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Histone Acetyltransferase p300 Inhibitor
Improves Coronary Flow Reserve in SIRT3
(Sirtuin 3) Knockout Mice

Han Su, MD; Heng Zeng, MD; Xiaochen He, PhD; Shai-Hong Zhu, MD; Jian-Xiong Chen

, MD

BACKGROUND: Coronary microvascular dysfunction is common in patients of myocardial infarction with non-obstructive coro-
nary artery disease. Coronary flow reserve (CFR) reflects coronary microvascular function and is a powerful independent
index of coronary microvascular dysfunction and heart failure. Our previous studies showed that knockout of SIRT3 (Sirtuin
3) decreased CFR and caused a diastolic dysfunction. Few studies focus on the treatment of impaired CFR and heart failure.
In the present study, we explored the role of C646, a histone acetyltransferase p300 inhibitor, in regulating CFR and cardiac
remodeling in SIRT3 knockout (SIRT3KO) mice.

METHODS AND RESULTS: After treating with C646 for 14 days, CFR, pulse-wave velocity, and cardiac function were measured
in SIRT3KO mice. SIRT3KO mice treated with C646 showed a significant improvement of CFR, pulse-wave velocity, ejec-
tion fraction, and fractional shortening. Treatment with C646 reversed pre-existing cardiac fibrosis, hypertrophy, and capil-
lary rarefaction in SIRT3KO mice. Mechanistically, knockout of Sirtuin 3 resulted in significant increases in p300 expression
and H3K56 acetylation. Treatment with C646 significantly reduced levels of p300 and H3K56 acetylation in SIRT3KO mice.
Furthermore, treatment with C646 increased endothelial nitric oxide synthase expression and reduced arginase Il expression
and activity. The expression of NF-kB (nuclear factor kappa-light-chain-enhancer of activated B cells) and VCAM-1 (vascular
cell adhesion molecule 1) was also significantly suppressed by C646 treatment in SIRT3KO mice.

CONCLUSIONS: C646 treatment attenuated p300 and H3K56 acetylation and improved arterial stiffness and CFR via improve-
ment of endothelial cell (EC) dysfunction and suppression of NF-kB.
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death in the United States and in developed

countries. In patients of myocardial infarction
with nonobstructive coronary artery disease, coronary
microvascular dysfunction (CMD) is common as evi-
denced by a reduction in coronary flow reserve (CFR).
CFR is the ratio of peak blood flow to basal blood flow,
indicating the structural and functional conditions of
coronary microcirculation. CFR is an essential pre-
dictor of cardiovascular diseases such as diastolic
dysfunction and heart failure with preserved ejection
fraction.”** An impaired CFR is also strongly correlated

COronary artery disease is the leading cause of

with higher mortality in patients of hypertension and
metabolic diseases. Many pathological conditions such
as diabetes mellitus and hypertension are associated
with decreased CFR."-® Importantly, preserved CFR in
diabetic patients reduces the number of cardiac events
to the levels seen in nondiabetic controls.® Therefore,
strategies to restore CFR or improve CMD have the
promise to reduce higher mortality in heart failure.
Currently, because of a lack of mechanistic studies,
there are no proven treatments for CMD. The mecha-
nisms related to CMD are unclear, but endothelial dys-
function and microvascular rarefaction are suggested
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CLINICAL PERSPECTIVE

What Is New?

e SIRT3 (Sirtuin 3) was resident in the nuclei and
knockout of SIRT3-increased p300 and H3K56
acetylation.

e Treatment with a histone acetyltransferase
p300 inhibitor (C646) attenuated p300 and
H3K56 acetylation and revised the pre-existing
impairments of coronary flow reserve and car-
diac function in SIRT3 knockout mice.

e (C646 may alleviate coronary microvascular
dysfunction via rebalancing arginase/endothe-
lial nitric oxide synthase and attenuate cardiac
remodeling via suppressing TLR-4/IRAK-4/
MyD88-mediated NF-kB.

What Are the Clinical Implications?

e The prevalence of coronary microvascular dys-
function in myocardial infarction with nonob-
structive coronary artery disease, defined as a
reduced coronary flow reserve, is increasing at
an alarming rate, and so far there is no proven
treatments for coronary microvascular dysfunc-
tion because of the incomplete understanding
of the underlying mechanisms.

e Qur present study provides a novel role of the
histone acetyltransferase p300 inhibitor on cor-
onary microvascular dysfunction and cardiac
remodeling and will create a new platform for
drug discovery for the nonobstructive coronary
artery disease in aged populations.

Nonstandard Abbreviations and Acronyms

CFR coronary flow reserve

CMD  coronary microvascular dysfunction
ECs endothelial cells

eNOS endothelial nitric oxide synthase
HAT histone acetyltransferase

PWV  pulse-wave velocity

ROS reactive oxygen species

as 2 important contributors to reduced CFR.236-10
Nevertheless, it is urgent to further understanding in
the pathophysiological mechanisms of CMD.

