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ABSTRACT

BACKGROUND Pathological cardiac hypertrophy is a result of afterload-increasing pathologies including untreated
hypertension and aortic stenosis. It features progressive adverse cardiac remodeling, myocardial dysfunction, capillary
rarefaction, and interstitial fibrosis often leading to heart failure.

OBJECTIVES This study aimed to establish a novel porcine model of pressure-overload-induced heart failure and to
determine the effect of inhibition of microribonucleic acid 132 (miR-132) on heart failure development in this model.

METHODS This study developed a novel porcine model of percutaneous aortic constriction by implantation of a
percutaneous reduction stent in the thoracic aorta, inducing progressive remodeling at day 56 (d56) after pressure-
overload induction. In this study, an antisense oligonucleotide specifically inhibiting miR-132 (antimiR-132), was
regionally applied via intracoronary injection at dO (percutaneous transverse aortic constriction induction) and d28.

RESULTS At d56, antimiR-132 treatment diminished cardiomyocyte cross-sectional area (188.9 + 2.8 vs. 258.4 +
9.0 pm? in untreated hypertrophic hearts) and improved global cardiac function (ejection fraction 48.9 +1.0% vs. 36.1 +
1.7% in control hearts). Moreover, at d56 antimiR-132-treated hearts displayed less increase of interstitial fibrosis
compared with sham-operated hearts (Asham 1.8 & 0.5%) than control hearts (Asham 10.8 + 0.6%). Of note, cardiac
platelet and endothelial cell adhesion molecule 1" capillary density was higher in the antimiR-132-treated hearts (647 +
20 cells/mm?) compared with in the control group (485 + 23 cells/mm?).

CONCLUSIONS The inhibition of miR-132 is a valid strategy in prevention of heart failure progression in hypertrophic
heart disease and may be developed as a treatment for heart failure of nonischemic origin.

(J Am Coll Cardiol 2021;77:2923-35) © 2021 The Authors. Published by Elsevier on behalf of the American College of
Cardiology Foundation. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/
licenses/by-nc-nd/4.0/).
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ABBREVIATIONS
AND ACRONYMS

antimiR-132 = antisense
microribonucleic acid 132

d3 =day 3

deTAC = disruption of the
stent membrane of transverse
aortic constriction

dP/dt,ax = contraction
velocity

dP/dt,,;, = relaxation velocity
LV = left ventricle

LVEDP = left ventricular end-
diastolic pressure

miR-132 = microribonucleic
acid 132

Nrf2 = nuclear factor, erythroid
2 like 2

pTAC = percutaneous
transverse aortic constriction

ypertrophic heart disease is a pro-

gressive, heart failure-prone con-

dition caused by mechanical or
genetic causes (1). Mechanically, afterload in-
creases by, for example, systemic hyperten-
sion or aortic stenosis enhance left
ventricular (LV) wall stress and trigger
mechanosensing, resulting in cardiomyocyte
growth. Genetically, an array of mutations
in the myosin heavy chain (MYH7), the
myosin binding protein C3 (MybpC3), or the
giant protein titin (TTN), among many
others, may cause pathological hypertrophy
(1). The clinical burden of manifest hypertro-
phic heart disease comprises the develop-
ment of overt heart failure (2), increased
risk of arrhythmias (3), and a higher
morbidity and mortality (4). In cases when
mechanical causes are appropriately

addressed by efficient antihypertensive

treatment or aortic valve replacement, reversion of
hypertrophic remodeling is likely to occur, as long
as the structural changes of the interstitium are
limited. Otherwise, irreversible changes of pathologic

hypertrophy become manifest, such as myocardial
fibrosis and capillary rarefaction (5). This instance
may be present in patients with heart failure with
preserved ejection fraction (6), featuring increased
myocardial calcium and inflammation levels as well
as reduced capillary density (7,8).

