yulin Li, MD; Mao Zhang “*/, MD, PhD

BACKGROUND: Myocardial dysfunction is the leading cause of early death following successful cardiopulmonary resuscitation
(CPR) in people with cardiac arrest (CA), which is potentially driven by cell pyroptosis mediated by NOD-like receptor pyrin
domain 3 (NLRP3) inflammasome. Recently, histone deacetylase 6 (HDACSH) inhibition was shown to exert effective myocardial
protection against regional ischemia/reperfusion injury. In this study, we investigated whether tubastatin A, a specific histone
deacetylase 6 inhibitor, could improve postresuscitation myocardial dysfunction through the inhibition of NLRP3-mediated cell
pyroptosis and its modulation mechanism.

METHODS AND RESULTS: Healthy male white domestic swine were used to establish the model of CA/CPR in vivo, and the
H9c2 cardiomyocyte hypoxia/reoxygenation model was used to simulate the CA/CPR process in vitro. Consequently, tu-
bastatin A inhibited NLRP3 inflammasome activation, decreased proinflammatory cytokines production and cell pyroptosis,
and increased cell survival after hypoxia/reoxygenation in H9c2 cardiomyocytes in vitro. In addition, tubastatin A increased
the acetylated levels of transcription factor EB and its translocation to the nucleus, and its protective effect above was partly
abrogated by transcription factor EB short interfering RNA after hypoxia/reoxygenation in H9c2 cardiomyocytes. Similarly,
tubastatin A promoted cardiac transcription factor EB nuclear translocation, inhibited NLRP3-mediated cell pyroptosis, and
mitigated myocardial dysfunction after CA/CPR in swine.

CONCLUSIONS: The inhibition of histone deacetylase 6 activity by tubastatin A limited NLRP3 inflammasome activation and
cell pyroptosis probably through the enhancement of transcription factor EB signaling, and therefore improved myocardial
dysfunction after CA/CPR.
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lic health problem. In China, it is estimated that

550 000 individuals annually have CA events, and
their survival rate is <1%." Following successful cardio-
pulmonary resuscitation (CPR), the ensuing myocar-
dial dysfunction will result in systemic circulatory failure
and early death.?® Although several therapeutic inter-
ventions including remote ischemic postconditioning,

Sudden cardiac arrest (CA) is always a major pub-

polyethylene glycol-20k, and aldehyde dehydroge-
nase 2 have been shown to provide effective myocar-
dial protection after resuscitation in animal models*-5;
however, almost none of them have been successfully
translated into clinical practice.

Cell pyroptosis, one novel form of programmed cell
death characterized by plasma membrane rupture and
inflammatory cytokine release, plays a key role in the
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CLINICAL PERSPECTIVE

What Is New?

e The inhibition of histone deacetylase 6 activity
by tubastatin A can alleviate cell damage after
hypoxia/reoxygenation in H9c2 cardiomyocytes
and improve myocardial dysfunction after car-
diac arrest and resuscitation in swine, in which
the protective effect is related to the inhibition
of cell pyroptosis induced by NOD-like receptor
pyrin domain 3 inflammasome activation.

e Furthermore, transcription factor EB, a poten-
tial regulator of NOD-like receptor pyrin domain
3 inflammasome, mediates the protective role
of tubastatin A probably through its acetylation
and nuclear translocation.

What Are the Clinical Implications?

e The inflammation, which is potentially controlled
by cell pyroptosis through NOD-like receptor
pyrin domain 3 inflammasome activation, has
been proven to be a key contributing factor to
cardiomyocyte death after cardiac arrest and
resuscitation.

e QOur findings indicate that histone deacetylase
6 and transcription factor EB are the key up-
stream regulators for NOD-like receptor pyrin
domain 3 inflammasome activation and cell
pyroptosis, which may become effective thera-
peutic targets for postresuscitation myocardial
protection through the regulation of inflamma-
tory pathways in the clinical setting.

Nonstandard Abbreviations and Acronyms

CA cardiac arrest
H/R hypoxia/reoxygenation
HDAC6 histone deacetylase 6

I/R ischemia/reperfusion

NC normal control

NLRP3 NOD-like receptor protein 3
Pl propidium iodide

ROS reactive oxygen species

TFEB transcription factor EB

development of regional ischemia/reperfusion (I/R) in-
jury of various organs.” Studies have confirmed that
cell pyroptosis is mainly induced by the NOD-like re-
ceptor protein 3 (NLRP3)-caspase-1 pathway, in which
the NLRP3 inflammasome promotes the activation of
pro-caspase-1 into caspase-1, then cleaves the proin-
flammatory cytokines interleukin-13 and interleukin-18
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and the pyroptotic substrate gasdermin D, and finally
results in cell death and excessive release of interleu-
kin-18 and interleukin-18.1 In the setting of CA/CPR,
one investigation has preliminarily demonstrated that
cell pyroptosis induced by NLRP3 inflammasome was
involved in the development of myocardial dysfunction
after resuscitation."

Recently, there has been increasing evidence that
histone deacetylase inhibitors are a promising strategy
for the treatment of I/R injuries.” In particular, tubas-
tatin A, a specific inhibitor of histone deacetylase 6
(HDACSB), has been proven to alleviate regional cardiac
and cerebral I/R injury through its prevention of target
protein deacetylation.’®™* Currently, another 2 studies
have demonstrated that the inhibition of HDAC6 by
tubastatin A protected the macrophage and neuron
against nicotine- and 6-hydroxydopamine—induced in-
jury, respectively, in which the mechanism was related
to the decrease of cell pyroptosis and proinflammatory
cytokines through inhibiting NLRP3 inflammasome
activation.'®'® However, it is unknown whether tubas-
tatin A alleviates regional organ I/R injury by target-
ing NLRP3-mediated pyroptosis. In addition, whether
tubastatin A protects the heart against global I/R injury
triggered by CA/CPR and its potential mechanism re-
quire further investigations.