SIRT3 (Sirtuin 3), which is a class Il histone
deacetylase, is responsible for many cellular functions
such as metabolic homeostasis, oxidative stress, and
apoptosis.'* SIRT3 is well known to have a criti-
cal role in cardiac remodeling and heart failure.'>'®
Patients with failing hearts have a reduced level of
SIRT3 with excessive cardiac fibrosis."” P300 is a
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histone acetyltransferase (HAT) regulating the acetyl-
ation of proteins responsible for a variety of cellular
processes such as proliferation, differentiation, and
apoptosis.'® Although SIRT3 was originally identified
in mitochondria, few studies also showed SIRT3 in
the nucleus where it functions as a histone deacety-
lase and modulates the expression of stress-related
and nuclear-encoded genes.'®?° Accumulating evi-
dence suggests that the counterbalancing of histone
deacetylase and HATs plays an essential role in cardio-
vascular diseases.?"?? The p300 HAT has been shown
to acetylate histone H3K56 in vitro and in vivo, whereas
SIRT3 deacetylates H3K56Ac in vivo, which is one of
the core domain histone modifications, having its func-
tion in DNA damage response.?® Our previous studies
have revealed that the deletion of SIRT3 in endothe-
lial cells (ECs) causes cardiac remodeling, diastolic
dysfunction, and reduced CFR via shifting endothelial
metabolism and angiogenesis.'®%16:24-26 Stdies have
showed that p300 HAT was associated with cardiac
remodeling.? 2% Recently, C646, as a p300 HAT inhib-
itor, has been shown to reverse hypertension-induced
fibrosis and hypertrophy.®' Hypertrophy and fibrosis
are known to be correlated with reduced CFR.3>-35 A
previous study revealed a counterinteraction of p300
and SIRT3 in skp2-mediating oncogenic function.®® So
far, the association between SIRT3 and p300 in car-
diac remodeling and CFR and its underlying mecha-
nisms still remain elusive. Therefore, we investigated
the underlying mechanisms of a p300 inhibitor (C646)
on cardiac remodeling as well as its direct effect on
impaired CFR in SIRT3 knockout (SIRT3KO) mice.

In the present study, we aimed to explore the
mechanisms of the acetyltransferase p300 inhibitor
C646 in regulating CFR, pulse-wave velocity (PWV),
and cardiac remodeling in SIRT3KO mice. Using im-
munofluorescence, we found that the SIRT3 was lo-
cated in the nucleus in cultured mouse ECs. Knockout
of SIRTS3 significantly increased p300 expression and
H3K56 acetylation in vivo. Our data further demon-
strated that C646 treatment significantly improved ar-
terial stiffness, CFR, and cardiac function in SIRT3KO
mice. Moreover, pre-existing cardiac remodeling such
as fibrosis, hypertrophy, and microvascular rarefac-
tion was reversed by C646 treatment in the SIRT3KO
mice. Mechanistically, C646 treatment attenuated
levels of p300 and H3K56 acetylation together with
increased endothelial nitric oxide synthase (eNOS)
expression and reduced arginase Il and activity in
SIRTBKO mice. Treatment with C646 suppressed
NF-kB (nuclear factor kappa-light-chain-enhancer of
activated B cells) and coronary artery VCAM-1 (vascu-
lar cell adhesion molecule 1) expression in SIRT3KO
mice, indicating a reduction of vascular inflammation.
Our data suggest that C646 may be a novel agent for
the treatment of CMD.
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METHODS

The authors declare that all supporting data are avail-
able within the article.

All procedures conformed to the Institute for
Laboratory Animal Research Guide for the Care and
Use of Laboratory Animals. It was also approved by
the Animal Care and Use Committee of the University
of Mississippi Medical Center (Protocol Identification
1564). The investigation conformed to the National
Institutes of Health (Bethesda, MD) Guide for the Care
and Use of Laboratory Animals (National Institutes of
Health Publication No. 85-23, revised 1996).

Experimental Animal Model and
Treatment

Wild-type (WT) control and SIRT3KO (Stock No.
012755) mice were originally obtained from Jackson
Laboratory (Bar Harbor, ME) and bred in our labora-
tory. The experimental mice were fed normal chow
and water. Male mice at age of 4 to 7 months hav-
ing similar impairments of CFR and cardiac function
were chosen to perform experiments. SIRT3KO mice
were treated with saline and C646 (1 pug/gm; Millipore
Sigma, Burlington, MA) every day for 14 days by intra-
peritoneal injection. Our pilot study showed that young
female mice aged 4 to 7 months did not exhibit impair-
ment of CFR and cardiac function; therefore, young
female mice were excluded from our study.

