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miR-21 upregulation exacerbates pressure overload-induced cardiac
hypertrophy in aged hearts
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ABSTRACT
Young and aging hearts undergo different remodeling post pressure overload, but the regulator that
determines responses to pressure overload at different ages remains unknown. With an angiotensin II (Ang II)induced hypertensive model, miR-21 knockout mice (miR-21−/−) were observed regarding the effects of miR-21
on hypertension-induced cardiac remodeling in young (12 week-old) and old (50 week-old) mice. Although the
aged heart represented a more significant hypertrophy and was associated with a higher expression of miR-21,
Ang II-induced cardiac hypertrophy was attenuated in miR-21−/− mice. Upon results of cardiac-specific arrays in
miR-21-overexpressing cardiomyocytes, we found a significant downregulation of S100a8. In both in vitro and
in vivo models, miR-21/S100a8/NF-κB/NFAT pathway was observed to be associated with pressure overloadinduced hypertrophic remodeling in aged hearts. To further investigate whether circulating miR-21 could be a
biomarker reflecting the aged associated cardiac remodeling, we prospectively collected clinical and
echocardiographic information of patients at young (<65 y/o) and old ages (≥65 y/o) with and without
hypertension. Among 108 patients, aged subjects presented with a significantly higher expression of circulating
miR-21, which was positively correlated with left ventricular wall thickness. Collectively, miR-21 was associated
with a prominently hypertrophic response in aged hearts under pressure overload. Further studies should focus
on therapeutic potentials of miR-21.

INTRODUCTION

concurrent hypertension often causes cardiomyopathy,
which has not been well studied. Physiologically,
diastolic heart failure appears when the ventricle cannot
be filled properly, since its wall is too rigid and fails to
relax properly [4, 5]. Histological evidence has
indicated continuous loss of myocytes, compensation by
reactive hypertrophy of the remaining cells and filling

Aging is a major cause of congestive heart failure [1, 2].
More than 75% of patients with congestive heart failure
are over age 65, which in the elderly contributes to a
significant increase in cardiovascular mortality and
heart failure [3]. However, cardiac aging with
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with interstitial fibrosis [1, 5]. In our previous studies,
we found that, in young and aging populations, cardiac
remodeling under pressure overload varied [6], while a
single transduction pathway may hardly explain the
extensively involved hypertrophic, fibrotic and
apoptotic cascades. However, microRNAs (miRNAs),
noncoding RNA species that regulate posttranscriptional modification, may consequently regulate
the activation of various pathways [7]. Among them,
miR-21 has been shown to play an important role in
myocardial fibrosis and heart failure [8]. A previous
study found that overexpression of miR-21 markedly
blocked Ang II-induced cardiac hypertrophy by
targeting histone deacetylase-8 [9]. In contrast, Patrick
et al. found that inhibition of miR-21 in mice
contributed to less interstitial fibrosis and improvement
of cardiac function in a pressure overload cardiac
disease mouse model [10]. Therefore, the definite role
of miR-21 remains controversial. Herein, through both
clinical observation and a hypertensive mouse model,
we aimed to elucidate the regulatory role of miR-21 in
the remodeling of young and aged hearts facing
hypertension-induced pressure overload.

Primary adult mouse cardiomyocyte isolation
After euthanasia, the mouse hearts were cannulated to
the Langendorff Apparatus through the aorta to the
coronary arteries. As previously described [14], the
tissue was perfused with calcium-free Krebs buffer at a
steady temperature of 37°C followed by buffer
containing Pronase and Collagenase (Sigma-Aldrich, St.
Louis, MO, USA). Subsequently, using dissecting
forceps the digested tissues were separated into small
pieces. After filtering the digested tissue through a
squared mesh, the live cells were collected at the bottom
of the tube. After going through the calcium gradient
buffer, cardiomyocytes were successfully isolated.
Neonatal cardiomyocyte isolation and cell culture
Neonatal rat cardiomyocytes were isolated from
newborn rats by enzymatic digestion as described
previously [15]. Briefly, neonatal cardiomyocytes were
cultivated in minimal essential medium (Animed)
containing vitamin B12, NaHCO3, L-glutamine,
penicillin/streptomycin, and 5% FBS (Invitrogen,
Thermo Fisher Scientific, Waltham, MA, USA) at 37°C
in 1% CO2. Culture medium was changed every 2 days.
The cultured cardiomyocytes were allowed to grow for
2 day as young cardiomyocytes or 14 days as aged
cardiomyocytes. The details of β-galactosidase staining,
transfection of miR-21 mimic and inhibitor and
measurement of hypertrophy in cardiomyocytes were
listed in Supplementary Materials and Methods.

MATERIALS AND METHODS
Mouse model of hypertension
All animal experiments followed guidelines of Care
and Use of Laboratory Animals. All animal protocols
were approved by Subcommittee on Research Animal
Care of Chi-Mei Medical Center. miR-21 knockout
(miR-21−/−) mice in C57BL/6J background and wild
type were purchased from Jackson Laboratory
(Charles River, Boston, MA, USA). Mice were
maintained on a 12 hr light/dark cycle and they had
free access to water and food in Animal Resource
Center of Chi-Mei Medical Center. 12-week-old
(young) and 50-week-old (aged) male miR-21−/− and
wild type mice were used in the present study and
randomly assigned to (1) control young group, (2)
control aged group, (3) Ang II young group, and (4)
Ang II aged group. Previous literature also defined 50week old mice as the aged mice [11, 12]. For the
hypertensive model, Alzet osmotic micropumps
(model 2004, Durect Corporation, Cupertino, CA,
USA) were subcutaneously implanted into mice [13].
Each pump delivered 1000 ng/kg/min of Ang II
(Millipore-Sigma, USA) at a rate of 0.25 μL/h during
28 days. The rats’ survival rate, cardiac function, and
blood pressure were measured weekly. The detailed
experimental design is shown in Supplementary Figure
1. The details of histopathological characterization,
mouse echocardiography and administration of miR-21
antagomir were displayed in Supplementary Materials
and Methods.
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RNA isolation and quantitative real time-polymerase
chain reaction
Total RNA was isolated from myocardium, primarily
isolated adult and neonatal cardiomyocytes with Trizol
(Ambion). cDNA was generated using the Taqman
MicroRNA Assays (Foster City, CA). Primer sequences
used in the present study were shown in Supplementary
Table 1. The details of β-galactosidase staining,
transfection of miR-21 mimic and inhibitor and
measurement of quantitative PCR (qPCR) array was
listed in Supplementary Materials and Methods.
Patients and study design
We prospectively collected the clinical and
echocardiographic information of 108 patients in
various ages (≧65 y/o defined as the aged group) with
or without hypertension. The exclusion criteria consist
of (1) impaired LV systolic function at baseline (left
ventricular ejection fraction less than 40%) [16, 17], (2)
age <8 or >80 year-old and (3) medical records of
diabetes, coronary arterial disease, symptomatic heart
failure, hypertrophic cardiomyopathy, significant