In the present study, we investigated the influ-
ence of HDACS6 inhibition by tubastatin A on NLRP3-
mediated pyroptosis in an H9c2 cardiomyocyte
hypoxia/reoxygenation (H/R) model and its effect on
postresuscitation myocardial dysfunction in a swine
CA/CPR model. We demonstrated that tubastatin A
blocked NLRP3-caspase-1 pathway activation, and
then decreased cell pyroptosis after H/R in H9c2
cardiomyocytes. Likewise, tubastatin A inhibited
myocardial NLRP3 inflammasome activation and cell
pyroptosis and therefore improved its dysfunction
after CA/CPR in swine. In addition, we identified that
tubastatin A promoted the acetylation and nuclear
translocation of transcription factor EB (TFEB), which
is an essential regulator for the autophagy-lysosome
pathway and can negatively regulate the activation
of NLRP3 inflammasome through autophagy induc-
tion.""'® We further demonstrated that TFEB siRNA
partly abrogated the protective effect of tubastatin A
after H/R in H9c2 cardiomyocytes. Thus, our study
suggested that tubastatin A enhanced the TFEB sig-
naling to inhibit NLRP3 inflammasome activation and
cell pyroptosis, and further improved postresuscita-
tion myocardial dysfunction after CA/CPR.

METHODS

The data, analytic methods, and study materials in this
study will be made available from the corresponding
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author on reasonable request to other researchers for
purposes of reproducing the results or replicating the
procedure.

Cell Culture Studies

The H9c2 cardiomyocyte cell line was purchased from
Meixuan Biotechnology Inc. (Shanghai, China). The
cells were normally cultured in DMEM supplemented
with 10% fetal bovine serum and kept at 37 °C in a
humidified 95% air/5% CO, incubator. The procedure
of H/R was performed by initially exposing the cells
in a multigas incubator (Mco-5m, Panasonic, Tokyo,
Japan) containing 94% N,, 5% CO,, and 1% O, at 37
°C with glucose-deprived media for 2 hours and then
culturing cells under normal condition with complete
media for another 24 hours.

Initially, the safety of tubastatin A was evaluated in H9c2
cardiomyocytes under normal conditions, in which the cells
were treated with tubastatin A at concentrations of 0.5, 1,
2.5, 5,10, 20, 40, 80, and 160 pmol/L. Subsequently, 6
safe concentrations of tubastatin A were chosen to ob-
serve its protective role in H9c2 cardiomyocytes after H/R.
After that, the optimal concentration of tubastatin A was
chosen to use for the remaining experiments.

To observe the role of TFEB in cardiomyocyte pro-
tection provided by tubastatin A after H/R, the cells
were transfected with TFEB siRNA for 48 hours and
then used to establish the H/R model. Initially, 4 dif-
ferent RNAI duplexes were obtained from Meixuan
Biotechnology Inc. (Shanghai, China), and their se-
quences were as follows: TFEB siRNA1 forward
CGGACUCAGUUUCUCCUUAUGCACATT, reverse
UGUGCAUAAGGAGAAACUGAGUCCGTT, TFEB siRNA2
forward GAUGAGUACUUCAUGGACCUGUCUUTT, re-
verse AAGACAGGUCCAUGAAGUACUCAUCTT; TFEB
SiRNAS forward GUCCUGUUUCAAUGUCGGUUUCACCTT,
reverse UGAUGUUGAACCUGCGUCUUCUCUCTT; control
SiRNA forward GUCCUGUUUCAAUGUCGGUUUCACCTT,
reverse ~ GGUGAAACCGACAUUGAAACAGGACTT.
Subsequently, H9c2 cardiomyocytes were seeded into
plates and then transfected by short interfering RNA
(siRNA) using Lipofectamine RNAIMAX (Invitrogen,
Carlsbad, CA). Finally, the transfection efficiency was
examined by reverse transcriptase polymerase chain
reaction and western blot. The TFEB siRNA with the
best knockdown efficiency was used in the studies.