Cell Culture and Treatment

Mouse aortic ECs were isolated and cultured from
the thoracic aortas of SIRT3KO mice as previously
described.?*® The HIC2 cell lines were obtained
from American Type Culture Collection (Manassas,
VA). Standard DMEM basic was used for the mouse
aortic ECs and H9C2 cell culture. These cells were
maintained at 37°C and 5% CO,.3° ECs and H9C2
cells were treated with and without C646 (1-3 pmol/L)
for 24 hours. Proteins were collected and used for
Western blots.

Echocardiography and Aortic Stiffness

After administration of C646 for 14 days, we measured
transthoracic echocardiograms in WT, SIRT3KO, and
SIRT3KO mice+C646 by using the Vevo3100 Imaging
System (VisualSonics Inc, Toronto, ON, Canada). The
cine loop of the left proximal coronary artery was visu-
alized in a modified parasternal left ventricle short-axis
view by inhalation of 1% isoflurane for baseline and
2.5% isoflurane for hyperemic conditions for CFR. The
ratio of peak blood flow velocity during hyperemia to
the peak blood flow velocity at baseline was used to
calculate the CFR. High-frequency ultrasound imag-
ing software (VisualSonics Inc) was used to analyze
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M-mode cine loops for the assessment of myocardial
parameters and cardiac functions of the left ventri-
cle including ejection fraction and fractional shorten-
ing.'31916.24.40  Arterial stiffness was measured with
noninvasive Doppler ultrasound. The time difference
between the peak aortic flow at 2 distinct locations
of known distance in the aorta was measured to es-
timate PWV. PWV was calculated using the following
equation: PWV = (distance between probes/[Atime
t, — Atime t,)).

Histological and Immunofluorescence
Analysis

Some heart tissues were fixed with neutral-buffered
10% formalin solution (SF93-20; Fisher Scientific,
Pittsburgh, PA). The other tissues were embedded
in frozen OCT compound (4585; Fisher Health Care,
Houston, TX). The paraffin and frozen sections were
prepared with 10 pm in thickness. We prepared all of
the tissues under the same conditions. Paraffin sec-
tions were stained with Masson’s trichrome staining
and hematoxylin—eosin. Some frozen sections were
stained with dihydroethidium staining for reactive oxy-
gen species (ROS) measurement. Some frozen sec-
tions were immune stained with VCAM-1 (1:150; Cell
Signaling, Danvers, MA). Isolectin B4 (frozen section)
was performed to measure ECs (1:150; Invitrogen,
Carlsbad, CA) and capillary density. Images were ob-
tained with a Nikon microscope, Nikon digital camera,
and Nikon software (Nikon, Tokyo, Japan). Seven ran-
dom microscopic fields were chosen for analysis with
image analysis software (Image J, National Institutes
of Health).

Western Blot Analysis

Mouse left ventricle tissues, H9C2 cells, and ECs were
collected and sonicated in lysis buffer. The homogen-
ates were centrifuged at 16 000g at 4°C for 15 min-
utes. The protein concentrations were analyzed with
a BCA protein assay kit (Pierce Co, Rockford, IL). An
aliquot (30 pg for heart tissues and 25 ug for cells) of
protein samples was separated by 10% SDS-PAGE
gel and transferred to a polyvinylidene difluoride mem-
brane. The membranes were blocked with 5% dry
milk in Tris-buffered saline and incubated with the fol-
lowing primary antibodies overnight: p300 (1:1000;
Cell Signaling), acetyl-histone H3 (lys56) (H3K56ac,
1:1000; Cell Signaling), total lysine acetylation (1:1000;
Cell Signaling), B-MHC (3-myosin heavy chain; 1:1000;
Abcam, Cambridge, MA), arginase | and Il (1:1000;
Novus Bio, Littleton, CO), NF-kB, TLR-4 (toll-like re-
ceptor 4), MyD88 (myeloid differentiation primary re-
sponse 88; 1:1000; Santa Cruz, CA), eNOS (1:1000;
BD Transduction, San Jose, CA), VCAM-1 and IRAK-4
(interleukin-1 receptor-associated kinase 4; 1:1000;
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Cell Signaling). After washing, the membranes were
incubated for 2 hours with an anti-rabbit or anti-mouse
secondary antibody coupled to horseradish peroxi-
dase (1:5000; Santa Cruz). Densitometric analyses
were performed with image acquisition and analysis
software (Bio-Rad, Hercules, CA).

Arginase Activity Assay

An arginase activity assay kit was acquired from
Sigma-Aldrich (St. Louis, MO). Protein samples were
extracted from heart tissues. Urea standard working
solution (50 pL), distilled water (50 pL), and a protein
sample (40 pL for sample well and 40 pL for sample
blank well) were added into a 96-well plate. A 5x sub-
strate buffer (10 pL) was added into every sample well
to start arginase activity. After incubation of these mix-
tures at 37°C for 2 hours, a urea reagent was added
into all wells (urea standard well, distilled water well,
sample well, and sample blank well) to stop the reac-
tion. The 5x substrate buffer (10 pL) was then added
to the sample blank well. After incubation at 37°C for
1 hour, the absorbance was measured at 430 nm.

