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Abstract

Histone deacetylase 6 (HDAC6) belongs to the class Ilb group of the histone deacety-
lase family, which participates in remodelling of various tissues. Herein, we sought to
examine the potential regulation of HDAC6 in cardiac remodelling post-infarction.
Experimental myocardial infarction (MI) was created in HDAC6-deficient (HDAC6™")
mice and wild-type (HADC61%) by left coronary artery ligation. At days 0 and 14 post-
MI, we evaluated cardiac function, morphology and molecular endpoints of repair
and remodelling. At day 14 after surgery, the ischemic myocardium had increased
levels of HADCé gene and protein of post-MI mice compared to the non-ischemic
myocardium of control mice. As compared with HDAC6"-MI mice, HADC6 deletion
markedly improved infarct size and cardiac fibrosis as well as impaired left ventricu-
lar ejection fraction and left ventricular fraction shortening. At the molecular levels,
HDAC6™" resulted in a significant reduction in the levels of the transforming growth
factor-beta 1 (TGF-p1), phosphor-Smad-2/3, collagen | and collagen Ill proteins and/
or in the ischemic cardiac tissues. All of these beneficial effects were reproduced by
a pharmacological inhibition of HADCS6 in vivo. In vitro, hypoxic stress increased the
expressions of HADCé6 and collagen | and Il gene; these alterations were significantly
prevented by the HADCS6 silencing and TubA loading. These findings indicated that
HADC6 deficiency resists ischemic injury by a reduction of TGF-1/Smad2/3 signal-
ling activation, leading to decreased extracellular matrix production, which reduces
cardiac fibrosis and dysfunction, providing a potential molecular target in the treat-

ment of patients with MI.
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1 | INTRIDUCTION

Cardiovascular disease (CVD) remains a significant cause of prema-
ture mortality and rising healthcare costs.>? In 2019, CVD was the
underlying cause of 9.6 million deaths among men and 8.9 million
deaths among women, approximately one-third of all deaths world-
wide.? It is well known that the adult mammalian heart, particularly
the human heart, cannot regenerate after a myocardial infarction
(MI), and a post-Ml fibrotic scar tissue develops to replace the dead
cells. The subsequent remodelling of the surrounding myocardium
leads to impaired cardiac function. The remodelling process includes
thickening (hypertrophy) and stiffening (fibrosis) of the left ventric-
ular (LV) wall.* Post-MI myocardial repair and remodelling are the
result of a series of elaborate and complex activities, initiated by an
intense aseptic inflammation and immune cell infiltration that serves
to break down both the extracellular matrix (ECM) and clearly dam-
aged or dead cells, followed by a reparative phase with the reso-
lution of inflammation, myofibroblast proliferation, scar formation
and neovascularization.>® Few treatments have been proven to be
effective against post-Ml fibrosis.

Histone acetylation is usually modulated by histone deacetyl-
ases (HDACs) and histone acetyltransferases, and this acetylation
participates in the regulation of various gene expressions. HDACs
are a large family of enzymes comprising four classes (1, lla/b, IlI
and 1V); a total of 18 human HDACs have been identified accord-
ing to functional and phylogenetic criteria, with HDAC6 belonging
to the class Ilb group.”® Aberrant forms of multiple HDACs with
altered acetylation levels are frequently observed in numerous
human cancers.” Over the last decade, there has been a wealth
of studies investigated the roles of various HDAC isoforms in the
development of CVD. Gene deletion and overexpression studies
have revealed important functions of these enzymes in the patho-
logical processes of cardiac remodelling, which involve hypertro-
phy, apoptosis, necrosis, metabolism, contractility and fibrosis.®
HDAC inhibitors have shown promise as therapeutic agents for
CVD, reducing cardiac injury and pathological remodelling in
preclinical models of MI.1%*2 Lemon and colleagues investigated
whether HDAC6 could become a mediator of hypertension-
induced cardiac remodelling by applying selective HDAC inhibi-
tors in multiple rodent models of hypertension.13 It has also been
reported that a deletion of HDACé could prevent the develop-
ment of cardiac dysfunction in both hypertrophic and fibrotic
conditions.'* Transforming growth factor-beta (TGF-p1) is a vital
regulator that participates in the development of fibrosis in many
organs,'® and this has prompted us to further explore the relation-
ship between HDAC6 and the TGF-f pathway.

In this study, we used wild-type (HDAC6**) mice, HDAC6
knockout (HDAC6™) mice and Tubastatin A (TubA, known as a

potent and highly selective HDAC6 inhibitor®®) to investigate the
role(s) of HDAC6 in post-MI cardiac remodelling and dysfunction,
focusing on the TGF-p1/Smad2/3 signalling pathway. In an in vitro
experiment, we applied HDACS6 silencing and pharmacological inhi-
bition to further explore the close interaction between HDAC6 and
TGF-p1/Smad2/3 signal in cultured rat neonatal cardiofibroblasts.

2 | MATERIALS AND METHODS

2.1 | Experimental animals

The animal experiments were reviewed and approved by the
Institutional Animal Care and Use Committee at Yanbian University
(Protocol:  YD20211128016). Eight-week-old HDAC6™* male
C57BL/6J (provided by Yanbian University Animal Center) and
HDAC6™" mice provided by Shanghai Biomodel Organism Science
& Technology Development Co. (Shanghai, China; protocol: 2022-
W5-1109) that weighed 22-26g were housed in an SPF-level facil-
ity under a 12-h light/dark cycle at 22+3°C and a relative humid
environment. All mice had free access to abundant food and water.
The mice were monitored throughout the experimental period, and
all experimental protocols involving the mice were performed by

trained research staff.

2.2 | Mlmodel

The mouse MI model was created as described.)” In brief, HDAC6**
and HDAC6™~ mice as the Ml group were each anaesthetised with
5% isoflurane inhalation with an air delivery system. After the mice
became unconscious, the anaesthetic agent was switched to 2%-3%
isoflurane to maintain the anaesthesia status. A small incision was
made over the left chest, and the fourth intercostal space was ex-
posed. With a clamp slightly open, a small hole was formed and the
heart was manually and smoothly squeezed out of the thoracic cav-
ity. Next, 7-0 silk suture was used to ligated the left main descend-
ing coronary artery (LAD) of the mice of both genotypes (named
the HDAC6**-MI mice and HDAC6"-MI mice) at the same level
at the lower edge of the left atrium from the LAD's origin. The heart
was then immediately returned back into the thoracic cavity. Sham-
operated mice of both genotypes underwent the same procedure
without LAD ligation (named the HDAC6**-sham and HDAC6™"-
sham mice).