Swine Study

This animal study was reviewed and approved by the
Institutional Animal Care and Use Committee of the
Second Affiliated Hospital, Zhejiang University School
of Medicine. All the experimental procedures were in
accordance with institutional guidelines. Healthy male
white domestic swine, aged 4 to 6 months, weigh-
ing 36«2 kg, were purchased from Shanghai Jiagan
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Biotechnology Inc. (Shanghai, China). The animals
were sedated by intramuscular tiletamine/zolazepam
(5 mg/kg) and xylazine (1 mg/kg), and then anes-
thetized by intravenous propofol (2 mg/kg) followed
by a continuous infusion of propofol (4 mg/kg per
hour). Subsequently, the animals were intubated and
ventilated with a ventilator (Monnal T75, Air Liquide
Medical Systems, Antony Cedex, France) with a tidal
volume of 10 mL/kg, the peak flow of 40 L/min and
fraction of inspired oxygen of 0.21. End-tidal CO,
was monitored with a monitor/defibrillator (M Series,
ZOLL Medical Corporation, Chelmsford, MA). For the
measurements of aortic and right atrial pressures and
the collection of arterial and venous blood samples,
2 fluid-filled 7 Fr thermodilution-tipped catheters were
advanced from the right femoral artery and vein into
the thoracic aorta and right atrium, respectively. For
the measurements of stroke volume and global ejec-
tion fraction, a 4 Fr thermistor-tipped arterial catheter
was inserted into the left femoral artery, another 7 Fr
central venous catheter was inserted into the right
internal jugular vein, and then both were connected
to the PICCO system (PiCCOplus, Pulsion Medical
Systems, Munich, Germany). For the induction of
ventricular fibrillation, a 5 F pacing catheter was in-
serted from the right external jugular vein into the right
ventricle. Heart rate and mean arterial pressure were
continuously recorded by a patient monitoring sys-
tem (iM60, Edan, Shenzhen, China). Baseline arterial
pH and lactate concentrations were measured with a
blood gas analyzer (115, Edan, Shenzhen, China).
After the surgical preparation was completed, the
animals were then randomized with the sealed en-
velope method into 1 of the 3 groups: sham group
(n=6), CPR group (n=8), and CPR-+tubastatin A group
(n=8). A dose of 4.5 mg/kg of tubastatin A was intra-
venously administered at 5 minutes after success-
ful resuscitation in the CPR+tubastatin A group, and
the same volume of vehicle was similarly given in the
sham and CPR groups. Sham animals only under-
went the surgical preparation without experiencing
the CA/CPR procedure. In the other 2 groups, ven-
tricular fibrillation was induced by 1 mA alternating
current delivered to the right ventricular endocar-
dium. After 9 minutes of untreated ventricular fibril-
lation, CPR was manually performed by a ratio of
30:2 of compression to ventilation. The compression
quality was monitored by a CPR feedback device
(PlamCPR, Sunlife, Shanghai, China). The changes
of coronary perfusion pressure during CPR were
dynamically calculated according to the difference
between decompression diastolic aortic and time-
coincident right atrial pressures. After 2 minutes of
CPR, a dose of 20 pg/kg of epinephrine was given
followed by the same administration at an interval of
3 minutes. After 6 minutes of CPR, a single 150-J
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biphasic electrical shock was delivered by the mon-
itor/defibrillator. If an organized rhythm with a mean
arterial pressure >50 mm Hg persisted for >5 min-
utes, the animal was regarded as having return of
spontaneous circulation. If not, CPR was immedi-
ately resumed for 2 minutes before another electrical
shock. This protocol was repeated until successful
resuscitation or for a total of 16 minutes. Following
successful resuscitation, the animals were moni-
tored for 4 hours and then sent back to their cages
for an additional 20 hours of observation.

Cell Viability and Lactate Dehydrogenase
Release Assay

Cell viability was evaluated using a CCK-8 assay kit
(Biyuntian Biotechnology, Shanghai, China) in a 96-
well plate. First, 10 pL of CCK-8 reagent was added
to each well and then incubated for 3 hours at 37 °C.
Subsequently, the absorbance was measured at 450 nm
using a microplate reader (Multiskan MK3, Thermo Fisher
Scientific, Waltham, MA). Lactate dehydrogenase (LDH)
release analysis was performed using an LDH assay kit
(Abcam, Cambridge, MA). Briefly, the cell supernatant
was collected, then mixed with the LDH assay buffer,
and finally incubated at 37 °C for 1 hour. The mixture was
measured at 450 nm using the microplate reader above.

Cell Apoptosis Detection

Cell apoptosis was measured using an annexin V-
fluorescein isothiocyanate/propidium iodide (Pl) apop-
tosis kit (Solarbio, Beijing, China). Briefly, the cells were
harvested and resuspended, and then incubated with
5 L of annexin V=fluorescein isothiocyanate and 5 pL
of PI for 20 minutes in the dark at room temperature.
Subsequently, cell apoptosis was detected by flow cy-
tometry (BD Biosciences, San Jose, CA) and analyzed
using FlowdJo software (FlowJo LLC, Ashland, OR).

Reactive Oxygen Species Assay

The production of reactive oxygen species (ROS) was
measured using an ROS assay kit (Solarbio, Beijing,
China). First, the cells were washed with PBS, and then
incubated with 10 pmol/L of 2',7-dichloroflurorescein
diacetate in a serum-free medium for 30 minutes at 37
°C. Subsequently, the cells were washed again, and
then their fluorescent intensity was immediately meas-
ured by flow cytometry (BD Biosciences) and analyzed
using FlowJo software (FlowJo LLC).

Measurement of Myocardial Function and
Cardiac Injury

The changes of stroke volume and global ejection
fraction indicating myocardial function were measured
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with the PiCCO system at baseline and 0.5, 1, 2, and
4 hours after resuscitation. The serum levels of cardiac
troponin | indicating cardiac injury were measured with
ELISA kits (Meixuan Biotechnology Inc.) at baseline
and 1, 2, 4, and 24 hours after resuscitation.

Immunoblotting Analysis

Protein samples were harvested from H9c2 cardio-
myocytes after H/R and the myocardium at 24 hours
after resuscitation. The separation of cytosolic and
nuclear fractions was performed by centrifugation
of samples at 16 000g. Subsequently, the samples
were separated by SDS-PAGE, then transferred to a
polyvinylidene fluoride membrane, and finally blocked
with 5% nonfat milk. After that, the membranes
were incubated with primary anti-NLRP3 (1:1000,
Proteintech, Rosemount, IL), anticleaved caspase-1
(1:1000, Cell Signaling Technology Inc., Danvers, MA),
anti-gasdermin D (1:1000, Proteintech), anti-HDAC6
(1:1000, Proteintech), anti-GAPDH (1:5000, BBI Life
Science Corporation, Shanghai, China), antiacetylated
a-tubulin (1:1000, Proteintech), anti—a-tubulin (1:1000,
Proteintech), anti-TFEB (1:1000, Proteintech), antiacet-
ylated lysine (1:1000, Cell Signaling Technology Inc.),
antihistone H3 (1:1000, Abcam) at 4 °C for 24 hours,
then rinsed with TBST solution, and finally incubated
with the secondary antibody (1:5000, BBI Life Science
Corporation) at room temperature for 1 hour. The pro-
tein was visualized with enhanced chemiluminescence
substrates and analyzed by Image J software (National
Institutes of Health, Bethesda, MD).

