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Abstract
Angiotensin-(1–9) is a peptide from the noncanonical renin-angiotensin system with anti-hypertrophic effects in
cardiomyocytes via an unknown mechanism. In the present study we aimed to elucidate it, basing us initially on previous
work from our group and colleagues who proved a relationship between disturbances in mitochondrial morphology and
calcium handling, associated with the setting of cardiac hypertrophy. Our first finding was that angiotensin-(1–9) can induce
mitochondrial fusion through DRP1 phosphorylation. Secondly, angiotensin-(1–9) blocked mitochondrial fission and
intracellular calcium dysregulation in a model of norepinephrine-induced cardiomyocyte hypertrophy, preventing the
activation of the calcineurin/NFAT signaling pathway. To further investigate angiotensin-(1–9) anti-hypertrophic
mechanism, we performed RNA-seq studies, identifying the upregulation of miR-129 under angiotensin-(1–9) treatment.
miR-129 decreased the transcript levels of the protein kinase A inhibitor (PKIA), resulting in the activation of the protein
kinase A (PKA) signaling pathway. Finally, we showed that PKA activity is necessary for the effects of angiotensin-(1–9)
over mitochondrial dynamics, calcium handling and its anti-hypertrophic effects.

Introduction

Angiotensin-(1–9) is a nine-amino acid peptide produced
by hydrolysis of the carboxy terminal leucine from angio-
tensin I (or angiotensin-(1–10)), by the angiotensin-
converting enzyme type 2 (ACE 2) [1]. ACE2 also
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produces angiotensin-(1–7) through hydrolysis of angio-
tensin II, thereby reducing available levels of pro-
hypertrophic angiotensin II. It was initially thought that
angiotensin-(1–9) functioned merely as an intermediate
step in the conversion of angiotensin I to angiotensin II; [1]
however, new evidence showed that the ACE2/angio-
tensin-(1–9) axis acts as an antagonist of classical RAS
signaling [2]. Angiotensin-(1–9) has significant cardiovas-
cular bioactivity [3–6] through its interaction with the
angiotensin receptor type 2 (AT2R) [5–7]. Both in vitro
and in vivo studies have shown that angiotensin-(1–9)
prevents cardiac hypertrophic growth in response to either
angiotensin II or norepinephrine (NE) [3, 6]. A more recent
study by Fattah et al. also demonstrated that angiotensin-
(1–9) gene therapy, delivered via an adeno-associated viral
vector, preserved left ventricular systolic function after
myocardial infarction [7].

At the cellular level, cardiac hypertrophy occurs in
association with metabolic changes directly related to
altered mitochondrial function and morphology. Mito-
chondrial remodeling helps to meet elevated energy
demands and supports modulation of intracellular Ca2+

signaling, leading to changes in gene and protein expression
as well as other processes [8, 9]. In the human heart, about
70% of ATP production occurs in the mitochondrial matrix,
underscoring the importance of this organelle for main-
taining normal myocardial function [10].

Morphological changes alter not only mitochondrial
shape and distribution but also metabolic state. Loss of
mitochondrial fusion proteins Mitofusin 1/2 (MFN1/2) or
Optic Atrophy-1 (OPA1) has been linked to a reduction in
cellular growth rate and respiration as well as a dissipation
of the mitochondrial membrane potential [11]. However,
silencing of the fission protein Dynamin Related Protein-1
(DRP1) can also decrease cellular respiration and intracel-
lular ATP content [12]. Thus, although there is not always a
direct relationship between specific mitochondrial mor-
phology and metabolic capacity, current evidence supports
the concept that mitochondrial dynamics play a critical role
in the metabolic function of this organelle.

We have proposed previously a relationship between the
development of pathological cardiac hypertrophy and
mitochondrial network fragmentation [13]. In addition, we
have shown that treating cultured cardiomyocytes with NE
promotes migration of DRP1 to the mitochondria, leading
to increased numbers of individual mitochondria and
a decreased mean mitochondrial volume [13]. These
morphological changes are accompanied by a loss of
mitochondrial function. Interestingly, reducing MFN2
levels (using an antisense adenovirus) to decrease fusion
was sufficient to promote a hypertrophic response, whereas
the use of an adenovirus encoding a dominant-negative
form of the fission protein DRP1 elicited a fused

phenotype and prevented NE-induced hypertrophic growth
[13]. In aggregate, these data point to a new role for
mitochondrial dynamics in the onset and regulation of
cardiac hypertrophy.

As mentioned above, increased ventricular wall stress in
the hypertrophied heart requires increased cytoplasmic Ca2+

levels to maintain cardiac output [14]. This rise in intra-
cellular Ca2+ levels activates a variety of signaling path-
ways, including calcineurin-NFAT signaling, to mediate
gene expression changes involved in the development of
pathological cardiac hypertrophy [14]. Finally, our recent
work suggests that loss of physical and functional com-
munication between the endoplasmic reticulum (ER) and
mitochondria is a key structural event in the development of
pathological cardiac hypertrophy [15, 16]. Decreased ER-
mitochondria coupling reduces Ca2+ transfer between these
organelles and impairs mitochondrial capacity to buffer the
increases in intracellular Ca2+ that may be triggered by
chronic stimulation with neurohumoral and hypertrophic
agents such as NE [15].

MicroRNAs (miRNAs) are short single-stranded RNAs
that regulate post-transcriptional mRNA expression by
binding to complementary mRNA sequences, resulting in
translational repression and gene silencing [17]. These non-
coding RNAs play critical roles in several physiological
processes such as cellular proliferation and differentiation as
well as tissue development and repair [18, 19]. Since their
discovery in humans [20], an explosion of knowledge has
given rise to the idea that miRNAs may offer new ther-
apeutic alternatives for previously-untreatable and chronic
diseases [21–24]. The field of cardiovascular diseases has
been the object of intense investigation regarding potential
applications for this knowledge. miRNAs have been
implicated in the development of several cardiovascular
conditions such as cardiomyocyte hypertrophy, heart fail-
ure, and ischemic cardiac disease [25–27]. Various
deregulated miRNAs have been found to be elevated in
cardiac tissue in mice subjected to transverse aortic con-
striction and/or calcineurin pathway over-activation,
including miR-21, miR-23, miR-24, miR-125b, miR-195,
miR-199a, and miR-214. Conversely, miR-29c, miR-93,
miR-150, and miR-181b levels were reduced in these mice
[25]. In parallel, miR-24, miR-125b, miR-195, miR-199a
and miR-214 expression has been shown to be elevated in
human hearts with terminal heart failure [25], establishing a
common pattern of response among miRNAs to hyper-
trophy and heart failure. However, although multiple miR-
NAs have been characterized and studied in the setting of
cardiac hypertrophy and heart failure, differential miRNA
expression after stimulation with physiological anti-
hypertrophic agents has yet to be investigated exhaustively.