This given pleiotropy of pathologic alterations in

pressure-overload hypertrophy fits the therapeutic
profile of microribonucleic acids, which are known to
act on multiple targets. In genetic and pharmacolog-
ical in vitro and in vivo models, we previously iden-
tified microribonucleic acid-132 (miR-132) to be
sufficient to induce cardiac hypertrophy but also
“necessary” for pathological hypertrophy in vivo (9),
involving a strong effect on cardiomyocyte hyper-
trophy and calcium signaling. Moreover, a trans-

lational pig study in myocardial infraction induced
heart failure revealed that the application of anti-
sense microribonucleic acid-132 (antimiR-132) at day 3
(d3) after myocardial infarction followed by a second
application at d28 improved systolic function at d56
significantly (10). In a subsequent clinically relevant
pig study of chronic ischemia-induced heart failure,
followed up for 6 months, an ~8% absolute increase
of ejection fraction and a significant improvement of
diastolic function was accompanied by antifibrotic
and antihypertrophic effects (11). Translating this

concept to clinical application, a first-in-class micro-
ribonucleic acid inhibitor against miR-132 (CDR132L)
for the treatment in heart failure was developed and
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28 stable patients with chronic heart failure have
been treated with CDR132L in a phase 1b study
(Clinical Study to Assess Safety, PK and PD Parame-
ters of CDR132L; NCT04045405), showing safety and
potential first efficacy signals such as a more than
20% reduction of N-terminal pro-B-type natriuretic
peptide levels in patients treated for heart failure on
top of standard-of-care (12).

However, the concept of therapeutic miR-132 in-
hibition in a large animal model of nonischemic heart
failure with cardiac hypertrophy and fibrosis has not
been studied yet. Such a model may be of particular
interest, because inhibition or deletion of miR-132 de-
repressed angiogenesis in vitro and in rodents
in vivo, respectively (13), potentially preventing the
transition of physiologic to pathologic hypertrophy.
Here, the contribution of reactive oxygen species to
cardiac hypertrophy via the exhaustion of anti-
oxidative defense systems may be amenable to
de-repression of miR-132-dependent detoxification
signals such as nuclear factor, erythroid 2 like 2
(Nrf2). This putative mechanism has been implied in
an earlier rat study showing that angiotensin II, a
powerful inducer of hypertrophy, up-regulates the
miR-212/132 cluster (14). Of note, Nrf2 is a target of
sirtuin 1, a class III histone deacetylase, which is
down-regulated by miR-132 (15). Moreover, capillary
rarefaction is a critical step from physiologic to
pathologic hypertrophy (7), which may be attenuated
by de-repressing growth factor receptor-bound pro-
tein 1-associated binding protein 1 (Gab1), a vasoac-
tive factor with a miR-132 binding site (13).

In the current study, we assessed the role of an
intensified myovascular cross talk in a novel pre-
clinical pig model of inducible myocardial hypertro-
phy, which replicates the clinical picture of LV
pressure overload due to aortic stenosis or more
broadly hypertension, by percutaneous implantation
of a reduction stent into the thoracic aorta (or
percutaneous transverse aortic constriction [pTAC]).
In this model, we applied antimiR-132 via intra-
coronary application to inhibit cardiac miR-132 twice,
at the time of stent implantation and 4 weeks later.
We investigated the cardiac function over time and
assessed molecular and histological parameters
8 weeks after implantation.

SEE PAGE 2936

METHODS

Pigs were purchased from the Department of Veteri-
nary Medicine, Ludwig-Maximilians University of
Munich (Oberschleiffheim, Germany). Animal care
and all experimental procedures were performed in


https://clinicaltrials.gov/ct2/show/NCT04045405?term=NCT04045405&amp;draw=2&amp;rank=1