Measurement of Proinflammatory
Cytokines

In the cell study, the cell supernatant was collected
and then the contents of interleukin-13 and inter-
leukin-18 were measured with ELISA kits (Meixuan
Biotechnology Inc.) according to the manufacturer’s
instructions. In the animal study, cardiac tissue speci-
mens were harvested at 24 hours after resuscitation,
then homogenized with normal saline on ice and cen-
trifuged at 2500g at 4 °C for 15 minutes, and finally,
the supernatants were collected for measuring the
contents of interleukin-13 and interleukin-18 according
to the same method above.

Pl Staining

Pyroptotic cells were detected using PI staining. First,
the cells were washed with PBS, then stained with
5 pmol/L of Pl in each well at 37 °C for 15 minutes,
and finally stained with DAPI for 5 minutes. After that,
the images of the cells were immediately observed at
x200 magnification under a fluorescence microscope
(Olympus, Tokyo, Japan). The average fluorescence
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intensity and the percentage of positive cells were as-
sessed with Image J software (National Institutes of
Health).

Immunofluorescence Staining

The distribution of TFEB in H9c2 cardiomyocytes after
H/R and the myocardium at 24 hours after resuscita-
tion were detected using immunofluorescence staining.
Briefly, the specimens were fixed with 4% paraformal-
dehyde, then permeated with 0.3% Triton X-100, and
finally blocked by 10% goat serum. Subsequently,
the specimens were incubated with anti-TFEB (1:200,
Proteintech) at 4 °C for 24 hours, then incubated with
secondary antibody for 1 hour, and finally stained with
DAPI for 10 minutes. After that, the fluorescence of
TFEB protein adducts and DAPI were observed with
the fluorescence microscope.

Statistical Analysis

The statistical analysis was performed with SPSS 20.0
statistical software (IBM, Armonk, NY). Continuous
variables were presented as mean+SD when the data
were confirmed with the Kolmogorov-Smirnov test to
be normally distributed, and then the comparisons be-
tween 2 groups were performed using the Student t
test, and >2 groups were performed by 1-way ANOVA.
Nonnormally distributed data were presented as a me-
dian (25th-75th percentiles) and then compared with
the Kruskal-Wallis test. Comparisons between time-
based measurements within each group were per-
formed with repeated-measurement ANOVA. If there
was a significant difference in the overall comparison
of groups, comparisons between any other 2 groups
were made by the Bonferroni test. Categorical vari-
ables were compared with Fisher’s exact test. A value
of P<0.05 was considered statistically significant.

RESULTS

Tubastatin A Treatment Reduced
H/R-Induced Cell Damage in H9c2
Cardiomyocytes

To investigate the effect of tubastatin A on cell damage
after H/R in H9c2 cardiomyocytes, we established a
H9c2 cardiomyocyte H/R model by 2 hours of hypoxia
and 24 hours of reoxygenation. First, the safety of tu-
bastatin A in H9c2 cardiomyocytes was evaluated, in
which cell viability was significantly decreased when
the concentration of tubastatin A was >80 pmol/L
(Figure 1A). Subsequently, H9c2 cardiomyocytes
were treated with 6 safe concentrations of tubasta-
tin A 3 hours before cell hypoxia. We observed that
cell viability was significantly decreased in all groups
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experiencing H/R when compared with the normal
control (NC) group; however, it was gradually increased
in a concentration-dependent manner in all tubastatin
A-treated groups, in which the viability was significantly
higher in H9c2 cardiomyocytes receiving tubastatin
A treatment at a concentration of >2.5 pmol/L when
compared with the H/R group (Figure 1B). Thereafter, a
concentration of 40 pmol/L of tubastatin A was chosen
to investigate its effect on cell LDH release, apopto-
sis, and ROS after H/R in H9c2 cardiomyocytes. The
level of LDH was detected by an LDH assay kit, and
the ratio of cell apoptosis and ROS production were
evaluated by flow cytometric analysis. Consequently,
LDH level, apoptosis ratio, and ROS production in
H9c2 cardiomyocytes were significantly increased in
the H/R and H/R+tubastatin A groups compared with
the NC group; however, all of them were significantly
decreased in the H/R+tubastatin A group compared
with the H/R group (Figure 1C through 1E). These
data indicated that tubastatin A treatment markedly
reduced H/R-induced H9c2 cardiomyocyte damage
by increasing cell viability and decreasing LDH release,
apoptosis, and ROS production.

Tubastatin A Treatment Inhibited
H/R-Induced NLRP3 Inflammasome
Activation, Proinflammatory Cytokine
Production, and Cell Pyroptosis in H9¢c2
Cardiomyocytes