Immunofluorescence

Isolated ECs from WT mice were washed with PBS
and fixed in 4% formaldehyde for 10 minutes at room
temperature and then incubated with 5% normal goat
serum in 0.3% Triton X-100/PBS for 1 hour to permea-
bilize the cells and block nonspecific protein—protein
interaction. The cells were then incubated with the rab-
bit anti-SIRT3 antibody (Abcam, ab 86671, 1:100) in 1%
BSA in 0.3% Triton X-100/PBS overnight at +4°C, fol-
lowed by secondary Cy™3 donkey anti-rabbit antibody
(1:200; No. 711-165-152; Jackson Immunoresearch
Laboratories, West Grove, PA) for 1 hour; 4,6-diami-
dino-2-phenylindole was used to stain the cell nuclei.

Statistical Analysis

Data are presented as mean+SEM. The assumption of
normality in both comparison groups were determined
by normality and long-normality tests. Statistical sig-
nificance was determined using the Student unpaired
2-tailed t-test for comparisons between 2 groups and
1-way or 2-way ANOVA followed by a Tukey post hoc
test for multiple comparisons using GraphPad Prism
8.1.1 software (GraphPad Software, La Jolla, CA).
P<0.05 was considered statistically significant.

C646 Improves Cardiac Remodeling in SIRT3KO Mice

RESULTS

C646 Improved CFR, Arterial Stiffness, and
Cardiac Performance in SIRT3KO Mice

Measurement of coronary microvascular function
studies showed that CFR was significantly reduced
in SIRT3KO mice compared with that of WT mice,
whereas treatment with C646 for 14 days signifi-
cantly enhanced CFR levels in the SIRT3KO mice
(Figure 1A). Arterial stiffness measurement revealed
an increased PWV in the SIRT3KO mice, indicating
that knockout of SIRT3 led to increased stiffness of
the artery. Treatment with C646 significantly blunted
this increase in the SIRT3KO mice (Figure 1B).
Moreover, C646 treatment significantly improved
cardiac performance as evidenced by an increased
ejection fraction and fractional shortening (Figure 1C)
and a reduced systolic volume in the SIRT3KO mice
(Table).

C646 Reversed Pre-existing Cardiac
Remodeling in SIRT3KO Mice

Masson staining showed that knockout of SIRT3 re-
sulted in increased interstitial fibrosis, whereas cardiac
fibrosis in the SIRT3KO mice with C646 treatment
was significantly decreased. The coronary artery Wall-
lumen ratio was higher in the SIRT3KO mice compared
with the WT mice; however, no significant difference
was found between the SIRT3KO mice and SIRT3KO
mice+C646 (Figure 2A). Moreover, hematoxylin—eosin
staining revealed that C646 treatment significantly
ameliorated a SIRT3KO-induced increase in cardiomy-
ocyte size, which was further confirmed by decreased
heart weight:tibia length and B-MHC expression in
SIRT3KO mice+C646 (Figure 2B). Also, knockout of
SIRT3 resulted in a dramatic reduction of myocardial
capillary density, whereas capillary density was sig-
nificantly increased by treatment with C646 for 14 days
(Figure 2C).

C646 Treatment Increased eNOS
Expression and Reduced ROS Formation
in SIRT3KO Mice

Western blot analysis revealed that knockout of SIRT3
decreased expression of eNOS, whereas treatment
with C646 significantly blunted this down-regulation

Figure 1.

C646 treatment improved coronary microvascular dysfunction and cardiac dysfunction in SIRT3KO mice.

A, Representative images of coronary flow reserve recording in mouse coronary artery. Coronary flow reserve was significantly impaired
in the SIRT3KO mice. C646 treatment significantly improved coronary flow reserve in the SIRT3KO mice (n=5 mice). Mean+SEM,
*P<0.05. B, Representative images of PWV recording in mouse aorta. PWV was significantly elevated in the SIRT3KO mice. Increased
PWYV was significantly attenuated by C646 treatment in the SIRT3KO mice (n=6 mice). Mean+SEM; *P<0.05, **P<0.01. C, Representative
images of M-mode in a mouse heart. Knockout of SIRT3 reduced levels of EF% and FS% compared with WT mice. Treatment with
C646 significantly reversed these changes (n=6 mice), Mean+SEM; *P<0.05, ***P<0.001. EF indicates ejection fraction; FS, fractional
shortening; PWYV, pulse-wave velocity; SIRT3, sirtuin 3; SIRT3KO, SIRT3 knockout; and WT, wild type.
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(Figure 3A). Knockout of SIRT3 increased ROS for-
mation in the mouse hearts. SIRT3KO-mediated in-
creased ROS formation was significantly reversed by
C646 treatment (Figure 3B).
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C646 Suppressed Arginase Il Expression
and Activity in SIRT3KO Mice