JACC VOL. 77, NO. 23, 2021
JUNE 15, 2021:2923-35

Hinkel et al.
AntimiR-132 Prevents Myocardial Hypertrophy in Pigs

A

/ /

do d28

FIGURE 1 Workflow of the Model: Aortic Stent-Induced Cardiac Hypertrophy
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(A) A nitinol-based reduction stent (PFM) (right panel) featuring a PTFE (polytetrafluoroethylene) membrane was inserted via the common
carotid artery (left panel), decreasing the surface area of the descending thoracic aorta by 60% (percutaneous thoracic aortic stent im-
plantation, or percutaneous transverse aortic constriction [pTAC]). (B) Experiments were initiated by implantation of the reduction stent at
day 0 (dO), accompanied by left ventricular angiography and invasive blood pressure measurements before and after implantation (=
functional assessment). At dO and d28, antisense microribonucleic acid-132 (antimiR-132) was infused into the left coronary arteries (left
anterior descending artery, circumflex artery), and the cumulative dose was 0.5 mg/kg. Functional assessment was repeated at d28 and d56,
complemented by open-chest subendocardial segment shortening assessment of functional reserve, before the experiment was terminated
and tissue was harvested for histologic analyses. (C) Invasive pressure tip recordings reveal a pressure difference of about 30 mm Hg be-
tween the vessel regions proximal and distal to the reduction stent. This difference could be annihilated by inflation of a 20-mm True
Dilatation (BD Interventional Heidelberg, Germany) balloon inside the stent (resulting in disruption of the stent membrane of transverse

strict accordance to the German and National In-
stitutes of Health animal legislation guidelines and
were approved by the Bavarian Animal Care and Use
Committee (AZ 55.2-1-54-2532-141-11 and 55.2-1-54-
2532-62-13).

PORCINE pTAC STENT MODEL. Pigs (n = 5 for pTAC
placebo control, n = 6 for pTAC antimiR-132, n = 7 for
sham experimental group) were instrumented at do.
In general anesthesia, a 10-F sheath was retrogradely
inserted into the left carotid artery and advanced into
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FIGURE 2 Hemodynamic Alterations After Stent Implantation (pTAC) and Removal (deTAC)
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(A and B) Systolic aortic pressure (SAP) in the pTAC group increased until d56, whereas removal of the reduction stent stenosis (= deTAC) decreased the
SAP to sham level. (C to E) Left ventricular end-diastolic pressure (LVEDP) increased on pTAC until d56, unless deTAC at d28 was followed by a significant
decrease. (F to 1) The contraction velocity (dP/dtn,,) increased significantly until d56 (F and G), except for in the deTAC group, accompanied by an
increased relaxation velocity (dP/dt,) (H and 1). Abbreviations as in Figure 1.
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FIGURE 3 Systolic Cardiac Function After Stent Implantation (pTAC) and Removal (deTAC)
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(A to C) Ejection fraction (EF) decreased at d28 and d56 after pTAC and was partially reversed after deTAC at d28. (D) Heart weight to body
weight (HW/BW) ratios at d56 were significantly increased after pTAC, but statistically were not different from sham level after deTAC.
Abbreviations as in Figure 1.

the aorta. Via the sheath, an aortic reduction stent
(Figure 1) was inserted into the proximal descending
thoracic aorta. After release of the stent, a membrane
inside the stent reduced the aortic lumen by 60%,
leading to an immediate rise of blood pressure by
12 mm Hg. Over the following 8 weeks, another
25 mm Hg increase of blood pressure was observed
(Figure 2A), unless the stent membrane is disrupted
(deTAC) by balloon valvuloplasty and the pressure
dropped by 10 mm Hg immediately and a total of
20 mm Hg over the following 4 weeks.

REGIONAL antimiR-132 TREATMENT. Recently, we
investigated optimal treatment doses in a porcine
myocardial infarction model (10). In the current
study, we regionally applied antimiR-132 via ante-
grade application at do: 10 mg antimiR-132 into the
left anterior descending artery and 5 mg into the
circumflex artery, each using an over-the-wire

balloon (2.5 x 12 mm) inflated at 4 bars for 3 min to

slow blood flow into the target region and to increase
contact time for the drug infusion. An identical
application was repeated at d28, using the same
regional approach (Figure 1A).