5926

AGING

(above moderate severity) valvular heart disease or
other major organ dysfunction. All hypertensive
patients were newly diagnosed and treatment naïve and
the echocardiography was performed at diagnosis. The
study was conducted in strict accordance with the
Declaration of Helsinki on Biomedical Research
involving human subjects and was approved by the
local ethics committee (IRB: 10307–003). Human blood
sampling and echocardiography were displayed in
Supplementary Materials and Methods.

Availability of data and materials

Statistical analysis

Using Ang II micropumps, we established a pressure
overload mouse model in young (12 week-old) and aged
(50 week-old) mice (Figure 1A). There were no
significant changes in body weight, heart rate, or left
ventricular internal diameter at diastole (LVIDd) in
young and aged mice with or without Ang II
micropumps (Supplementary Figure 2). Under Ang II
infusion, both systolic and diastolic blood pressures
increased in mice at different ages (Figure 1A).
Although the increases in blood pressure were
significant in the younger mice compared with those in
the aged mice, after Ang II treatment for 28 days,
cardiac hypertrophy developed most significantly in the
aged mouse heart, while the ejection fraction (EF) and
fractional shortening (FS) were not significantly
changed. Likewise, at the end of the experiment,

The data is available upon the reasonable request to the
corresponding author.

RESULTS
Cardiac expression of miR-21 is associated with
aging-specific cardiac hypertrophy post Ang II
treatment

Continuous data are presented as the mean ± standard
deviation (S.D.). Dichotomous data are presented as
numbers and percentages. Group differences were
analyzed using analysis of variance (ANOVA).
Significant differences between groups were verified
using a Tukey post hoc test. Chi-square tests or Fisher’s
exact tests were used for the categorical variables as
appropriate. Linear correlation including R was
analyzed to represent the correlation between two
continuous parameters. Significance was set at p < 0.05.
The Statistical Package for the Social Sciences (SPSS)
software (version 22.0, IBM SPSS Inc., Chicago, IL,
USA) and GraphPad Prism (Version 5.03) were used
for the statistical analyses.

Figure 1. Angiotensin II (Ang II)-induced cardiac hypertrophy and fibrosis, especially in aged mice. (A) Echocardiography
measurements are shown in young and aged mice with or without Ang II. Systolic and diastolic blood pressures recorded.
Echocardiographic measurements of intraventricular septal thickness at diastole (IVSd) and ejection fraction and fractional shortening. (B)
Quantitative analysis of heart weight/tibia length. (C) Representative sections and amplified images of the highlighted area of hearts
stained with Masson's trichrome for fibrosis detection (blue); scale bars, 30 µm (left panel). Quantification of cardiac fibrosis in the
indicated groups of rats (right panel). Expression of (D) circulating and (E) heart tissue expression of miR-21 in mice. Data are expressed
using mean ± standard deviation (S.D.). *P < 0.05, **P < 0.01, ***P < 0.001 for difference from each group (N = 6–12).
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the ratio of heart weight/tibia length indicated a
significant elevation post Ang II treatment, especially in
the aged mice (Figure 1B). Masson’s trichrome staining
for cardiac fibrosis revealed a significant increase in
cardiac fibrosis in mice post Ang II treatment,
especially in aged mice, compared with those in the
control groups (Figure 1C). Further, there were
significantly increasing miR-21 expression in mouse
serum (Figure 1D) and heart tissues (Figure 1E) in the
Ang II treatment groups. The level of miR-21 in aged
mice was higher than that in young mice. Taken
together, these results indicated that aged hearts were
more prone to cardiac hypertrophy and fibrosis under
pressure overload stimulation. Also, miR-21 expression
may correlate with the augmenting response toward
pressure overload and result in the upregulation of
fibrosis and hypertrophy.

primarily isolated (Supplementary Figure 3A). After Ang
II treatment, there were significant increases in cell area,
especially in cardiomyocytes isolated from aged mice
(Supplementary Figure 3B). Notably, miR-21 expression
was significantly higher in cardiomyocytes isolated from
aged mice than in cardiomyocytes isolated from young
mice post Ang II treatment (Supplementary Figure 3C).
Although we initially attempted to overexpress miR-21 in
primarily isolated cardiomyocytes, the cardiomyocytes
isolated from adult mice were too fragile to tolerate
transfection with miR-21 mimics. Alternatively, we used
neonatal cardiomyocytes isolated from newborn rats (2
days postnatal) instead. Cardiomyocytes cultured for 14
days were defined as aged cardiomyocytes and displayed
an increasing number of -gal-positive cells; increased
P16INK4a, P19ARF, and P21; and reduced telomeric repeatbinding factor 2 (TRF2) and telomerase reverse
transcriptase (TERT) expression, which implied an aging
phenomenon in these cells (Figure 2A–2C). In addition,
the levels of miR-21 and cardiac-associated proteins,
including atrial natriuretic peptide (ANP), myosin heavy
chain 7 (MyH7), cardiac-specific Troponin I (cTnl), and
lactic dehydrogenase (LDH), were significantly higher in
aged cardiomyocytes than in young cardiomyocytes
(Figure 2D).