Each mouse in the two MI groups was given a daily peritoneal
injection of Tub A, 10mg/kg body weight (Apexbio Technology,
Houston, TX, USA) or vehicle, from 12h before the surgery until
7 days post-Ml.
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2.3 | Sample collections

At the indicated time points before and after shame and MI op-
erations, following hemodynamic analysis by an echocardiography
(Figure 1A), all mice were anaesthetised with an intraperitoneal injec-
tion of chloral hydrate (0.1 mL/10g), and blood samples were collected
from the left ventricles. Following perfusion with 4% phosphate buff-
ered saline (PBS) at the physical pressure, the whole hearts and left
ventricles were successively isolated and weighted. For the biologi-
cal analysis, the LV tissues was maintained in RNA later solution (for
the gene assay) or stored at -80°C (for the protein assay). For the
morphological analysis, after being immersed in fixative at 4°C, the
LV tissues were embedded in optimal cutting temperature compound
(Sakura Fine-technical, Tokyo) and stored at —20°C. The blood was
poured into a blood collection tube and centrifuged, and the plasma

was collected for the evaluations of cardiac injury biomarkers (i.e.

lactate dehydrogenase [LDH], creatine kinase-MB [CK-MB] and car-
diac troponin | [cTnl]) and stored at —-80°C. All surgical and sampling

procedures followed were in accordance with institutional guidelines.

2.4 | Echocardiography

Transthoracic two-dimensional (2D) parasternal short-axis M-mode
echocardiography was performed at baseline and at day 14 after Ml
surgery, using a Vevo 2100 system (VisualSonics, Toronto, Canada)
with a 30-MHz transducer. In brief, the mouse was selected and
placed into an anaesthesia induction kit full of 2% isoflurane until
the mouse became unconscious. The mouse was then fixed in a su-
pine position on a heating plate (37°-38°C) with its limbs dotted
with pieces of adhesive tape. Hair removal cream was applied to

remove the hair on the chest area. After the thorax of the mouse
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FIGURE 1 Ischemiaincreased the expression of histone deacetylase 6 (HDAC6) in the left ventricle (LV) tissues of HDAC6**-MI mice.
(A) Schematic illustration of the mouse myocardial infarction (MI) surgery and the treatment and sampling procedures at the indicated time
points. Eight-week-old male HDAC6** mice underwent a sham operation (HDAC6*/*-Sham) or Ml surgery (HDAC6**-Ml). (B, C) Heart rate
(HR) and representative long-axis LV M-mode echocardiographic images and quantitative data showing the levels of the LV ejection fraction
(LVEF), LV end-diastolic diameter (LVDd) and LV end-systolic diameter (LVSd) of both groups (n=6 per group). (D, E) Representative Western
blot images and quantitative data showing the levels of HADC6 proteins in the infarct myocardium of two experimental groups (n=4 per
group). (F) gPCR data showing the levels of HADC6 gene in the infarct myocardium of both groups. The significance of differences was
assessed by unpaired Student's t-test (C, E, F).
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was cleaned, the thorax was coated with an ultrasonic coupling
agent. When the long-axis surface of the left ventricle was detected
and rotated 90° clockwise, the image of the short axis of the left
ventricle appeared. We observed the ventricular wall motion and
saved the left ventricular (LV) long- and short-axis views under the
B-mode and M-mode. The left ventricular ejection fraction (LVEF),
LV fraction shortening (LVFS), LV end-diastolic diameter (LVDd), LV
end-systolic diameter (LVSd) and the mitral valve E peak/A peak
ratio (E/A ratio) of the LV inflow were calculated with doppler meas-

urements. The mouse heart rate (HR) was also calculated.

2.5 | Western blotting

Total proteins were extracted from heart tissue and cardiac fi-
broblasts as samples for Western blotting.'® Samples were ho-
mogenized and lysed with RIPA buffer containing protease and
phosphatase inhibitor cocktails for 30 min on ice. The lysates were
then centrifuged at 13,0009 for 10min, and the supernatants
were collected and labelled. The total protein concentrations in
the supernatants were measured by a bicinchoninic acid assay
(Pierce BCA Protein Assay Kit; Thermo Scientific, Waltham, MA).
Twenty micrograms of protein per lane were resolved by SDS-
PAGE, transferred to PVDF membranes (Bio-Rad, Hercules, CA).
Each membrane was blocked with 5% nonfat milk and incubated
with primary antibodies overnight at 4°C. On the following day,
the membranes were incubated with secondary antibodies (Cell
Signaling Technology [CST], Danvers, MA).

Immunoreactive signals were detected using an Azure 500
analyzer (GE Healthcare, Milwaukee, WI). The following anti-
bodies were used for Western blotting: rabbit anti-phospho-
Smad2/3 (p-Smad2/3) monoclonal antibody (mAb) (#8828S,
1:1000), rabbit anti-Smad2/3 mAb (#8685S, 1:1000), rabbit anti-
TGF-p1 mAb (#3711S, 1:500), anti-HDAC6 mAb (#7558S, 1:1000),
anti-GAPDH mAb (#5174S, 1:6000), mouse anti-extracellular
signal regulated kinase1/2 (Erk1/2) mAb (#9107, 1;1000) and anti-
p-Erk1/2t202/t204 mApb (#4377, 1:1000) were purchased from Cell
Signaling Technology (Danvers, MA). Mouse-anti-Nkx-2.5 mAb (sc-
376565, 1:1000) was purchased from Santa Cruz Biotechnology
(Santa Cruz, CA). Rabbit anti-TGF-p1 receptor (TGF-$R1) polyclonal
antibody (pAb, #SAB4502958, 1:500) was purchased from Sigma-
Aldrich (St. Louis, MO). Rabbit anti-Collagen | mAb (#EPR22894-89,
1:1000) and rabbit anti-Collagen Il mAb (#EPR17673, 1:1000) were
purchased from Abcam (Cambridge, MA). Anti-a-SMA antibody
(#AF1032, 1:1000) was from Affinity Biosciences (Cincinnati, OH).