To investigate the effect of tubastatin A on cell pyrop-
tosis induced by NLRP3 inflammasome after H/R in
H9c2 cardiomyocytes, a concentration of 40 pmol/L of
tubastatin A was similarly administered in the same H/R
model. The expression of NLRP3 inflammasome- and
pyroptosis-related proteins, the contents of proinflam-
matory cytokines, and cell pyroptosis were examined
after H/R. Consequently, the protein levels of NLRP3,
cleaved caspase-1, and gasdermin D were significantly
increased accompanied by significantly higher con-
tents of interleukin-13 and interleukin-18 in H9c2 car-
diomyocytes in the H/R and H/R+tubastatin A groups
compared with the NC group; however, all of them
were significantly decreased in H9¢c2 cardiomyocytes
treated with tubastatin A compared with the H/R group
(Figure 2A and 2B). In addition, the rate of positive cells
measured by Pl staining was significantly increased in
the 2 groups compared with the NC group; neverthe-
less, tubastatin A treatment significantly decreased cell
pyroptosis compared with the H/R group (Figure 2C).
These results indicated that the protective role of tu-
bastatin A was related to the inhibition of NLRP3 in-
flammasome activation, inflammatory response, and
cell pyroptosis after H/R in H9c2 cardiomyocytes.
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Figure 1. The effect of tubastatin A (TubA) on cell damage after hypoxia/reoxygenation (H/R) in H9c2 cardiomyocytes.
A and B, Cell viability evaluated by cell counting kit-8 assay. C, The level of lactate dehydrogenase (LDH) detected by an LDH assay kit. D, Flow
cytometric analysis and quantification of cell apoptosis. E, Flow cytometric analysis and quantification of reactive oxygen species (ROS) production.
A and B, The cells were treated with different concentrations of tubastatin A. C through E, The cells were treated with tubastatin A (40 pmol/L). A,
Each group contained 5 samples. B through E, Each group contained 3 samples. Data were presented as mean+SD. Group comparisons were
performed by 1-way ANOVA with Bonferroni test. *P<0.05 vs normal control (NC) group, #P<0.05 vs H/R group. OD indicates optical density.
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Tubastatin A Treatment Promoted TFEB
Acetylation and Nuclear Translocation
After H/R in H9c2 Cardiomyocytes

To investigate the effect of tubastatin A on TFEB
signaling after H/R in H9c2 cardiomyocytes, the lev-
els of acetylated, cytoplasmic, and nuclear TFEB in
H9c2 cardiomyocytes were measured after H/R. We
observed that the acetylation of a-tubulin consid-
ered as the established HDAC6 substrate was sig-
nificantly decreased in the H/R and H/R+tubastatin
A groups compared with the NC group; however, its
acetylation was significantly restored in H9c2 car-
diomyocytes receiving tubastatin A treatment com-
pared with the H/R group (Figure 3A). Similarly, we
found that the level of acetylated TFEB measured by
immunoprecipitation and immunoblotting was sig-
nificantly lower in the 2 groups compared with the
NC group; nevertheless, tubastatin A significantly
enhanced TFEB acetylation compared with the H/R
group (Figure 3B). Furthermore, the levels of cyto-
plasmic and nuclear TFEB were measured by im-
munoblotting and immunofluorescence staining, in
which cytoplasmic TFEB was decreased while nu-
clear TFEB was increased in the 2 groups experienc-
ing H/R compared with the NC group. In particular,
tubastatin A treatment further promoted cytoplasmic
TFEB into the nucleus compared with the H/R group
(Figure 3C through 3E). Our results indicated that tu-
bastatin A treatment enhanced TFEB signaling after
H/R in H9c2 cardiomyocytes.

TFEB Mediated the Protective Role

of Tubastatin A After H/R in H9c2
Cardiomyocytes

To determine if TFEB is a key regulator of tubastatin A
in cardiomyocyte protection after H/R, we investigated
the effect of TFEB knockdown after H/R in H9c2 car-
diomyocytes. TFEB was knocked down with siRNA,
which was confirmed by reverse transcriptase poly-
merase chain reaction and immunoblotting (Figure 4A).
Similarly, the activation of NLRP3 inflammasome, the
release of proinflammatory cytokines, and the occur-
rence of cell pyroptosis in H9¢c2 cardiomyocytes were
observed in all groups experiencing H/R; however, all
of them were significantly milder in the H/R+tubastatin
A group compared with the H/R group. Most impor-
tantly, cell pyroptosis induced by NLRP3 inflamma-
some after H/R was significantly aggravated in the H/
R+siTFEB (the knockdown of TFEB with short interfer-
ing RNA) group compared with the H/R group. In addi-
tion, cardiomyocyte protection provided by tubastatin
A treatment was partly abrogated in the H/R+tubastatin
A+siTFEB group compared with the H/R+tubastatin A
group (Figure 4B through 4D). These results indicated
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that tubastatin A treatment alleviated H/R-induced car-
diomyocyte NLRP3 inflammasome activation and py-
roptosis probably through the enhancement of TFEB
signaling.

Baseline and CPR Outcomes of the
Animal Study

In total, 22 experiments were performed and com-
pleted in the animal study. There were no significant
differences in baseline body weight, heart rate, mean
arterial pressure, end-tidal CO,, and arterial pH,
and lactate among the 3 groups (Figure 5A through
5F). A swine model of CA/CPR was established by
9 minutes of untreated ventricular fibrillation and then
6 minutes of CPR in the CPR and CPR+tubastatin
A groups. The levels of coronary perfusion pressure
during CPR were maintained at an even level, and
no significant difference was observed between the
2 groups (Figure 5G). Consequently, 7 of the 8 ani-
mals in the CPR group and 6 of the 8 animals in the
CPR+tubastatin A group were successfully resusci-
tated, in which the rate of return of spontaneous cir-
culation was not significantly different between the
2 groups (Figure 5H). In addition, the differences in
duration of CPR, dosage of epinephrine, and num-
ber of defibrillations were not significant between the
2 groups (Figure 51 through 5K). These results indi-
cated that the same baseline and procedural char-
acteristics of CA/CPR were achieved in the CPR and
CPR-+tubastatin A groups.

Tubastatin A Treatment Improved
Myocardial Dysfunction and Alleviated
Cardiac Injury After CA/CPR in Swine

To investigate the effect of tubastatin A on myo-
cardial damage after CA/CPR in swine, a dose
of 4.5 mg/kg of tubastatin A was administered
at 5 minutes after resuscitation. The PiCCO sys-
tem was used to measure myocardial function at
baseline and during the 4 hours of postresuscita-
tion observation. Consequently, postresuscitation
myocardial function, as evaluated by the changes
in stroke volume and global ejection fraction, was
significantly impaired in all the resuscitated animals
in the CPR and CPR+tubastatin A groups when
compared with the sham group. However, myo-
cardial dysfunction was gradually improved after
resuscitation in the two groups. Most importantly,
the improvement in myocardial function was signifi-
cantly greater at all time points after resuscitation in
the CPR+tubastatin A group than in the CPR group
(Figure 6A and 6B).