The regulatory role of miR-21 in the response to
hypertension in aged hearts
To elucidate the regulatory mechanism of miR-21 in agedifferentiated cardiac remodeling under hypertensive
conditions, mouse cardiomyocytes from adult mice at
different ages (young [12 w/o] and aged [50 w/o]) were

Figure 2. Angiotensin II (Ang II)-induced more cardiac hypertrophy and miR-21 expression in primarily isolated aged
cardiomyocytes than in primary young cardiomyocytes. (A) The cultured neonatal rat cardiomyocytes for 14 days displayed
cardiomyocytes senescence. SA--gal staining results for cardiomyocytes of neonatal rats. Blue precipitation in the cytoplasm was observed
in the senescent cells. Percentage of β-gal-positive cardiomyocytes was increased in cultured cardiomyocytes for 14 days. (B) Telomere
length expression in cardiomyocytes of neonatal rats. (C) The expression of cell senescence-associated protein in cultured neonatal rat
cardiomyocytes was detected by qRT-PCR. (D) The levels of miR-21 and cardiac injury-associated genes in cultured neonatal rat
cardiomyocytes were detected by qRT-PCR. (E) Immunofluorescence assay of F-actin was performed to identify the cell area in each group.
Bar charts showing the individual cardiomyocyte cell areas. (F) The levels of miR-21 in cultured young and aged rat cardiomyocytes with
and without treatment of Ang II detected by qRT-PCR. (G) Primarily isolated young and aged cardiomyocytes were transfected with a miR21 mimic or inhibitor for 24 hours. Representative merged images of F-actin immunofluorescence staining of cardiomyocytes.
Overexpression of miR-21 enhanced Ang II-induced cardiac hypertrophy, especially in primarily isolated aged cardiomyocytes. *P < 0.05, **P
< 0.01, and ***P < 0.001 for difference from each group (N = 6–8).
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Overexpression of miR-21 promotes Ang II-induced
hypertrophy, especially in aged cardiomyocytes

Abolishing miR-21 attenuated Ang II-induced
cardiac hypertrophy and fibrosis in both young and
aged mice

Upon our hypothesis that miR-21 is a major regulator
controlling age-associated cardiac hypertrophy, we
treated aged and young cardiomyocytes with Ang II and
found that, post treatment, both primarily isolated
young and aged cardiomyocytes presented with
hypertrophic changes. Notably, the cell area was most
significantly increased in the aged cardiomyocytes
(Figure 2E) along with a significant elevation of miR-21
expression (Figure 2F). Using the miR-21 mimic, we
found that augmentation of Ang II-induced hypertrophic
changes in cardiomyocytes (Figure 2G). Conversely, the
suppression of miR-21 reversed Ang II-induced
hypertrophy. This phenomenon was observed in both
young and aged cardiomyocytes. The levels of BNP and
ANP were used to assess the extent of myocardial
hypertrophy. The miR-21 mimic induced the expression
levels of miR-21, BNP, ANP, and cTnI, which were
decreased by the miR-21 inhibitor (Supplementary
Figure 4).

To determine whether suppression of miR-21 could
prevent hypertension-induced cardiac alterations at
different ages, using Ang II micropumps, we further
established hypertensive models in young (12 week-old)
and aged (50 week-old) miR-21−/− mice compared with
the control (Figure 3A). The systolic and diastolic blood
pressures significantly increased in both wild-type and
miR-21−/− mice post Ang II treatment (Supplementary
Figure 5A–5C). The body weight significantly
decreased in both wild type and miR-21−/− mice post
Ang II treatment while there was no significant change
in heart rate (Supplementary Figure 5D, 5E). Cardiac
function in mice was measured by serial echocardiography. Despite no significant difference in the
FS between the wild-type and miR-21−/− mice in either
young or aged mice (Figure 3B, 3C), compared with the
wild-type, miR-21−/− mice had decreased IVSd and
increased LVIDd in both young and aged mice

Figure 3. miR-21 knockout (miR-21−/−) protects against angiotensin II (Ang II)-induced cardiac alterations in both young and
aged mice. (A) The study design. (B) Sequential echocardiography measurements are shown in wild-type (WT) and miR-21−/− mice with or
without exposure to Ang II. Echocardiographic measurements of (C) fractional shortening (FS), (D) interventricular septum (IVSd), and (E)
left ventricular internal diameter in diastole (LVIDd) are shown for each group. *P < 0.05, **P < 0.01, and ***P < 0.001 for difference from
each group (N = 6–8).
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subjected to Ang II (Figure 3D, 3E). At the end of the
study, the ratio of heart to body weight and the ratio of
heart/tibial length indicated a decreased heart size in
both young and aged miR-21−/− mice post Ang II
treatment compared with those of wild-type mice
(Figure 4A–4C). Masson’s trichrome staining for
fibrosis showed that cardiac fibrosis at day 28 post
Ang II treatment was increased in both wild-type and
miR-21−/− mice at young and old ages compared with
that in the control. Notably, Ang II-triggered cardiac
fibrosis was attenuated in miR-21−/− mice in both
young and aged mice compared to wild-type mice
(Figure 4D, 4E). Alternatively, using primarily
isolated cardiomyocytes from wild-type and miR-21−/−
mice, we found that as miR-21 was abolished, Ang IIinduced cardiac hypertrophy was attenuated (Figure
4F). For purposes of therapeutic interventions,
we attempted to investigate whether suppressing miR21 expression could mitigate pressure overloadinduced cardiac hypertrophy, especially in aged
subjects. Using the miR-21 antagomir, we similarly
found that post Ang II induction, mice treated with
the miR-21 antagomir repressed Ang II-induced
cardiac hypertrophy in both young and aged mice
(Figure 5). The effect was independent of the changes
in blood pressure. Taken together, our findings
indicated that the deletion of miR-21 improved
pressure overload-induced cardiac hypertrophy in
mice.