Here, we show for the first time that the anti-hypertrophic
action of angiotensin-(1–9) is linked to prevention of
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mitochondrial fragmentation and a reduction in the ER-
mitochondrial coupling produced by NE-induced hyper-
trophy in neonatal rat cardiomyocytes, via stimulation of the
miR-129-3p/PKIA signaling pathway. To our knowledge,
this is the first study showing a relationship between this
novel anti-hypertrophic noncanonical RAS peptide and the
regulation of mitochondrial dynamics and mitochondrial
Ca2+ uptake in cardiomyocytes.

Materials and methods

Bioethics

All studies conformed to the Guide for the Care and Use of
Laboratory Animals published by the US National Institutes
of Health (NIH Publication, 8th Edition, 2011) and were
approved by our Institutional Ethics Review Committee.

Reagents

Antibodies against OPA1, MFN2, and phospho- and total
CREB were from Abcam. Anti-phospho-Ser616-DRP1 and
anti-phospho-Ser637-DRP1 were from Cell Signaling.
MitoTracker Green FM, Rhod-FF AM, Fluo3 AM, Fura-2,
Alexa fluorescent secondary antibodies, FBS, PKI [14–22]-
myr, Opti-MEM and Lipofectamine RNAiMAX were from
Thermo Fisher Scientific. Anti-DRP1 antibody was from
Becton-Dickinson, and anti-Fis1, anti-mtHsp70 and anti-
KDEL antibodies were from ENZO Life Sciences. H89 was
purchased from Calbiochem. Anti-β-tubulin and anti-β-actin
antibodies, carbonyl cyanide m-chlorophenylhydrazone
(CCCP), DMEM, M199 medium, norepinephrine,
PD123,319 ditrifluoroacetate, and other reagents were from
Sigma-Aldrich Corp. A-779 was from Santa Cruz Bio-
technology. Angiotensin-(1–9) was purchased from GL
Biochem Ltd. Anti-miR-129-3p (AM10076), Anti-miR
negative control #1 (AM17010) and pre-miR-129-3p
(PM10076) were from Ambion. All inorganic compounds,
salts, and solvents were from Merck. Protein assay reagents
were from Bio-Rad.

Cardiomyocyte culture

Cardiomyocytes were isolated from hearts of neonatal
Sprague-Dawley rats as described previously [13]. Rats
were bred at the University of Chile Animal Breeding
Facility. Primary cell cultures were incubated with or
without angiotensin-(1–9) (100 μM) and/or NE (10 μΜ) for
0–24 h in DMEM/M199 (4:1) medium, in the presence or
absence of the various inhibitors and other genetic reagents.
Only spontaneous beating cardiomyocytes were used for
experiments.

Mitochondrial dynamics analysis

Cells were incubated for 30 min with MitoTracker Green
FM (400 nM) and maintained in Krebs solution. Confocal
image stacks were captured with a Zeiss LSM-5, Pascal 5
Axiovert 200 microscope, using LSM 5 3.2 image capture
and analysis software and a Plan-Apochromat 63×/1.4 Oil
DIC objective, as previously described [28, 29]. Images
were deconvolved with ImageJ, and then Z-stacks of thre-
sholded images were volume-reconstituted. The numbers of
and individual volumes in voxels (pixels3) of each object
(mitochondria) were quantified using the ImageJ-3D Object
counter plugin. Each experiment was performed at least
four times, and 16–25 cells per condition were quantified.
The criterion for mitochondria fusion was increased mito-
chondrial volume accompanied by decreased numbers of
mitochondria, whereas decreased mitochondrial volume and
increased numbers of mitochondria were considered to
represent mitochondrial fission [29, 30]

Evaluation of cardiomyocyte hypertrophy

Sarcomerization was observed with confocal microscopy
(Carl Zeiss LSM 5, Pascal 5 Axiovert 200 microscope) of
methanol-permeabilized cells stained with rhodamine-
phalloidin (1:400; F-actin staining) as previously descri-
bed [13, 31]. For the cellular perimeter and mitochondrial
area analysis, one focal plane of at least 50 cells from
randomly selected fields was analyzed using ImageJ
software (NIH).

Assessment of intracellular and mitochondrial Ca2+

Cytosolic Ca2+ levels were determined in cardiomyocytes
preloaded with Fluo3-AM (5.4 μM, 30 min) or Fura2 (5 μM,
30 min), as described previously [32, 33]. To evaluate
mitochondrial Ca2+ levels, images were obtained from
cultured cardiomyocytes preloaded with Rhod-FF (5.4 μM,
30 min) [32–34]. At the end of each measurement, 10 µM of
CCCP was used as control [15]. Both measurements were
performed in an inverted confocal microscope (Carl Zeiss
LSM 5, Pascal 5 Axiovert 200 microscope).

Immunofluorescence studies and colocalization
analysis

Cells were fixed, permeabilized, blocked, and incubated
with primary antibodies (anti-DRP1 or anti-KDEL and anti-
FIS1). Secondary antibodies were anti-mouse Alexa 456 or
488 and anti-rabbit 488 or 456 for FIS1. For the colocali-
zation analysis, only one focal plane was analyzed. Images
obtained were deconvolved, and the background was sub-
tracted using ImageJ software. Colocalization between
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proteins was quantified using the Mander’s algorithm, as
previously described [15, 35, 36].

Transmission electron microscopy

Cells were fixed in 2.5% glutaraldehyde in sodium caco-
dylate buffer, embedded in 2% agarose, post-fixed in buf-
fered 1% osmium tetroxide and stained in 2% uranyl
acetate, dehydrated with an ethanol graded series, and
embedded in EMbed-812 resin. Thin sections were cut on
an ultramicrotome and stained with 2% uranyl acetate and
lead citrate. Images were acquired on an FEI Tecnai G2
Spirit electron microscope equipped with a LaB6 source
and operating at 120 kV. Measurements of mitochondrial
area, perimeter, circularity, and mitochondrial density were
performed using the Multi Measure ROI tool in the ImageJ
(NIH) software package [29].

Western blotting

Cell and tissue total protein extracts were analyzed as
described previously [28, 29]. Protein contents were nor-
malized to β-tubulin or β-actin.

DRP1 immunoprecipitation

Immunoprecipitation of DRP1 was performed overnight
using 2 μg of anti-DRP1 antibody (Becton-Dickinson) on
400 μg of total protein. DRP1 was precipitated with
Sepharose beads conjugated to protein G (Santa Cruz Bio-
tech), resolved by SDS-PAGE. Phosphorylation was then
assessed with anti-phospho-DRP1 antibody (Cell Signaling)
[37].

RNA extraction

Total RNA was isolated using TRIzol (Thermo Fisher
Scientific) according to the manufacturer’s instructions,
including the addition of 20 μg of glycogen (Roche) prior to
isopropyl precipitation.