In total, 1 animal of the control group was lost
during anesthesia due to an underlying lung disease,
whereas all treated animals survived and were
included in the study.

HEMODYNAMIC MEASUREMENTS. Invasive moni-
toring of aortic pressure as well as LV function was
obtained using a standard pressure tip catheter
percutaneously introduced into the aorta and the LV
lumen (ADV500, Transonic, Ithaca, New York) under
fluoroscopic control of the correct positioning for the
measurements. Systolic aortic pressure and left ven-
tricular end-diastolic pressure (LVEDP) measure-
ments were made before pTAC, as well as at d28 and
d56 after stent implantation. Contraction velocity
(dP/dtmax), and relaxation velocity (dP/dtmin) were
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FIGURE 4 Hemodynamic Alterations After Stent Implantation Are Attenuated by AntimiR-132
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do d28 d56
m pTAC m pTAC + antimiR-132

(A and B) SAP increased analogously in pTAC pigs with or without antimiR-132 treatment (0.5 mg/kg intracoronary) (Methods), with no difference relative
to sham-operated animals. (C to E) LVEDP increase was attenuated after antimiR-132 treatment. (F to I) Whereas no significant alteration of dP/dt.x was
found after antimiR-132 treatment (F and G), and dP/dt i, was maintained at levels indistinguishable from that of sham animals (H and 1). Abbreviations as

in Figures 1 and 2.
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(A to C) Systolic function, assessed as EF was preserved after antimiR-132 treatment until d56, as opposed to in untreated control animals. (D and E) Subendocardial
segment (SES) shortening declined over time after pTAC and was significantly improved after antimiR-132 application. LAD = left anterior descending;

determined under resting heart rate as well as atrial
pacing at 120 and 150 beats/min (for 1 min each).

MICROVASCULAR DENSITY. For pig immunofluores-
cence, heart samples were frozen on dryice, embedded
in optical cutting temperature compound, and
sectioned onto slides. Heart slides were fixed in cold
acetone, washed in phosphate-buffered saline (5 min,
3 washes), and blocked with 10% normal fetal serum
(NFS), for 60 min. Then, slides were incubated over-
night at 4°C with the following antibodies (diluted in
blocking buffer): Anti PECAM-1 (sc-376764, 1:50; Santa
Cruz Biotechnology, Dallas, Texas), anti NG2 (NG2
antibody, AB5320, 1:200; Millipore Corp., Bedford,
The
phosphate-buffered saline (5 min,
and stained with the relevant secondary antibody for

slides were washed with
3 washes)

Massachusetts).

2 h at room temperature. Slides were mounted
and visualized.

CARDIOMYOCYTE SIZE. To determine the cross-
sectional area of cardiomyocytes, 8-um thick cardiac
sections were stained with Alexa Fluor 647-conjugated
wheat germ agglutinin (Life Technologies, Thermo
Fisher Scientific, Waltham, Massachusetts) and
embedded with a 4/,6-diamidino-2-phenylindole-
containing vecta shield (Life Technologies) (16). Im-
ages were acquired with a 20x objective using Leica
Thunder microscope (Leica, Hilden, Germany) and
Image J software (National Institutes of Health,
Bethesda, Maryland) was applied to determine the
average cross-sectional area of cardiomyocytes in 1
section (>50 cells per section; 300 to 500 cells
per heart).
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FIGURE 6 AntimiR-132 Regulates Cardiac Fibrosis, Cardiomyocyte Size, and Microvascularization In Vivo
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FIBROSIS STAINING. Cryosections (8 pm) were
generated using standard histological techniques. For
quantification of collagen deposition, myocardial
sections were stained with sirius red and fast green.
Images were acquired using a Leica Thunder micro-
scope with a 10 x objective and fibrosis was quantified
using Image J software.