2.6 | Real-time polymerase chain reaction
(RT-PCR) assay

Total RNA was extracted from tissues using Trizol reagents
(Invitrogen, Carlsbad, CA), and first-strand cDNA was synthesized
using a Thermo Script RT-PCR synthesis kit (Fermentas, Burlington,
ON, Canada).’ Quantitative PCR (qPCR) analyses of mRNA were

performed using Thermo Script RT-PCR kits (Fermentas). The
gPCR was carried out under a standard protocol using the follow-
ing primers. The PCR was performed in triplicate. Each PCR was
performed at 95°C for 10 min, followed by 40cycles of 95°C for
15sand 65°C for 1 min. The expression of GAPDH was measured in
parallel with that of the genes of interest and was used as an inter-
nal standard for the quantitative comparison of mRNA levels. The
generation of specific genes' expression changes was evaluated
using the comparative Ct method, X=Z"22C Fold-alterations were
evaluated using the AACt method and compared with GAPDH. The
sequences of mice targeted gene primers was listed in the Table 1.

2.7 | Evans blue and TTC staining

On the 14th day post-MI or sham operation, mice were injected
2% with Evans Blue dye (Sbjbio Life Sciences, Nanjing, China) via
the caudal vein, and their hearts were excised and frozen at -80°C.
Fifteen minutes later, the hearts were minced into approximately
1-mm-thick slices and submerged in a 1% triphenyl tetrazolium chlo-
ride (TTC) (Solarbio Science & Technology Co., Beijing, China) so-
lution at 37°C for approximately 15min. Healthy areas of a mouse
heart are stained blue; the area at risk (AAR) turns red, and the in-
farct area (IA) remains unstained as white. To determine the sizes of
the AAR and IA, we calculated the ratio between the IA and AAR

with image analysis software (Image J).

2.8 | Histology and collagen deposition evaluation
Masson's trichrome staining was performed as described.?® After
mice were sacrificed, cardiac tissue was sectioned (5-6um) from
below the ligation plane of the heart toward the apex with the use of
a cryostat (CM1950, Leica Biosystems, Wetzlar, Germany) and dehy-
drated in 20% sucrose solution. The slices were fixed in 4% polyfor-
maldehyde for 24 h and then embedded in OCT. At first, transverse
tissue sections were stained with haematoxylin and eosin (H&E) and
the cross-sectional area of myocytes was determined from cells that
were cut transversely and exhibited both a nucleus and an intact
cell membrane; at least 100 cells were assessed per specimen, and
the average value was used for analysis (x200). And transverse tis-
sue sections were stained with Masson's trichrome. Sections were
imaged using an EVOS FL Auto 2 imaging system (Thermo Fisher
Scientific). To determine the extents of interstitial fibrosis in the in-
farct area, we selected five fields at random and calculated the ratio
of the area of Masson's trichrome-stained fibrosis to the total area
of the left ventricles with the Image J software.

2.9 | Immunofluorescence

The immunofluorescence assay was performed as described.?*
Following blocking with bovine serum albumin for 30 min, the LV
tissue sections and the cultured cells (cover-glasses) were treated
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TABLE 1 Sequences of mice primers
and siRNA used for gPCR and targeted
gene silencing.

Genes

gPCR
Collagen |
Collagen Il
HADC6
GAPDH

Forward primers

AGGCGAAGGCAACAGTCG
AGGTTCTCCTGGTGCTGCT
CGAGTTCTTGCAGGCACCTA
ATGTGTCCGTCGTGGATCTGA

Targeted RNA silencing

HADCé6
MAPK1
siRNA-NC
CY3 siRNA-NC

GGUAUUUGAUGAACAGCUATT
CCCUCACAAGAGGAUUGAATT
UUCUCCGAACGUGUCACGUTT
UUCUCCGAACGUGUCACGUTT

WiILEY- L2

Reverse primers

GTTCCGGYGTGACTCGTGC
GGATGCCCACTTGTTCCAT
ATGCTCATAGCGGTGGATGG
ATGCCTGCTTCACCACCTTCT

UAGCUGUUCAUCAAAUACCTT
UUCAAUCCUCUUGUGAGGGTT
ACGUGACACGUUCGGAGAATT
ACGUGACACGUUCGGAGAATT

Abbreviations: GAPDH, gluceradehyde-3-phosphate dehydrogenase; HDAC6, Histone Deacetylase
6; MAPK1, mitogen-activated protein kinase 1; siRNA NC, short interfering RNA negative control;
siRNA: short interfering RNA.

with the primary antibodies to HDAC6, TGF-p1, TGF-BR1, a-actin,
vimentin or CD206 (1:250 for each antibody), respectively, over-
night. After being washed with PBS for three times, the tissue
sections and the cells were treated with the fluorescent labelled
secondary antibodies against anti-rabbit IgG or goat anti-mouse
IgG (1:200 for each), respectively, for 1h at room temperature,
and then the nuclei were counterstained with an anti-fluorescence
quenching solution including DAPI. Sections were imaged using an
EVOS FL Auto 2 imaging system (Thermo Fisher Scientific). The
levels of HDAC6 and CD206 protein expressions in the LV tis-
sues were evaluated in four random microscopic fields from three
independent sections of each animal (n=5) and were expressed
as the percentages of the positive staining signal intensities per
high-power field (x400). And the levels of TGF-$1 and its receptor
TGF-BR1 protein expressions of the targeted cells were evaluated
in two-three random microscopic fields from three independent
sections of each cell seeded cover-glass (n=5) and were expressed
as the numbers of the positive staining cells per high-power field
(x400).