RT-qPCR

Real-time PCR was performed with SYBR green (Applied
Biosystems) as previously described [29]. RCAN1.4 tran-
scripts were normalized to 18S rRNA, whereas data for
PKIA transcripts were normalized to mean β-actin and
Hprt1 mRNA as an internal control with the 2-ΔΔCt
method. The qPCRs for each of the biological quad-
ruplicates were performed in triplicate. Primers used were
as follows: RCAN1.4 rat forward 5′-CCCGTGAAAAAGC
AGAATGC-3′; RCAN 1.4 rat reverse 5′-TCCTTGTCATA
TGTTCTGAAGAGGG-3′; PKIA rat forward 5′-CTACCA

TCAGAGACTGCCCC-3′; PKIA rat reverse 5′-TTGCTGT
TGCCACTTGCAGA-3′.

miQPCR

For miQPCR 10 ng of total RNA were reverse transcribed
as described [38] and 0.36 ng of cDNA were used for
individual assays. cDNAs were amplified by using 2x
Brilliant II SYBR (Agilent) and run on Mic qPCR cycler
(Bio Molecular Systems) (95 °C for 10 min, followed by 50
cycles of 95 °C for 10 s, 60 °C for 35 s; all reactions were
run in triplicates) including melting curve of the amplifi-
cation products. The threshold cycle was automatically
determined by the cycler manager software (Bio Molecular
Sciences), averaged across replicates, and Ct values of each
condition of three independent transfections are summar-
ized in Supplementary Table 1. Primers used were as fol-
lows: rno-miR-129-2-3p specific primer 5′-CCCTTAC
CCCAAAAAGCATG-3′; RNU6 specific primer 5′-GCAA
GGATGACAGCAAATT-3′, and universal reverse primer
Ump2A 5′-CCCAGTTATGGCCGTTTA-3′.

Small RNA cloning (TruSeq System)

Total RNA (3 µg) with an RNA integrity number above 9.5
(Fig. S6) was ligated to a 3′ adenylated adapter with a
truncated RNA-ligase (New England Biolabs) and to a 5′-
adenylated adapter with T4 RNA-ligase (#M0204S, New
England Biolabs) as previously described [39] cDNA
synthesis was performed using a PCR amplification and
SuperScript III first-strand cDNA Super Mix for 50 min at
50 °C and then 5 min at 85 °C. 10 µL of the cDNA obtained
in the previous steps was amplified with index sequences
and specific-Illumina sequences (desired TruSeq Index-
primer, different for each sample), with a PCR program as
described: 1 min at 98 °C, 12 cycles (10 s at 98 °C, 10 s at
60 °C, 30 s at 72 °C), 10 min at 72 °C and ∞ at 4 °C. We
used 6% PAA SequaGel electrophoresis to select the suc-
cessfully cloned and amplified sRNAsand ethidium bro-
mide staining to visualize the results (Fig. S7). The
appropriate bands (ca. 140 bp) were cut out shredded, and
eluted, and then filtered and precipitated. The resulting
dscDNA quality and concentration was measured in each
sample. Finally, each pellet was dissolved in water. Pool
libraries were normalized and stored at −80 °C, and deep
sequencing was run on a HiSeq 1000 platform (Illumina).

Small RNA reconstruction, annotation, and
differential expression analysis

Raw reads were trimmed with the clipping of the first ten
bases in each side using Trimmomatic version 0.36 [40]
if average quality fell below the threshold of Q < 30. A
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five-base sliding-window quality filtering was also per-
formed, eliminating reads where the quality average of a
window fell below Q < 30. To reconstruct small RNA
transcripts, transcripts were annotated and expression levels
estimated using a similar approach to that described by
Orell et al. [41] and Matamala et al. [42]. Reads shorter than
15 nt after trimming were discarded, and the resulting clean
data were mapped to the rat genome Rnor_6.0 [43] using
Bowtie version 1.0.0 [44], allowing one mismatch and
suppressing reads with more than 10 alignments. SAM files
generated on the mapping process were converted into BED
format and used for coordinate-base assembly with BED-
Tools [45]. Reads belonging to each assembled small RNA
transcript were recovered and used to estimate expression
levels. Transcriptional fragments with less than 50 reads in
total were eliminated from the analysis. The functional
annotation of each small RNA class was recovered based on
genomic coordinate overlap using microRNAs from miR-
Base version 21 [46] and the ncRNAs from Ensembl ver-
sion 92 [47] as a reference, retaining transcripts with an
overlap of at least 50%. The final expression matrix gen-
erated from the assembly was used for differential expres-
sion analysis with DESeq2 version 1.28.0 [48]. Transcripts
were considered to show significant differential expression
for p value ≤ 0.05.

Conservation analysis between rat, mouse and
human miRs

Mature/primary sequences of mouse and human micro-
RNAs were recovered from miRBase and mapped against
the rat genome using Bowtie version 1.0.0 [44]. Genomic
coordinates of the mapped miRNAs were then cross-
referenced with the small RNA transcripts generated in our
RNA-seq assay, retaining regions with an overlap of at
least 50%.

Quantification of miRNA expression by northern
blotting

Northern blotting was performed as previously described
[49]. Briefly, 30 µg of total RNA was separated in a 12%
SequaGel at 350 V for ~1 h. The gel was then stained with
ethidium bromide and transferred at 20 V for 30 min in a
semi-dry chamber to an Amersham Hybond‐N membrane
(GE Healthcare), where the RNA was crosslinked to the
membrane at 50 °C using an EDC-solution [50]. Next, the
membrane was incubated overnight at 50 °C with a hybri-
dization solution containing the miR-129-3p antisense
sequence (ATGCTTTTTGGGGTAAGGGCTT) labeled
with γ‐32P‐ATP. After incubation, the membrane was
washed, exposed, scanned, and analyzed with ImageQuant
software (Quantity One 4.6.6).

Bioinformatics tools for microRNA target prediction

Two different software tools were used to assess gene target
prediction. Using different approaches and algorithms, both
tools retrieved predicted regulatory targets for our micro-
RNAs. The first, TargetScan 7.2 uses an improved method
to predict targeting efficacy [51, 52]. The second, miRWalk
2.0, reports miRNA-binding sites within the complete
sequence of a gene. It also combines this information with a
comparison of binding sites resulting from 12 existing
miRNA-target prediction programs to build a novel com-
parative platform of binding sites for the promoter, cds, and
5′- and 3′-UTR regions [53].

Transient miRNA transfection

Cells were transfected either with anti-miR negative control
#1 (Ambion, AM17010; 100 nM), anti-miR-129-3p (Ambion,
AM10076; 100 nM), or pre-miR-129-3p (Ambion, PM10076;
50 nM), 24 h before the end of the experiment, using Opti-
MEM and Lipofectamine RNAiMAX, according to the
manufacturer’s specifications. The final effects of anti-miR
negative control (anti-miR-Control), anti-miR-129-3p and
pre-miR-129-3p on miR-129-3p levels in cardiomyocytes are
summarized in Supplementary Table 1.