QUANTITATIVE REAL-TIME POLYMERASE CHAIN
REACTION. Total ribonucleic acid was extracted from
tissue using and reverse-transcribed into comple-
mentary deoxyribonucleic acid. Quantitative real-
time polymerase chain reaction was performed on
an iQ-cycler (Bio-Rad, Munich, Germany) with SYBR-
Green Supermix (Bio-Rad). For quantitative poly-
merase chain reaction, the following primers were
used: glyceraldehyde 3-phosphate dehydrogenase
(GAPDH) forward: 5'-AATTCAACGGCACAGTCAAG-3/,
reverse 5-ATGGTGGT-GAAGACACCAGT-3'; NRF2
forward: 5-GGGGTAAGAATAAAGTGGCTGCTC-3/,
reverse: 5'-ACATTGCCATCTCTTGTTTGCTG-3'.

STATISTICAL ANALYSIS. The results are given as
mean =+ SD. Statistical analysis of results between >2
experimental groups was performed with 1-way anal-
ysis of variance. Whenever a significant effect was
obtained with analysis of variance, we performed
multiple comparison tests between the groups using
the Mann-Whitney U test. Two experimental groups
were compared by Student’s t-test. Differences be-
tween groups were considered significant at p < 0.05.
All procedures were performed with an SPSS statistical
program version 25 (IBM Corp., Armonk, New York).

RESULTS

First, we sought to establish a realistic and clinically
relevant hypertrophy model in porcine hearts by
percutaneous means, to avoid excessive animal loss
and potential confounding factors of a large thora-
cotomy wound. Therefore, we developed a
membrane-carrying nitinol stent (Products for
Medicine, La Paz, Bolivia), which was advanced via
the left carotid artery into the descending thoracic
aorta and released under fluoroscopic control just

Hinkel et al.
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distal to the ostium of the left subclavian artery.
This maneuver sufficed to reduce the cross-sectional
area of the descending thoracic aorta to 40% of the
original diameter at do (pTAC) (Figures 1A to 1C,
Supplemental Figures 1A and 1B). An increase of LV
pressure from 89.7 + 2.4 mm Hg to 101.4 #+
2.3 mm Hg (p < 0.05) was observed immediately,
with no differences between experimental groups.
Without further intervention, a second increase of
systolic LV pressure to 129.7 + 2.1 mm Hg (p < 0.005)
occurred in the pTAC group (Figure 2A,
Supplemental Figures 1A and 1B), unless the stent
membrane was disrupted with a balloon (deTAC
group) at d28 and the systolic pressure dropped in
the deTAC group from 126.3 mm Hg to 105.5 +
2.0 mm Hg (p < 0.01) (Figures 1C and 2A,
Supplemental Figures 1A and 1B). Aortic pressure
and maximal LV pressure were proportional over the
whole experimental timeline (r = 0.845, p < 0.001)
(Supplemental Figure 1C), underscoring increased LV
filling pressure depending on peripheral aortic
resistance. Of note, the LVEDP increased signifi-
cantly compared with sham, unless deTAC was
applied (Figures 2C to 2E, Supplemental Figures 2A to
2D). Both, dP/dt.x as well as dP/dty;, increased
with increasing pressure (Figures 2F to 2I). Despite
these compensatory mechanisms, the ejection frac-
tion of pTAC hearts deteriorated from 52.0 + 2.0% to
34.5 + 2.0%, unless deTAC allowed for partial
restoration (43.8 + 0.5%) (Figures 3A to 3C,
Supplemental Figures 2A to 2F). The rise in afterload
under pTAC conditions increased heart weight to body
weight ratio from 3.1 + 0.3 g/kg to 4.2 + 0.3 g/kg,
unless deTAC reduced it to 3.6 + 0.2 g/kg
(Figure 3D).