miR-21 regulated cardiac hypertrophy associated
with S100a8/NF-κB/calcineurin/NFAT pathways
Based on our hypothesis, under aging conditions, an
increase in miR-21 expression may lead to an
augmented response to pressure overload, resulting in
the upregulation of cardiac fibrosis and hypertrophy.
A cardiac-specific qPCR array was then performed to
analyze the miR-21-associated changes in gene
profiles in primarily isolated cardiomyocytes. As
shown in Figure 6A, three cardiac-specific genes are
aberrantly regulated (fold change ≥ 2.0 and a P value
< 0.05). Treatment with a miR-21 mimic significantly
inhibited the expression of S100a8, an inflammationassociated protein that regulates the development of
multiple cardiovascular diseases. Also, nuclear
receptor subfamily 3 group C member 2 (Nr3C2),
associated with mineralocorticoid receptor, and NK2
homeobox 5 (NKX2.5), associated with fibrosis,
were upregulated as miR-21 was over-expressed. To
confirm these findings, using qPCR we measured the
message RNA expressions of abovementioned genes
while only S100a8 was altered upon the up or downregulation of miR-21. As determined by Western
blot, S100a8 was downregulated by miR-21 mimics
but upregulated by miR-21 inhibitors in
primarily isolated cardiomyocytes (Figure 6B).
In contrast, given that Volz et al. previously
reported that S100a8 aggravates post ischemic

Figure 4. miR-21 knockout (miR-21−/−) decreased angiotensin II (Ang II)-induced cardiac hypertrophy and fibrosis in both
young and aged mice. (A) Representative images of harvested hearts. Quantitative analysis of heart weight/body weight and heart
weight/tibia length in wild type (WT) or miR-21−/− of (B) young and (C) aged mice. In WT or miR-21−/− of (D) young and (E) aged mice,
representative sections of hearts stained with Masson's trichrome for fibrosis detection (blue); scale bars, 30 µm (left panel). Quantification
of cardiac fibrosis (right panel). (F) miR-21−/− decreased Ang II-induced increased cardiac hypertrophy miR-21 expression in primary mouse
cardiomyocyte. The representative merged images of light field and F-actin immunofluorescence staining for primary cardiomyocyte
isolated from WT and miR-21−/− of young mice. The cell area was measured 100 random cells in each group. The expression of miR-21 was
measured by qRT-PCR in each group. *P < 0.05, **P < 0.01, and ***P < 0.001 for difference from each group. (N = 6–8).
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heart failure through activation of NF-κB signaling [18],
we further measured the downstream proteins
associated with S100a8, including NF-B, calcineurin,
and NFAT. NF-B, calcineurin, and NFAT were
upregulated by miR-21 overexpression but downregulated by the miR-21 inhibitor in primarily isolated
cardiomyocytes (Figure 6B). Taken together, the
results indicated that miR-21 increased hypertrophyassociated proteins, such as calcineurin and NFAT by
inhibiting the expression of the S100a8/NF-B
pathway.

treatment suppressed the expression of S100a8,
abolishing miR-21 significantly upregulated S100a8
expression (Figure 6C). Correspondingly, cardiac
hypertrophy-associated
proteins,
including
the
expression of NF-B, calcineurin and NFAT, were
significantly decreased in miR-21−/− mice compared
with wild-type mice in response to Ang II.

Next, to further validate our findings, we investigated
the cardiac expression of S100a8 and its associated
proteins in miR-21−/− mice. Notably, although Ang II

To evaluate whether the higher expression of miR-21
could also be observed in old patients with
hypertension, we prospectively collected the echo-

The clinical and echocardiographic characteristics of
young and aged subjects with or without
hypertension

Figure 5. The treatment of miR-21 antagomir mitigated angiotensin II (Ang II)-induced cardiac hypertrophy, especially in
the aged mice. (A) The study design investigating the effects of miR-21 antagomir in young (12 week-old) and aged mice(50 week-old) of
Ang II-induced pressure overload. The sequential changes of (B) systolic, (C) diastolic blood pressures, echocardiography derived (D)
intraventricular septal thickness at diastole (IVSd), and (E) fractional shortening (FS) in young and old mice treated with miR-21 antagomir
or not under Ang II-induced pressure overload. (F) The comparison of harvested hearts in mice of control, Ang II, miR-21 antagomir and Ang
II+ miR-21 antagomir. *P < 0.05 for difference from each group (N = 4–6).
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cardiographic information and sera of normotensive and
hypertensive patients at various ages. Among 108
patients, the average ages of the young and aged
subjects were 50.4 ± 10 y/o and 69.9 ± 5.9 y/o,
respectively (Supplementary Table 2). For subjects with
and without hypertension, the average systolic blood
pressures were 153.1 ± 14.9 mmHg and 124.2 ± 8.6
mmHg, while the diastolic blood pressures were 88.5 ±
14.6 mmHg and 74.1 ± 7.2 mmHg. There were
significantly increased interventricular septal thickness
at diastole (IVSd) and left ventricular mass index

(LVMI) in both young and aged hypertensive subjects
compared with normotensive subjects. Additionally, the
tissue Doppler-derived e’, a reflection of diastolic
function, was more significantly decreased in
hypertensive subjects, especially in aged hypertensive
subjects, than in normotensive subjects. Notably, despite
hypertrophic changes in both young and aged
hypertensive patients, only aged hypertensive patients
presented with significantly high expressions of
circulating miR-21, which positively correlated with
IVSd (Figure 7A, 7B).

Figure 6. miR-21 decreased s100a8 expression in primarily isolated cardiomyocytes. (A) Heat map of cluster analysis showed
dynamic changes of cardiac specific genes after miR-21 mimic treatment compared with the control. The levels of S100a8, Nr3C2 and NKX2.5
were measured by qRT-PCR in primary cardiomyocytes transfected with miR-21 mimic and inhibitor for 24 hours. (B) The protein expressions of
S100a8, NFB, calcineurin, and NFAT were measured by Western blot in primary cardiomyocytes. (C) The relative expression level of each
protein was quantified by densitometry. miR-21 knockout (miR-21−/−) increased S100a8 and decreased NFB, calcineurin, and NFAT expression
in heart tissue of mice after angiotensin II (Ang II) treatment. The representative expressions and quantifications of S100a8, NFB, calcineurin,
and NFAT in wild type (WT) or miR-21−/− of mice were detected by Western blot. *P < 0.05 for difference from each group. (N = 4–6).

