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ARTICLE INFO ABSTRACT
Keywords: Aortic stenosis, a common valvular heart disease, can lead to left ventricular pressure overload, triggering pro-
miR-210 fibrotic responses in the heart. miR-210 is a microRNA that responds to hypoxia and ischemia and plays a role in

Pressure overload
Aortic stenosis
Inflammation
Fibrosis

immune regulation and in cardiac remodeling upon myocardial infarction. This study investigated the effects of
miR-210 on cardiac fibrosis caused by pressure overload.

Using a mouse model with inducible miR-210 over-expression, we subjected mice to transverse aortic
constriction (TAC) to induce pressure overload. Mice with miR-210 over-expression developed eccentric hy-
pertrophy, heightened expression of hypertrophic markers (Nppa and Nppb) and increased cross sectional area of
cardiomyocytes, impacting the free wall of the left ventricle. These findings suggest that miR-210 worsens
cardiac dysfunction. Furthermore, miR-210 over-expression led to a more robust and sustained inflammatory
response in the heart, increased interstitial and perivascular fibrosis, and activation of myofibroblasts. miR-210
also promoted angiogenesis. In vitro, cardiac fibroblasts over-expressing miR-210 showed increased adhesion,
wound healing and migration capacity.

Our results demonstrate that miR-210 contributes to adverse cardiac remodeling in response to pressure
overload, including eccentric hypertrophy, inflammation, and fibrosis.

and combined diastolic and systolic heart failure [4,5]. Indeed, the
mechanical stress due to pressure overload activates pro-fibrotic path-
ways that involve many cell types, particularly monocytes and macro-
phages, fibroblasts and cardiomyocytes. Monocytes and macrophages
are pivotal in regulating fibrotic responses in many tissues [6]. Several
experimental findings obtained in mouse models of pressure overload,
highlighted that inflammatory cells, and in particular monocytes and
macrophages, are key regulators in cardiac remodeling and fibrosis,
since they secrete a wide range of bioactive mediators, including cyto-
kines and matricellular proteins [5,7-9]. Monocytes and macrophages
are highly plastic cells, exhibit remarkable heterogeneity and can
respond to growth factors, cytokines, and other mediators released in
the local tissue microenvironment, assuming either a pro-inflammatory

1. Introduction

Aortic stenosis (AS) is the most common valvular heart disease in
Europe and North America, requiring a surgical or interventional
treatment [1]. The prevalence of AS increases with aging, with an
incidence averaging 9.8 % in 80-89 year-old patients [1-3]. AS is
mainly due to calcification of the aortic valve, but it could also have
rheumatic origins, or it could be due to congenital malformations of the
valve. Calcific AS causes increased leaflet stiffness and narrowing of the
valve orifice, resulting in left ventricular pressure overload [3]. Pressure
overload, in turn, causes interstitial and perivascular fibrosis and leads
to diastolic dysfunction that frequently progresses to ventricular dilation
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Abbreviations

AS aortic stenosis

a-SMA  alpha-Smooth muscle actin

CSA cross sectional area

CFs cardiac fibroblasts

LV left ventricle

TAC transverse aortic constriction
Tg-210 inducible miR-210 transgenic mouse
Wt wild-type

or an anti-inflammatory, pro-repair phenotypes [6,10]. In addition,
mechanical stress, metabolic dysfunction and inflammatory cytokines
may induce a fibrogenic program in cardiomyocytes, contributing to
fibroblast activation [7]. Fibroblast activation and transdifferentiation
into myofibroblasts, is the key cellular event that drives the fibrotic
response in several pathological conditions associated with heart failure,
including pressure overload [7,11,12]. Indeed, myofibroblasts express
contractile proteins such as a-smooth muscle actin and synthesize
matricellular proteins leading to fibrosis.

miR-210 is a microRNA expressed in response to hypoxia and
ischemia which modulates several target genes involved in these pro-
cesses [13]. Interestingly, miR-210 is upregulated in heart failure dia-
betic patients affected by dilated ischemic cardiomyopathy [14].
miR-210 modulates several processes activated in hypoxia response by
targeting specific mRNAs. In particular, it represses mitochondrial
metabolism, promoting the shift from mitochondrial respiration to
glycolysis [15], inhibits apoptosis [16,17], stimulates angiogenesis [16],
and supports stem-cell survival [18,19].

There is much evidence of the immune-modulatory function of miR-
210. Indeed, it regulates T lymphocyte subsets in psoriasis [20], po-
tentiates the tumor-promoting effects of myeloid-derived suppressor
cells [21], inhibits the production of pro-inflammatory cytokines in
LPS-stimulated macrophages [22] and inhibits the pro-inflammatory
immune responses of leishmania-infected macrophages [23]. Interest-
ingly, miR-210 upregulation in monocytes and macrophages has been
observed in response to pathogen interaction in different mouse infec-
tion models [24]. In particular, miR-210 induction in macrophages,
leads to a switch towards a pro-inflammatory M1 phenotype by
repressing mitochondrial oxidative metabolism and promoting glycol-
ysis. Overall, these studies highlighted that the role of miR-210 in the
modulation of the inflammatory response could be very different and
should be evaluated in each specific context.

Recently, we demonstrated a context-dependent regulation by miR-
210 of the inflammatory response and fibrosis [25]. Indeed, when
macrophages expressing high miR-210 levels infiltrate a wild-type
ischemic tissue, they switch toward a pro-fibrotic phenotype, leading
to impaired tissue repair, fibrosis, and dysfunctional angiogenesis [25].

The miR-210 role in the modulation of tissue fibrosis has also been
demonstrated in different pathologies. Indeed, atrial myocyte-derived
exosomal miR-210 promoted atrial fibroblast proliferation and
collagen synthesis by inhibiting GPD1L, contributing to atrial fibrosis
and atrial fibrillation [26]. In idiopathic pulmonary fibrosis, hypoxia
induces miR-210 expression via HIF-2 alpha. miR-210 in turn drives
fibroblasts proliferation, by repressing the c-myc inhibitor MNT, (MAX
network transcriptional repressor), leading to pulmonary fibrosis [27].
Remarkably, miR-210 function, as for all micro-RNAs, depends on the
target mRNAs expressed by each cell type and might be highly context-
and time-dependent.

Finally, miR-210 has been proposed as a biomarker in AS, since
circulating miR-210 levels are increased in patients with AS and provide
independent prognostic information to established risk indices [28].

In this work, we investigated the role of miR-210 in tissue fibrosis
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following pressure overload in mice.
2. Materials and methods
Ethical statement

This study was approved by the Italian National Institute of Health
and supervised by the Institutional Animal Care and Use Committee of
San Raffaele Hospital (Milan). All experimental procedures complied
with the Guidelines of the Italian National Institute of Health and with
the Guide for the Care and Use of Laboratory Animals (Institute of Labo-
ratory Animal Resources, National Academy of Sciences, Bethesda, Md).

