Taylor & Francis
Taylor & Francis Group

Biomarkers

BIOMARKERS

informa

ISSN: 1354-750X (Print) 1366-5804 (Online) Journal homepage: http://www.tandfonline.com/loi/ibmk20

AT1 receptor blocker Azilsartan Medoxomil
normalizes plasma miR-146a and miR-342-3p in a
murine heart failure model

Manami Kaneko, Tomoko Satomi, Shuji Fujiwara, Hidefumi Uchiyama, Keiji
Kusumoto & Tomoyuki Nishimoto

To cite this article: Manami Kaneko, Tomoko Satomi, Shuji Fujiwara, Hidefumi Uchiyama,
Keiji Kusumoto & Tomoyuki Nishimoto (2016): AT1 receptor blocker Azilsartan Medoxomil
normalizes plasma miR-146a and miR-342-3p in a murine heart failure model, Biomarkers,
DOI: 10.1080/1354750X.2016.1204001

To link to this article: http://dx.doi.org/10.1080/1354750X.2016.1204001

ﬁ Accepted author version posted online: 20
Jun 2016.
Published online: 20 Jun 2016.

\]
CA/ Submit your article to this journal &

||I| Article views: 11

A
& View related articles &'

PN

@ View Crossmark data &'

CrossMark

Full Terms & Conditions of access and use can be found at
http://www.tandfonline.com/action/journalinformation?journalCode=ibmk20

(Download by: [137.189.171.235] Date: 28 June 2016, At: 19:02 )



http://www.tandfonline.com/action/journalInformation?journalCode=ibmk20
http://www.tandfonline.com/loi/ibmk20
http://www.tandfonline.com/action/showCitFormats?doi=10.1080/1354750X.2016.1204001
http://dx.doi.org/10.1080/1354750X.2016.1204001
http://www.tandfonline.com/action/authorSubmission?journalCode=ibmk20&page=instructions
http://www.tandfonline.com/action/authorSubmission?journalCode=ibmk20&page=instructions
http://www.tandfonline.com/doi/mlt/10.1080/1354750X.2016.1204001
http://www.tandfonline.com/doi/mlt/10.1080/1354750X.2016.1204001
http://crossmark.crossref.org/dialog/?doi=10.1080/1354750X.2016.1204001&domain=pdf&date_stamp=2016-06-20
http://crossmark.crossref.org/dialog/?doi=10.1080/1354750X.2016.1204001&domain=pdf&date_stamp=2016-06-20

Downloaded by [] at 19:02 28 June 2016

Title:

AT1 receptor blocker Azilsartan Medoxomil normalizes plasma miR-146a and miR-342-3p in a

murine heart failure model

Authors:

Manami Kaneko, Tomoko Satomi, Shuji Fujiwara, *Hidefumi Uchiyama, Keiji Kusumoto, and

Tomoyuki Nishimoto

Affiliations:

Cardiovascular and Metabolic Drug Discovery Unit, and “Integrated Technology Research

Laboratories, Pharmaceutical Research Division, Takeda Pharmaceutical Company Limited

Corresponding author:

Name: Manami Kaneko

Address: 26-1, Muraoka“Higashi 2-chome, Fujisawa, Kanagawa 251-8555, Japan

Tel: +81-466-32-1816

Fax: +81-466-29-4428

E-mail: manami.kaneko@takeda.com



Downloaded by [] at 19:02 28 June 2016

Keywords:

microRNA, plasma, heart failure, calsequestrin-tg mice, azilsartan medoxomil
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Abstract

Our study measured circulating microRNA (miRNA) levels in the plasma of calsequestrin

(CSQ)-tg mouse, a severe heart failure model, and evaluated whether treatment with angiotensin

Il type 1 receptor blocker, azilsartan/medoxomil (AZL-M) influenced their levels using miRNA

array analysis. MiR-146a, miR-149, miR-150, and miR-342-3p were reproducibly reduced in the

plasma of CSQ-tg mice #Among them, miR-146a and miR-342-3p were significantly restored by

AZL-M, which were associated with improvement of survival rate and reduction of congestion.

These results suggest that miRNA, especially miR-146a and miR-342-3p, could be used as

potential biomarkers for evaluating the efficacy of anti-heart failure drugs.
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Introduction

Heart failure is characterized by progressive cardiac remodeling and dysfunction. In the past 20

years, some efficacious therapies including angiotensin Il receptor blockers (ARB) (Pfeffer et al.,

2003; Cohn & Tognoni, 2001), angiotensin converting enzyme inhibitors (CONSENSUS Trial

Study Group, 1987; Pfeffer et al., 1992), beta blockers (CIBIS Investigators and Committees,

1994; Packer et al., 1996), and resynchronization therapy (Bristow et al., 2004; Cleland et al.,

2005) have been developed for heart failure. This innovative treatment strategy-eontributed to the

reduction of cardiac death and improvement in the quality of life..Nevertheless, heart failure

remains a major cause of morbidity in the world today (Go ‘et aly;, 2013; Avery et al., 2012).

Accurate diagnosis is critical in determining the appropriate medical management; thus, the

exploration and establishment of biomarkers are actively'in progress. Several useful biomarkers

have been identified, such as brain natriuretic peptide (BNP), its biologically inactive split

fragment, NT-proBNP, or galectin 3. However, they are not truly sufficient because heart failure is

a very complicated disease and'is induced by multiple biological factors including oxidative stress,

inflammation, fibrosis; neurohumoral activation, and ischemia (Maisel et al., 2008).