Figure 7. High expression of circulating miR-21 in aged hypertensive subjects. (A) Circulating miR-21 expression in normotensive
young, normotensive old, hypertensive young and hypertensive old subjects. (B) The linear correlation between intraventricular septal
thickness at diastole (IVSd) and circulating miR-21 expression in hypertensive subjects. **P < 0.01 for difference from each group.
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Collectively, our findings showed that, through
inhibiting S100a8, miR-21 triggers cardiac hypertrophy
and fibrosis under pressure overload pathophysiology.
Also, circulating miR-21 could be a biomarker
reflecting the hypertrophic changes in the young and
aged hypertensive patients. The regulatory mechanism
of miR-21 in young or aged hearts in response to
pressure overload is summarized in Figure 8.

strategy to prevent cardiac hypertrophy in aged hearts
with hypertension, indicating an unmet need to
understand the pathological cascades triggered by
hypertension.
Cardiac hypertrophy is an adaptive remodeling of the
myocardium in response to hypertension [4]. We
initially observed that pressure overload could trigger
enlargement of the cell size in aged cardiomyocytes;
however, the underlying molecular mechanism of
aging-associated cardiac hypertrophy remains unclear.
Herein, we investigated the role of miR-21 in
hypertension-induced cardiac hypertrophy in young and
aged populations. A survey from a clinical cohort
helped us clearly define the association between
circulating miR-21 levels and the phenotypes of cardiac
hypertrophy among aged hypertensive mice. Likewise,
in aged mouse hearts, Ang II also induced pressure
overload and triggered a higher intensity of
hypertrophic changes, along with a higher level of
cardiac expression of miR-21 as compared to that in
young mouse hearts. When miR-21- was abolished in
mouse hearts and primary cardiomyocytes, we further
found that Ang II-induced cardiac hypertrophy could be
attenuated. Mechanistically, the miR-21/S100a8/NFB/NFAT pathway was observed to be a regulatory

DISCUSSION
With a high prevalence, hypertension causes systemic
organ damages including myocardial hypertrophy and
dysfunction [1, 4, 5]. Upon the emerging evidences
including the SPRINT and the STEP trials [19, 20], the
target of blood pressure is not anymore 140/90 mmHg.
Instead, aggressive managements of blood pressure
may yield long-term cardiovascular benefits [19, 20].
However, some patients with high blood pressures do
not present clinically detectable cardiac hypertrophy
[21]. Conversely, some vulnerable population,
especially the aged hypertensive patients, present with
maladaptive and irreversible changes in the structure
and the function of the myocardium even under
guideline recommended managements of blood
pressure [4, 16, 17, 21]. To date, there is no effective

Figure 8. The summary of miR-21 regulation in the cardiac hypertrophy under pressure overload.
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mechanism of pressure overload-induced hypertrophic
remodeling in the aged heart.

the expression of calcineurin and NFAT [33, 34]. In the
present study, using a cardiac disease-specific qPCR
array, we identified the most significant change in
S100a8 expression in cardiomyocytes after miR-21
mimic/inhibitor treatment. Downregulation of miR-21
increased S100a8 expression and affected its
downstream NF-B/NFAT pathway. These results
indicated that miR-21 mediated cardiac hypertrophy by
targeting S100a8.

Cardiac hypertrophy is a major determinant of mortality
and morbidity in the process of hypertension [5, 22].
Thus, regression of hypertension-induced cardiac
remodeling can improve the prognosis of patients with
hypertension [21]. miR-21 has been found to be
associated with cardiac hypertrophy and heart failure
induced by ischemic heart disease, aortic stenosis or
dilated cardiomyopathy [9, 23, 24]. However, only a
few reports have investigated the impact of miR-21 on
the pathogenesis of hypertension-induced cardiac
hypertrophy [25]. Therefore, we studied the effect of
miR-21 on hypertrophy-triggered cardiac remodeling.
In contrast to our findings that abolishing miR-21
attenuated Ang II-induced cardiac hypertrophy
independent of changes in blood pressure, a previous
report found that the levels of circulating miR-21
increased in the serum of rats with hypertension, while
miR-21 attenuated cardiac hypertrophy by lowering
blood pressure in rats [26]. In contrast, Watanabe et al.
found that miR-21 expression levels were upregulated
in the serum of mice with hypertension and in
hypertrophic hearts of mice induced by Ang II [25].
Likewise, Watanabe et al. also found that overexpression of miR-21 deteriorated hypertension-induced
cardiac remodeling in 8–10-week-old mice and neonatal
rat cardiomyocytes [25]. However, cardiac aging was
associated with a higher incidence of cardiac
hypertrophy under hypertension [27, 28], which
specifically delineated the role of miR-21 in aging
hearts facing hypertension became crucial. Herein, we
revealed for the first time that miR-21 differentially
triggered cardiac hypertrophy in young and aged hearts
in response to pressure overload.

Study limitations
The foremost limitation in our study is the difference
between human and animal studies. Given the difficulty
to acquire human cardiac tissues, using Ang II treatment
we showed that cardiac-specific miR-21 improved
myocardial function and hypertrophy in mice. Instead,
miR-21 might be a sensitive diagnostic biomarker for
the progression of cardiac hypertrophy in hypertensive
patients. Second, alternative to Ang II treatment,
another pressure-overload animal model such as aortic
banding should be considered to verify our findings.
Notwithstanding, this study highlight the potential of
miR-21 as a new approach to protect against cardiac
hypertrophy, especially in aged patients with
hypertension.