2.1. Mouse model

Doxycycline-inducible transgenic C57BL/6NTac-Gt(ROSA)
26S0r™3720(Mir210)Tac yale mice (Tg-210) and Wild-type littermates
(Wt), as well as genotyping analysis were previously described [29]. For
miR-210 induction, Wt and Tg-210 male mice, two months old, were fed
with pellets of food containing Doxycycline (NFM18 diet added with
doxycycline hyclate 2000 mg/kg, Mucedola, Italy) starting from 7 days
before surgery and until the endpoint of the experiment. Doxycycline
was administrated to Wt littermate too, in order to exclude side effects of
the drug. The effectiveness of miR-210 induction was assessed by
gqRT-PCR on left ventricle (LV) or liver samples from each analyzed
mouse. Before all surgical and perfusion procedures, mice were anes-
thetized with an intraperitoneal injection of 100 mg/kg ketamine
(Ketavet 100; Intervet Farmaceutici, Italy) and medetomidine 0.5 mg/kg
(Domitor, Orion Pharma, Italy). Transverse aortic constriction (TAC)
was induced by a minimally invasive surgical procedure as previously
described [30]. Briefly, a suprasternal skin incision was made, followed
by a mini-proximal sternotomy. The thymus was retracted to expose the
aortic arch, and the fat around the aortic arch was carefully removed. A
surgical suture Prolene 8-0 (Ethicon, USA) was passed underneath the
aorta between the origins of the brachiocephalic and left common ca-
rotid arteries. A bent 27-gauge needle was placed next to the aortic arch,
and the suture was tightly tied around the needle and the aorta. After
ligation, the needle was quickly removed. The sternum and the skin
were closed, and mice were allowed to recover by an intraperitoneal
injection of Atipamezole 5 mg/kg (Antisedan, Orion Pharma, Italy) and
maintained under a warming infrared lamp until they were fully awake.
The sham procedure was identical except that the aorta was not ligated.
Ultrasound imaging was performed by an experienced operator using a
high-performance ultrasonographic Imaging System (Vevo 2100; Fuji-
film VisualSonics Inc., Toronto, ON, Canada). The aortic arch view was
obtained from a modified right parasternal view on day 7 after surgery.
PW Doppler Mode waveforms of the transverse aortic flow at the ligation
level were acquired using a 21 MHz central frequency linear probe
(MS-250, bandwidth 13-24 MHz, FUJIFILM VisualSonics Inc., Toronto,
ON, Canada), lateral and axial resolution of 165 and 75 pm, respectively.
The pressure gradient was estimated using the modified Bernoulli
equation (pressure gradient = 4*velocity?) to assess the presence of
TAC. Transthoracic echocardiography was performed at 7 and 28 days
after surgery. Two-dimensional short-axis images and M-mode tracings
were recorded at the level of papillary muscles. From M-mode tracings,
anatomical parameters in diastole and systole were obtained by Vevo
Lab 3.2.6 software (Fujifilm VisualSonics Inc., Toronto, ON, Canada).
The echocardiographic parameters obtained in Wt sham-operated mice
at days 7 and 28 post-surgery were used as reference values. Before
samples harvesting after 7 or 28 days of pressure overload, mice un-
derwent euthanasia by cervical dislocation or anesthetic overdosing.

2.2. Experimental design

In order to induce miR-210 over-expression, mice were fed with food
pellets containing doxycycline starting from 7 days before surgery and
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until the experiment’s endpoint.

At time 0, mice underwent Sham or TAC surgery. All mice underwent
echocardiography on day 7 and were randomly assigned to two groups.
The first group was sacrificed on day 7. The second group was analyzed
at day 28 and sacrificed. Next, hearts were collected for further analysis
(Supplementary Fig. S1).

2.3. Sample preparations

For RNA extraction, LVs were snap frozen in liquid nitrogen. For
histological analysis, mice were perfused via LV with PBS pH 7.5, fol-
lowed by 10 % buffered formalin (Bio-Optica, Italy), at 100 mm/Hg for
10 min. Subsequently, hearts were collected, fixed and paraffin-
embedded and sections were prepared as previously described [31].

2.4. miRNA and mRNA quantification

Total RNA was extracted from cells and tissue using TRIzol (Thermo
Fisher Scientific, MA, USA) and the TissueLyser system (Qiagen, Hilden,
Germany). miRNA and mRNA levels were analyzed using the TagMan
gqRT-PCR assay (miR-16 Assay ID 000391, U6 snRNA Assay ID 001973,
miR-210 Assay ID 000512, Thermo Fisher Scientific, MA, USA) and the
SYBR-GREEN gRT-PCR method (Promega, Madison, Wisconsin, USA)
respectively, and quantified with the Step-One plus real-time PCR Sys-
tem (Thermo Fisher Scientific, MA, USA), as previously described [29].
Primers used for qRT-PCR are listed in Table S1 (Supplementary mate-
rials). miRNA and mRNA relative expression was calculated using the
comparative Ct method (—Delta Delta Ct (-AACt)) [32] and the
expression values were normalized to miR-16, U6 and RPL13 levels, that
preliminary experiments indicated as not modulated by TAC or miR-210
(not shown).

2.5. Histology and morphometric analysis

2.5.1. Immunofluorescence staining

For immunofluorescence (IF) and immunohistochemistry (IHC)
staining, the following antibodies were used: rat anti-Galectin-3 (Mac-2,
#CL8942AP, Cedarlane Burlington, Canada), rabbit polyclonal anti-
Laminin (#Z0097, Agilent Dako, USA), rabbit monoclonal anti-alpha-
Smooth Muscle Actin (a-SMA) (#ab124964, Abcam, Cambridge, UK).
Hoechst 33342 (#H3570, Thermo Fisher Scientific, MA, USA) was used
for nuclei staining.

For all the quantification, two regions of interest (ROIs) were
manually defined in specific areas of the LV: the septum and the free wall
(Supplementary Fig. S2).

2.5.2. Quantification of Galectin-3 positive areas

Images of the whole section of the heart were acquired by Aperio
AT2 digital scanner at magnification of 200x (Leica Biosystems, Ger-
many). Galectin-3 positive areas were analyzed by ImageJ software
(https://fiji.sc/) applying a manual threshold. Results are expressed as a
percentage of Galectin-3 positive areas/total area of the ROI.