The following commercially available antibodies were used for
the immunofluorescence: Mouse anti-a-actinin mAb (#sc-17829)
and anti-Vimentin mAb (#sc-6260) were purchased from Santa
Cruz Biotechnology. Rabbit anti-TGF-BR1 pAb (#SAB4502958)
was purchased from Sigma-Aldrich (Burlington, MA). Rabbit anti-
TGF-p1 mADb (#ab315254) was purchased from Abcam (Cambridge,
MA). Rabbit anti-HDAC6 mAb (#7558S) was from Cell Signaling
Technology. And the secondary goat anti-rabbit IgG pAb (FITC 495)
and anti-mouse IgG pAb (Alexa Fluor 594) were purchased from
APExXBIO (Houston, TX).

2.10 | Cardiac fibroblast (CF) culturing

Ethylenediaminetetraacetic acid (EDTA) (0.5%) was used to digest
detached cardiac fibroblasts (CFs) (Cat no. CPR-074; Procell Life
Science & Technology Co., Wuhan, China), and the supernatant was
collected in 10-mL Falcon centrifuge tubes. Four of these tubes were

then centrifuged to collect the supernatant. The dispersed cells were
resuspended in six-well plates containing 6 mL of Dulbecco's modi-
fied Eagle's medium (DMEM) with 15% fetal bovine serum (FBS), 1%
penicillin and streptomycin. Two hours later, the plates were washed
with warmed phosphate-buffered saline (PBS) and replenished with
cell culture medium.

The CFs were then cultured until they reached approx. 80%-
90% confluence. After being cultured in serum-free DMEM for 6h,
the CFs were treated with Tub A at the indicated concentrations (O,
5 and 10pmol/L) under normoxic (5% CO, and 95% air) or hypoxic
conditions (1% O,, 5% CO, and 94% N,), respectively, for 24h and
then subjected to biological analyses.

2.11 | Cell transfection

Cell transfection was performed as described.?? CFs were seeded
on six-well plates and cultured for until they were 50%-60% sub-
confluent. The cells were then transfected with short interfering (si)
RNA against HDAC6 (siHDAC6, 100nmol/L) or non-targeting con-
trol siRNA (NC, both from Hanheng Biotechnology Co., Shanghai,
China) using Lipofectamine 3000 (Thermo Fisher Scientific). After
transfection for 48h, the cells were cultured in normoxic or hypoxic
conditions (1% O,, 5% CO, and 94% N,), respectively, for 24h and
then subjected to a Western blotting assay. The siRNA sequences
are listed in Table 1.

2.12 | Statistical analysis

All data are expressed as the mean+standard error of the mean
(SEM). We performed a one-way analysis of variance (ANOVA) for
comparisons of multiple groups, followed by Tukey's post hoc test
or by Student's t-test for comparisons of two independent sample
groups with Prism 9.0 software. After we determined the status
of the data distribution, the data were subjected to the statistical
analysis. If the homogeneity of variance assumption was violated,
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the nonparametric Kruskal-Wallis test was used instead of Pearson's
chi-square or Fisher's exact test. Survival rate was analysed by the
standard Kaplan-Meier method with a log-rank test. Morphological
and histological characteristics were evaluated by two observers
in a blind manner, and the values they obtained were averaged.
Probability (p)-values <0.05 were considered significant.

3 | RESULTS

3.1 | The post-MI changes in HDAC6 expression

To study the impact of the ischemic stress on HDAC6 expression,

we randomly assigned HDAC6**

mice to the sham operation and
LAD ligation surgery and subjected the mice to morphological and
biological analyses at the indicated time points (Figure 1A). The
HR and LVEF were tested to evaluate the success of the model
(Figure 1B-D). The results of the gPCR and Western blotting assays
demonstrated that the expression level of HDACé6 was significantly
increased in the LV infarct myocardium of Ml group compared to the
control group (Figure 1E-G), indicating that HDACG is likely to par-
ticipate in the cardiac pathological remodelling in the post-MI phase
of the murine MI model.

3.2 | HDACS6 deletion prevented cardiac
fibrosis and remodelling after Ml

Figure 2A provides representative heart photos from the four ex-
perimental groups at day 14 after the ligation or sham operation.
We observed that the heart weight (HW)/body weight (BW) ratio
was lower in the HDAC6™"-MI mice compared to the HDAC6**-MI
mice (Figure 2B). As shown in Figure 2C, there was no difference
in HR between both genetic MI groups. The quantitative echocar-
diography data revealed that compared to the HDAC6**-MI mice,
HDAC deficiency significantly ameliorated the reductions of the
LVEF, LVFS, LVLd, LVDs and E/A ratio values in the post-MI mice
(Figure 2D,E). Consistently, HDAC6 deletion markedly lowered the
infarct size and cardiomyocyte size and reduced the degree of fibro-
sis as well as the levels of serum LDH, cTnl and CK-BM (Figure 2F-K),
suggesting that HDAC6 deficiency was resistant to ischemic injury

in mice. However, there were no significant differences in these
nine parameters (LDH, cTnl, CK-BM, HW/BW ratio, HR, LVEF, LVFS,
LVLd, LVDs, E/A ratio, infarct size and fibrosis area) between the
sham-operated mice of both genotypes (Figure 2).

To explore the molecular mechanisms of HDAC6 ™ -mediated
cardioprotection in the post-MI phase, we conducted a Western blot-
ting assay to focus on the TGF-$1/Smad2/3 signalling pathway. As
anticipated, the HDAC6™"-MI mice exhibited significant reductions
in the levels of p-Samd2/3, TGF-B1, alpha-smooth muscle action (a-
SMA\) and collagen | and IIl proteins compared to the HDAC6*/*-MI
mice (Figure 3A,B). The gPCR yielded the same conclusions for the
collagen | and lll gene expressions (Figure 4A). HDAC6 thus ap-
peared to modulate cardiac remodelling and dysfunction through
the modulation of TGF-p1/Samd2/3 signalling pathway activation in
the post-Ml phase.