MicroRNAs (miRNAs) are endogenous, highly conservative, small non-coding RNAs, which

regulate diverse physiological processes including cell differentiation, apoptosis, cellular stress

response, and proliferation, by inhibiting protein translation or promoting mRNA degradation

(Bartel, 2004). MiRNAs have been reported to play important roles in cardiac function and are
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associated with several cardiac diseases, such as hypertrophy and myocardial infarction (Wang &
Yang, 2012; Bostjancic et al., 2009). Recent studies have reported that the expression levels of
numerous MiRNAs were altered during heart failure in both humans and animals (Topkara &
Mann, 2011). Genetic deletion or overexpression of miRNAs in mice affects the progression of
heart failure (Li et al., 2013; Ucar et al., 2012). Therefore, miRNAs are attractive therapeutic
targets, although their exact mechanisms of actions remain unclear. Furthermore, miRNAs have
attracted attention as potential biomarkers because circulating miRNAs in bleod, are resistant to
RNase activity, and thus are very stable (Weber et al., 2010). In cardiovascular diseases,
research on circulating miRNA profiling was focused mostly on myocardial infarction, because
several cardiac-expressed miRNAs are released into the plasma similar to cardiac enzymes (e.g.
troponins and creatine kinase MB) (Wang et al., 2010). While several reports have shown
circulating miRNA profiling in their studies of heart failure patients, the therapeutic effects of
anti-heart failure drugs on circulating"miRNA levels were seldom reported. There is also little
information on circulating miRNAs in animal models of heart failure. Our study investigates the
circulating miRNA levelstin the calsequestrin (CSQ)-tg mouse, a severe heart failure model with
abnormal Ca** handling, premature death, and various symptoms of heart failure similar to heart
failure patients such as hypertrophy, fibrosis, and pump failure (Jones et al., 1998; Cho et al.,
1999), as well as the effects of the potent ARB, azilsartan medoxomil (AZL-M; TAK-491). These

findings provide new insights into the diagnosis of heart failure and the use of miRNAs as a
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marker to evaluate the efficacy of anti-heart failure drugs.

Materials and methods

Drugs

Azilsartan medoxomil (AZL-M; TAK-491) was synthesized in our laboratories. It was suspended in

a 0.5% wi/v methylcellulose solution and orally administered at a volume of 10 mL/kg. The vehicle

was 0.5% w/v methylcellulose and also orally administered.

Animals

The line of transgenic mice overexpressing canine calsequestrin (CSQ) in the heart was originally

established in the Indiana University School of Medicine (Jones et al., 1998), and then bred in

Takeda Rabics (Osaka, Japan). The transgenic line was developed on a C57BL/6J background.

Male mice were used in this study. They were administered drugs starting at 5 weeks of age.

Body weight was measured once a week and survival was monitored once a day. All animal

experiments were performed according to the National Institutes of Health guidelines for the care

and use of laboratory animals and the guidelines of the Takeda Experimental Animal Care and

Use Committee.
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Hemodynamic parameter measurement

The systolic blood pressure and heart rate were measured in the conscious condition using the

tail-cuff method (BP-98A: Softron, Japan) 2 and 24 h after 4th drug administration in 5-week-old

wild type and CSQ-tg mice. Mice at 7 weeks of age were anesthetized with an intraperitoneal

injection of sodium pentobarbital (50 mg/kg). A catheter with a pressure sensor diameter of 1.4F

(SPR-671: Millar Instruments, USA) was inserted into the left ventricle through the right carotid

artery and connected to a polygraph system (NEC San-ei Instruments Ltd..and Nihon Kohden

Corporation, Japan). The measurement parameters were mean blood/pressure (MBP), heart rate

(HR), left ventricular pressure, left ventricular end diastolic pressure (LVEDP), and the rates of

intraventricular pressure rise (dP/dt,.) and decline (dP/dtin). The data were incorporated into

MacLab and analyzed by Chart v.5.3. (AD Instruments, Castle Hill, Australia). Immediately after

the measurement, the hearts were rapidly excised, and individual chambers were separated, and

weighed.

MiRNA array analysis

Blood was collected from the abdominal vena cava of the wild type and CSQ-tg mice under

anesthesia with an intraperitoneal injection of sodium pentobarbital (50 mg/kg). MiRNA was

extracted from 200 pul plasma using QIAzol Lysis Reagent and a miRNeasy Micro kit (QIAGEN,

Hilden, Germany). MiRNA expression was determined using the TagMan® Array MicroRNA Card
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(Rodent v2.0: Life Technologies, California, USA) containing 585 miRNAs according to the

manufacture’s protocol. To avoid technical bias, we excluded the miRNAs whose Ct values were

above 35 in the more than 3 individuals in each group. Ct value of each miRNA was normalized by

subtracting the median Ct value of detectable miRNA within the sample. Relative miRNA

expression was calculated by the AACT method. Hierarchical clustering and heatmap were

carried out using MATLAB software (The Mathworks Inc., Natick, USA).