2.5.3. Evaluation of cardiomyocyte cross sectional area

For the evaluation of the cardiomyocyte cross sectional area (CSA),
sections were stained by anti-Laminin antibody and were imaged on an
ImageXpress Confocal MC system (Molecular Devices, CA, USA) with a
PlanApoLambda 20x/0.75 for two channels: DAPI (nuclei), Alexa 488
(Laminin). A grid with multiple images was collected, to cover each
entire section. Image analysis and object segmentation were carried out
using ArivisVision4D software (Zeiss, Germany) (Supplementary
Fig. S3). Regions of interest (ROIs) corresponding to specific areas of the
LV (either the free wall or septum) were manually defined
(Supplementary Fig. S 2). The unstained area ("hole") within each car-
diac fiber was detected using a Simple Threshold algorithm, while
Laminin staining was identified using a Local Adaptive Threshold
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algorithm. Laminin staining was associated with the corresponding
cardiac fiber only if its contour fully enclosed the fiber (Supplementary
Fig. S3). The two objects —"hole" and contour— were combined to form
the "cardiac fiber object". The areas of individual cardiac fiber objects
were then exported for statistical analysis. Notably, to ensure compa-
rability across samples, all were segmented with the same parameters.
Total cardiac fiber measurements were filtered to exclude longitudinal
structures, retaining only cells presenting roundness >0.5 and long-to-
short-side ratio <3. Mixed effects models were fitted separately for
each combination of day (7 or 28) and tissue type (free wall or septum),
using R packages ImerTest and emmeans. The nested structure of sam-
pling sites within heart samples was appropriately handled by including
random effects for sampling sites and samples (formula: area ~ genotype
+ (1|sample:site)). Estimated marginal means, with 95 % confidence
intervals, were used to graphically depict differences between
genotypes.

2.5.4. Identification of myofibroblasts

For identifying myofibroblasts, sections were stained by a-SMA and
were imaged on an ImageXpress Confocal MC system (Molecular De-
vices, San Jose, CA, USA) with a PlanApoLambda 20x/0.75 for two
channels: DAPI (nuclei), 488 (a-SMA). A grid with multiple images was
collected, to cover the entire section. Image analysis and object seg-
mentation were performed using ImageJ software (https://fiji.sc/).

The tissue size within each ROI (septum and free wall) was deter-
mined using low threshold setting on the DAPI channel, while areas of
a-SMA positive staining were identified on channel 488 using a manual
threshold. The sum of the a-SMA object’s areas and tissue area were
exported for statistical analyses. Consistent segmentation parameters
were applied to all samples to ensure comparable results. Results are
expressed as a percentage of a-SMA positive areas/total area of the ROIL
For the quantification of the arterial density in the entire LV, the a-SMA
positive arterioles and arteries, with a minimum internal diameter
ranging from 4 pm to 170 pm, were identified on the channel 488 and
quantified manually using the software ArivisVision4D (Zeiss, Ger-
many). The number of the a-SMA objects and the tissue area were
exported for statistical analyses. Results were expressed as the number
of total a-SMA positive arteries/total area of the LV.

2.5.5. Evaluation of cardiac fibrosis

Collagen fibers were stained by Sirius Red staining (Direct Red 80,
Sigma #365548, Merck, Germany) using a standard protocol [25]. Im-
ages of the whole section of the hearts were acquired by Aperio AT2
digital scanner at magnification of 200x (Leica Biosystems, Germany).
The Sirius Red positive areas were analyzed by ImageJ software
(https://fiji.sc/) applying a manual threshold. Results are expressed as a
percentage of Sirius Red positive areas/total area of the ROL.

2.6. In vitro experiments

2.6.1. Isolation of cardiac fibroblasts

Cardiac fibroblasts (CFs) were isolated as previously described [33].
Before the isolation, Wt and Tg-210 mice were fed with food pellets
containing doxycycline 2000 mg/kg (Mucedola, Italy) ad libitum for 10
days. Briefly, mouse hearts were perfused, the ventricles were collected
and washed to remove residual red blood cells. The hearts were minced
and placed in a digestion solution containing 2 mg/mL collagenase type
IV (#LS004188, Worthington, USA), 1.2 U/mL Dispase I (#D4693,
Merck, Sigma Aldrich, Germany), and 20 U/mL DNase I (#DN25 Merck,
Sigma Aldrich, Germany). The cell suspension obtained after three
rounds of 20-min digestions was passed through a 40-pm cell strainer
and kept on ice throughout the procedure. Finally, CFs were plated in a
6-well plate (one heart per well) pre-coated with a 0.1 % gelatin solution
(w/v) (#ES-006 EmbryoMax, Merck Life Science, Germany) and
cultured in Dulbecco’s Modified Eagle Medium (DMEM; #D6546,
Merck, Sigma Aldrich, Germany) supplemented with 10 % fetal bovine


https://fiji.sc/
https://fiji.sc/
https://fiji.sc/

G. Zaccagnini et al.

serum (FBS, #A5670801, Gibco, Thermo Fisher Scientific, MA, USA),
100 U/mL penicillin, and 100 pg/mL streptomycin (#ECB3001D,
Euroclone, Italy) and 1 ng/mL doxycycline (#D5207, Sigma Aldrich,
Germany). After 3 h of incubation, non-adherent cells were removed by
replacing the culture medium, while attached cells (mainly fibroblasts)
were washed and cultured in fresh media until confluent. These cells
were considered as passage 0 (P0O) and subsequently passaged for up to
two additional times (P1-P2) for their use in functional experiments.

2.6.2. Proliferation assay

The Cell Counting Kit-8 (CCK-8) (#96992 Merck, Sigma Aldrich,
Germany) was used to evaluate the proliferation of CFs. In brief, 2 x 10°
cells/well were seeded into a 96-well plate pre-coated with 0.1 % gelatin
solution (w/v) (#ES-006, EmbryoMax, Merck Life Science, Germany)
and incubated with 1 ng/mL doxycycline (#D5207, Sigma Aldrich,
Germany) for 24, 48, 72 and 96 h. Next, according to the manufacturer’s
protocol, 10 pL of CCK-8 solution was added to the culture medium in
each well, and the plates were incubated for 4 h at 37 °C. Absorbance at
450 nm was measured using a microplate reader (Varioskan Lux,
Thermo Fisher Scientific, MA, USA).