Statistical analysis

Sample size was determined using mitochondrial dynamic
parameters. Assuming a onefold change in mitochondrial
volume or mitochondrial number, with an alpha error of
0.05%, two-tailed, the required sample size is three
experiments per group. Data shown are mean ± SEM of the
number of independent experiments indicated (n) and
represent experiments performed on at least three separate
occasions with similar outcomes. Data were analyzed by
one-way or two-way ANOVA accordingly, and compar-
isons between groups were performed using a protected
Tukey’s test using GraphPad Prism 6 software. Statistical
significance was defined as p < 0.05.

Results

Angiotensin-(1–9) induces mitochondrial fusion
through Drp1 phosphorylation

To evaluate whether angiotensin-(1–9) affects mitochon-
drial morphology, cultured neonatal rat cardiomyocytes
were treated with angiotensin-(1–9) (100 μM, 0–6 h) and
stained with the mitochondrial-specific probe MitoTracker
Green (400 nM, 30 min). Treatment with angiotensin-(1–9)
stimulated the appearance of large interconnected
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mitochondria in cardiomyocytes, mainly in the perinuclear
region (Figs. 1a and S1A, C). Mitochondrial network
integrity was then assessed according to number and
volume of individual mitochondria through 3D recon-
stitution of confocal stacks [13, 29]. Angiotensin-(1–9) led
to a gradual time-dependent decrease in number of

mitochondria per cell, to 75% (±9%) and 59% (±3%) of
control levels after 3 and 6 h, respectively (Fig. 1b, left
panel). Angiotensin-(1–9) concomitantly increased mito-
chondrial volume by 72% and 158% after 3 and 6 h,
respectively (Fig. 1b, right panel). Because 6 h of angio-
tensin-(1–9) treatment achieved greater statistical

Fig. 1 Angiotensin-(1–9) promotes mitochondrial fusion through
Drp1 phosphorylation. a Mitochondrial morphology of cardiomyo-
cytes stimulated with 100 μM angiotensin-(1–9) for 0–6 h and then
loaded with MitoTracker Green (MTG). Z-stack images were
obtained with confocal microscopy. Scale bar: 2 μm. Lower panels
represent a ×15 magnification. b Quantification of the relative number
of mitochondria per cell (left) and the relative mean mitochondrial
volume (right) as mitochondrial dynamic parameters in cells treated
with 100 μM angiotensin-(1–9) for the indicated times (n= 4), *p <
0.05; **p < 0.01 and ***p < 0.001 vs. 0 h. c Sub-cellular localization
of the mitochondrial fission protein Drp1 visualized using

immunofluorescence. Cardiomyocytes were stimulated with angio-
tensin-(1–9) for 6 h, incubated with anti-Drp1 and anti-Fis1 anti-
bodies, and then visualized with confocal microscopy. Scale bar:
10 μm. Right panels represent a ×45 magnification. The Manders’
coefficients of the Drp1 and Fis1 signals were used as indicators of
Drp1 localization in the mitochondria (n= 3) *p < 0.05 vs. control.
d Drp1 phosphorylation (pDrp1; Ser637) was assessed by western
blotting after immunoprecipitation of Drp1 protein. Cells were treated
with angiotensin-(1–9) for 6 h or a pulse of 100 nM forskolin for
30 min (positive control for pDrp1). A representative images is shown
for three independent experiments with similar outcomes.
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significance and more robust results in terms of morpholo-
gical effects than 3 h of treatment, this time was used for all
subsequent experiments. To investigate whether the observed
changes in the morphological structure of the mitochondrial
network involved alterations in mitochondrial biogenesis or
mitochondrial degradation, mitochondrial mass was eval-
uated by quantifying the abundance of the constitutive
mitochondrial protein mtHsp70. As shown in S3A, B,
angiotensin-(1–9) did not alter total mtHsp70 levels, sug-
gesting that a change in mitochondrial turnover did not
accompany the morphological changes.

Recent work from our group and others has shown that the
anti-hypertrophic effects of angiotensin-(1–9) are mediated by
AT2R activation [6, 54]. Consistent with this evidence, the
effects of angiotensin-(1–9) on mitochondrial morphology
were completely prevented by the AT2R antagonist
PD123,319 (Fig. S1A, B). Angiotensin-(1–7), which can be
produced from angiotensin II by ACE2, has also been shown
to have cardioprotective effects, acting through the MAS-
related G protein-coupled receptors [55]. To rule out the
possibility that the changes in mitochondrial morphology were
caused by cleavage of angiotensin-(1–9) to angiotensin-(1–7)
form, we used the pharmacological MAS receptor antagonist
A779. Fig. S1C, D shows that A779 did not prevent the
effects of angiotensin-(1–9) on cardiomyocyte mitochondrial
morphology. Taken together, these data suggest that angio-
tensin-(1–9) activates AT2R to either induce mitochondrial
fusion or decrease mitochondrial fission in cardiomyocytes

To study the molecular mechanisms by which angio-
tensin-(1–9) regulates mitochondrial dynamics, levels of
mitochondrial fusion (Opa1 and Mfn2) and fission (Drp1
and Fis1) proteins were assessed by western blotting. Nei-
ther Opa1/Mfn2 nor Drp1/Fis1 protein levels were altered
by angiotensin-(1–9) treatment in cardiomyocytes
(Fig S2A–F). Because previous studies have established
that DRP1 migration from the cytosol to FIS1-containing
fission points on the mitochondrial surface is an initial step
in mitochondrial fragmentation [13, 56], we then evaluated
whether angiotensin-(1–9)-triggered mitochondrial fusion
was associated with changes in Drp1 distribution, especially
movement away from the mitochondrial surface. Immuno-
fluorescence studies showed that the punctate distribution
pattern of Drp1 was disrupted by 6 h of angiotensin-(1–9)
treatment (Fig. 1c). Moreover, angiotensin-(1–9) decreased
the effective colocalization of Drp1 with Fis1 (p < 0.05), but
not the effective colocalization of Fis1 with Drp1 (Fig. 1c,
lower panel), as indicated by the Manders’ coefficient. This
result suggests that Drp1 shows a reduced mitochondrial
distribution after angiotensin-(1–9) stimulation, whereas
Fis1 remains associated with the mitochondria under both
conditions. Pursuing this line of research, we assessed Drp1
phosphorylation status at Ser637, a site that can inactivate the
protein [37, 57]. Total Drp1 was immunoprecipitated and

then probed with a Ser637-specific antibody. As shown in
Fig. 1d, angiotensin-(1–9) increased Drp1 phosphorylation
to levels only slightly lower than those obtained using
forskolin, a known inhibitor of the Drp1-fission pathway
[58, 59]. Furthermore, angiotensin-(1–9) also decreased
Drp1 phosphorylation on Ser616 (Fig. S2G, H), a fission-
promoting modification [60]. In conclusion, these results
strongly suggest that angiotensin-(1–9) decreases mito-
chondrial fission, rather than increasing mitochondrial
fusion, to bring about the observed changes in cardiomyo-
cyte mitochondrial morphology.