Individual miRNA expression analysis by real-time PCR

For individual miRNA analysis, another set of studies was conducted. Blood was collected from

the abdominal vena cava of the wild type and .CSQ-tg. mice under anesthesia with an

intraperitoneal injection of sodium pentobarbital (50 mg/kg). MiRNAs were extracted as described

above. Individual miRNAs were then converted into cDNA with the TagMan MicroRNA Reverse

Transcription Kit and the specific real<time (RT) primer (Life Technologies, California, USA), and

amplified with the TagMan PreAmp Master Mix and the specific TagMan probe. Gene expression

was analyzed usingithe=7900HT Fast Real-Time PCR System (Life Technologies, California,

USA) using TagMan® Fast Advanced Master Mix (Life Technologies, California, USA) and

primer-probe sets of TagMan Gene Expression Assays (Life Technologies, California, USA).

Three synthetic Caenorhabditis elegans mMiRNAs (Cel-miR-239, Cel-miR-39, Cel-miR-54)

(Hokkaido System Science, Japan) were added to the samples during the assay and their values
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were used for data correction (Kroh et al.,, 2010; Mitchell et al., 2008). The relative miRNA

expression was calculated by the AACT method.

Statistical Analysis

Data are expressed as means = SD. Survival data were analyzed by using a Kaplan—Meier

survival analysis with a log rank method of statistics. Analysis was performed with the Student’s t

test for other experiments.

Results

Mortality

CSQ-tg mice treated with the vehicle (n = 20) died within‘around 10 weeks as previously reported

(Harding et al., 2001). Administration of AZL-M (0.01-1 mg/kg, p.o., n = 20 in each group) from the

age of 5 weeks significantly improved survival in a dose-dependent manner (Fig. 1). To determine

the contribution of afterlead reduction to the improvement of the survival rate by AZL-M, blood

pressure was measured“under the conscious condition. Administration of AZL-M (0.01-1 mg/kg,

p.o.) for 3 days significantly reduced the systolic blood pressure only at 2 h, not at 24 h, after

administration in the 5-week-old CSQ-tg mice. The systolic blood pressure at 2 and 24 h after

administration were 109 + 8 and 112 + 11 (wild type mice, n =9), 100 + 14 and 102 + 13 (vehicle,

n=29),85+ 11 and 100 + 8 (0.01 mg/kg, n =8), 78 £+ 8 and 98 + 13 (0.1 mg/kg, n = 8) and 61 + 8
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and 94 + 12 mmHg (1 mg/kg, n = 8), respectively. No differences were observed among the

CSQ-tg mice groups in terms of heart rate (HR), although the basal HR in the CSQ-tg mice was

decreased compared to wild type mice (data not shown).

Hemodynamic parameters

To determine whether AZL-M affects hemodynamic parameters, cardiac catheterization was

performed in 7-week-old mice after 2 weeks of drug administration (Fig. 2). €Cempared with wild

type mice, CSQ-tg mice had severe cardiac dysfunction, as shown by thermarked reductions in

both dP/dt,.x and dP/dt,,, and the elevation of LVEDP, anuyindex of congestion. Oral

administration of 1 mg/kg AZL-M significantly reduced/LVEDP, but had no effect on both dP/dty,ax

and dP/dt,;,. MBP and HR were not significantly different among CSQ-tg mice groups. The

improvement in the LVEDP was consistent with significant decreases in heart and lung weights in

the AZL-M group (Fig. 3).

Circulating miRNAprofiling by miRNA array

MiRNA expression profiles of plasma samples were determined using a TagMan-based miRNA

array. Hierarchical clustering of microarray data with the detected 386 probes revealed that the

profiles of circulating miRNAs were remarkably different between wild type and CSQ-tg mice (Fig.

4). On the other hand, profiles of circulating miRNAs in the CSQ-tg mice treated with AZL-M were
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similar to that in wild type mice rather than the vehicle-treated CSQ-tg mice. To prioritize these

mMiRNAs, the following criteria were applied: Either <0.5- or >2- fold changes with p values less

than 0.05 between vehicle treated CSQ-tg and wild type mice. MiRNAs that fulfilled these criteria

were listed in Table 1, showing that 9 miRNAs were up-regulated and 27 miRNAs were

down-regulated. AZL-M restored the levels of several of these miRNAs (miR-149, miR-150,

let-7d*, miR-342-3p, miR-146a, miR-28* miR-138*, and miR-702) back towards normal. MiR-137,

miR-197, miR-208, miR-544, and miR-804 also showed expression patternsssuitable for use as

biomarkers, which are almost inexistent in the wild type mice, but remarkablysincreased in the

CSQ-tg mice although they were not consistent with the above criteria (data not shown).

Individual miRNA expression analysis

To confirm the array results, some intriguing miRNAs in the plasma (the top 5 miRNAs that were

either up-regulated or down-regulated‘in CSQ-tg mice, and the 8 miRNAs that were significantly

restored by AZL-M, total»16 miRNAS) were individually measured using real-time PCR in another

set of studies. As shown in Fig. 5, miR-146a, miR-149, miR-150 and miR-342-3p were

significantly down-regulated in the plasma of CSQ-tg mice, and miR-146a and miR-342-3p were

significantly restored by treatment with AZL-M. MiR-146a and miR-342-3p showed correlation

with atrial weight, an index of congestion, in CSQ-tg mice treated with vehicle and AZL-M (r=0.75

and 0.59, respectively).
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Discussion

Heart failure is a heterogeneous disease with various causes, symptoms, magnitudes of severity,

and numerous complications. To manage this complex disease, biomarkers are valuable in

understanding the disease condition and choosing the appropriate therapeutic approach. Our

study conducted a comprehensive analysis of the plasma miRNA levels in CSQ-tg mice. We

found remarkable changes in the miRNA profiles of this model by array analyses. Among these

mMiRNAs, we confirmed that four specific ones, miR-146a, miR-149,,miR-150,5and miR-342-3p,

were significantly down-regulated in the plasma of CSQ-tg mice using.individual TagMan analysis.