2.6.3. Cell adhesion assay

CFs were seeded into 48-well plates coated with 0.1 % gelatin so-
lution (w/v) (#ES-006, EmbryoMax, Merck Life Science, Germany) at a
concentration of 2 x 10* cells per well and incubated with 1 ng/mL
doxycycline (#D5207, Sigma Aldrich, Germany). After incubation at
37 °Cin 5 % CO: for 2, 4, and 6 h, the medium was aspirated, and cells
were washed twice with PBS to remove non-adherent cells. Adherent
cells were fixed with 4 % paraformaldehyde (PFA, #SC281692, Chem
Cruz, Santa Cruz biotechnology, CA, USA) and stained with Hoechst
33342 (#62249, Thermo Fisher Scientific, MA, USA) at a concentration
of 5 pg/mL. The attached and stained cells were quantified by measuring
the fluorescence (Ex 346 nm, Em 460 nm) using a microplate reader
(Varioskan Lux, Thermo Fisher Scientific, MA, USA).

2.6.4. Scratch Wound assay

CF migration was assessed using the IncuCyte Scratch Wound 96-
Well Real-Time Cell Migration and Invasion Assay (Sartorius, Ger-
many). Cells were seeded at a density of 2 x 10* cells per well in growth
medium containing 0.5 % fetal bovine serum (FBS) and 1 ng/mL
doxycycline (#D5207, Sigma Aldrich, Germany) in IncuCyte ImageLock
96-well plates (Sartorius, Germany) pre-coated with 0.1 % (w/v) gelatin
to ensure proper attachment. The cells were allowed to form a confluent
monolayer over 24 h under serum-starved conditions. Monolayers were
then scratched using the IncuCyte 96-Well WoundMaker tool (Sartorius,
Germany) to create consistent, wide wound areas. Wells were washed
with growth medium to remove cell debris and cultured with fresh
medium containing 1 ng/mL doxycycline (#D5207, Sigma Aldrich,
Germany). The plates were placed in the IncuCyte Live Cell Analysis
System (Sartorius, Germany). Measurements were performed automat-
ically every 2 h for 40 h. Wound density, defined as the ratio of cell
density within the wound area to the cell density outside the wound, was
calculated in real-time using the system’s built-in analysis algorithms.
Mixed effects models were employed using R package ImerTest, to assess
difference in the rate of wound density change over time between the
two genotypes. The interaction between genotype and time was
modeled as a fixed effects variable, using the sample ID as a random
effects variable to account for variability between subjects (formula:
density ~ genotype*time + (1|sample)). To assess differences between
groups in each time point, the same model was re-fitted using time as a
factor and R package emmeans was used to perform estimated marginal
means post-hoc testing at a Benjamini-Hochberg (BH) adjusted p-value
threshold of 0.05.

2.6.5. Chemotaxis cell migration assay
CF chemotaxis was evaluated using the Incucyte Chemotaxis Cell

23

Non-coding RNA Research 12 (2025) 20-33

Migration Assay Clearview system (Sartorius, Germany). Both the insert
side and reservoir side of the wells were pre-coated with 0.1 % (w/v)
gelatin (#ES-006 EmbryoMax, Merck Life Science, Germany). CFs were
seeded at 1 x 107 cells/well into the IncuCyte Clearview 96 well insert in
growth medium containing 0.5 % FBS and 1 ng/mL doxycycline. A
chemoattractant (200 pL of 10 % FBS) (FBS; #A5670801, Gibco,
Thermo Fisher Scientific, MA, USA) or control (200 pL of PBS) was
added to the reservoir plate. The plates were equilibrated at 37 °C and
imaged using the IncuCyte Live-Cell Analysis System (Sartorius, Ger-
many) every 1 h for 24 h with a 4x objective under phase contrast to
assess cell motility. Mixed effects models (ImerTest) were fitted sepa-
rately for samples treated with chemoattractant (FBS) and untreated
samples, assessing difference in the rate of migration over time between
the two genotypes. The interaction between genotype and time was
modeled as a fixed effects variable, using the sample ID as a random
effects variable to account for variability between subjects (formula:
area ~ genotype*time + (1|sample)). R package emmeans was used to
perform estimated marginal means post-hoc testing at a BH adjusted p-
value threshold of 0.05, after re-fitting the models using time as a factor.

2.7. Statistical analysis

As opportune, variables were analyzed by Student’s t, Mann Whitney
and ANOVA tests. All tests were performed 2-sided and a p < 0.05 was
considered as statistically significant. Continuous variables were
expressed in column scatter graphs, showing mean and standard devi-
ation. GraphPad Prism v.4.03 software (GraphPad Software Inc.) was
used for statistical analysis.

3. Results
3.1. miR-210 overexpression induces eccentric hypertrophy upon TAC

To investigate miR-210 role in pressure overload-induced cardiac
remodeling, we used a doxycycline-inducible miR-210 transgenic mouse
strain (Tg-210) that we had generated and validated in the past [29].
miR-210 overexpression was induced by doxycycline administration
starting 7 days before TAC and cardiac remodeling was assayed 7 and 28
days after surgery (Supplementary Fig. S1). Doxycycline was also
administered to control Wt mice to account for potential side effects of
the drug.

Cardiac remodeling following TAC was first investigated by echo-
cardiography in both Tg-210 and Wt mice. The measure of the peak
gradient, carried out on the aortic arch at the constriction site, indicated
that gradients of similar intensities were induced in Wt and Tg-210 TAC
mice (Supplementary Fig. S4). The m-mode analysis of cardiac function
showed that fractional shortening (FS%) was significantly decreased in
both Wt and Tg-210 TAC mice compared to Sham mice at 7 days (Fig. 1
A) and remained low at day 28 (Fig. 1 I), indicating decreased cardiac
contractility after TAC. The left ventricular mass (LV mass) was signif-
icantly increased in both Wt and Tg-210 TAC mice compared to Sham at
7 and 28 days after TAC (Fig. 1 B and L), indicating cardiac hypertrophy.
The left ventricular volume (LV Vol) at day 7 increased only in systole in
both the TAC groups compared to Sham (Fig. 1C, D). Interestingly, the
LV Vol was significantly increased in Tg-210 TAC mice compared to both
Sham and Wt TAC mice in both diastole and in systole at day 28 (Fig. 1
M, N), indicating that cardiac remodeling leads to LV dilatation in Tg-
210 mice only. The left ventricular internal diameter was increased
accordingly (Fig. 1 E, F, O, and P). Finally, the left ventricular posterior
wall (LVPW) showed an increase only in diastole at day 7 in Wt and Tg-
210 TAC mice compared to Sham (Fig. 1 G, H). At day 28, LVPW
remained high only in Wt mice in diastole and systole compared to Tg-
210 TAC mice (Fig. 1 Q, R), again in keeping with LV dilatation inTg-210
mice only. Taken together, these results highlight that Wt mice devel-
oped concentric hypertrophy after TAC, while Tg-210 mice developed
more severe eccentric hypertrophy.
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Fig. 1. Tg-210 TAC mice develop eccentric hypertrophy. Wt and Tg-210 mice were treated with doxycycline starting from 7 days before TAC surgery and until the
endpoint of the experiment. All the Wt and Tg-210 TAC mice underwent echocardiography at day 7 after surgery and then were randomly assigned to two different
groups. The first one was sacrificed at day 7. The second one was analyzed and sacrificed at day 28. (A-H) M mode echocardiographic results at day 7. (I-R) M mode

echocardiographic results at day 28. (A and I) The percentage of fractional shortening (FS%) *P < 0.02, **P < 0.001, *