CONCLUSION
In summary, our findings revealed that increased miR21 in aged hearts with hypertension stimuli exacerbated
cardiac hypertrophy by suppressing S100a8 expression.
Thus, novel miR-21/S100a8/NF-B/NFAT pathway
regulatory dysfunction might contribute to the
progression of cardiac hypertrophy in aged subjects
under hypertension pathophysiology.

Abbreviations

As miR-21 mediates cardiac hypertrophy involving
S100a8, which participates in modulating the NFB/NFAT pathway, we found that, by suppressing
S100a8, miR-21 triggers cardiac hypertrophy under
pressure overload. S100a8, a member of the S100
family, is involved in inflammatory responses and
immune diseases [18]. It also functions as an important
regulator of other cardiovascular disorders, including
hypertension [29], viral myocarditis [30], autoimmune
myocarditis [31], doxorubicin-induced cardiotoxicity
[32], and cardiac hypertrophy [33]. Recently, S100a8
was reported to be one of the genes that was specifically
induced during the regression of cardiac hypertrophy in
a myocardial hypertrophic preconditioning model [33].
Additionally, the S100a8/S100a9 complex is a useful
biomarker for elderly patients with severe heart failure.
Previous studies have indicated that pretreatment with
S100a8 recombinant protein attenuated norepinephrineinduced cardiac hypertrophy and subsequently reduced
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Ang II: angiotensin II; miRNAs: microRNAs; miR21−/−: miR-21 knockout; qPCR: quantitative PCR;
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fraction; FS: fractional shortening; LVEF: left
ventricular ejection fraction; LVMI: left ventricular
mass index; EDV: end-diastolic volume; ESV: endsystolic volume; LAVi: left atrial volume index; e: peak
early filling velocity; a: peak atrial velocity; e’: early
diastolic annular velocity; a’: atrial annular velocity;
e/e’: left ventricular end-diastolic pressure; TRF2:
Telomeric repeat-binding factor 2; TERT: Telomerase
reverse transcriptase; BNP: B-type Natriuretic Peptide;
ANP: Atrial natriuretic peptide; MyH7: Myosin Heavy
Chain 7; CTnl: Cardiac-specific Troponin I; LDH:
Lactic dehydrogenase; NF-κB: nuclear factor
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4.

kappa-light-chain-enhancer of activated B cells; NFAT:
Nuclear factor of activated T-cells; Nr3C2: Nuclear
Receptor Subfamily 3 Group C Member 2; NKX2.5:
NK2 Homeobox 5; SDS: sodium dodecyl sulfatepolyacrylamide; PVDF: polyvinylidene fluoride.
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SUPPLEMENTARY MATERIALS
Supplementary Materials and Methods

initially performed in the parasternal long-axis view for
assessment of LV dimensions and systolic function.
Image depth, width and gain settings were used to
optimize image quality. Frame rates were > 150 Hz. By
sequential echocardiography, IVSd, left ventricular
internal diameter in diastole (LVIDd), ejection fraction
(EF), and fractional shortening (FS) were be measured.

Human echocardiography
The chamber dimensions and intraventricular septal
thickness at diastole (IVSd) were measured with the
two-dimensionally guided M-mode method, and using
the Simpson’s method the left ventricular ejection
fraction (LVEF) were measured with at the apical four
chamber view. These parameters were measured
sequentially for calculating left ventricular mass index
(LVMI), left ventricular end-diastolic volume (EDV),
end-systolic volume (ESV) and left atrial volume index
(LAVi). Transmitral Doppler flow velocity were
obtained from an apical four-chamber view, and peak
early filling velocity (e), peak atrial velocity (a), and the
E/A ratio were recorded. Early diastolic annular
velocity (e’) and atrial annular velocity (a’) were also
measured for estimating the LV end-diastolic pressure
(e/e’). The average of medial and lateral e/e’ were used
to represent the estimated intra-ventricular pressure.

Histopathological characterization
After euthanasia, the hearts of mice from each group
were excised for histology and molecular analyses. The
weight of heart tissue and length of tibia were
measured. For histopathological examination, the heart
tissue was fixed in 4% paraformaldehyde and embedded
in paraffin (Alfa Aesar, Lancashire, UK). The paraffinembedded sections of mouse hearts stained with
hematoxylin and eosin were examined for the
measurement of morphology and hypertrophy.
Masson’s trichrome stained was used for evaluation of
the level of fibrosis.

Human blood sampling and analysis

β-galactosidase staining

Blood was collected in EDTA tubes. After being
centrifuged at the speed of 3500 rpm for 15 minutes,
sera were stored at −80°C until analysis. Serum
biochemical tests (including Troponin I and Brain
natriuretic peptide) and total RNA extraction were
performed according to the protocol and prepared for
the further microRNA real time-PCR.

At 14 days cultured aging cardiomyocytes were fixed in
4% paraformaldehyde (0.1 M phosphate buffer) at room
temperature for 15 min. Cellular senescence was
detected by -galactosidase staining using a kit in
accordance with the manufacturer instructions (X-gal;
Sigma-Aldrich; Merck KGaA, Darmstadt, Germany).
The cells were observed and photographed under a
microscope (Leica Science Lab., Berlin, Germany), and
all blue-stained cells (positive cells) were counted. Three
vision fields were randomly selected, and 100 cells were
counted to calculate the senescence rate [senescence rate
(%) = positive senescent cell /100 cells × 100%].

Administration of miR-21 antagomir
The locked-nucleicacid-modified (LNA)- miR-21
antagomir (sequence 5-caacaccagucgaugggcugu) and
LNA scramble control oligonucleotides were purchased
from Ambion (Thermo Fisher Scientific, Waltham, MA,
USA) and were resuspended into Invivofectamine™ 3.0
Reagent (Invitrogen, Thermo Fisher Scientific, Waltham,
MA, USA) according to the manufacturer’s instructions.
After mice received with Ang II micropum, the dose of
0.5 mg/kg LNA-miR-21 antagomir were administered
intravenously via tail vein at day 0, day 7, and day 14.
Afterward, the cardiac function and geometry were
evaluated by echocardiography till the end of experiment.