After establishing the model of pathologic hyper-
trophy due to pTAC-increased afterload, we assessed
whether prevention of the transition from physiologic
to pathologic hypertrophy was feasible by inhibition
of miR-132, itself a driver of pathologic hypertrophy
(17). Therefore, we applied antimiR-132 into coronary
arteries at 2 time points, do (reduction stent implan-
tation) and d28 (Figure 1B). Noteworthily, local
application of antimiR-132 (15 mg per animal) did not
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FIGURE 6 Continued

(A) The HW/BW (heart weight/body weight) ratios were significantly reduced after pTAC by antimiR-132 treatment. (B) This effect concurred with the macroanatomic
appearance of examples of hypertrophic cross-sections of pTAC ventricles (upper panel, note the almost complete consumption of a ventricular lumen), which was
attenuated by antimiR-132 treatment. (C and D) Interstitial fibrosis induced by pTAC was attenuated by antimiR-132. Bars = 50 pum. (E and F) Compared with pTAC,
cardiomyocyte cross-sectional area was significantly diminished by antimiR-132 treatment. Bars = 30 um. (G to J) Capillary density, assessed by PECAM-1 staining of
endothelial cells (G and H), revealed an increase of microvascular density, with a concomitant increase in NG2-+-pericyte density (I and J), indicating preservation of a
mature microvascularization. (K to M) Ratio of wheat germ agglutinin (WGA) to PECAM1, WGA to NG2, and PECAM1 to NG2. (N) Expression of NRF2 at d56.
a.u. = arbitrary units; Ct = cycle threshold; NRF2 = nuclear factor, erythroid 2 like 2; PSR = picro-sirius red.
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CENTRAL ILLUSTRATION Prevention of Myocardial Hypertrophy via AntimiR-132
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Hinkel, R. et al. J Am Coll Cardiol. 2021;77(23):2923-35.

Pressure-overload hypertrophy, a clinical condition is leading to cardiac failure, has been induced via percutaneous transverse aortic constriction (pTAC) in our preclinical pig
model. Whereas control animals developed cardiomyocyte growth leading to a massive hypertrophy on an increased afterload, intracoronary application of antisense
microribonucleic acid-132 (antimiR-132) at days O and 28 significantly attenuated this effect. Moreover, capillary rarefaction, interstitial fibrosis, and adverse remodeling were
blunted, preventing the stigmata of pathologic hypertrophy. Therefore, the inhibition of miR-132 may be developed as a treatment for heart failure of nonischemic, pressure-
overload origin. Clinical studies of antimiR-132-therapy in pressure-overload hypertrophy seem warranted. miR-132 = microribonucleic acid-132.
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result in a significant decrease in aortic pressure
(Figures 4A and 4B) at d28 or ds6.

On the other hand, LVEDP, a prognostic marker of heart
failure, was found to be less elevated after antimiR-132
treatment in heart failure animals compared with in con-
trol animals (Figures 4C and 4E), indicating prevention of
the transition from physiologic to pathologic hypertrophy.
Contraction and relaxation velocities displayed less in-
crease than did sham control animals, with dP/dtyy
reaching significance (Figures 4H to 41). Nevertheless, the
LV ejection fraction was preserved at 46.5+ 1.8% (d28) and
48.9 + 1.0% (d56), which was significantly different from
that of the control group (35.8 + 2.1% [d28], 36.1 + 1.7%
[d56]) (Figures 5A to 5C). Consistently, the functional
reserve assessed as regional myocardial contraction in the
anterolateral wall (left anterior descending artery perfu-
sion region) was better preserved (Figures 5D and 5E). In
contrast, following antimiR-132 treatment, the heart
weight to body weight ratio index decreased (Figures 6A
and 6B), indicating reduction of a pathological hypertro-
phy. A requirement for this effect would be reduced car-
diac fibrosis development (compared with that of sham
animals). Indeed, the difference in fibrotic area of control
pTAC versus sham was 10.8 + 0.6%, which was found to
have reduced to 1.8 + 0.5% after antimiR-132 treatment
(Figures 6C and 6D). This behavior was associated with a
less extensive increase of individual cardiomyocyte size,
as depicted in Figures 6E and 6F. In contrast, the micro-
circulatory density of platelet and endothelial cell adhe-
sion molecule 1 (PECAM-1") capillaries in the antimiR-132
group (647 + 20/mm?) was found higher than in the con-
trol group (494 + 22/mm?), although not reaching sham
values (764 =+ 13/mm?) (Figures 6G, 6H, and 6K). Consistent
with a more mature microcirculatory status, pericyte
coverage of the microcirculation, assessed by neural/glial
antigen 2 (NG2) staining, was found to be higher, reaching
sham values (389 + 11/mm?), in the antimiR-132 group (420
+ 27/mm? than in the control group (311 + 5/mm?)
(Figures 61, 6J, 6L, and 6M).