3.3 |
after Ml

HDACS6 inhibition produced cardiac benefits

Figure 5A provides representative heart photos from the three ex-
perimental groups at day 14 after the ligation or sham operation. As
shown in Figure 5B, the TubA treatment also markedly reduced the
ratio of HW to BW of the HDAC6**-MI mice. We observed that in
the HDAC6**-MI mice, TubA loading resulted in reductions in the
values of HR, LVEF, LVFS, LVDd, LVDs and the E/A ratio as well as
the cardiac infarct size and cardiomyocyte size as well as collagen
accumulation (Figure 5C-J). The quantitative data of the Western
blotting images demonstrated that the protein levels of HDACS, p-
Samd2/3, TGF-p1, a-SMA, collagen | and collagen Il were markedly
lower in the LV myocardium of the HDAC6**-TubA MI mice com-
pared to the control non-treated HDAC6*/*-MI mice (Figure 6). The
gPCR yielded same conclusions regarding collagen | and Ill as well
as HDAC6 gene expressions (Figure 4B). Immunofluorescent analy-
sis revealed only a low positive staining signal of HDAC6 in the LV
myocardium of control mice (Figure 7A,B). And the staining signal
of HDAC6 was markedly increased in the infarcted myocardium of
mice with AMI, with staining apparent in CFs and these changes
were reduced by TubA treatment (Figure 7A,B). Similarly, the
HDAC6**-Tub A MI mice had decreased levels of CD206 protein
expression as compared to the control non-treated HDAC6**-MI

FIGURE 2 HDACS6 deletion ameliorated the cardiac infarct size and remodelling in the post-MI phase. Eight-week-old male HDAC6**
and HDAC6™~ mice were randomly assigned to the sham operation (HDAC6**-Sham and HDAC6™"-Sham) or Ml surgery (HDAC6*/*-M|
and HDAC6™"-MI) and subjected to echocardiography analyses at day 14 after surgery. (A) Representative images of the heart view in the
four groups. (B) The quantitative data showing the heart weight (HW)/body weight (BW) ratio in the four experimental groups (n=>5 per
group). (C) Heart rate (HR) showing for four experimental groups (n=10 per group). (D, E) Representative echocardiographic images and
combined quantitative data showing the LVEF, LVFS, LVDd, LVDs and E/A ratio (the ratio of the mitral E-peak to the A-peak) in the four
experimental groups (n=10 per group). (F, G) Representative images and quantitative data of the Evans blue & TTC staining analyses for the
percentage of the infarct size to the risk area in the four groups (n=>5 per group). (H, I) Representative Masson's trichrome staining images
and quantitative data show the percentage of fibrosis area in the four groups (n=5 per group). (J) Quantitative data of the H&E staining
show the cardiomyocyte size in the three groups (n=5 per group). (K) The ELISA data show the levels of serum LDH, cTnl and CK-MB in the
four groups (n=6 per group). The significance of differences was assessed by a one-way ANOVA with Tukey's post hoc tests in panels B, C,

E, G, I and J. NS, not significant.



FANG ET AL. 7 of 17
WILEY-—Y

[—1HDAC6"*-Sham
(A) | = HDACSE"*-MI (©)

CJHDAC6™"-Sham ns
HDAC6*/*-Sham DACG'/ ~-Sham

HDAC6**-MI _ HDAC6”-MI 45 = HDACS™MI

— 500
o NP Ry T P
" 3 N . 2104 _ns o %7 °®
| @ T * T 300
=
| % 0.5+ S0 S 200+
T
100
’ 0
150
\ : : ' ns_ P=0.0020
HDAC6**-Sham - HDAC67--Sham HDAC6*/*-MI HDAC6--MI 1004 o .

50+
0
80— ns ns P < 0.0001 8-
31 -
e ® P=00136 ° . P < 0.0001
504 ® P=0.0438 - 6 .
° *kkk
;\? 8: . :g " 4- ns Kkkk ] ns g
2 © o o
;40' o ° - g L 4 > 4 ®
o ° g °l 4, & =B
20 °q ul t 24
0 ./ 0 0
HDAC6"/*-Sham
y — HDAce*I’ M
+[+_ IHDAC6G" -Sham
(F) HDACG"""-Sham ’ . . ‘ ‘ ‘ ‘ C—IHDAC6™-MI
(G) P < 0.0001
60
HDAC6-Sham . ‘ ‘ . @ e g e
E 0\340' . Hedkdd
(73 [
o G D D OB L
"‘§ & 201 ns s
£
wn P B PSS
|
(H) HDAC6*/*-Sham HDAC6”- D - P <0.0001
- . —— 9
[ °
(]
fi { ‘.‘-" 40 *kkk
155 1 S
) (2] °
g 20 ns
’ o]
J L
J 0_
P =0.0078 P =0.0002 (K) (pmz) P =0.0014
* (ng/m) P <0.0001 @ 6000 (ngimb) " » 19007 (ngimi) ® 600
T’ (] d>, *k © 800 L) *k* %
q>, FkKK o ° 5 @ _ns_
% 400 ns g 4000 ns °© E 600 . ‘§4oo : .
o ¥ %8 © o | > £8°
£ 200 EI‘ © 2000 g0 g “® ] _S 200 d
2 E § 200 B
] g » S,




8of 17 FANG ET AL.
WILEY
HDAC6"* Sham
B) CIHDACE™* MI
C_IHDAC6™ Sham
= CIHDACE™ MI -
3 1507 _ 2 150
25 PIOMZ 2o P < 0.0001
) Sham M B8 28 '
_ _ 5 g 100 3 < 1007
HDAC6** HDAC6" HDAC6** HDAC6 g » = ‘3
-
Lg’ g 50 L §§ 50 ns *kkk
HDAC6 - 160KD £ % % g2
- o8
g . — 8% Jodhl |l
Collagen lll| U e — — 150 KD =
= 150+ P < 0.0001 R 150-
Collagen || - L. 1 B 139 KD QE %‘g P = 0.0051
] c T
& % 100 S T 100
p-Smad2/3 T —— - 55KD 5 g ' SE »
60KD ¢ g ns Se ns
. 50
SMad2/3 | s S . . S S | KD g S 0 e 22
60KD o & 2% |-T—|
O 0-&9 0
—_ P =0.0015 =
) - _ 32 1504
a-SMA - - 42 KD b; 190 B';: P =0.0002
Z it
E E 100 ns *x E & 100 ns
GAPDH |- 37 KD S 3 g3
- O < [*]
2?9 S
e 2 %2 ==
10l

FIGURE 3 HDACS6 deletion lowered the TGF-p1/Smad2/3 signalling activation that occurred in response to ischemic stress at day 14

after surgery. (A, B) Representative immunoblotting images and combined quantitative data showing the levels of collagen I, collagen III,

p-Smad2/3, TGF-B1 and a-SMA in the infarct myocardium of the four mouse groups (n=4 per group). The significance of differences was
assessed by a one-way ANOVA with Tukey's post hoc tests in panel B. NS, not significant.

mice (Figure 7C,D). Collectively, these observations suggest that
the up-regulation of HDAC6 by ischemic injury could act a key
modulator of cardiac response of post-MI mice. However, we ob-
served that pharmacological and genetic interventions targeted
toward DAC6 had no effect on mice mortality and/or the levels
of HADC1, SIRT3 and HADC4 genes in the infarcted myocardium
(Figures 4B,7E,F).