Angiotensin-(1–9) prevents norepinephrine-elicited
mitochondrial fission

We recently reported that NE triggers mitochondrial fission
in a calcineurin- and DRP1-dependent manner [13]. Fur-
thermore, adenovirus-mediated expression of the dominant-
negative form of DRP1 prevented mitochondrial fission and
hypertrophic cardiomyocyte growth in response to NE.
Given the result shown in Fig. 1, we tested whether the use
of angiotensin-(1–9) was sufficient to prevent NE-elicited
mitochondrial fission. First, we verified that angiotensin-
(1–9) prevented NE-induced hypertrophic growth in cardi-
omyocytes. As seen in Fig. 2a, double-staining revealed that
NE-treated cardiomyocytes exhibited a hypertrophic phe-
notype, as indicated by increased sarcomeric organization
(Fig. 2a), larger cell perimeter (Fig. 2b, left panel), and
decreased relative mitochondrial area as compared with
controls (Fig. 2b, right panel). As expected, angiotensin-
(1–9) prevented these NE-dependent changes in sarcomeric
structure and abundance (Fig. 2a) as well as relative cell
size (Fig. 2b, left panel). Angiotensin-(1–9) also prevented
the NE-dependent decrease in the mean size of individual
mitochondria (Fig. 2b right panel).

We next assayed mitochondrial morphology in live car-
diomyocytes using the mitochondrial-specific probe Mito-
Tracker Green (400 nM, 30 min) and 3D imaging
reconstruction. Angiotensin-(1–9) inhibited mitochondrial
fission in NE-treated cardiomyocytes (Fig. 2c), as indicated
by both relative number of mitochondria per cell and rela-
tive mitochondrial volume (Fig. 2d). To corroborate these
results, we performed electronic microscopy studies on
untreated cardiomyocytes and cardiomyocytes treated with
angiotensin-(1–9) and/or NE (Fig. 2e). The results for
mitochondrial area, perimeter, circularity, and density cor-
roborate our findings described above (Fig. S3C–F).

Angiotensin-(1–9) prevents Ca2+ dysregulation
induced by norepinephrine treatment

It has been shown that a more connected mitochondrial
network, with a higher membrane potential, endows the
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mitochondria with greater Ca2+ buffering efficiency [61].
Moreover, inhibition of fusion or induction of fission
weakens mitochondrial metabolic reserve, producing
deregulated Ca2+ oscillations in skeletal muscle cells [62].

Therefore, we asked whether angiotensin-(1–9) might exert
its action by modulating mitochondrial or cytosolic Ca2+

levels. Using a cytoplasmic Ca2+ dye, Fura-2, we monitored
NE-triggered cytosolic Ca2+ levels [13] and found that this

Fig. 2 Angiotensin-(1–9) prevents mitochondrial fission elicited by
norepinephrine. a Representative confocal images of cardiomyocytes
treated with 100 μM angiotensin-(1–9) for 6 h and then stimulated with
10 μM of norepinephrine (NE) for 24 h. Cardiomyocytes were stained
with rhodamine phalloidin to detect sarcomeric structures and immu-
nolabeled for the mtHsp70 protein to identify the mitochondrial net-
work. Scale bar: 25 μm. b Quantitative analysis (n= 4) of relative
cellular perimeter and mitochondrial area of cardiomyocytes.

c Mitochondrial morphology of cardiomyocytes pretreated as in a.
Scale bar: 2 μm. Bottom panels represent a ×13.5 magnification.
d Relative number of mitochondria per cell (left) and mean mito-
chondrial volume (right) were quantified as mitochondrial dynamics
parameters (n= 4). *p < 0.05; **p < 0.01 and ***p < 0.001 vs. control;
##p < 0.01 and ###p < 0.001 vs. NE. e Representative transmission
electron microscopy images from angiotensin-(1–9)- and NE-treated
cells showing two different magnifications of the same cells.
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signal was reduced in cells pretreated with angiotensin-
(1–9) (p < 0.05 and <0.01 at 3 and 6 h, respectively)
(Fig. 3a, b). To determine whether angiotensin-(1–9)
increases mitochondrial Ca2+ uptake capacity, Rhod-FF-
preincubated cardiomyocytes were treated with histamine,
which evokes a PtdIns-(3,4,5)-P3-dependent release of Ca2+

(Fig. S4A–D) and changes in mitochondrial Ca2+ uptake
were assessed. Histamine-stimulated mitochondrial Ca2+

uptake was significantly higher in cardiomyocytes pre-
treated with angiotensin-(1–9) (p < 0.01; 3 and 6 h) than in
vehicle-treated control cells (Fig. 3c, d). Similar to its
impact on mitochondrial morphology, PD123,319 (AT2R
antagonist) abolished this effect, whereas A779 (MAS
antagonist) did not (Fig. S4E–G).

NE activates the Ca2+/calcineurin-dependent pathway in
cardiomyocytes [13, 63] with its molecular target, the
nuclear factor of activated T cells (NFAT), mediating the
hypertrophic transcriptional response. Genes responsive to
calcineurin/NFAT include the exon 4 isoform of the Rcan1
gene, which encodes an endogenous feedback inhibitor of
calcineurin activity [13, 37]. An increase in Rcan1.4
expression or RCAN1.4 protein levels is often used as a
molecular marker of calcineurin pathway activation. Inter-
estingly, angiotensin-(1–9) blocked NE-induced activation
of calcineurin signaling, as demonstrated by its effects on
RCAN1.4 protein (Fig. 3e, f) and transcript levels (Fig. 3g).
These findings are consistent with a model in which
angiotensin-(1–9) stimulation prevents downstream activa-
tion of calcineurin by NE, thereby preventing DRP1
dephosphorylation at Ser637 and subsequent mitochondrial
fission and as readout of intracellular calcium regulation