We next examined whether tubastatin A treatment
alleviated cardiac injury after CA/CPR in swine. The
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Figure 2. The effect of tubastatin A (TubA) on cell pyroptosis induced by NOD-like receptor pyrin domain 3 (NLRP3)
inflammasome after hypoxia/reoxygenation (H/R) in H9c2 cardiomyocytes.

A, Representative immunoblotting and quantification of NLRP3, cleaved caspase-1 and gasdermin D (GSDMD). B, The contents of
interleukin-1(3 (IL-18) and interleukin-18 (IL-18) measured by ELISA. C, Representative photographs of propidium iodide (PI) staining
and quantification of positive cells (scale bar=150 pm, x200 magnification). A through C, The cells were treated with tubastatin A
(40 pmol/L). Each group contained 3 samples. Data were presented as mean+SD. Group comparisons were performed by 1-way
ANOVA with Bonferroni test. *P<0.05 vs normal control (NC) group, #P<0.05 vs H/R group.
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Figure 3. The effect of tubastatin A (TubA) on transcription factor EB (TFEB) signaling after
hypoxia/reoxygenation (H/R) in H9c2 cardiomyocytes.

A, Representative immunoblotting and quantification of acetylated a-tubulin. B, Immunoprecipitation
of TFEB, and representative immunoblotting and quantification of acetylated lysine TFEB. C and D,
Representative immunoblotting and quantification of cytoplasmic and nuclear TFEB. E, Representative
photographs of immunofluorescence staining of TFEB nuclear translocation (scale bar=150 pm, x200
maghnification). A through E, The cells were treated with tubastatin A (40 pmol/L). Each group contained 3
samples. Data were presented as mean+SD. Group comparisons were performed by 1-way ANOVA with
Bonferroni test. *P<0.05 vs normal control (NC) group, #P<0.05 vs H/R group.

serum levels of cardiac troponin | used as one bio- observation. Consequently, serum cardiac troponin |
marker of cardiac injury were measured by ELISA at was significantly increased after resuscitation in the
baseline and during the 24 hours of postresuscitation CPR and CPR+tubastatin A groups when compared
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with the sham group. However, the increase in cardiac
troponin | was significantly slower, starting 2 hours
after resuscitation in the CPR+tubastatin A group, than

J Am Heart Assoc. 2022;11:e024205. DOI: 10.1161/JAHA.121.024205

in the CPR group (Figure 6C). Together, our results in-
dicated that tubastatin A treatment provided a power-
ful myocardial protection after CA/CPR in swine.
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Figure 4. The effect of transcription factor EB (TFEB) knockdown on cardiomyocyte protection provided by tubastatin A
(TubA) treatment after hypoxia/reoxygenation (H/R) in H9c2 cardiomyocytes.

A, Knockdown of TFEB with short interfering RNA (siRNA) and its verification by reverse transcriptase polymerase chain reaction
and immunoblotting. B, Representative immunoblotting and quantification of NOD-like receptor pyrin domain 3 (NLRP3), cleaved
caspase-1 and gasdermin D (GSDMD) (n=6 samples per group). C, The contents of interleukin-13 (IL-13) and interleukin-18 (IL-18)
measured by enzyme-linked immunosorbent assay (n=5 samples per group). D, Representative photographs of propidium iodide (PI)
staining and quantification of positive cells (n=3 samples per group, scale bar=150 pm, x200 magnification). B through D, The cells were
treated with tubastatin A (40 umol/L). Data were presented as mean+SD. Group comparisons were performed by 1-way ANOVA with
Bonferroni test. *P<0.05 vs normal control (NC) group, #P<0.05 vs H/R group, TP<0.05 vs H/R+tubastatin A group. siTFEB indicates the

knockdown of TFEB with short interfering RNA.

Tubastatin A Treatment Inhibited Cardiac
NLRP3 Inflammasome-Mediated Cell
Pyroptosis and Promoted Its TFEB
Nuclear Translocation After CA/CPR in
Swine

To test whether the inhibition of cell pyroptosis me-
diated by NLRP3 Inflammasome is involved in the
mechanism of myocardial protection induced by tu-
bastatin A after resuscitation, we examined cardiac
HDAC6, NLRP3 inflammasome, proinflammatory cy-
tokines, and cell pyroptosis at 24 hours after resusci-
tation. Consequently, the expression levels of HDACS,
NLRP3, cleaved caspase-1, and gasdermin D, and
the contents of interleukin-13 and interleukin-18 in
myocardium were significantly increased in all the re-
suscitated animals in the CPR and CPR+tubastatin A
groups compared with the sham group; however, the
increase in them were significantly less in the animals
receiving tubastatin A treatment compared with the
CPR group (Figure 7A and 7B). The results indicated
that the inhibition of HDAC6 by tubastatin A treatment
inhibited NLRP3 inflammasome-mediated cell pyrop-
tosis so as to improve myocardial dysfunction after
CA/CPR in swine.

To determine if TFEB is a downstream target of
tubastatin A for myocardial protection after resuscita-
tion, we examined the effect of tubastatin A on TFEB
expression and nuclear translocation in myocardium at
24 hours after resuscitation. Consequently, the increase
in total and nuclear TFEB was observed in myocardium
in the CPR and CPR+tubastatin A groups compared
with the sham group. However, tubastatin A treatment
further enhanced TFEB expression and its nuclear
translocation compared with the CPR group (Figure 7A
and 7C). Together with the in vitro data in the H9c2
cardiomyocyte model, we concluded that tubastatin A
treatment alleviated postresuscitation myocardial pyro-
ptosis induced by the NLRP3 inflammasome probably
through the enhancement of TFEB signaling (Figure 8).