**P < 0.0001; (B and L) the left ventricular

mass (LV mass) *P < 0.04, **P < 0.009; (C and M) the left ventricular volume in diastole (LV vol d) *P < 0.05; (D and N) the left ventricular volume in systole (LV vol
s) *P < 0.03 **P < 0.007; (E and O) the left ventricular internal diameter in diastole (LVID d) *P < 0.03; (F and P) the left ventricular internal diameter in systole
(LVID s) *P < 0.02, **P < 0.002; (G and Q) the left ventricular posterior wall in diastole (LVPW d) *P < 0.01, **P < 0.004, ***P < 0.0007; (H and R) the left
ventricular posterior wall in systole (LVPW s) **P < 0.009. Anova multiple comparison.

Echocardiography data did not indicate a difference in LV mass be-
tween Wt and Tg-210 TAC mice. However, to assess whether a difference
was present also under this aspect, we investigated the expression of
early and sensitive markers of hypertrophy, Natriuretic peptide A
(Nppa) and B (Nppb) [34], in the LV (Fig. 2). Increased Nppa levels were
observed in Tg-210 mice compared to Wt already at day 7 after TAC
(Fig. 2 A), while both Nppa and Nppb showed significantly higher
expression levels in Tg-210 mice compared to Wt at day 28 after surgery
(Fig. 2C and D).

24

To investigate this aspect also at cellular level, the cross-sectional
area (CSA) of the cardiomyocytes was measured on Laminin-stained
transversal sections of TAC LVs (Supplementary Fig. S3), at 7 and 28
days after surgery. Specifically, to evaluate the CSA more accurately, the
LV was divided into two ROI (Supplementary Fig. S2): the septum and
the free wall [35,36]. High resolution images were obtained and the
cardiomyocyte CSA was assessed algorithmically and exported for
analysis, employing mixed effects linear modelling to model cell area
using genotype as a fixed effect, and sites within samples as nested
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Fig. 2. LV of Tg-210 TAC mice showed increased expression levels of hypertrophy markers. RNA was extracted from left ventricles of Wt and Tg-210 TAC mice
and the expression levels of hypertrophy markers were measured by qRT-PCR at day 7 (A-B) or 28 post surgery (C-D). (A and C) Natriuretic peptide A (Nppa); (B and
D) Natriuretic peptide B (Nppb). Scatter plots represent mean + SD. Values are expressed using a log, scale (-AACt). Test t *P < 0.05, **P < 0.009.

random effects (Supplementary Fig. S5). CSA was significantly increased day 7, CSA increase in the free wall exhibited only a borderline signif-

in the free wall of Tg-210 TAC mice at day 28 (Suppl. Fig. S5 C), in icance (P = 0.08) (Supplementary Fig. S5 A). The findings are suggestive
keeping with the expression levels of Nppa and Nppb (Fig. 2 C and D). At of a modest asymmetric hypertrophic effect induced by miR-210,
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Fig. 3. LV of Tg-210 TAC mice showed increased expression levels of macrophages markers. RNA was extracted from left ventricles of Wt and Tg-210 TAC mice
and the expression levels of macrophages markers were measured by qRT-PCR at 7 (A-D) or 28 days from surgery (E-H). (A and E) CD68; (B and F) Galectin-3
(Lgals3); (C and G) CD80; (D-H) Interleukin-1beta (II-1f). Scatter plots represent mean + SD. Values are expressed using a log, scale (-AACt). Test t *P < 0.05,
**P < 0.009, ***P < 0.0005.
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impacting the free wall and sparing the septum.
3.2. Increased inflammation in the LV of Tg-210 TAC mice

Given the pivotal role of macrophages in cardiac remodeling after
pressure overload [8,9] and miR-210 role in the regulation of macro-
phage function [24,25], the expression levels of macrophage markers
were measured in LVs of TAC mice, at 7 and 28 days after surgery.
Specifically, the markers measured included CD68, a pan-macrophage
marker [37], Galectin-3, a marker of activated macrophages [38],
CD80, which is expressed by different types of inflammatory cells
including M1 macrophages, dendritic cells, and activated B-cells [37]
and Interleukin-1f (II-1f), a macrophage-derived proinflammatory
cytokine [37]. Fig. 3 shows that CD68 was increased already at day 7
(Fig. 3 A) and that at day 28, all the measured markers were increased in
Tg-210 TAC mice compared to Wt (Fig. 3 E-H). Together, these data
indicate increased inflammation in the LV of Tg-210 mice following
pressure overload.

Interestingly, the immunohistochemical staining for Galectin-3
showed that Galectin-3 was expressed not only by macrophages but
also by other myocardial cell types, as previously reported
(Supplementary Fig. S6 A) [39]. Given the pro-fibrotic role of Galectin-3
[40,41], the positive areas for this staining were quantified in the
septum and in the free wall (Supplementary Figs. S2 and S6 B) [35,36].
Interestingly, the percentage of Galectin-3 positive areas
(Supplementary Fig. S6 C-F) was significantly increased in the septum of
Tg-210 TAC LV compared to Wt at day 7 (Supplementary Fig. S6 C),
while no significant differences were observed at day 28.

3.3. Fibrosis is increased in the LV of Tg-210 mice upon TAC

Fibrosis is a hallmark of LV remodeling upon pressure overload [42].
To clarify the distribution of the collagen in the heart, transversal sec-
tions of TAC LV were stained by Sirius red (Fig. 4 A-B and E-F) and the
percentage of Sirius red positive areas was evaluated. Also in this case,
the septum and the free wall were analyzed separately (Supplementary
Fig. S2). At day 7, Sirius red-positive fibers were localized mainly in the
septum, displaying interstitial and perivascular fibrosis (Fig. 4 A and B).
Accordingly, the percentage of the Sirius red positive areas was signif-
icantly higher in the septum of Tg-210 TAC LV compared to Wt (Fig. 4
C), while no difference was observed in the free wall (Fig. 4 D). On day
28, Sirius red staining was spread and intense in Wt and Tg-210 TACLV,
indicating collagen accumulation in interstitial and perivascular areas
(Fig. 4 E and F). The quantification showed that the percentage of the
Sirius red positive areas was significantly increased in the free wall of
Tg-210 TAC compared to Wt TAC (Fig. 4 H), while no differences were
observed in the septum (Fig. 4 G), indicating a difference in the fibrosis
dynamics between Tg-210 and Wt mice upon TAC.