Knockout of SIRT3 significantly increased argin-
ase activity in the mouse hearts. SIRT3KO-induced
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Table 1. Measurement of Heart Rate and Cardiac Function by Echocardiography
Control (n=7) SIRT3KO (n=5) SIRT3KO+C646 (n=6)

Heart rate, bpm 458+3 452+2 451+5
Diameter, s, mm 2.29+0.10 2.91£0.11* 2.49+0.12
Diameter, d, mm 3.72+0.14 412+0.11 3.81+£0.16
Volume, s, pL 18.37+2.15 32.94+3.05* 22.59+2.74%
Volume, d, pL 59.49+5.35 75.56+4.67 63.02+6.15
Stroke volume, pL 4112+3.29 42.62+2.21 40.43+3.93
Cardiac output, mL/min 18.83+1.51 19.27+0.99 18.16+1.63

Left ventricle mass, mg 95.17+8.07 85.12+5.84 105.22+9.57

One-way ANOVA, followed by the Tukey post hoc test. Data are presented as mean+SD. d indicates diastolic; s, systolic; SIRT3, sirtuin 3; and SIRT3KO,

SIRT3 knockout.
*P<0.05 vs control.
#P<0.05 vs SIRT3KO.

arginase activity was inhibited by C646 treatment
(Figure 4A). Western blot analysis showed that there
was no significant difference of arginase | expres-
sion among WT mice, SIRT3KO mice, or SIRT3KO
mice+C646 (Figure 4B). In contrast, arginase Il ex-
pression was up-regulated in the SIRT3KO mice.
Treatment with C646 resulted in significant suppres-
sion of arginase Il expression in the SIRT3KO mice
(Figure 4Q).

C646 Treatment Reduced VCAM-1
Expression in SIRT3KO Mice

Western blot analysis showed that VCAM-1 levels
were significantly increased in the SIRT3KO mice.
C646 treatment suppressed VCAM-1 expression in
the SIRT3KO mice (Figure 5A). An immunostaining
study further showed that VCAM-1 expression was
increased in the coronary artery of SIRTSKO mice,
whereas C646 treatment reversed elevated levels of
VCAM-1 in the coronary artery (Figure 5B). In addition,
an immunostaining study showed that the majority of
VCAM-1 positive staining was located in the ECs of
mouse hearts (Figure 5B).

In vitro exposure of cultured ECs to C646 for 24 hours
resulted in a significant increase in eNOS expression at
a concentration of 3 pmol/L. Furthermore, C646 treat-
ment significantly reduced arginase Il expression in a
dose-dependent manner. Treatment of ECs with C646
also suppressed VCAM-1 expression at a concentra-
tion of 3 umol/L (Figure 5C).

C646 Ameliorated NF-kB Expression in
SIRT3KO Mice

The basal levels of NF-kB, TLR-4, MyD88, and IRAK-4
were significantly up-regulated in the hearts of SIRT3KO
mice. Treatment with C646 blunted the up-regulation
expression of NF-kB, TLR-4, MyD88, and IRAK-4 in
the SIRT3KO mice (Figure 6A). In the cultured H9C2
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cell lines, C646 (3 umol/L) treatment significantly sup-
pressed the basal levels of NF-kB, TLR-4, MyD88, and
IRAK-4 (Figure 6B).

Effects of C646 on SIRT3KO-Mediated
p300 Expression and H3K56 Acetylation
To study whether SIRT3 were located in the nucleus,
we colocalized SIRT3 with the nuclei marker 4',6-di-
amidino-2-phenylindole using immunofluorescence in
the cultured ECs isolated from WT mice. As shown
in Figure 6C, the SIRT3 antibodies recognized a pro-
tein that resided in the nucleus that was colocalized
with the blue 4,6-diamidino-2-phenylindole regions.
Western blot analysis showed that the levels of p300
and H3K56 acetylation were significantly increased in
the hearts of the SIRT3KO mice (Figure 6D and 6E).
Treatment with C646 significantly reduced p300 ex-
pression and acetylated KBK56 levels in the SIRT3KO
mice (Figure 6D and 6E). The total lysine acetylation
levels were significantly increased in the hearts of the
SIRT3KO mice; however, C646 treatment had little ef-
fect on total acetylated lysine levels in the hearts of the
SIRT3KO mice (Figure 6F).

DISCUSSION

In the present study, we demonstrated that C646, the
acetyltransferase p300 inhibitor, alleviated SIRT3KO-
induced cardiac remodeling including cardiac fibro-
sis, hypertrophy, and capillaries rarefaction. This was
accompanied by an improvement of CFR and arterial
stiffness. Knockout of SIRT3 significantly increased
p300 expression and H3K56 acetylation. Knockout
of SIRT3 resulted in an imbalanced arginase/eNOS
in favor of arginase and increased arginase activ-
ity. Treatment with C646 blunted p300 and H3K56
acetylation in the hearts of SIRT3KO mice. Treatment
with C646 rebalanced arginase/eNOS and reduced
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Figure 2. C646 reversed pre-existing cardiac remodeling in SIRT3KO mice.