While there is limited understanding of the physiologic roles of miRNAs, their function and

expression are rapidly being elucidated in the current research. The expressions of these four

mMiRNAs are not heart-specific, but some of them could be related to cardiovascular disease. For

example, miR-146a has been reported to regulate toll-like receptor 4 (TLR4) signaling, which is

associated with immuner responses through the modulation of downstream proteins, such as

interleukin-1-receptor-associated kinase 1 (IRAK1) and

tumor-necrosis-factor-receptor-associated factor 6 (TRAF6) (Takahashi et al., 2010). In the

plasma of the patient with coronary artery disease, the miR-146a level was significantly higher,

followed by the elevation of IRAK1, TRAF6, and TLR4 mRNA. Furthermore, treatment with

telmisartan and enalapril decreased this elevation, in contrast to the results of our study
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(Takahashi et al., 2010). Another study showed that miR-146a protected the heart against

myocardial ischemia/reperfusion injury in mice (Wang et al., 2013). Although the role of

miR-342-3p in the body's cardiovascular system remains unclear, its plasma level was

significantly reduced in heart failure patients compared with healthy volunteers (Ellis et al., 2013),

which is consistent with our results. MiR-149 expression was reduced in the hearts of myocardial

infarction-induced heart failure mice (van Rooij et al., 2008), but the functional study of their

hearts has not been performed yet. MiR-150 is known for playing an important,role in the heart

and in cardiovascular diseases. Its level in the heart was decreased inshypertrophic mice (thoracic

aortic banding mice and constitutive active calcineurin transgenic mice) and its overexpression

caused a reduction in the cell size of primary neonatalsat cardiomyocytes (van Rooij et al., 2006).

Thus, miR-150 could contribute to the inhibition of hypertrophy. In addition, a low circulating level

of miR-150 was associated with left \ventricular remodeling in patients with ST elevation

myocardial infarction (Devaux et al.,'2013). However, it is unknown whether these miRNAs are

directly associated withsprogression of heart failure. Future studies will determine the mechanism

by which these miRNAs are associated with disease state.

Tijsen et al. (2010) using miRNA array analysis, have identified miR-423-5p as a circulating

mMiRNA specific to heart failure that can be highly elevated. Another group confirmed their results

and found an additional three miRNAs, miR-320a, -22, and -92b, in the serum of patients with

systolic heart failure (Goren et al., 2012). Fukushima et al. (2011) found that circulating miR-126
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was down-regulated in patients with heart failure, and Corsten et al. (2010) found that miR-499

was up-regulated in patients with acute heart failure. However, these miRNAs did not change in

our study. This discrepancy might be associated with the different stages of disease progression,

different analysis method, and species difference.

It is important to determine whether circulating miRNAs can be associated with the therapeutic

effect of drugs. In our research, AZL-M significantly restored the changes in miR-146a and

miR-342-3p levels. This result suggests that these circulating miRNAs_.could be used as

biomarkers in reflecting the effects of anti-heart failure drugs. Interestingly,.our preliminary miRNA

array analysis showed that all four miRNA (miR-146a, miR-149; miR-150 and miR-342-3p)

decreased in the plasma of CSQ-tg mice were alsofreduced in the heart, in addition, AZL-M

restored all of them (data not shown). It is/likely that the cardiac levels of miR-146a and

miR-342-3p reflected the plasma levels in the heart failure model, but we have no clear

explanation why plasma levels of miR«149 and miR-150 did not change with AZL-M. In contrast to

our observations, otherinhibitors,of the renin angiotensin aldosterone system (RAAS) decreased

the circulating miR-146a-level in the patient with coronary artery disease as mentioned above.

The value of miR-146a and miR-342-3p as circulating biomarker candidates and mechanisms of

their restoration by AZL-M should be confirmed in future research. For further validation of these

miRNAs, we need to evaluate their sources, targets, and functions, in addition to their

associations with parameters of cardiac function. Furthermore, additional researches in other
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heart failure models such as myocardial infarction-induced heart failure model, transverse aortic

constriction model, isoproterenol-induced heart failure model or heart failure patients are also

required. Comparison of other drugs, such as beta blocker, angiotensin-converting inhibitor, and

mineralcorticoid receptor antagonist, with AZL-M in CSQ-tg mice would also provide us useful

information. Accumulation of results from these studies will lead the development of reliable

biomarkers for heart failure in the future.

ARBs reportedly have beneficial effects on heart failure in clinical (Pfeffer et-al., 2003; Cohn &

Tognoni, 2001), and preclinical studies (Matsumoto et al., 2004; Pourdjabbar et al., 2005).

Currently, three ARBSs, valsartan, losartan and candesartan cilexetil,;are clinically available for the

treatment of heart failure. AZL-M improved mortality, congestion, and remodeling in CSQ-tg mice.