Our group previously reported that NE-stimulated car-
diomyocytes lose a significant number of ER-mitochondria
contact sites, resulting in a functional decline in mito-
chondrial Ca2+ uptake capacity [15]. Sites of physical
contact between the ER and mitochondria are crucial for
Ca2+ transfer between these organelles [64]. To evaluate
whether ER-mitochondria distance was altered in the
angiotensin-(1–9)- and/or NE-treated cardiomyocytes, the
colocalization of ER and mitochondria was measured using
immunofluorescence and indirect labeling of specific pro-
teins [15, 35, 65]. Fig. S5A shows representative images of
control and angiotensin-(1–9)- and/or NE-treated cardio-
myocytes labeled with Fis1 (red) and KDEL (green), to
detect mitochondria and ER, respectively. The colocaliza-
tion of the two organelles was assessed in the whole cell by
calculating the Manders’ coefficient [35, 36]. The Manders’
coefficient for Fis1/KDEL denotes the fraction of mito-
chondria that colocalize with ER, whereas the Manders’
coefficient for KDEL/Fis1 denotes the fraction of ER that
colocalize with mitochondria. Fis1/KDEL was significantly
reduced in NE-treated cardiomyocytes as compared with
controls, indicating movement of mitochondria away from

sites of contact with the ER. This change was absent in the
cells pretreated with angiotensin-(1–9) (Fig. S5B, C).
Mitochondrial Ca+2 uptake is a functional readout of
communication between the ER and mitochondria. Our data
showed that mitochondrial Ca2+ uptake was reduced and
less efficient in NE-treated cells and that angiotensin-(1–9)
prevented these effects (Fig. 3h, i). Together with the
colocalization results, these data suggest that angiotensin-
(1–9) can prevent NE-dependent loss of physical and
functional communication between the ER and mitochon-
dria; furthermore, these changes were temporally correlated
with changes in mitochondrial morphology.

Angiotensin-(1–9) activates the PKA signaling
pathway in cardiomyocytes by upregulating miR-
129-3p and inhibiting PKIA

To study the effect of angiotensin-(1–9) on miRNA
expression and signaling, cultured neonatal rat cardiomyo-
cytes were treated with angiotensin-(1–9) and/or NE.
Afterward, RNA was isolated, purified, and subjected to
small RNA expression profile analysis using an RNA-seq
approach. The RNA-seq data for the three conditions (NE,
angiotensin-(1–9), and angiotensin-(1–9)/NE) identified a
total of 2536 transcripts (Fig. 4a), each of which was later
compared with the small RNA classes reported in GFF
format in the NCBI database as well as miRNAs recovered
from miRBase for the Rnor_6.0 genome assembly [46]. The
analysis showed that 20% (499) of those transcripts shared
annotation with known sRNA classes. We identified 345
transcripts (69% of annotated features) as miRNAs
(Fig. 4a), which were later used to perform a differential
expression analysis using DESeq [48]. We found 4, 11, and
21 miRNAs that were differentially expressed after NE,
combined NE/angiotensin-(1–9) and angiotensin-(1–9)
alone treatment, respectively (Fig. 4b). Some miRNAs were
differentially expressed in more than one condition; a total
of 32 miRNAs showed distinct expression patterns com-
pared with the control condition. Only two of these 32
miRNAs were differentially upregulated, one after NE and
the other after angiotensin-(1–9) treatment (Fig. 4b). Inter-
estingly, a conservation analysis indicated that 24 of these
differentially expressed neonatal rat cardiomyocyte miR-
NAs were present in both human and mouse, 6 were present
in mouse but not human, and 2 were exclusive to the rat
genome (Fig. 4c). We selected the 24 conserved human/
mouse miRNAs to generate a new filter, using the base
mean values provided by DESeq2. Using a p value ≤ 0.05 as
the cutoff, the only upregulated miRNA that was fully
conserved among these mammals was miR-129-3p. Given
the novelty of this finding in the context of cardiac hyper-
trophy, we evaluated this miRNA as a candidate for reg-
ulating the effects of angiotensin-(1–9) in cardiomyocytes
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Fig. 3 Angiotensin-(1–9) regulates intracellular calcium preventing
NFAT pathway activation. a Cytosolic calcium levels in cardio-
myocytes treated with angiotensin-(1–9) and then challenged with NE.
Cells were loaded with Fura-2AM and then visualized in a confocal
microscope. Fura-2AM fluorescence ratio (340 nm/380 nm) was
quantified. An NE pulse (10 µM) was added to elicit an increase in
cytosolic Ca2+. b Total (left) and basal (right) area under the
curve were quantified (n= 3). *p < 0.05 and **p < 0.01 vs. control.
c Mitochondrial Ca2+ levels in cardiomyocytes treated with 100 μM
angiotensin-(1–9) for 6 h and then loaded with Rhod-FF. Rhod-FF
fluorescence kinetics were captured using confocal microscopy. A
histamine pulse (100 μM) was added to elicit Ca2+ release from the
endoplasmic reticulum, while CCCP (50 μM) was used to inhibit
mitochondrial Ca2 uptake. Neither angiotensin-(1–9) nor NE were able
to directly increase mitochondrial Ca2+ levels as histamine did

(Fig. S4A–D). d The area under the curve of the Rhod-FF signal was
determined from the curves obtained in a (n= 4). e Western blotting
for RCAN1 isoforms in cardiomyocytes treated with angiotensin-(1–9)
and NE. Cells were stimulated and then subjected to western blotting
using RCAN1 antibody. β-tubulin was used as a loading control.
f Quantification of RCAN1.4 protein and g mRNA levels (n= 4). *p <
0.05 and **p < 0.01 vs. control; ###p < 0.001 vs. NE. h Mitochondrial
Ca2+ levels were measured in Rhod-FF-loaded cardiomyocytes. Cells
were pre-incubated with 100 μM angiotensin-(1–9) for 6 h and then
stimulated for 24 h with NE. Rhod-FF fluorescence kinetics were
visualized with confocal microscopy. A histamine pulse (100 mM)
was added to trigger Ca2+ release from the ER. i The area under the
curve of Rhod-FF signals are shown (n= 3). *p < 0.05 and **p < 0.01
vs. control.
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(Fig. 4d). Northern blotting was then performed to confirm
the change in miR-129–3p expression following angio-
tensin-(1–9) treatment identified by our miRNA expression

profiling (Fig. 4e). Further, the pretreatment with the AT2R
antagonist, PD 123,319 1 μM, prevented the increase of the
miR-129-3p triggered by angiotensin-(1–9) (Fig. S8).
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In silico analysis of specific target genes for miR-129-3p,
using two independent prediction tools, TargetScan [51]
and miRWalk [66], identified the cAMP-dependent protein
kinase inhibitor alpha (PKIA) as an important target of miR-
129-3p (Fig 5a, b). This protein has been shown to interact
with PKA and to inhibit the activities of both C alpha and C
beta catalytic subunits [67], which notably had already been
implicated in the regulation of mitochondrial dynamics
through DRP1 phosphorylation [57, 65]. The target site
prediction revealed a 7mer-m8 seed region for miR-129-3p
in position 588-594 of the 3′ untranslated region (3′ UTR)
of the PKIA mRNA (Fig. 5b). This prediction was func-
tionally validated by qRT-PCR of the PKIA mRNA in
cardiomyocytes treated with angiotensin-(1–9) and/or NE,
which showed a decrease in PKIA mRNA after angiotensin-
(1–9) plus NE administration (Fig. 5c). Consistently,
angiotensin-(1–9) treatment of cardiomyocytes resulted in
CREB phosphorylation, as a readout of PKA activation in
these cells (Fig. 5d–f).