In order to further delineate the development of fibrosis in Tg-210
TAC mice, an analysis was undertaken to evaluate the mRNA levels of
the Collagen I chains, Col1A1l and Col1A3, and of Myosin heavy chain 10
(Myh10), a conventional non-muscle myosin involved with LARP6 in
the stabilization of type I collagen mRNAs. Col1Al and Myh10 were
more expressed in Tg-210 TAC LV compared to Wt at day 7 (Fig. 4 I-M),
while no statistically significant difference was found at day 28 (Fig. 4
N-P).

Next, the expression of Alpha smooth muscle actin 2 (Acta 2) mRNA,
a marker of both myofibroblasts and arterial wall, was assessed. Acta2
was more expressed in the LV of Tg-210 TAC mice at 7 and 28 days than
in Wt TAC (Fig. 5 A and B). To confirm these results, the product of the
Acta2 gene, a-smooth muscle actin (a-SMA) protein was detected by
immunofluorescence on transversal sections of TAC hearts (Fig. 5 C-F).
To quantify the percentage of a-SMA positive areas upon TAC (Fig. 5
G-L), the septum and the free wall were assessed individually. The
percentage of a-SMA positive areas was significantly higher in the
septum of Tg-210 compared to Wt mice at day 7 (Fig. 5 G) while no
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differences were observed in the free wall (Fig. 5 H). As previously re-
ported, the intensity of the a-SMA staining was strongly decreased or
completely missing in the myofibroblasts at day 28 [43], remaining
detectable in the arterial wall (Fig. 5 E and F). Thus, Wt and Tg-210 TAC
LV did not show any difference in the percentage of a-SMA positive areas
at this later time point.

To clarify if the differences observed in the percentage of a-SMA
positive areas at day 7 could be due, at least in part, to an angiogenic
process, the arterial density was quantified in LV sections stained for
a-SMA (Fig. 5 C and D). The analysis showed no differences in the
arterial density between Wt and Tg-210 TAC LV at day 7 (Suppl. Fig. S7
A). Accordingly, the expression levels of the angiogenic growth factors
Vefg-A, Fgf-1 and their receptors (Flt-1 and Fgfr-1, respectively) did not
show any difference between Wt and Tg-210 TAC LV (Supplementary
Fig. S7 C-F). Next, arterial density was assessed also at day 28, identi-
fying a significant increase of the arterial density in Tg-210 TAC LV
compared to Wt (Fig. 5 E-F and Supplementary Fig. S7 B). The expres-
sion levels of Vefg-A, Fgf-1 and their receptors were increased accord-
ingly (Supplementary Fig. S7 G-L).

Subsequently, we evaluated the expression of two main pro-fibrotic
factors: Transforming growth factor f1 (Tgf-p1), playing a pivotal role
in collagen accumulation and fibrosis in several diseases [6,44], and
Connective tissue growth factor (Ctgf), a pro-fibrotic factor strongly
implicated in cardiac fibrosis [45,46] (Supplementary Fig. S8). The
gqRT-PCR analysis showed no differences in the expression levels of
Tgf-p1 and Ctgf in Wt and Tg-210 TAC LV at day 7 (Supplementary
Fig. S8 A-B). Interestingly Tgf-pl and Ctgf were significantly more
expressed in Tg-210 TAC LV than in Wt at day 28 (Supplementary Fig. S8
C-D).

These results show that, under pressure overload, miR-210 over-
expression leads to increased interstitial and perivascular fibrosis.

3.4. miR-210 enhances cardiac fibroblast adhesion and migration in vitro

To determine whether the effects of miR-210 on cardiac fibrosis are
mediated by miR-210 action on CFs, in vitro experiments were per-
formed. Adult CFs from both Wt and Tg-210 healthy ventricles were
isolated and cultured to assess proliferation (Supplementary Fig. S9),
adhesion, wound healing and migration (Figs. 6-8). Cells were imaged
daily during the first 96 h of culture (Supplementary Fig. S9 A). The
over-expression of miR-210 in CFs derived from Tg-210 mice compared
to those from Wt mice was confirmed (Supplementary Fig. S9 B). No
consistent differences were observed in proliferation between Wt and
Tg-210 CFs cultured over 96 h (Supplementary Fig. S9 C). However, a
small but significant difference was observed at 24 h post-seeding, when
miR-210-overexpressing CFs exhibited significantly higher values
compared to Wt CFs. Thus, we hypothesized that Tg-210 CFs may
exhibit enhanced adhesion to the gelatin-coated substrate. When the
adhesion of CFs to the gelatin-coated substrate was assessed, it was
found that Tg-210 CFs adhered more efficiently than Wt CFs (Fig. 6).

CF migration is crucial in the cardiac wound healing response, as its
increase is indicative of CF activation [12]. Therefore, scratch assays
were conducted to evaluate planar motility differences between Tg-210
and Wt CFs. Fig. 7 shows a statistically significant increase in the rate of
wound closure in Tg-210 CFs compared to Wt. Additionally, significant
differences were observed at individual time points between 6 and 26 h
(Fig. 7 B). To further evaluate CFs migration, a cell chemotaxis assay was
performed. Using FBS as a chemoattractant, Tg-210 CFs exhibited a
significantly higher migration rate over time compared to Wt CFs
(Fig. 8).

Taken together these results demonstrate that CFs over-expressing
miR-210 show increased capacity of adhesion, wound healing and
migration toward FBS. These peculiar features of CFs over-expressing
miR-210 may contribute to explain the increased cardiac fibrosis
observed in Tg-210 TAC LVs.
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Fig. 4. miR-210 overexpression increased tissue fibrosis after pressure overload. (A-B and E-F) Representative Sirius red staining of Wt and Tg-210 TAC LVs at
day 7 (A-B) and 28 (E-F). Calibration bar 2 mm. Quantification of the percentage of Sirius red positive areas in the septum (C and G) and in the free wall (D and H) at
7 (C and D) and 28 days (G and H). Scatter plots represent mean + SD. Mann Whitney test *P < 0.03. (I-P) RNA was extracted from LVs of Wt and Tg-210 TAC mice
and the expression levels of fibrosis markers were measured by qRT-PCR at 7 (I-M) and 28 days (N-P) after surgery. (I and N) expression levels of Col1A1; (L and O)
expression levels of Col3al; (M and P) expression levels of Myh10. Scatter plots represent mean =+ SD. Values are expressed using a log, scale (-AACt). Test t *P <
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Fig. 5. Characterization of a-SMA expression in Wt and Tg-210 TAC LVs at day 7 and 28. (A-B) RNA was extracted from LVs of Wt and Tg-210 TAC mice and
the expression level of the myofibroblast marker actin alpha 2, smoot muscle (Acta2) was measured by qRT-PCR at day 7 and 28 post surgery. Scatter plots represent