Transfection of miR-21 mimic and inhibitor in vitro
After glucose starvation for 6 hr, the young and aged
cardiomyocytes were transfected with miR-21 mimic
(5′-uagcuuaucagacugauguuga-3′), miR-21 inhibitor (5′ucaacaucagucugauaagcua-3′) or scrambled control
(QIAGEN, Hilden, Germany) at a final concentration of
5 and 20 nM using TransIT-X2® Transfection Reagent
(Mirus Bio, Madison, WI, USA), respectively. At 24 or
48 hr after transfection, the cells were harvested for
further study.

Mouse echocardiography
Mice were anesthetized with 1.5% isoflurane and imaged
in the supine position and heart rates were maintained
between 400–500 bpm. Using S6 (GE, Boston, MA,
USA) echo machine imaging system with a 40-MHz
linear probe, a standard 2D echocardiographic study was
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Measurement of hypertrophy in primary cultured
cardiomyocytes
Primary cultured cardiomyocytes were cultured on a 24well plate and received the desired treatment. After
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treatment, the cells were fixed with 4%
paraformaldehyde and permeabilized using 0.2% Triton
X-100. The actin filaments in cells were staining with
rhodamine phalloidin (Invitrogen, Carlsbad, CA, USA).
The nucleus was identified with 4–6-diamidino-2phenylindole dihydrochloride
(DAPI)
(Abcam,
Cambridge, MA, USA). Photographs were imaged
under fluorescence microscope (Olympus BX51,
Olympus Optical Co. Ltd, Tokyo, Japan). Changes in
cell size were quantified using Image J software.

Western blot
Equal amounts of proteins were extracted for heart
tissues or primary cultured cardiomyocytes and were
quantified using the BCA assay (Thermo Fisher
Scientific, Waltham, MA, USA). The extracted protein
was separated by sodium dodecyl sulfatepolyacrylamide (SDS) gel electrophoresis and
transferred onto polyvinylidene fluoride (PVDF)
microporous
membranes
(MERCK
Millipore,
Burlington, MA, USA). The membrane was blocked
with 5% milk and then incubated with antibodies
against S100a8 (1;1000), NFB (1;1000), NFAT
(1;1000, Abcam, Cambridge, MA, USA), calcineurin
(1:1000), or GAPDH (1:5000, Sigma-Aldrich Co., St
Louis, MO, USA) in TBS buffer at 4°C overnight. After
incubation, the membrane was incubated with
horseradish peroxidase-conjugated anti-rabbit/mouse
IgG (1:5,000, MERCK Millipore, Burlington, MA,
USA and Sigma-Aldrich Co., St Louis, MO, USA) for 1
hour at room temperature. Signals were detected by
ECL-Western blotting system (AVEGENE CHEMX
400). The intensity of the protein band was quantified
by Image J software (NIH, Bethesda, MD, USA) and
the results are expressed as normalized ratio to
housekeeping gene GAPDH.

Quantitative PCR (qPCR) array
The primary cultured cardiomyocytes were treated with
or without miR-21 mimic and then total RNAs were
extracted using the miRNeasy Mini Kit (#74104,
QIAGEN, Hilden, Germany). The cDNAs were
synthesis using RT2 First Strand Kit (#330401,
QIAGEN, Hilden, Germany). Thereafter, those cDNAs
were mixed with the appropriate PCR master mix buffer
(RT² SYBR Green ROX qPCR Mastermix, #330523,
QIAGEN, Hilden, Germany) and analyzed on specific
array plates (Cardiovascular Disease RT² Profiler™ PCR
Array, #330231-PARN-174ZC-12 QIAGEN, Hilden,
Germany) by performed on an Applied Biosystems
(ABI) 7500 under the following conditions: 95°C for 10
min, then 40 cycles at 95°C for 15 sec and 60°C for 1
min. The intensity of each gene was then normalized to
the intensity of housekeeping genes. Fold changes of
gene expression and heatmap were analyzed and
generated
by
using
Gene
Globe
Analyze
(https://geneglobe.qiagen.com/tw/analyze/).

www.aging-us.com

5939

AGING

Supplementary Figures

Supplementary Figure 1. The study design investigating the effects of miR-21 in young (10 week-old) and aged mice (50
week-old) of angiotensin II (Ang II)-induced pressure overload. The heart rate, blood pressure and cardiac function were measured
every week. At the end of the experiments, the hearts were harvested for Masson trichrome staining for the quantification of myocardial
fibrosis. The reactive molecular and protein expression were measured by qRT-PCR and Western blot, respectively.

Supplementary Figure 2. Effects of angiotensin II (Ang II) on (A) body weight, (B) heart rate and (C) left ventricular internal diameter in
diastole (LVIDd) in wild type of young and aged B6 mice. *P < 0.05 for difference from each group. (N = 6–8).
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Supplementary Figure 3. Angiotensin II (Ang II)-increased cardiac hypertrophy and miR-21 expression in primarily isolated
mouse cardiomyocytes, especially in aged mice. (A) Representative merged images of F-actin immunofluorescence staining for
primary cardiomyocytes isolated from young and aged mice. (B) Quantification of the area of primary mouse cardiomyocytes. The cell area
was measured in 100 random cells in each group. (C) The expression of miR-21 in primary mouse cardiomyocytes was measured by qRT–
PCR in each group. *P < 0.05 for difference from each group (N = 6–8).
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Supplementary Figure 4. miR-21 regulated the angiotensin II (Ang II)-induced cardiac injury in primarily isolated
cardiomyocytes. The primarily isolated cardiomyocytes were transfected with miR-21 mimic and inhibitor for 24 hr before exposed to
Ang II. The expressions of (A) miR-21, (B) BNP, (C) ANP, and (D) cTnl in primary cardiomyocytes were measured by qRT-PCR. Overexpression
of miR-21 enhanced Ang II-induced cardiac injury. **P < 0.01, and ***P < 0.001 for difference from each group (N = 4–6).
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Supplementary Figure 5. Effects of angiotensin II (Ang II) on (A) systolic, (B) diastolic and (C) mean blood pressures, (D) body weights
(BW), and (E) heart rate (HR) in wild type (WT) and miR-21 knockout (miR-21−/−) mice. *P < 0.05 for difference from each group; **P < 0.01
for difference from each group (N = 6–8). Abbreviations: SBP: systolic blood pressure; DBP: diastolic blood pressure; HR: heart rate.
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Supplementary Tables
Supplementary Table 1. List of utilized primers for qRT-PCRs.
Gene