Further investigating the hypertrophy-associated
vessel-depriving mechanism dysregulated in car-
diomyocytes, we assessed activation of the antioxi-
dant master-regulator Nrf2 during pTAC. Of note,
myocardial tissue exposed to antimiR-132 displayed
a higher amount of Nrf2 than untreated cardiac tis-
sue in pTAC animals, as assessed by quantitative
real-time chain reaction
(Figure 6N).

polymerase analysis

DISCUSSION

In the present study, we demonstrate in a novel
porcine preclinical model of percutaneous aortic

constriction by stent implantation (pTAC) that
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antimiR-132 attenuates excessive cardiac hypertro-
phy coupled with microvascular rarefaction and loss
of myocardial function (Central Illustration). In the
PTAC model, the increase in blood pressure of about
40 mm Hg over 8 weeks, antimiR-132, applied
regionally to the coronary arteries twice with a 4-
week interval, did not affect systolic blood pressure,
but it preserved ejection fraction, which otherwise
deteriorated over time. Analysis of diastolic wall
thickness, myocardial cross-sectional area, and heart
weight to body weight ratio indicated a massive hy-
pertrophic remodeling after pTAC, which was signif-
icantly attenuated by regional antimiR-132
application. Histologically, myocardial fibrosis and
microvessel rarefaction were largely prevented by the
regional antimiR-132 application.

In this paper, we have developed a percutaneous
model of hypertrophy induction by placing a lumen-
reducing stent in the descending thoracic aorta.
Over 28 days, a pressure increase of 35 to 40 mm Hg
was ensured, which was maintained to d56. Inter-
estingly, ejection fraction was depressed, whereas
LVEDP was increased at d28, indicating the onset of
pathologic hypertrophy in the first 4 weeks of hy-
pertrophy. However, deTAC at d28 shows half-
normalization of ejection fraction, heart weight to
body weight ratio, dP/dtyax, and LVEDP; in addition,
dP/dtmin and systolic arterial pressure were indistin-
guishable from sham levels at d56, indicating
reversibility of pressure-overload hypertrophy at
least up to d28. This model corresponds well to the
murine TAC model, displaying pathologic hypertro-
phy after 14 days of thoracic aortic banding. However,
it avoids the surgical part of the mouse model, which
may cause inflammation affecting the results of the
experiment and may substantially increase dropout
risk in a porcine model. Also, this model is more
translational, closely mimicking the human clinical
situation of aortic stenosis, LV pressure-induced
remodeling, and heart failure.

In antimiR-132 treated pTAC hearts, ribonucleic
acid analysis revealed an increase of Nrf2 in porcine
myocardium compared with in untreated pTAC con-
trol hearts at the 8-week time point (Figure 6N),
indicating an improved antioxidant response in the
antimiR-132-treated tissue. These data are consistent
with earlier findings of a down-regulation of Nrf2 by
miR-132 repressing sirtuin-1 in vitro (18), which has
previously been shown to prevent expression of the
vasoactive factor sirtuin-1 in vitro (13).