mean =+ SD. Values are expressed using a log, scale (-AACt). Test t *P < 0.02,

**P < 0.005. (C-F) Representative immunofluorescence staining for alpha-smooth

muscle actin (x-SMA) of Wt and Tg-210 TAC LVs. a-SMA positive cells were stained in green. Nuclei were stained by Hoechst (Blue). a-SMA stains both myofi-
broblasts and smooth muscle cells in the tunica media of the arteries. The insets show the enlargement of selected regions. White arrows indicate arteries, white
asterisks indicate myofibroblasts. Calibration bar 500 pm. (G-L) Quantification of the percentage of the a-SMA positive areas in the septum (G and I) or in the free
wall (H and L) of Wt and Tg-210 TAC mice. (G-H) Quantification at day 7. (I-L) Quantification at day 28. Scatter plots represent mean + SD. Test t *P < 0.01.

3.5. HIF pathway activation in LV of Tg-210 TAC mice

It has been shown that a hypoxia-induced positive feedback loop
promotes HIF-1a stability through miR-210 [47,48] and that chronic
cardiac HIF-1a stabilization is deleterious for the heart [49-51]. Inter-
estingly, Vefg-A is a direct transcriptional target of HIF-1 and it was
found to be significantly more expressed in the Tg-210 TAC LV than in
Wt (Supplementary Fig. S7 G). Therefore, in order to investigate if the
HIF pathway is constitutively activated in the LV of Tg-210 TAC mice,
the mRNA level of other HIF-1 responsive genes was measured at 7 and
28 days (Fig. 9). The expression of HIF-1 target genes involved in
glycolysis, including phosphoglycerate kinase 1 (Pgkl), solute carrier
family two member 1 (Slc2al or Glut-1) and alpha-enolase (Enol) was
significantly increased in the LV of Tg-210 TAC mice compared to Wt at
day 28 (Fig. 9 A, B, C). Likewise, the level of the peroxisome
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proliferator-activated receptor gamma (Ppar-y), a key mediator in lipid
anabolism, and a direct transcriptional target of HIF-1 in car-
diomyocytes [52], as well as the level of the apoptosis modulator Bcl2
Interacting Protein 3 (Bnip3) [51] were also significantly upregulated at
day 28 (Fig. 9 D and E).

These results suggest that, one possible mechanism by which the
constitutive expression of miR-210 may promote adverse cardiac
remodeling involves the activation of a positive feedback loop that
promote HIF-1a stability.

4. Discussion
In this study, we investigated the role played by miR-210 in cardiac

remodeling and fibrosis induced by pressure overload.
The echocardiography results at 28 days after TAC showed that, in
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Wt TAC mice, pressure overload induces concentric hypertrophy, since
they showed increased LV mass and LV posterior wall thickness and
reduced FS% compared to Sham-operated mice. However, the over-
expression of miR-210 in Tg-210 TAC mice induces eccentric
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hypertrophy, since these mice showed not only decreased FS% and
increased LV mass compared to Sham-operated mice, but also increased
chamber volume and diameter [53]. In the analysis of different cardiac
remodeling markers, Tg-210 TAC LV showed increased expression levels
of hypertrophy markers Nppa and Nppb. This finding was further
corroborated by the quantification of the CSA of cardiomyocytes, indi-
cating a modest asymmetric hypertrophic effect of miR-210, impacting
the free wall, that was not evident by echocardiography.

Concentric hypertrophy can lead to moderate systolic dysfunction. In
contrast, eccentric hypertrophy leads to a more severe dysfunction,
characterized by myocardial stiffness due to interstitial fibrosis and both
diastolic and systolic dysfunctions [53]. Therefore, echocardiographic
and hypertrophy-marker data indicate that mice over-expressing
miR-210 develop more severe cardiac disease than Wt.

The analysis of the expression levels of macrophage markers showed
that, in Tg-210 TAC LV, the inflammation persisted until day 28 and it
was higher than in Wt TAC. These results suggest a role of miR-210 in
the modulation of the inflammatory response after pressure overload, in
keeping with previous observations in different pathological contexts
[24-27]. The induction of Galectin-3 in Tg-210 TAC LV was particularly
interesting, as this gene is involved in inflammation and fibrosis. Indeed,
while Galectin-3 was previously considered a specific marker of mac-
rophages [54,55], more recent evidence shows that it can be expressed
by other cell types, including cardiac fibroblasts [40]. Specifically,
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Fig. 7. Enhanced wound healing properties of Tg-210 CFs. Wt and Tg-210 CFs were seeded (2 x 10* cells per incucyte imagelock plate 96 well) and allowed to
form a confluent monolayer over 24 h. Reproducible wounds were created and phase-contrast images were acquired every 2 h for 40 h. (A) Time-lapse phase images
show migration of Wt and Tg-210 CFs over 24 h, with segmentation masks showing initial scratch (yellow) and wound closure over time. (B) Relative wound density
(expressed in %) was automatically measured in 2-h intervals for a 40-h time span following the initiation of the scratch assay. A mixed-effects model, incorporating
cross-replicate variability as a random effects variable, was used to compare wound healing rates over time between Tg-210 (N = 36) and Wt (N = 35) CFs (P =
0.039). Post-hoc tests were performed to assess differences at individual time points. Blue and red lines and squares correspond to Tg-210 and Wt CFs respectively.
Error-bars represent Standard Error of the Mean (SEM). Estimated marginal means post-hoc tests, *P < 0.05, **P < 0.01, ***P < 0.001.
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Fig. 9. HIF pathway activation in LV of Tg-210 TAC mice. (A-E) RNA was extracted from LVs of Wt and Tg-210 TAC mice and the expression levels of the HIF-1
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Frunza and collaborators showed an early upregulation of Galectin-3 in
subpopulations of macrophages and myofibroblasts, followed by a
cytoplasmic immunoreactivity for Galectin-3 in a subset of car-
diomyocytes, localized in the fibrotic areas [39]. Moreover, genetic
disruption and pharmacological inhibition of Galectin-3 attenuates
cardiac fibrosis, LV dysfunction, and subsequent heart failure develop-
ment in a mouse model of cardiac remodeling obtained by angiotensin II
infusion or TAC [56]. Accordingly, immunohistochemistry for
Galectin-3 carried out on days 7 and 28, showed that the staining was
localized in macrophages and other cell types, confirming a broader
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expression of Galectin-3 in our model of cardiac remodeling. Interest-
ingly, the percentage of Galectin-3 positive areas was significantly
increased in the septum of Tg-210 TAC LVs at day 7, in keeping with the
quantification of the fibrotic and a-SMA positive areas. The observed
discrepancy between the Galectin-3 expression levels and the percent-
age of Galectin-3 positive areas in LVs sections at day 7 and 28 may be
due to post transcriptional regulatory mechanisms.