A, Interstitial and perivascular fibrosis were increased in the SIRT3KO mice (n=3 mice) compared with WT mice (n=3 mice). C646
treatment suppressed increased interstitial and perivascular fibrosis in the SIRT3KO mice significantly (n=3 mice). Mean+SEM; *P<0.05,
**P<0.01. B, Knockout of SIRT3 resulted in increased cardiomyocyte size, heart weight:tibia length ratio, and 3-MHC expression in
the heart (n=3 mice), whereas treatment with C646 reversed these alterations (n=3 mice). Mean+SEM; *P<0.05, **P<0.01. C, Capillary
density was reduced in the SIRT3KO mice (n=3 mice) in comparison with WT mice (n=3 mice). This reduction in capillary density was
reversed by treatment with C646 (n=3 mice). Mean+SEM; **P<0.01. BMHC indicates (3-myosin heavy chain; DAPI, 4',6-diamidino-2-
phenylindole; IB4, isolectin B4; SIRT3, sirtuin 3; SIRT3KO, SIRT3 knockout; and WT, wild type.
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Figure 3. C646 improved eNOS and oxidative stress in SIRT3KO mice.

A, Treatment with C646 reversed reduction of eNOS levels in the SIRT3KO mice (n=4 mice). Mean+SEM; *P<0.05, **P<0.01. B, By DHE
staining, ROS formation was enhanced in the SIRT3KO mice (n=3 mice) compared with the WT mice (n=3 mice). This enhancement
was suppressed by treatment with C646 (n=3 mice). Mean+SEM; **P<0.01. DHE indicates dihydroethidium; eNOS, endothelial nitric
oxide synthase; ROS, reactive oxygen species; SIRT3, sirtuin 3; SIRT3KO, SIRT3 knockout; and WT, wild type.

In this study, we demonstrated that treatment with
C646 significantly increased CFR in the SIRT3KO
mice. CFR, as a predictor of cardiovascular diseases,
is associated with coronary microvascular diseases,'®
and improving CFR by C646 may partly explain the al-
leviation of cardiac dysfunction in the SIRT3KO mice.
We aim to investigate the specific mechanisms of the
improvement of CFR with C646. Because CFR reflects

arginase activity. In addition, C646 suppressed ex-
pression of NF-kB and VCAM-1. Our data suggest
that treatment with C646 reduced p300 expression
and H3K56 acetylation and improves CFR and car-
diac function by the mechanisms involved in reversing
arginase lI/eNOS imbalance-induced microvascular
dysfunction and attenuating NF-kB-mediated inflam-
matory responses.
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Figure 4. C646 treatment-inhibited arginase Il expression and arginase activity in SIRT3KO mice.

A, Arginase activity was enhanced in the SIRT3KO mice (n=5 mice) in comparison with the WT mice (n=5 mice). Treatment with
C646 inhibited arginase activity significantly (n=5 mice). Mean+SEM; **P<0.01. B, No difference in arginase | expression was found
among the WT mice (n=3 mice), SIRT3KO mice (n=4 mice), or SIRT3KO mice+C646 (n=4 mice). C, Treatment with C646 reversed the
increased arginase Il expression in the SIRT3KO mice (n=4 mice). Mean+SEM; *P<0.05, **P<0.01. SIRT3 indicates sirtuin 3; SIRT3KO,

SIRT3 knockout; and WT, wild type.
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Figure 5. Treatment with C646 suppressed VCAM-1 expression in SIRT3KO mice.

A, Knockout of SIRT3 increased VCAM-1 expression (n=4 mice), whereas C646 treatment inhibited VCAM-1 expression significantly
(n=4 mice). Mean+SEM; *P<0.05, **P<0.01. B, By costaining IB4 and VCAM-1, we found that VCAM-1 expression was colocalized with
endothelial cells. Knockout of SIRT3 increased the number of IB4*/VCAM-1* cells (=3 mice), and treatment with C646 reversed this
increase (n=3 mice). Similarly, enhanced expression of VCAM-1 in the endothelial cells of the coronary artery was found in SIRT3KO
mice compared with WT mice. Treatment with C646 suppressed the up-regulation of VCAM-1 in the endothelial cells of the coronary
artery. C, C646 increased eNOS and reduced arginase Il and VCAM-1 expression in the cultured endothelial cells. Exposure of
cultured endothelial cells with C646 (3 umol/L) significantly increased eNOS expression (n=3 mice). Mean+SEM; *P<0.05. Treatment
with C646 resulted in a dose-dependent reduction of arginase Il expression in the cultured endothelial cells (n=3 mice). Mean+SEM;
*P<0.05, **P<0.01, ***P<0.001. Treatment with C646 (3 umol/L) significantly reduced VCAM-1 levels in the cultured endothelial cells
(n=3 mice). Mean+SEM; *P<0.05. DAPI, 4',6-diamidino-2-phenylindole; eNOS indicates endothelial nitric oxide synthase; IB4, isolectin
B4; SIRTS3, sirtuin 3; SIRT3KO, SIRT3 knockout; and VCAM-1, vascular cell adhesion molecule 1; and WT, wild type.