DISCUSSION

In the present study, we demonstrated that a specific
inhibitor of HDACG6 activity, tubastatin A, significantly

J Am Heart Assoc. 2022;11:e024205. DOI: 10.1161/JAHA.121.024205

alleviated cell damage after H/R in H9c2 cardiomyo-
cytes and markedly improved myocardial dysfunction
after CA/CPR in swine. Furthermore, we demonstrated
that the protective effect of tubastatin A was related to
the inhibition of cell pyroptosis induced by the NLRP3
infammasome in in vitro and in vivo studies. In the
mechanistic studies, we revealed that tubastatin A in-
creased TFEB acetylation and nuclear translocation,
which might play an important role in the inhibition of
NLRP3-mediated cell pyroptosis.

Postresuscitation myocardial dysfunction has
been confirmed to cause significant mortality during
the hospital stay?3; however, no strategy is currently
effective for myocardial protection after CPR in the
clinical setting. The pathophysiology of myocardial
dysfunction is mainly attributed to global I/R injury
triggered by CA/CPR, which results in the increase of
ROS and proinflammatory cytokines, and the activa-
tion of apoptosis, and further promotes cardiomyocyte
death.’ In theory, all these pathological injuries are
mediated by histone deacetylases or lysine deacety-
lases, which remote the acetyl groups of histone and
nonhistone proteins to alter the epigenome and gene
expression.?®?! Recently, histone deacetylase inhibi-
tors have been shown to promote cell survival through
the inhibition of hypoacetylation of target proteins,
and thereby provide effective organ protection after
I/R injury in a series of preclinical studies.'? In partic-
ular, considering that HDAC6 has a unique structure
and cellular localization, diverse substrates, and also
a wider range of biological functions than other iso-
forms, its inhibition has been used as an effective
approach for the treatment of cancers, neurodegen-
erative diseases, autoimmune disorders, and so on.??
In the case of regional I/R injury, 2 investigations have
demonstrated that the inhibition of HDAC6 by tubas-
tatin A alleviated brain infarction and functional defi-
cits through the upregulation of acetylated a-tubulin
and fibroblast growth factor-21, and reduced cardiac
infarction and dysfunction through the modulation of
peroxiredoxin 1 acetylation.'®'* Currently, our results
showed that tubastatin A treatment significantly allevi-
ated cell damage in H9c2 cardiomyocytes after H/R,
and markedly improved myocardial dysfunction and
its injury after CA/CPR in swine.
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Figure 5. Baseline characteristics and cardiopulmonary resuscitation (CPR) outcomes of the animal study.

A through F, Baseline body weight (BW), heart rate (HR), mean arterial pressure (MAP), end-tidal CO,, and arterial pH and lactate
(LAC). G, The changes of coronary perfusion pressure (CPP) during CPR. PCn indicates n minutes after precordial compression. H
through K, Return of spontaneous circulation (ROSC), duration of CPR, dosage of epinephrine and number of defibrillations during
CPR. A through K, The sham group contained 6 swine at baseline, and the other 2 groups had 8 swine at baseline and during CPR.
Data were presented as mean+SD in BW, HR, MAP, end-tidal CO,, pH, LAC and CPP, in which group comparisons were performed
by 1-way ANOVA with Bonferroni test or Student t test. Data were presented as median (25th-75th percentiles) in duration of CPR,
dosage of epinephrine, and number of defibrillations, in which group comparisons were performed by Kruskal-Wallis test. ROSC was
compared with Fisher’s exact test.

inflammation is controlled by cell pyroptosis, which
is triggered by NLRP3-caspase-1 pathway activa-
tion, and then forms the holes in cell membrane and

To date, the inflammation is considered as a key
contributing factor to cell death in diverse I/R inju-
ries. Recent investigation has confirmed that the

J Am Heart Assoc. 2022;11:e024205. DOI: 10.1161/JAHA.121.024205 12
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Figure 6. The effect of tubastatin A (TubA) on myocardial
damage after cardiac arrest (CA) and resuscitation in swine.
A and B, Stroke volume (SV) and global ejection fraction (GEF)
evaluated by the PICCO system at baselineand 0.5, 1,2, and 4 hours
after resuscitation. C, Serum cardiac troponin | (cTnl) evaluated by
ELISA at baseline and 1, 2, 4, and 24 hours after resuscitation.
A through C, Tubastatin A (4.5 mg/kg) was administered at
5 minutes after resuscitation. The sham group contained 6 swine
throughout the experiment. The cardiopulmonary resuscitation
(CPR) group had 8 swine at baseline, 7 swine at 1, 2, and 4 hours
after resuscitation, and 6 swine at 24 hours after resuscitation.
The CPR+tubastatin A group had 8 swine at baseline, and 6 swine
at each time point after resuscitation. Data were presented as
mean+SD. Myocardial function and injury biomarker between
groups were compared by 1-way ANOVA with Bonferroni test, and
time-based measurements within each group were compared by
repeated-measurement ANOVA. *P<0.05 vs sham group, #P<0.05
vs CPR group. BL indicates baseline.

releases the proinflammatory cytokines.?® Current
studies have demonstrated that those therapeu-
tic interventions targeting NLRP3-mediated pyro-
ptosis could inhibit inflammatory response so as to
alleviate the damage of various target organs experi-
encing I/R.”2 In 2020, He et al'" first reported that N-
acetylcysteine alleviated postresuscitation myocardial
dysfunction through the inhibition of cell pyroptosis
mediated by NLRP3 inflammasome activation in rats.
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Thus, NLRP3-mediated pyroptosis could be a poten-
tial target for myocardial protection after resuscitation.
Recently, Magupalli et al** demonstrated that HDACG
was required for NLRP3 inflammasome activation in
macrophage challenged with nigericin. Another 2 in-
vestigations further demonstrated that the inhibition of
HDACS by tubastatin A protected the macrophage and
neuron through the inhibition of NLRP3-mediated py-
roptosis.’®'® In the present study, our results showed
that tubastatin A significantly inhibited cardiac NLRP3
inflammasome activation and decreased its proinflam-
matory cytokine production and pyroptosis in in vitro
and in vivo studies. Hence, tubastatin A could provide
postresuscitation myocardial protection through the in-
hibition of NLRP3-mediated pyroptosis.