The analysis of collagen fibers deposition revealed interstitial and
perivascular fibrosis, with an increased percentage of Sirius red-positive
areas in the septum of Tg-210 TAC mice at day 7 and in the free wall at
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day 28. Accordingly, the mRNA expression levels of collagens, Myh10
and pro-fibrotic growth factors Tgf-p1 and Ctgf were significantly
increased. Overall, these results indicate that miR-210 overexpression
after pressure overload increases tissue fibrosis.

In keeping with this interpretation, the expression of the myofibro-
blast marker a-SMA was also significantly increased in Tg-210 TAC LVs
compared to Wt, at both 7 and 28 days. The analysis of myofibroblasts
localization carried out by immunofluorescence staining for a-SMA at
day 7, showed that positive cells were present in the entire LV of TAC
mice. The localization of the staining indicated the presence of inter-
stitial and perivascular myofibroblasts with an increased percentage of
a-SMA positive areas in the septum of Tg-210 TAC LV compared to Wt
TAC. As expected, a-SMA staining also identified the smooth muscle
cells of the tunica media of the arteries. The analysis of the arterial
density carried out in the septum and the free wall showed no differ-
ences between Wt and Tg-210 TAC LVs. Accordingly, no differences
were observed in angiogenic growth factors Vegf-A and Fgf-1 expression
levels and their receptors at day 7. These results highlight that the
observed difference in the percentage of a-SMA positive areas was due to
increased myofibroblasts and not to an angiogenic response. However,
we found no difference in the percentage of a-SMA positive areas at day
28. Indeed, according to the literature, during the maturation phase,
myofibroblasts disassemble their a-SMA-containing stress fibers while
they continue to secrete matricellular proteins [12,43]. Interestingly, in
keeping with the increased expression levels of pro-angiogenic growth
factors and their receptors at day 28, an increased arterial density was
observed in Tg-210 TAC LVs compared to Wt TAC, confirming a
pro-angiogenic role of miR-210 also in this pathological context [57].

In vitro experiments were performed to assess how miR-210 affected
CF functions. A previous study demonstrated that the upregulation of
miR-210 in lung fibroblasts derived from idiopathic pulmonary fibrosis
patients, promotes cell proliferation by repressing MNT, an inhibitor of
c-Myc [27]. However, we did not find any difference in proliferation
between Wt and Tg-210 CFs isolated from ventricles of healthy mice,
possibly for organ/species differences.

On the other side, miR-210 over-expressing CFs showed increased
adhesion, wound healing and migration capacity compared to Wt. These
findings are in agreement with several studies, demonstrating that miR-
210 enhances adhesion, migratory and proangiogenic capacities of other
cell types, including endothelial cells [16,58-60] and circulating
pro-angiogenic cells (PACs) [18]. miR-210-mimic transfection of human
dermal fibroblasts exposed to hypoxia and high glucose decreases oxy-
gen consumption rate, enhances glycolysis and diminishes ROS levels,
leading to increased migration [61]. The miR-210-induced migration of
human dermal fibroblasts exposed to high glucose levels in hypoxia is
abrogated when glycolysis is inhibited, thus the enhanced glycolysis
mediates the positive effects of miR-210 on migration [61]. Interest-
ingly, we found increased expression of genes involved in glycolysis
including Pgk, Glut-1 and Eno-1 in the LV of Tg-210 TAC mice compared
to Wt at day 28. This is in agreement with the emerging role of glycolysis
in promoting cellular processes involved in tissue repair and regenera-
tion [62,63]. It is also been shown that intra-articular injection of
miRNA miR-210 promotes the healing of partially torn anterior cruciate
ligament by increasing angiogenesis and fibrotic deposition [64].
Interestingly, Kawanishi and collaborators demonstrated that
intra-articular injection of synthetic miR-210 accelerates avascular
healing in rat medial meniscal injured model, by promoting the collagen
type 2 production from meniscus cells and by increasing VEGF and FGF2
expression in synovial cells [65]. It is tempting to speculate, that the
increased adhesion/migration potential of Tg-210 CFs may be a relevant
element of the pro-fibrotic response of Tg-210 mice after TAC,
contributing to maladaptive cardiac remodeling.

miR-210 is a HIF-1 responsive hypoxamiR that is evolutionarily
conserved and ubiquitously expressed in hypoxic cells and tissues [66,
67]. During the development of cardiac hypertrophy, it has been
demonstrated that a mismatch between the number of capillaries and
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the size of cardiomyocytes occurs, leading to myocardial hypoxia [68].
The primary factor mediating tissue response to hypoxia is HIF-1. Under
hypoxic conditions, PHDs (prolyl-4-hydroxylase domain-containing
enzymes) are inhibited, allowing HIF-1la stabilization, dimerization
with HIF-1b and binding to the hypoxia-responsive elements of target
genes that mediate hypoxia adaptive responses. While short-term
upregulation of HIF-1a signaling may alleviate heart failure, different
reports suggest that prolonged upregulation of HIF-1a is detrimental to
the heart [49-51]. Indeed, increasing evidence shows that chronic
hypoxia is actively involved in the pathogenesis of fibrosis [69]. Mina-
mishima and collaborators demonstrated that inactivation of PHD2
leads to the development of dilated cardiomyopathy and premature
mortality [50]. In addition, long-term cardiac-specific inactivation of
PHD2 in mice that underwent TAC, leads to a more severe decompen-
sation compared to control mice, myocardial enlargement, myocytes
dropout and interstitial fibrosis [51]. The increased tissue fibrosis
observed in Tg-210 TAC LVs, may be, at least in part, due to a
miR-210-induced positive feedback loop promoting HIF-1a stability [47,
48]. The pro-fibrotic signals could be predominant in this condition,
despite the cardioprotective pro-angiogenic response. Further in-
vestigations are needed to investigate the mechanism by which miR-210
overexpression increases cardiac fibrosis.

In conclusion, our findings show that miR-210 overexpression during
pressure overload increases LV interstitial and perivascular fibrosis and
confirms the pro-angiogenic role of miR-210 observed in other condi-
tions. Given the high pleiotropy of microRNAs, the miR-210 function
needs to be tested in various physiopathological contexts. Before moving
to translational applications, this accurate preclinical work is necessary
to understand miRNA function fully.
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