We found that candesartan cilexetil showed @nti-heart failure effects similar to AZL-M in this

model (data not shown). Therefore, AZL-M would also be expected to provide beneficial effects on

heart failure in the clinical setting. Several mechanisms of actions have been reported so far for

anti-heart failure effects'by ARBS. Afterload reduction due to lowering blood pressure is a primary

contributor to the improvement of heart failure. In the present study, AZL-M lowered blood

pressure only at\2 hours after 3-day-administration, and the effects did not last 24 hours; thus,

other mechanisms such as inhibition of angiotensin ll-induced hypertrophy, fibrosis, inflammation,

and production of reactive oxygen species in the heart might contribute to its therapeutic effects.

Its short-lasting effect on blood pressure in the CSQ-tg mice might have been due to the different



Downloaded by [] at 19:02 28 June 2016

pharmacokinetics between humans and mice. In our preliminary study, we observed that AZL-M

concentration rose sharply 0.5 hours after administration and disappeared after 24 hours in both

the normal and CSQ-tg mice (data not shown), in contrast to long-lasting pharmacokinetics in

humans (Angeli et al., 2013). Also, 3-day-administration in CSQ-tg mice might be too short to

achieve steady anti-hypertensive effect. It was reported that losartan, another ARB, improved not

only mortality but also cardiac function including dP/dty.x and dP/dt,;, in CSQ-tg mice at 2 and 5

months of age (Gunther et al., 2010). The discrepancy in our study might_besattributed to the

difference in backgrounds of the CSQ-tg mice. CSQ-tg mice showed strainsspecific variation. The

C57BL/6J background used in our study is known to have the most severe symptoms of heart

failure (Suzuki et al., 2002; Wheeler et al., 2005), and.thus it might be difficult for drugs to improve

the extensive reduction of dP/dt,.x and dP/dt.,.. Moreover, the losartan treatment data was

obtained in isolated hearts, in comparison to our systemic measurement in vivo.

Conclusions

In summary, circulating miRNA profiles in the CSQ-tg mice were remarkably different from those

in wild type mice. AZL-M restored the changes in miR-146a and miR-342-3p, in addition to its

other anti-heart failure effects, suggesting that these miRNAs could be potential biomarkers for

the therapeutic effects of anti-heart failure drugs, especially RAAS inhibitors.



Downloaded by [] at 19:02 28 June 2016

Acknowledgments

The authors thank Drs. Shota lkeda and Kazuki Kubo for their insightful discussions throughout

the course of this study.

Declaration of interest

The authors declare there are no conflicts of interest.



Downloaded by [] at 19:02 28 June 2016

References

Angeli F, Verdecchia P, Pascucci C, Poltronieri C, Reboldi G. (2013). Pharmacokinetic evaluation
and clinical utility of azilsartan medoxomil for the treatment of hypertension. Expert Opin Drug
Metab Toxicol 9:379-85.

Avery CL, Loehr LR, Baggett C, Chang PP, Kucharska-Newton AM, Matsushita K, Rosamond WD,
Heiss G. (2012). The population burden of heart failure attributable to modifiable risk factors:
the ARIC (Atherosclerosis Risk in Communities) study. J Am Coll Cardiol 60:1640-6.

Bartel DP. (2004). MicroRNAs: genomics, biogenesis, mechanism, and function. Cell 116:281-97.

Bostjancic E, Zidar N, Glavac D. (2009). MicroRNA microarray expression profiling in human
myocardial infarction. Dis Markers 27:255-68.

Bristow MR, Saxon LA, Boehmer J, Krueger S, Kass DA, De Marco T, Carson P, DiCarlo L,
DeMets D, White BG, DeVries DW, Feldman AM. (2004). Cardiac-resynchronization therapy
with or without an implantable defibrillator in advanced chronic heart failure. N Engl J Med
350:2140-50.

Cho MC, Rapacciuolo A, Koch WJ, Kobayashi Y, Jones LR, Rockman HA: (1999). Defective
beta-adrenergic receptor signaling precedes the development/of dilated:cardiomyopathy in
transgenic mice with calsequestrin overexpression. J Biol.Chem 274;22251-6.

CIBIS Investigators and Committees. (1994). A randomized:trial of beta-blockade in heart failure.
The Cardiac Insufficiency Bisoprolol Study (CIBIS). Circulation 90:1765-73.

Cleland JG, Daubert JC, Erdmann E, Freemantle’N, Gras D, Kappenberger L, Tavazzi L. (2005).
The effect of cardiac resynchronization on morbidity'and mortality in heart failure. N Engl J Med
352:1539-49.

Cohn JN, Tognoni G. (2001). A randomized. trial‘of the angiotensin-receptor blocker valsartan in
chronic heart failure. N Engl J Med 345:1667-75.

CONSENSUS Trial Study Group. (1987). Effects of enalapril on mortality in severe congestive
heart failure. Results of'the Cooperative North Scandinavian Enalapril Survival Study
(CONSENSUS). N¢Engl.Jd.Med 316:1429-35.

Corsten MF, Dennert R, Jochems S, Kuznetsova T, Devaux Y, Hofstra L, Wagner DR, Staessen
JA, Heymans, S, Schroen B. (2010). Circulating MicroRNA-208b and MicroRNA-499 reflect
myocardial damage in cardiovascular disease. Circ Cardiovasc Genet 3:499-506.

Devaux Y, Vausort M, McCann GP, Zangrando J, Kelly D, Razvi N, Zhang L, Ng LL, Wagner DR,
Squire IB. (2013). MicroRNA-150: a novel marker of left ventricular remodeling after acute
myocardial infarction. Circ Cardiovasc Genet 6:290-8.