coronary conditions at all levels, either improvement mice+C646, indicating that C646-induced improve-
of the coronary artery or microcirculation (capillaries) ment of CFR was not due to its effect on the remodeling
would lead to increased CFR.2 Our data that knock- of large vessels. Accumulating evidence suggests that
out of SIRT3 resulted in increased thickness of arteries microvascular dysfunction including endothelial inflam-
and that was not significantly suppressed in SIRT3KO mation, eNOS uncoupling, and capillaries rarefaction
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causes impaired CFR,"-3'° among which endothelial
dysfunction plays a significant role.”® Thus, the im-
provement of endothelial dysfunction could enhance
CFR. Our study showed that treatment with C646
significantly reversed the down-regulation of eNOS
expression in the SIRTSKO mice and increased the
eNOS levels in the cultured ECs. It is well known that

J Am Heart Assoc. 2020;9:e017176. DOI: 10.1161/JAHA.120.017176

eNOS is essential for the maintenance of endothelial
function, and the uncoupling of eNOS will result in less
release of nitric oxide, leading to endothelial dysfunc-
tion.*"42 C646 may ameliorate endothelial dysfunction
via up-regulating eNOS expression, which subse-
quently improved CFR. We also found that treatment
with C646 attenuated microvascular rarefaction in the
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Figure 6. Treatment with C646 reduced expression of NF-kB and associated factors in SIRT3KO mice.

A, Knockout of SIRT3 increased the expression of NF-kB, TLR-4, MyD88, and IRAK-4 in the mouse hearts (n=4 mice). This increase
was reversed by treatment with C646 (n=3-4 mice). Mean+SEM; *P<0.05, **P<0.01, ***P<0.001. B, Treatment with C646 (3 pmol/L)
significantly reduced the basal levels of NF-kB, TLR-4, MyD88, and IRAK-4 in the H9C2 cell lines (n=3 cell lines). Mean+SEM; **P<0.01.
C, Immunofluorescence analyses of SIRT3 localization in the cultured ECs using an antibody specific to SIRT3. DAP1 was used to
visualize the nuclei. The SIRT3 antibodies recognized a protein that resided exclusively in the nucleus that was colocalized with the
blue DAPI regions (white arrow). D, Western blot analysis showed that knockout of SIRT3 resulted in a significant increase in p300
expression in the mouse hearts. C646 treatment significantly reduced the levels of p300 in the SIRT3KO mice (n=4 mice, **P<0.01). E,
Western blot analysis showed that knockout of SIRT3 led to a significant increase in H3K56 acetylation. C646 treatment significantly
attenuated the acetylated H3K56 levels in the hearts of SIRT3KO mice (n=4 mice, **P<0.01, ***P<0.001). F, Western blot analysis
showed that knockout of SIRT3 resulted in a significant increase in total lysine acetylation in the mouse hearts.C646 treatment had
little effect on total lysine acetylation levels in the SIRT3KO mice (n=3-4 mice, *P<0.05, **P<0.01). DAPI indicates 4',6-diamidino-2-
phenylindole; ECs, endothelial cells; H3K56 acetylation, acetyl-histone H3 (lys56); IRAK-4, interleukin-1 receptor-associated kinase
4; MyD88, myeloid differentiation primary response 88; NF-kB, nuclear factor kappa-light-chain-enhancer of activated B cells; SIRT3,

sirtuin 3; SIRT3KO, SIRT3 knockout; TLR-4, toll-like receptor 4; and WT, wild type.