To study the participation of the miR-129-3p/PKIA/PKA
signaling pathway on angiotensin-(1–9) action, we used
several approaches. First, the pre-incubation of cardio-
myocytes with H89, a chemical inhibitor of PKA, or a cell-
permeable myristoylated form of PKIA prevented all the
effects of angiotensin-(1–9) on mitochondrial fusion
(Fig. 6a–c) and mitochondrial calcium uptake (Fig. 6d, e),
suggesting that angiotensin-(1–9) triggers PKA signaling
activation through miR-129-3p-dependent inhibition of
PKIA. Moreover, pre-incubation of cardiomyocytes with
H89 also abrogated the anti-hypertrophic effect of angio-
tensin-(1–9) in NE-treated cells (Fig. 6f, g). Finally, the
transient transfection of cardiomyocytes with antimiR-129-
3p also prevented the increase in mitochondrial fusion
(Fig. 7a, b) and mitochondrial calcium uptake (Fig. 7c, d)

observed with angiotensin-(1–9). Moreover, the solely
transfection of cardiomyocytes with an artificial precursor
of miR-129-3p mimics the effects of angiotensin-(1–9) on
mitochondrial morphology and calcium uptake (Fig. 7a–d),
reinforcing the idea that angiotensin-(1–9) could exert these
effects through this signaling pathway.

Discussion

Angiotensin-(1–9) is a noncanonical RAS peptide with anti-
hypertrophic effects both in vitro and in vivo. These effects
are mediated through AT2R activation; [5, 6, 54] however,
the downstream signaling pathways and intracellular effects
of this peptide remain unknown. Alterations in mitochon-
drial dynamics and Ca2+ handling have been associated
with the onset and progression of pathological cardiac
hypertrophy [68]. The data presented here show for the first
time that angiotensin-(1–9) regulates both mitochondrial
dynamics and Ca2+ handling in cultured rat cardiomyo-
cytes, via upregulation of miR-129-3p and inhibition of
PKIA. Angiotensin-(1–9) also prevents the mitochondrial
fission triggered by NE. These changes are associated with
diminished cytoplasmic Ca2+ levels, increased ER-
mitochondrial Ca2+ transport efficiency, and preservation
of ER-mitochondria communication (Fig. 7e).

Several studies have shown that mitochondrial dynamics
proteins play a key role in maintaining normal cardiomyo-
cyte function. Deletion of genes encoding pro-fusion pro-
teins, such as Mfn1/2 [69] or Opa1 [70], or genes encoding
pro-fission proteins, such as Drp1 [71], disrupts myocardial
function, underlining the importance of mitochondrial
dynamics in cardiac health. Manipulation of mitochondrial
dynamics, mainly through promotion of a fused mitochon-
drial network, has been proposed as a novel and promising
cardioprotective strategy [68]. Angiotensin-(1–9) promoted
a fused mitochondrial network in cardiomyocytes without
altering the levels of proteins involved in mitochondrial
dynamics, suggesting a post-translational regulation of their
activities. The pro-fission activity of Drp1 has been asso-
ciated with the development of cardiac diseases in mouse
models. In a mouse model of ischemia/reperfusion injury,
for instance, Mdivi-1, a pharmacological DRP1 inhibitor,
prevented mitochondrial fragmentation and cell death [72].
In an in vivo study, Mdivi-1 prevented left ventricular
dysfunction in response to pressure overload [73]. Our
previous work also showed that NE induces cardiomyocyte
hypertrophy and mitochondrial fission by decreasing Drp1
phosphorylation at Ser637 [13], a substrate of calcineurin
[74]. Adenoviral-mediated expression of a human domi-
nant-negative form of DRP1 prevented mitochondrial
fragmentation and hypertrophy, supporting the idea that
DRP1 plays a central role in pathological remodeling of the

Fig. 4 Angiotensin-(1–9) increases miR-129–39 levels in cardio-
myocytes. a miRNA identification from the RNA-seq data of cardi-
omyocytes treated with norepinephrine (NE), angiotensin-(1–9)/NE
and angiotensin-(1–9) versus control. Each transcript was compared
with the small RNA classes reported in the GFF format in the NCBI
database and the miRNAs recovered from miRBase for the Rnor_6.0
genome assembly. b Differential expression analysis using DESeq2.
NE treatment triggered the differential expression of 4 miRNAs,
whereas angiotensin-(1–9)/NE and angiotensin-(1–9) increased
expression of 11 and 21 miRNAs, respectively. c Conservation ana-
lysis against human, mouse, and rat of the differentially expressed
neonatal rat cardiomyocytes-miRNAs from the conditions in b. 24 of
these miRNAs were present in human and mouse, 6 in mouse, and 2 of
them presented no conservation. d Relative expression using the 24
differentially expressed miRNAs that were conserved in mouse, rat,
and human, a new filter was generated using their base mean values
provided by DESeq2. Finally, the highest LFC led us to focus on the
only differentially upregulated miRNA, miR-129-3p in the angio-
tensin-(1–9) treatment. e To validate the bioinformatic analysis, we
compared miR-129-3p expression levels in control MEFs cells and
cells treated with NE and/or angiotensin-(1–9) by northern blot.
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myocardium. Here we show that angiotensin-(1–9) increa-
ses inhibitory phosphorylation of Drp1 (Ser637) and
decreases its activating phosphorylation (Ser616), together
with its migration to the mitochondria. Moreover, angio-
tensin-(1–9) prevented NE-triggered mitochondrial fission,
a key step underlying its pro-hypertrophic effects.

NE increases cytoplasmic Ca2+ levels, thereby promot-
ing calcineurin-mediated dephosphorylation of DRP1 to
increase mitochondrial fission [13]. Here, we show that
angiotensin-(1–9) prevents NE-triggered calcineurin path-
way activation, as indicated by changes in Rcan1.4. mRNA
and protein levels. In the absence of calcineurin activation,

Fig. 5 Angiotensin-(1–9) activates PKA signaling via miR-129-3p-
dependent inhibition of PKIA. a Top ranking list of target genes
obtained from TargetScan 7.2, filtered using http://pantherdb.org
(reference proteome dataset), by biological process and biological
regulation. b Schematic representation of the miR-129-3p and its seed
region targeting the 3’UTR PKIA gene, displaying different prediction
parameters in terms of conservation, mismatching, and predicted

efficacy based on TargetScan 7.2. c Quantification of PKIA mRNA
levels using RT-qPCR (n= 5), *p < 0.05. d pCREB, CREB, and β-
tubulin levels were assessed by western blotting of cells treated with
100 μM angiotensin-(1–9) for the indicated times (n= 3). e, f Densi-
tometric quantification of the western blots depicted in d. *p < 0.05
vs. 0 h.
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DRP1 would remain phosphorylated at Ser637 and the
mitochondrial network intact. Angiotensin-(1–9) decreased
both baseline and NE-stimulated cytoplasmic Ca2+ levels,

and we propose that the impact of angiotensin-(1–9) on
Ca2+ signaling is fundamental to its anti-hypertrophic
effects. Mitochondria function as buffers for Ca2+,