Our model of porcine pTAC, as well as murine
TAC, provides the hallmark of pressure-induced
pathologic hypertrophy, namely capillary rarefac-
tion (Figure 6) (7). It is well-known that
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vascularization, rather than sheer ventricular mass
or volume, determines function in pressure-
overload hypertrophy, such that pathologic hyper-
trophy was avoided in mice undergoing forced
hypervascularization (19).

However, usually pressure-induced hypertrophy
transits from the physiologic to the pathologic
phenotype, at least in part due capillary rarefaction.
One reason for this loss of microcirculatory networks
may consist of insufficient proangiogenic signaling in
pressure-challenged cardiomyocytes (20), paired with
an up-regulation of angiostatic thrombospondin-1 or
vessel-destabilizing angiopoietin-2 (21). Second,
macrophage proliferation and monocyte recruitment
induce low-level inflammation in the mechanically
stressed myocardium, for example, 8 weeks after
myocardial infarction (22) or in angiotensin II-induced
cardiac hypertrophy (23), and are associated with
capillary rarefaction in angiotensin II-induced hyper-
tension (24). Third, replacement fibrosis of car-
diomyocytes, described in diabetic cardiomyopathy
(25), could cause capillary rarefaction in cardiac hy-
pertrophy. Mechanistically, nicotinamide adenine
dinucleotide phosphate oxidases (Nox2, Nox4) play a
role in angiotensin II- and TAC-induced hypertrophy
(26), generating reactive oxygen species such as H,0,,
which induces expression of the miR-212/132 cluster in
H9C2 cardiomyocytes (27). On the other hand, Nrf2, a
master regulator of antioxidant defense genes, atten-
uates TAC-induced hypertrophy (28). Expression of
Nrf2 was found increased by antimiR-132 in vitro
(Figure 6), in addition to the well-known miR-132 tar-
gets Fox0O3 and sirtuin 1 (9,13). Within the capacity of
sirtuin 1de-repression (29), antimiR-132 treatment
induced a higher density of capillaries, but also peri-
cytes in vivo (Figure 6), indicating the involvement of
capillary growth and maturation factors (30,31) in the
preservation of physiologic hypertrophy. These find-
ings fit the notion that antimiR-132 application affects
both the cardiomyocyte and endothelial compart-
ments in vitro and in vivo (9,13), potentially inducing
growth in endothelial cells and modulating car-
diomyocyte behavior toward angiogenesis induction.

STUDY LIMITATIONS. For this study, we deliberately
chose a local inhibition of a low dose of miR-132 to
modify the continuous stimulus of pTAC. We ach-
ieved the prevention of a pathologic hypertrophic
state by applying antimiR-132 twice into coronary
arteries, similar to a monthly administration of
antimiR-132 in a different (chronic ischemic) heart
failure model (11). Whether a similar effect may be
accomplished by intravenous application of a higher
dose of antimiR-132 requires further studies.

JACC VOL. 77, NO. 23, 2021
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CONCLUSIONS

Taken together, these data indicate a pivotal role of
miR-132 in the mediation of pathologic hypertrophy
of the heart. Moreover, they indicate an efficient
treatment option to prevent the conversion of
physiologic to pathologic hypertrophy by miR-132
inhibition, and thereby expanding the potential of
antimiR-132 treatment in patients with heart failure
of nonischemic origin. Clinical studies extending the
first-in-man application in patients with heart failure
(12) by efficacy studies in various patients with heart
failure will address the potential of this novel thera-
peutic concept.
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PERSPECTIVES

COMPETENCY IN MEDICAL KNOWLEDGE:
Intracoronary injection of an antimiR-132 reduces
cardiomyocyte cross-sectional area, retards fibrosis,
and improves capillary density and LV ejection frac-
tion in a pig model of myocardial hypertrophy.

TRANSLATIONAL OUTLOOK: Randomized clinical
trials are needed to evaluate the safety and efficacy of
antimiR-132 in patients with hypertrophic
cardiomyopathy.
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