3.4 | HDACSH silencing lowered the CF collagen
production

To test our experimental results at the cellular level, we performed
an in vitro experiment, and Western blotting was then performed
in two different sets of the experiments. The hypoxic condition
increased the expressions of HDACé, p-Smad2/3, p-Erk1/2, TGF-
B1, a-SMA, Nkx-2.5 and collagen types | and Il proteins, and these
changes were rectified by HDAC6 silencing and TubA treatment in
a dose-dependent manor, providing evidence of HDAC6-mediated
CF collagen synthesis in response to ischemic stress (Figures 8 and
9). The data of immunofluorescence and Western blotting analysis
revealed that hypoxic condition also increased the expressions of
HADC6, TGF-B1 and TGF-BR1 proteins in CFs, whereas it exhibited

a limited effect on these molecular expressions in H9C2 (Figures 10
and 11).

4 | DISCUSSION

In this study, we focused on novel role(s) of HDAC6 in cardiac re-
modelling and dysfunction after MI. The ischemic injury elevated
HADC6 gene and protein expressions in the injured myocardium
of post-MI mice. The most significant finding of this investigation
is that the mice lacking HADC6 were resistant to ischemic injury-
induced cardiac fibrosis and dysfunction. HADCé deficiency was
observed to prevent harmful changes as follows: (i) it increased the
infarct size and fibrosis area; (i) it impaired indices of LV function
(LVEF, LVFS and E/A); and (iii) it increased the levels of TGF-p1, p-
Smad2/3, a-SMA and collagen | and Ill proteins and/or genes in the
injured myocardium. All of these beneficial effects were reproduced
by a pharmacological inhibition of HADCé in vivo. In vitro, hypoxic
stress increased the expressions of HADC6, TGF-p1, TGF-BR1, Nkx-
2.5 and collagen | and Ill proteins or/and genes in CFs but not in
H9C2; these alterations were significantly prevented by the HADCé
silencing and TubA loading, providing evidence and a mechanis-
tic explanation for the participation of HADC6é mediated TGF-p1/
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FIGURE 4 Genetic and pharmacological inhibitions of HDAC6 lowered the targeted molecule gene expressions in the LV myocardium
in response to ischemic stress. (A) gPCR data showing that the levels of collagen | and Il mRNAs in four experimental groups (HDAC6*/*-

Sham, HDAC6™"-Sham, HDAC6**-MI and HDAC6™"-

MI) (n=5 per group). (B) gPCR data showing that the levels of HDAC1, SIRT3, HDAC4,

HADC6 and collagens | and Il mRNAs in three experimental groups (HDAC6**-Sham, HDAC6**-MI and HDAC6**-TubA) (n=5 per group).
In panels A and B, significance was assessed by a one-way ANOVA with Tukey's post hoc tests. NS, not significant.

TGF-BR1-Smad2/3/Nkx-2.5 and -Erk1/2 signalling in cardiac fibrosis
and dysfunction in post-MI mice.

The ability of ischemic injury to enhance the expression of
HADC6 probably contributed to the cardiac remodelling and dys-
function in the post-MI mice. A comprehensive review documented
the many roles of the HDAC family in development and physi-
ology, thus providing implications for disease and therapy.® One
of our earlier studies demonstrated that HADCé activity controls
injury-related neointimal hyperplasia via the modulation of a toll-
like receptor-2-mediated p38-mitogen-activated protein kinase and
phosphatidylinositol 3-kinase/Akt signalling pathway in mice.?® In
another investigation, the absence of HDAC6 was observed to pre-
vent the development of cardiac dysfunction in hypertrophic and

fibrotic conditions.’* A single study reported that inhibiting HDAC6
with tubastatin A protected heart function.?* We have shown that
ischemic stress elevated the HDCé gene and protein expressions in
the infarcted myocardium. Hypoxic stress also resulted in the eleva-
tion of HDAC6 protein in CFs not in H9C2, indicating that HDACé
was sensitive to hypoxic stress in vivo and in vitro of CFs. Our pres-
ent analyses revealed that HDAC6 deletion improved the cardiac in-
farct size as well as the impaired LVEF, LVFS and E/A ratio in post-Ml
mice. HADC6 inhibition by TubA yielded the same conclusions in the
HDAC6**-MI mice. Because HDAC6 modulates the myofibril stiff-
ness and diastolic function of the heart, we propose that HDACé
functioned as an important mediator of ischemia-induced cardiac
dysfunction in mice under our experimental conditions.
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FIGURE 5 HADCS6 inhibition also ameliorated the myocardial infarct size and dysfunction in the post-Ml state. Eight-week-old HDAC6*
mice underwent a sham operation and received vehicle (HDAC6**-Sham), MI surgery plus vehicle (HDAC6**-Ml), or MI surgery plus
tubastatin A (TubA, HDAC6™*-TubA; 10 mg/kg/day) for 14 days. (A) Representative images of the heart in the three groups. (B) The
quantitative data show the HW/BW ratio of the experimental groups (n=>5 per group). (C) Heart rate (HR) showing for four experimental
groups (n=10 per group). (D, E) Representative echocardiographic images and combined quantitative data showing the levels of LVEF,

LVFS and the E/A ratio (n=10 per group). (F, G) Representative images and quantitative data of the Evans blue & TTC staining analyses
showing the percentage of infarct size to the risk area in the three groups (n=5 per group). (H, l) Representative Masson's trichrome staining
images and quantitative data show the percentage of fibrosis area in the three groups. (J) Quantitative data of the H&E staining show the
cardiomyocyte size in the three groups (n=5 per group). Statistical significance was assessed by a one-way ANOVA with Tukey's post hoc

tests in panels B, D, F and H.
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FIGURE 6 HDACS6 inhibition lowered the TGF-f1/Smad2/3 signalling activation that occurred in response to ischemic stress. (A, B)
Representative immunoblotting images and combined quantitative data showing the levels of HDACS, collagen |, collagen Ill, p-Smad2/3,
smad2/3, TGF-p1 and a-SMA in the LV myocardium of the three experimental groups. In panel B, significance was assessed by a one-way

ANOVA with Tukey's post hoc tests.