Ellis KL, Cameron VA, Troughton RW, Frampton CM, Ellmers LJ, Richards AM. (2013).
Circulating microRNAs as candidate markers to distinguish heart failure in breathless patients.
Eur J Heart Fail 15:1138-47.

Fukushima Y, Nakanishi M, Nonogi H, Goto Y, Iwai N. (2011). Assessment of plasma miRNAs in



Downloaded by [] at 19:02 28 June 2016

congestive heart failure. Circ J 75:336-40.

Go AS, Mozaffarian D, Roger VL, Benjamin EJ, Berry JD, Borden WB, Bravata DM, Dai S, Ford
ES, Fox CS, Franco S, Fullerton HJ, Gillespie C, Hailpern SM, Heit JA, Howard VJ, Huffman
MD, Kissela BM, Kittner SJ, Lackland DT, Lichtman JH, Lisabeth LD, Magid D, Marcus GM,
Marelli A, Matchar DB, McGuire DK, Mohler ER, Moy CS, Mussolino ME, Nichol G, Paynter NP,
Schreiner PJ, Sorlie PD, Stein J, Turan TN, Virani SS, Wong ND, Woo D, Turner MB. (2013).
Heart disease and stroke statistics--2013 update: a report from the American Heart Association.
Circulation 127:e6-e245.

Goren Y, Kushnir M, Zafrir B, Tabak S, Lewis BS, Amir O. (2012). Serum levels of microRNAs in
patients with heart failure. Eur J Heart Fail 14:147-54.

Gunther S, Baba HA, Hauptmann S, Holzhausen HJ, Grossmann C, Punkt K, Kusche T, Jones LR,
Gergs U, Neumann J. (2010). Losartan reduces mortality in a genetic model of heart failure.
Naunyn Schmiedebergs Arch Pharmacol 382:265-78.

Harding VB, Jones LR, Lefkowitz RJ, Koch WJ, Rockman HA. (2001). Cardiac beta ARK1
inhibition prolongs survival and augments beta blocker therapy in a mouse model of severe
heart failure. Proc Natl Acad Sci U S A 98:5809-14.

Jones LR, Suzuki YJ, Wang W, Kobayashi YM, Ramesh V, Franzini-Armstrong C, Cleemann L,
Morad M. (1998). Regulation of Ca2+ signaling in transgenic'mouseicardiac myocytes
overexpressing calsequestrin. J Clin Invest 101:1385-93.

Kroh EM, Parkin RK, Mitchell PS, Tewari M. (2010). Analysis of'circulating microRNA biomarkers
in plasma and serum using quantitative reverse transcription-PCR (qRT-PCR). Methods
50:298-301.

Li RC, Tao J, Guo YB, Wu HD, Liu RF, Bai Y, Lv ZZ, Luo GZ, Li LL, Wang M, Yang HQ, Gao W,
Han QD, Zhang YY, Wang XJ, Xu.M, Wang SQ. (2013). In vivo suppression of microRNA-24
prevents the transition toward decompensated hypertrophy in aortic-constricted mice. Circ Res
112:601-5.

Maisel A, Mueller C, Adams K;\Jr., Anker SD, Aspromonte N, Cleland JG, Cohen-Solal A,
Dahlstrom U, DeMaria A;:Di Somma S, Filippatos GS, Fonarow GC, Jourdain P, Komajda M,
Liu PP, McDonagh T, McDonald K, Mebazaa A, Nieminen MS, Peacock WF, Tubaro M, Valle R,
Vanderhyden M, Yancy CW, Zannad F, Braunwald E. (2008). State of the art: using natriuretic
peptide levels in“elinical practice. Eur J Heart Fail 10:824-39.

Matsumoto R, Yoshiyama M, Omura T, Kim S, Nakamura Y, Izumi Y, Akioka K, Iwao H, Takeuchi K,
Yoshikawa J. (2004). Effects of aldosterone receptor antagonist and angiotensin Il type |
receptor blocker on cardiac transcriptional factors and mRNA expression in rats with myocardial
infarction. Circ J 68:376-82.

Mitchell PS, Parkin RK, Kroh EM, Fritz BR, Wyman SK, Pogosova-Agadjanyan EL, Peterson A,
Noteboom J, O'Briant KC, Allen A, Lin DW, Urban N, Drescher CW, Knudsen BS, Stirewalt DL,
Gentleman R, Vessella RL, Nelson PS, Martin DB, Tewari M. (2008). Circulating microRNAs as



Downloaded by [] at 19:02 28 June 2016

stable blood-based markers for cancer detection. Proc Natl Acad Sci U S A 105:10513-8.

Packer M, Bristow MR, Cohn JN, Colucci WS, Fowler MB, Gilbert EM, Shusterman NH. (1996).
The effect of carvedilol on morbidity and mortality in patients with chronic heart failure. U.S.
Carvedilol Heart Failure Study Group. N Engl J Med 334:1349-55.

Pfeffer MA, Swedberg Goldman S, Flaker GC, et al. (1992). Effect of captopril on mortality and
morbidity in patients with left ventricular dysfunction after myocardial infarction. Results of the
survival and ventricular enlargement trial. The

Pfeffer MA, Swedberg K, Granger CB, Held P, McMurray JJ, Michelson EL, Olofsson B, Ostergren
J, Yusuf S, Pocock S. (2003). Effects of candesartan on mortality and morbidity in patients with
chronic heart failure: the CHARM-Overall programme. Lancet 362:759-66.