TFEB, a master regulator of the autophagy-lysosome
pathway, controls the gene expression of autophagy
and lysosome biogenesis in response to various stim-
uli.'” Following those injury stimuli, TFEB is usually trans-
located from the cytoplasm to the nucleus, binds to the
regions of lysosomal and autophagy promoters, and
then promotes the expression of target genes.?® In the
setting of I/R injury, the enhancement of TFEB activity
has emerged as a potential approach for the treatment of
myocardial infarction and ischemic vascular disease. 2628
Recently, Kim et al'® demonstrated that ezetimibe pro-
moted TFEB nuclear translocation, then induced cell
autophagy, and finally blocked NLRP3 inflammasome
activation in steatohepatitis. Lv et al*® demonstrated
that licochalcone A induced TFEB-mediated autoph-
agy activation to alleviate NLRP3-meidated inflamma-
tory response, and thereby improved acute liver injury.
Zhou et al*® demonstrated that TFEB overexpression
reduced NLRP3 inflammasome-mediated inflamma-
tory response by improving autolysosome function in
Alzheimer disease models. Currently, another investiga-
tion has demonstrated that HDAC6 could be a regu-
lator of TFEB signaling, and its inhibition by tubastatin
A promoted TFEB acetylation and nuclear translocation
and thereby attenuated cell death in chronic kidney dis-
ease models.?' In the present study, similar results were
observed in our CA/CPR models, in which tubastatin
A significantly limited NLRP3 infammasome activation
and cell pyroptosis probably through the enhancement
of TFEB acetylation and nuclear translocation.

Limitations

There were several limitations in this study. First, a
dose of 4.5 mg/kg of tubastatin A administered at
5 minutes after resuscitation provided effective protec-
tion for myocardial dysfunction after CA/CPR in swine;
however, its optimal dosage and feasible therapeutic
windows were not investigated in this animal study.
Second, considering that the sex may affect the out-
come of CPR according to the previous studies,3?33
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Figure 7. The effect of tubastatin A (TubA) on cardiac NOD-like receptor pyrin domain 3 (NLRP3)-mediated cell pyroptosis
and transcription factor EB (TFEB) signaling after cardiac arrest (CA) and resuscitation in swine.

A, Representative immunoblotting and quantification of histone deacetylase 6 (HDAC6), TEFB, NLRP3, cleaved caspase-1 and
gasdermin D (GSDMD). B, The contents of interleukin-13 (IL-1B) and interleukin-18 (IL-18) measured by ELISA. C, Representative
photographs of immunofluorescence staining of TFEB nuclear translocation (scale bar=150 pm, x200 magnification). A through C,
Tubastatin A (4.5 mg/kg) was administered at 5 minutes after resuscitation. The sham, cardiopulmonary resuscitation (CPR) and
CPR+tubastatin A groups contained 6 swine at 24 hours after resuscitation, respectively. Myocardial tissue samples were measured at
24 hours after resuscitation. Data were presented as mean+SD. Group comparisons were performed by 1-way ANOVA with Bonferroni
test. *P<0.05 vs sham group, #P<0.05 vs CPR group.

only male swine were used in the present study. Thus, in a female swine of CA and resuscitation. Third, the in-
it is unknown whether postresuscitation myocardial hibition of HDACG6 activity by tubastatin A increased the
protection could be achieved by tubastatin A treatment acetylated levels of TFEB and its translocation to the

J Am Heart Assoc. 2022;11:e024205. DOI: 10.1161/JAHA.121.024205 14
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Figure 8. The proposed molecular mechanisms of the
protective effect of tubastatin A (tubastatin A) on myocardial
dysfunction after cardiac arrest (CA) and resuscitation.

The inhibition of histone deacetylase 6 (HDAC6) activity by
tubastatin A could promote transcription factor EB (TFEB)
acetylation and nuclear translocation to block NOD-like receptor
pyrin domain 3 (NLPR3) inflammasome activation, and further
decrease cell pyroptosis and proinflammatory cytokines
production, which improve myocardial dysfunction and alleviate
cardiac injury after CA and resuscitation. CPR indicates
cardiopulmonary resuscitation; GSDMD, gasdermin D; IL-1(3,
interleukin-1(3; and IL-18, interleukin-18.

nucleus in this study; however, whether the acetylation
of TFEB promoted its own nuclear translocation and
further its binding to the target sites of the genome re-
mains unclear. Fourth, TFEB siRNA promoted NLRP3
inflammasome activation and subsequent cell pyrop-
tosis after H/R in H9¢c2 cardiomyocytes in the present
study; however, its regulatory mechanism on NLRP3
inflammasome signaling requires further investigation.

CONCLUSIONS

Our study demonstrated that tubastatin A, a specific in-
hibitor of HDAC6 activity, significantly reduced cell pyrop-
tosis and further improved myocardial dysfunction after
CA/CPR, in which the protective mechanism was related
to the inhibition of NLRP3 inflammasome activation prob-
ably through the enhancement of TFEB signaling.
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