Forward primer

Reverse primer

P16INK4a

accaaacgccccgaaca

P19ARF

gcagagcatgggtcgcaggttc

cgggagagggtggtggggtc

P21

cacaggagcaaagtatgccgtc

gcgaagtcaaagttccaccgt

TRF2

ggacagcgagcactaaaggc

ctggatgacaatgtctgcttc

TERT

agtggtgaacttccctgtgg

caaccgcaagactgacaaga

BNP

gtcagtcgcttgggctgt

ccagagctggggaaagaag

ANP

cacagatctgatggatttcaaga

cctcatcttctaccggcatc

MyH7

catccccaatgagacgaagt

gggaagcccttcctacagat

LDH

gcagcagggtttctatggag

tggagacagtgggattgtca

cTnl

ctctgatgctgcagattgcg

ctgccggcataggtcctgaa

S100a8

PPR 48464B-200 (QIAGEN)

Nr3C2

PPR 44413A-200 (QIAGEN)

NKX 2.5

PPR 43535B-200 (QIAGEN)

GAPDH

tgattctacccacggcaatt

gagagctgccactttgacgt

tgatgggtttcccattgatga

microRNA sequence
miR-21

uagcuuaucagacugauguuga

Supplementary Table 2. The clinical and echocardiographic characteristics of the younger (<65 years) and the older
(≧ 65 years) participants (N = 108).
HTNNeg

HTNPos

(n = 58)

(n = 50)
Group 3:
Group 4:
Younger (40)
Older (10)

p

Group 1:
Younger (46)

Group 2:
Older (12)

50.6 ± 9.8

69.2 ± 5.9

50.1 ± 10.3

70.7 ± 6.2

<0.001

29 (63)

6 (50)

26 (65)

5 (50)

0.68

BMI (kg/m2)

26.3 ± 2.1

25.2 ± 1.2

26.9 ± 4.1

29.6 ± 5.1

0.1

Heart rate (bpm)

69.8 ± 7.1

73.5 ± 7.3

72.6 ± 11.6

67.4 ± 8.4

0.29

SBP (mmHg)

122.9 ± 9

129.1 ± 4.8

151.5 ± 14.7

159.4 ± 14.5

0.01

DBP (mmHg)

73.3 ± 7.6

77.3 ± 4.5

88.8 ± 15.8

87.3 ± 8.9

0.02

95.33 ± 9.3

92 ± 9.4

102.1 ± 8.6

110.5 ± 19.3

0.28

93 ± 16.9

72.5 ± 13.7

80.1 ± 37.2

67.5 ± 38.2

0.29

Cholesterol (mg/dl)

178.7 ± 31.6

200.6 ± 34.5

188.7 ± 37.5

190.5 ± 42.4

0.14

Triglyceride (mg/dl)

122.6 ± 49.6

129 ± 6.1

144.6 ± 61.7

155.2 ± 65.1

0.18

1.49 ± 0.7

1.72 ± 1.1

1.82 ± 0.9

4.03 ± 2.3

0.01

0.82 ± 0.17

0.82 ± 0.2

1.2 ± 0.39

1.42 ± 0.34

0.01

Clnical parameters
Age (years)
Male

Laboratory data
Glucose (ac) (mg/dl)
eGFR (mL/min/1.73m)

Circulating miR-21 expression
Echocardiographic parameters
IVSd (cm)
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LVMI (g/m2)

99.3 ± 30.6

92.2 ± 21.7

120 ± 65.7

138.2 ± 32.4

0.03

EDV (ml)

98.3 ± 26.6

96.33 ± 20.3

105.2 ± 37.8

112.1 ± 27.4

0.35

31.8 ± 13.1

29.8 ± 11.3

36.3 ± 16.8

34.5 ± 16.6

0.74

LAVi (ml/m )

24.7 ± 7.2

24.4 ± 6.2

37.1 ± 10.8

35.4 ± 3.3

0.46

LVEF (%)

76.3 ± 9.1

87 ± 1.1

66 ± 10.5

70.6 ± 9.2

0.34

E (m/s)

70.3 ± 23.6

69.9 ± 15.4

77.1 ± 16.8

71.2 ± 12.7

0.34

E/A

1.09 ± 0.43

0.89 ± 0.07

0.72 ± 0.21

0.79 ± 0.33

0.18

e’ (m/s)

9.72 ± 0.85

8.15 ± 0.62

7.86 ± 0.97

5.41 ± 1.23

0.01

E/e’

7.24 ± 4.2

8.92 ± 4.2

10.11 ± 3.48

13.13 ± 2.04

0.01

ESV (ml)
2

Data are n (%) or mean ± standard error; Group differences were analyzed using analysis of variance (ANOVA). Significant
differences verified using a Tukey post hoc test in single variant analysis were entered into multivariate analysis. aP < 0.05,
compared with Group2; bP < 0.05, compared with Group3; cP < 0.05, compared with Group 4; dP < 0.05, compared with Group
1. Abbreviations: BMI: body mass index; SBP: systolic blood pressure; DBP: diastolic blood pressure; eGFR: estimated
Glomerular filtration rate; IVSd: inter-ventricular septal diameter in diastolic phase; LVMI: left ventricular mass index; EDV:
left ventricular end-diastolic volume; ESV: left ventricular end-systolic volume; E/A: trans-mitral valve E to A velocity ratio; e:
early diastolic mitral inflow velocity; E/e’: mitral early ﬁlling velocity to early diastolic mitral annular velocity ratio.
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