Pourdjabbar A, Parker TG, Nguyen QT, Desjardins JF, Lapointe N, Tsoporis JN, Rouleau JL.
(2005). Effects of pre-, peri-, and postmyocardial infarction treatment with losartan in rats: effect
of dose on survival, ventricular arrhythmias, function, and remodeling. Am J Physiol Heart Circ
Physiol 288:H1997-2005.

Suzuki M, Carlson KM, Marchuk DA, Rockman HA. (2002). Genetic modifier laci affecting survival
and cardiac function in murine dilated cardiomyopathy. Circulation 105;1824-9.

Takahashi Y, Satoh M, Minami Y, Tabuchi T, Itoh T, Nakamura M¢(2010). Expression of
miR-146a/b is associated with the Toll-like receptor 4 signal'in.coronary artery disease: effect of
renin-angiotensin system blockade and statins on miRNA=146a/b and Toll-like receptor 4 levels.
Clin Sci (Lond) 119:395-405.

Tijsen AJ, Creemers EE, Moerland PD, de Windt'LJ, van.der Wal AC, Kok WE, Pinto YM. (2010).
MiR423-5p as a circulating biomarker for heart failure. Circ Res 106:1035-9.

Topkara VK, Mann DL. (2011). Role of microRNAs in cardiac remodeling and heart failure.
Cardiovasc Drugs Ther 25:171-82.

Ucar A, Gupta SK, Fiedler J, Erikci E, Kardasinski M, Batkai S, Dangwal S, Kumarswamy R, Bang
C, Holzmann A, Remke J, . Caprio M, Jentzsch C, Engelhardt S, Geisendorf S, Glas C, Hofmann
TG, Nessling M, Richter K, Schiffer M, Carrier L, Napp LC, Bauersachs J, Chowdhury K, Thum
T. (2012). The miRNA-212/132 family regulates both cardiac hypertrophy and cardiomyocyte
autophagy. Nat Commun.3:1078.

van Rooij E, Sutherland LB, Liu N, Williams AH, McAnally J, Gerard RD, Richardson JA, Olson
EN. (2006). A signature pattern of stress-responsive microRNAs that can evoke cardiac
hypertrophy.and heart failure. Proc Natl Acad Sci U S A 103:18255-60.

van Rooij E, Sutherland LB, Thatcher JE, DiMaio JM, Naseem RH, Marshall WS, Hill JA, Olson
EN. (2008). Dysregulation of microRNAs after myocardial infarction reveals a role of miR-29 in
cardiac fibrosis. Proc Natl Acad Sci U S A 105:13027-32.

Wang GK, Zhu JQ, Zhang JT, Li Q, Li Y, He J, Qin YW, Jing Q. (2010). Circulating microRNA: a
novel potential biomarker for early diagnosis of acute myocardial infarction in humans. Eur
Heart J 31:659-66.



Downloaded by [] at 19:02 28 June 2016

Wang J, Yang X. (2012). The function of miRNA in cardiac hypertrophy. Cell Mol Life Sci
69:3561-70.

Wang X, Ha T, Liu L, Zou J, Zhang X, Kalbfleisch J, Gao X, Williams D, Li C. (2013). Increased
expression of microRNA-146a decreases myocardial ischaemia/reperfusion injury. Cardiovasc
Res 97:432-42.

Weber JA, Baxter DH, Zhang S, Huang DY, Huang KH, Lee MJ, Galas DJ, Wang K. (2010). The
microRNA spectrum in 12 body fluids. Clin Chem 56:1733-41.

Wheeler FC, Fernandez L, Carlson KM, Wolf MJ, Rockman HA, Marchuk DA. (2005). QTL
mapping in a mouse model of cardiomyopathy reveals an ancestral modifier allele affecting
heart function and survival. Mamm Genome 16:414-23.



Downloaded by [] at 19:02 28 June 2016

Table 1

Significantly up-regulated (fold change > 2, p < 0.05) or down-regulated (fold change < 0.5, p <

0.05) circulating miRNAs in CSQ-tg (CSQ) compared to wild type mice (WT). (#) showed the

mMiRNAs subjected to the individual expression analysis. Analysis was performed with the

Student’s t test.
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Up-regulated miRNAs in vehicle-treated CSQ-tg mice compared to WT mice

CSQ (Vehicle) vs. WT

CSQ (AZL-M) vs. CSQ (Vehicle)

fold SD t—test fold SD t-test
mmu—miR-133a (#) 10.10 6.28 0.004 16.63 23.66 0.47
mmu—miR-133b (#) 10.79 6.77 0.004 17.55 28.06 0.53
mmu—miR-136 (#) 287 1.32 0.005 3.71 6.06 0.71
mmu—miR-411 (#) 3.87 2.55 0.02 2.28 1.53 0.15
mmu—miR-130a (#) 3.54 2.31 0.02 8.50 12.11 0.29
mmu-miR—1 5.95 467 0.02 6.06 7.82 0.97
mmu-miR-127 215 1.21 0.04 2.06 217 0.92
mmu-miR-29¢ 3.32 2.69 0.04 514 7.15 0.52
mmu-miR-376¢ 211 1.30 0.048 403 6.49 0.44