TGF-B1 is synthesized by CFs as in autocrine and paracrine
manner under pathophysiological conditions. And TGF-$1 is se-
creted by the cardiac cells in an inactive form stored in the extra-
cellular matrix space as a 290-kDa complex containing the mature
homodimer TGF-p1 (25kDa), the latent TFG-B1 binding protein-1
(190kDa) and latency-associated peptide (75 kDa).2> Cysteine pro-
teases (i.e. cathepsins B and L) can release an intracellular inactive
form of TGF-p1 (50kDa).2® TGF-p1-mediated Smad2/3 signalling
has been shown to participate in the cardiac remodelling that
occurs in response to ischemic injury in animals.?” The protein

programmed cell death 5 (PDCD5) was reported to be upregulated
by Smad3 during cardiac fibrosis, which subsequently ameliorated
progressive fibrosis and cardiac dysfunction through HDACS in-
hibition.2® In the present study, HADC6 deletion resulted in a re-
duction in the levels of TGF-p1 and p-Smad2/3 proteins in the LV
tissues of post-MI mice. Interestingly, the TubA-mediated HADC6
inhibition exerted a beneficial effect on the levels of these tar-
geted proteins in HDAC6**-MI mice. Our observations here show
that genetic and pharmacological interventions targeted toward
HDAC6 ameliorated the elevated levels of TGF-p1, p-Smad2/3,
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FIGURE 7 HDACS6 inhibition lowered ischemia-induced cardiac HDAC6 and CD206 protein expressions. (A-D) Representative
immunofluorescence image and combined quantitative data show the levels of HDAC6 and CD206 proteins in the LV myocardium of three
experimental groups (n=5, each group). (E, F) Kaplan-Meier plots of the survival rates of mice for three or four experimental groups (n=10).
Statistical significance was assessed by a one-way ANOVA with Tukey's post hoc tests for Figure B and D or the standard Kaplan-Meier

method with a log-rank test for E and F. NS, not significant.

Nkx-2.5 and p-Erk1/2 in CFs. Hypoxic stress increased the HDAC6
protein expression as well asl TGF-p1 and its receptor TGF-pR1
protein expressions in CFs not in H9C2. TGF-p1 signalling was
observed to promote myofibroblast activation and matrix stiff-
ening in a 3D model of human cardiac fibrosis.?? Several studies
have demonstrated that activated cardiac fibroblast may trans-
differentiate into cardiomyoctes.ao’31 Maioli and colleagues has
demonstrated that Smad/Nkx-2.5 signalling activation is involved
in cardiogenesis.®? Targeted deletion of Erk2 of cardiomyocytes
has been shown to attenuates hypertrophic response in a mouse

hypertrophic model.%3

Moreover, sodium butyrate may exert anti-
hypertrophic effect by suppressing Erk1/2 phosphorylation and
HDAC6 activity.34 Collectively, these observations suggest that
HADC6 may act as a key mediator of TGF-f1/TGF-pR1-mediated
Samd2/3-Nkx-2.5 and -Ekr1/2 signalling activation in CFs during
cardiac remodelling and fibrosis in post-MI. On the contrary, in-
creasing evidence indicated that HDACé6/ TGF-f1-TGF-fR1 can
modulate M2 macrophage polarization in cardiovascular tissues
in various pathological conditions.®>%¢ Our observation here

show that HDACS6 inhibition lowered the CD206 (M2 macrophage

marker) protein expression in the infracted myocardium, indicat-
ing that the impaired M2 polarization might be due to the reduc-
tion of HDAC6/ TGF-B1-TGF-BR1 in post-MI heart.

Myocardial infarction-related heart failure (HF) is characterized
by a progressive loss of cardiomyocytes, manifested by ventricular
chamber remodelling and the accumulation of interstitial fibrosis,
leading to reduced cardiac output.37 Progressive cardiac fibrosis in
heart failure is mediated primarily by tissue-resident cardiac fibro-
blasts that become activated and differentiated into a different cell
type, that is, myofibroblasts.®®° Fibroblast activation in the heart is
induced by inflammatory cytokines, neuroendocrine agonists, ven-
tricular pressure overload or Ml injury. Myofibroblasts produce and
secrete abundant ECM substances and also acquire contractile ac-
tivity through the induction of genes such as a-SMA, allowing these
cells to physically remodel the scar after M|, 4%4

TGF-f is thought to activate fibroblasts and promote the produc-
tion of ECM,* which binds to receptors on the plasma membrane
and induces the phosphorylation of the Smad2/3 transcription fac-
tor, thereby mediating TGF-$1/Smad2/3 signalling.*® The activation
of collagen synthesis and secretion then begins, which can lead to
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FIGURE 8 HADCS6 silencing reduced the levels of the targeted proteins in cultured cardiac fibroblasts (CFs) in response to hypoxia.
Following transfection with control non-targeting short interfering RNA (siCtrl) and targeted siRNA against HADC6, the cells were cultured
in normoxic (5% CO, and 95% air) or hypoxic (5% CO, and 95% air) conditions respectively for 24h and the lysates were used in a Western
blotting assay. (A, B) Representative Western blotting images and quantitative data showing the levels of HADCé, collagen I, collagen I,
p-Smad2/3, p-Erk1/2, a-SMA and Nkx-2.5 proteins in the four groups (=4 for each group). In panels B, significance was assessed by a one-
way ANOVA with Tukey's post hoc tests. NS, not significant.
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FIGURE 9 HADCS6 inhibition reduced the levels of the targeted proteins in cultured cardiac fibroblasts (CFs) in response to hypoxia.
Following serum-free culturing for 6 h, the CFs were treated with the indicated TubA concentration under normoxic (5% CO, and 95% air) or
hypoxic (5% CO, and 95% air) conditions respectively for 24h, and the lysates were subjected to a Western blotting assay. (A, B) Representative
Western blotting images and quantitative data showing the levels of HDACS, collagen |, collagen IIl, p-Smad2/3, p-Erk1/2, a-SMA and Nkx-2.5,
proteins in the groups (n=4, each group). In panels B, significance was assessed by a one-way ANOVA with Tukey's post hoc tests.
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FIGURE 10 Hypoxiaincreased HDAC6 protein expression in CFs but not in H?C2. Following treatment in normoxic or hypoxic conditions,
respectively, for 24 h, the lysates were used in a Western blotting assay. (A, B) Representative immunofluorescence images and quantitative
data show the immunofluorescence signal intensities of HDAC6 protein in cultured H9C2 and CFs under hypoxic conditions (=5, each
group). In panel B, significance was assessed by a one-way ANOVA with Tukey's post hoc tests. Scar bar: 50 um (H9C2); 100 um (CFs).