Fig. 6 Inhibition of PKA signaling blunts the effects of angiotensin-
(1–9) on mitochondrial dynamics and mitochondrial Ca2+ uptake
in cardiomyocytes. a Confocal MitoTracker Green microscopy ima-
ges of cardiomyocytes treated with angiotensin-(1–9) (100 μM, 6 h)
and the PKA inhibitors H89 (10 μM) or myrPKIA (10 μM). Scale bar:
2 μm. Right panels represent a ×15 magnification. Mitochondrial
number and mean mitochondrial volume for each condition were
quantified (n= 7 for b and n= 5 for c). dMitochondrial Ca2+ levels in
cells stimulated with angiotensin-(1–9) after pre-treatment with the
PKA inhibitors H89 (10 μM) or myrPKIA (10 μM). e Quantification of

the area under the curve for Rhod-FF fluorescence (n= 6). f Repre-
sentative confocal images of cardiomyocytes treated with angiotensin-
(1–9) 100 μM for 6 h and/or H89 10 μM and then stimulated with
norepinephrine (NE) 10 μM for 24 h. The cells were stained with
phalloidine rhodamine to detect sarcomeric structures, and immuno-
labeled for the mtHsp70 protein to identify mitochondrial network.
Scale bar: 25 μm. g Quantitative analysis (n= 3) of cellular perimeter
of cells in f. *p < 0.05; **p < 0.01 and ***p < 0.001 vs. control; #p <
0.05; ##p < 0.01 and ###p < 0.001 vs. angiotensin-(1–9).
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particularly Ca2+ released from the ER. The efficiency of
Ca2+ transfer from the ER to mitochondria is inversely
dependent on the distance between these organelles [75].

NE causes a loss of ER-mitochondria contact sites,
decreasing the efficiency of Ca2+ transport between these
organelles [15]. Angiotensin-(1–9) treatment maintained
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Ca2+ transfer efficiency and prevented the loss of ER-
mitochondria contact sites (Figs. 3, S5). Maintenance of
ER-mitochondrial communication could indeed underlie the
observed blunting of the cytoplasmic Ca2+ response
induced by NE. However, angiotensin-(1–9) treatment did
not increase the extent of ER-mitochondria contact at
baseline. Therefore, physical changes in ER/mitochondrial
coupling cannot explain the increase in Ca2+ transfer effi-
ciency observed in the angiotensin-(1–9)-treated cells at
baseline (Fig. 3c–e). Another possible explanation for this
change is the increased mitochondrial fusion observed in
the angiotensin-(1–9)-treated cardiomyocytes (Fig. 1).
Mitochondria that are elongated or have a higher membrane
potential show more efficient Ca2+ uptake [61].

The work of Fattah et al. suggests another potential
mechanism for the observed increase in ER-mitochondrial
Ca2+ transfer. These authors reported positive inotropic
effects of angiotensin-(1–9) in isolated cardiomyocytes
attributable to increased ER Ca2+ stores, likely through a
protein kinase A (PKA)-dependent mechanism [7]. Cer-
tainly, their findings agree with our results, and increased
ER Ca2+ stores may well contribute to the enhanced inter-
organellar Ca2+ transfer documented here. However,
increased ER stores alone would not be sufficient to explain
the suppression of cytoplasmic Ca2+ in response to NE. We
propose that remodeling of the mitochondrial network
toward a more fused state represents a key aspect of the
ability of angiotensin-(1–9) to buffer ER Ca2+ release and
underlies its anti-hypertrophic effects. It is relevant to note
that DRP1 Ser637 can be phosphorylated by PKA, thereby
acting in opposition to calcineurin to promote fusion. Thus,
DRP1 phosphorylation may be an important target of action
for PKA in response to angiotensin-(1–9), in addition to the
increased ER Ca2+ stores documented by Fattah et al.
Notably, our miRNAs expression pattern studies indicated
that miR-129–3p was the only miRNA upregulated after
angiotensin-(1–9) treatment. This miRNA, which has been

implicated in angiotensin II signaling in HEK293 cells [76],
would in this case act downstream of the AT2R involved in
the inhibition of PKIA translation. Decreased PKIA sig-
naling would directly impact PKA activation, potentially
inducing DRP1 phosphorylation and increasing ER Ca2+

stores. Further studies are required to determine the relative
contributions and possible interdependence of these two
potential mechanisms of action.

The anti-hypertrophic effects of angiotensin-(1–9) are
mediated by AT2R activation [5, 6, 54]. Signaling through
the G-protein-coupled receptor is not well understood,
although it is generally thought of as Giα coupled. Therefore,
the mechanism through which it might couple to PKA
activity is not immediately obvious. Thus, understanding the
signaling mechanisms of angiotensin-(1–9) immediately
downstream of AT2R is an important contribution of this
work. To our knowledge, this is the first report that associates
miR-129–3p with AT2R activation in cardiomyocytes,
despite the fact that this miRNA was previously described to
be elevated in HEK293 cells after angiotensin II treatment
[76]. Notably, in this same work, treating cardiomyocytes
with a biased angiotensin II analog significantly down-
regulated miR-129-3p [76], which is consistent with the
known pro-hypertrophic effects exerted by angiotensin II in
cardiomyocytes and correlates with our own results with
angiotensin-(1–9) and its anti-hypertrophic properties.

Taken together, our studies show that angiotensin-(1–9)
acts through AT2R to regulate mitochondrial morphology
and Ca2+ uptake capacity via the AT2R/miR-129-3p/PKA
signaling pathway. These effects are mediated by suppres-
sion of DRP1-dependent mitochondrial fission, increased
mitochondrial Ca2+ buffering capacity, and preservation of
ER-mitochondria contact sites following NE exposure. To
our knowledge, this is the first study that links the angio-
tensin-(1–9)/AT2R/miR-129-3p/PKA signaling axis with
control over mitochondrial dynamics. This also opens the
question of whether other members of the canonical and
noncanonical RAS family could act through similar
mechanisms. Given the newly-identified roles of the non-
canonical RAS peptides angiotensin-(1–7) and angiotensin-
(1–9) as counter-regulators of the ACE/angiotensin II axis
and their recently described ability to regulate blood pres-
sure as well as cardiovascular and renal remodeling, our
findings reveal an important new aspect of their modes of
action, thereby providing novel approaches for therapeutic
manipulation of these peptides and their biological actions
in the cardiovascular system.
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