SIRT3KO mice, which may contribute to the improve-
ment of CFR.3'° Previous studies revealed that both
hypertrophy and fibrosis are associated with micro-
vascular rarefaction and reduced CFR.'¥>-% We also
observed a significant reduction of hypertrophy and
fibrosis in the SIRT3KO mice following the C646 treat-
ment, which partly explains the amelioration of CFR in
the SIRT3KO mice. Taken together, our data indicate
that C646 treatment enhances CFR in SIRT3KO mice
via ameliorating microvascular rarefaction and cardiac
remodeling, which may be associated with improve-
ment of cardiac function. In addition, arterial stiffening
has been strongly suggested to be associated with
impaired CFR and cardiac performance in both pre-
clinical and clinical studies. Our present study showed
that PWV was significantly increased in the SIRT3KO
mice. Treatment of C646 resulted in a significant im-
provement of arterial stiffness. This may also be po-
tentially responsible for the improved CFR and cardiac
performance by C646 treatment, which is independent
of changes in the coronary microvascular circulation.
An imbalanced arginase/eNOS in favor of arginase
has been contributed to endothelial dysfunction.'-4°
Arginase has 2 isoforms: arginase | and arginase Il
Arginase | is cytoplasmic and mainly expressed in the
liver, whereas arginase Il is mitochondrial and mainly
expressed in the kidney and heart. Both of these
could compete with eNOS for L-arginine, resulting in
eNOS uncoupling. The uncoupling of eNOS not only
reduces nitric oxide production but also increases ox-
idative stress and inflammatory responses.*>45-4° For
the first time, we demonstrated that knockout of SIRT3
up-regulated arginase Il expression together with an in-
creased arginase activity in the mouse heart. Treatment
with C646 significantly reduced arginase Il expression
and inhibited arginase activity in the SIRT3KO mice.
Interestingly, arginase | was not affected by the knock-
out of SIRT3 and CB646 treatment, suggesting that
mitochondrial arginase Il was the main contributor to
the increased arginase activity in the heart. Our data
further confirmed that C646 reduced the expression of
arginase Il in the cultured ECs. Inhibition of arginase |l

J Am Heart Assoc. 2020;9:e017176. DOI: 10.1161/JAHA.120.017176

expression and activity by C646 could rebalance argi-
nase/eNOS and promote eNOS activity, which may be
associated with the amelioration of ROS formation and
VCAM-1 expression shown in our present study*245:47-
49 and may also contribute to improvements of endo-
thelial dysfunction and microvascular rarefaction.344548

NF-kB is a family of transcription factors respon-
sible for immune responses and proinflammation.®°
The NF-kB-mediated inflammatory response has
contributed to the pathogenesis of myocardial fibro-
sis and hypertrophy.®'-%% Our present study demon-
strated that NF-kB expression was significantly
inhibited by treatment with C646 in the hearts of
SIRT3KO mice. In the cultured HIC2 cell lines, C646
also suppressed NF-kB expression, further confirm-
ing the inhibitory role of C646 on NF-kB-induced
inflammation. To further examine NF-kB-mediated in-
flammatory response, we measured the expressions
of TLR-4, IRAK-4, and MyD88, which are defined as
regulators of NF-kB and are innate immune.54%6:57
Our data showed that knockout of SIRT3 increased
levels of TLR-4, IRAK-4, and MyD88, whereas C646
treatment blunted this up-regulation in the mouse
hearts. The same inhibitory effects of C646 on the
expression of TLR-4, IRAK-4, and MyD88 were val-
idated in the cultured H9C2 cell lines. These results
indicate that C646 treatment reverses inflammatory
responses in the SIRTSKO mice through suppressing
NF-kB, contributing to the alleviation of cardiac fibro-
sis and hypertrophy.

In addition to its well-recognized roles in mitochon-
drial function, SIRT3 also exhibits a previously unap-
preciated role in the nucleus.'%2%58-80 SIRT3 has been
shown to be capable of histone deacetylase activity
against H3K9ac (acetylated histone H3 lysine 9) and
H4K16ac in vivo.'®?° SIRT3 also regulates the expres-
sion of nuclear genes, such as PGC-1a and Mn-SOD,
and directly modulates the activity of the FOXO3A
transcription factor by deacetylation.®®6% These stud-
ies suggest that SIRT3 may exhibit a functional role
outside mitochondria through its histone deacetylase
activity. Consistent with these findings, our present
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study demonstrated that SIRT3 resided in the nu-
clei of cultured mouse ECs. Furthermore, knockout
of SIRT3 significantly increased levels of p300 and
H3K56 acetylation in vivo. Importantly, C646 treatment
significantly attenuated SIRT3KO-mediated p300 ex-
pression and H3K56 acetylation. Taken together, our
present study provided a novel role of the SIRT3—p300
HAT pathway in mediating CMD and heart failure.

This study had some limitations. First, we did not
examine whether and how SIRT3 affects nuclear p300
and H3K56 acetylation. However, our study suggests a
novel role of p300 HAT inhibitor in SIRT3KO-mediated
CMD and cardiac remodeling. Although our data
showed an increase in the expression of lysine acetyla-
tion in the hearts of SIRT3KO mice, we did not actually
measure the levels of mitochondrial acetylation as well
as nuclear acetylation. Further studies are warranted
to further explore the potential retrograde signaling of
mitochondria on p300 and H3K56 acetylation in the
nuclei.

In conclusion, our current work demonstrated a
potential therapeutic role of C646, a p300 HAT inhibi-
tor, on CMD and cardiac dysfunction. C646 treatment
significantly attenuates p300 expression and H3K56
acetylation and improves CFR, arterial stiffness, and
cardiac performance by the mechanisms involving
in inhibition of endothelial dysfunction and NF-«kB-
mediated inflammation.
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