-actinin TGF-1
(A) DAPI a-actinin B Merged (B)
= = CFs CFs HoC2
S 1 CFs HYPO (E) -
3 . HOC2 Normoxia  Hypoxia Normoxia Hypoxia
o B HYC2 HYPO —_—
H9C2 P < 0.0001
- e hoacs | ‘ | 160 kDA
3 » _ P<0.0001
6 £ s TGF-AIR | | 60 KDA
c o r—
- - N s
Vimentin TGF-B1  Merged £ 4 TGF-p1 l YT I 44 KDA
s 83
3§, GAPDH | e A o s s e [ 37 KDA
CF ° @2 P =0.9331
S - 5 —_—
=]
3 I o
<)
(F) P=00033 _ P = 0.0003
() DAPI a-actinin TGF-BIR Merged 2 " p=00on _?%
[} [7]
D g 1004 é §
® g 23
H9C2 P =0.0001 g 6%
Q
o ['4

P <0.0001
150 P =0.0127
P =0.0047

Vimentin TGF-B1IR  Merged

100+

504 P =0.8843
0

-
=

P =0.0896

e
o

TGF-B1R density
(Relative to GAPDH%) (Relative to GAPDH%)

Fluorescence intensity

CFs

0.0

FIGURE 11 Hypoxiaincreased the levels of TGF-1 and TGF-R1 proteins in CFs but not in H?C2. Following treatment in normoxic

or hypoxic conditions respectively for 24 h, the lysates were used in a Western blotting assay. (A-D) Representative immunofluorescence
images and quantitative data show the immunofluorescence signal intensities of TGF-p1 and TGF-pR1 proteins in cultured H9C2 and CFs
under hypoxic conditions (n=5, each group). (E, F) Representative Western blots and quantitative data show the levels of TGF-p1 and TGF-
BR1 proteins in cultured H?C2 and CFs under hypoxic conditions (n=4, each group). Significance was assessed by a one-way ANOVA with
Tukey's post hoc tests for Figure 11B,D,F. Scar bar: 50 um (H9C2); 100 um (CFs).

increasing scar formation.** Our present results demonstrated that Il genes and proteins in the LV myocardium of post-MI mice. HDACé

genetic and pharmacological interventions against HADCé markedly has been shown to upregulate the TGF-p1-Smad2/3 and -Smad7

lowered the expressions of TGF-f1, a-SMA, collagen | and collagen signalling pathways, leading to renal and pulmonary fibrosis.*>#¢
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Taken together, these data provide evidence that in mice under our
experimental conditions, the cardiac protective actions of HDAC6
inhibition are mediated, at least in part, through TGF-$1/Smad2/3-
dependent collagen synthesis. It should be noted that in lacking
HDAC6 high myofibril stiffness can occur, leading to cardiac myo-
fibrillar protein (composed of sarcomeric protein) acetylation and
altered worsened diastolic dysfunction®” in the UNX/DOCA model.
Oppositely, in 2024, Ranjbarvaziri and colleagues reported that
HDACS6 lacking mice protected heart against stress of high fat-diet
and nitric oxide inhibition, and established diastolic dysfunction in
HDAC6"* mice was rescued by HDAC6 inhibition with TYA-018.4
The authors identified four lysine sites—K32104, K19868, K24707
and K31877—in titin that exhibited increased acetylation levels in
diastolic HF mice treated with TYA-018 compared to diastolic HF
animals receiving the vehicle treatment. Notably, among these four
sites, K32104 acetylation demonstrated a reduction in diastolic HF
mice, which was subsequently reversed and increased following
TYA-018 treatment. The differential acetylation patterns observed
in titin might, in part, elucidate the contrasting outcomes observed in
different model systems of both studies. Based on the clinical/exper-
imental context, deleting and inhibiting HDAC6 may result in both
beneficial and detrimental effects in diastolic HF. It will be needed to
set laboratory and clinical studies for fully exploring this issue.

Study limitations should be considered. First, we were unable
to create cardiac cell (i.e. cardiac fibroblasts and cardiomyocytes)
specific HADCé knockout mice to fully clarify its role(s) in cardiac
fibrosis and dysfunction to Ml injury. And we also did not examine
its functions in cardiac vascular smooth muscle proliferation and
macrophage polarization in post-MI heart. Second, we could not
provide the direct evidence of the cellular crosstalk of HDAC6 in
post-MI heart. Third, unfortunately, we have not designed to in-
sightfully compare the differences in the myofibril stiffness, diastolic
dysfunction, cardiac rupture and prognosis between HDAC6™*-MlI,
HDAC6”"-MI and HDAC6*/*-TubA MI mice. And there is no data
of baseline echocardiography at day 1 after Ml surgery. Further re-
search is necessary to investigate these issues.

5 | CONCLUSIONS

In summary, our present findings demonstrated that HADC6 defi-
ciency resists ischemic injury by a reduction of TGF-$1/Smad2/3
signalling activation, leading to decreased extracellular matrix pro-
duction, which reduces cardiac fibrosis and dysfunction, providing

a potential molecular target in the treatment of patients with MI.
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