Down-regulated miRNAs in vehicle-treated CSQ-tg mice compared to WT mice

CSQ (Vehicle) vs. WT

CSQ (AZL-M) vs. CSQ (Vehicle)

fold SD t—test fold SD t—test
mmu—miR-297a* (#) 0.31 0.13 | 0.000005 2.80 3.14 0.06
mmu—miR-132 (#) 0.38 0.18 0.00001 472 522 0.051
mmu—miR-149 (#) 0.22 0.08 0.00005 0.56 0.37 0.03
mmu—miR-150 (#) 0.33 0.14 0.0001 1.82 155 0.03
mmu—miR-592 (#) 0.32 0.26 0.0001 0.83 0.69 0.08
mmu-miR-151-3p 0.37 0.14 0.0001 3.06 3.27 0.053
mmu-miR—-674% 0.48 0.22 0.0001 1.38 1.28 0.09
mmu—let=7d* (#) 0.44 0.15 0.0002 1.65 1.33 0.04
mmu-miR-574-3p 0.30 0.18 0.0004 2.05 2.51 0.09
mmu—miR-455% 0.31 0.21 0.001 0.52 0.46 0.25
mmu-miR-455 0.12 0.08 0.001 0.25 0.18 0.10
mmu-miR-322 0.29 021 0:001 0.41 0.26 0.33
mmu—miR-200bx* 0.35 0.35 0.002 1.27 1.69 0.20
mmu-miR-181a—1% 0.45 0.19 0.003 1.57 1.76 0.12
mmu-miR-134 0.33 0.28 0.004 1.23 1.29 0.09
mmu—miR-342-3p (#) 0.37 0.24 0.004 2.11 2.06 0.048
mmu-miR-218—1% 0.35 0.21 0.005 0.98 1.27 0.21
mmu—miR-146a (#) 0.48 0.23 0.005 2.76 2.68 0.047
mmu-miR-503% 0.40 0.23 0.007 1.57 1.94 0.13
mmu—miR-28% (#) 0.50 0.33 0.009 1.97 1.57 0.03
mmu—miR-138%* (#) 0.28 0.13 0.010 1.70 1.51 0.03
mmu-miR-214 0.25 0.31 0.013 1.70 2.99 0.25
mmu-miR-667 0.40 0.45 0.02 1.92 267 0.15
mmu—miR-702 (#) 0.22 0.08 0.02 0.84 0.55 0.015
mmu-miR—-87 7% 0.47 0.31 0.02 1.71 1.73 0.08
mmu-miR-129-3p 0.40 0.22 0.02 1.70 1.58 0.054
mmu-miR-801 0.43 0.37 0.046 0.96 0.84 0.13
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Figure legends

Figure 1
Survival curve in wild type (WT) and CSQ-tg mice (CSQ) treated with vehicle or AZL-M. The drugs
were orally administered from the age of 5 weeks. Kaplan—Meier survival analysis with a log rank

method of statistics was used to calculate the significant improvement in survival rate.

Figure 2

Hemodynamic parameters in wild type (WT) and CSQ-tg mice (CSQ),orally treated with vehicle or
AZL-M (1 mg/kg) at 7 weeks of age. (A) LVEDP, (B) dP/dty.x, (C) dP/dty,, (D) MBP, (E) HR.
Values represent the mean + SD, "P < 0.01 v§. WT + Véhicle, P < 0.05 vs. CSQ + Vehicle by

Student's t-test.

Figure 3

Heart and lung weight in“wild type (WT) and CSQ-tg mice (CSQ) orally treated with vehicle or
AZL-M (1 mg/kg) at 7 weeks of age. (A) LV/IBW (left ventricular weight/body weight), (B) RV/BW
(right ventricular weight/body weight), (C) AW (atria weight/body weight), (D) LW/BW (lung
weight/body weight). Values represent the mean + SD, P < 0.01 vs. WT + Vehicle, P < 0.01 vs.

CSQ + Vehicle by Student's t-test.
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Figure 4
Clustering analysis of miRNA levels in the plasma of wild type (WT) and CSQ-tg mice (CSQ)

treated orally with vehicle or AZL-M (1 mg/kg) at 7 weeks of age.

Figure 5

MiRNA expression in the left ventricle of wild type (WT) and CSQ-tg mice (€SQ) treated orally
with vehicle or AZL-M (1 mg/kg) at 7 weeks of age. (A) miR-146a, (B) miR-342-3p, (C) miR-150,
(D) miR-149. Values represent the mean + SD, "P < 0.01 vs. WT +W\ehicle, P < 0.05, P < 0.01

vs. CSQ + Vehicle by Student's t-test.
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Figure 1

Survival curve in wild type (WT) and CS@-tg mice (€SQ) treated with vehicle or AZL-M.
The drugs were orally administered from'the age of 5 weeks. Kaplan—Meier survival
analysis with a log rank method of $tatistics'was used to calculate the significant
improvement in survival rate.
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Figure 2

Hemodynamiciparameters in wild type (WT) and CSQ-tg mice (CSQ) orally treated with
vehicle or AZL-M (1 mg/kg) at 7 weeks of age. (A) LVEDP, (B) dP/dt .« (C) dP/dty,, (D)
MBP, (E) HR«*Values represent the mean £ SD, "P<0.01 vs. WT + Vehicle, *P < 0.05
vs. CSQ+ Vehicle by Student's t-test.
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Figure 3

Heart and lung weight in wild type (WT) and CSQ-tg mice (CSQ) orally treated with
vehicle orAZL=M (1 mg/kg) at 7 weeks of age. (A) LV/IBW (left ventricular weight/body
weight), (BRRV/BW (right ventricular weight/body weight), (C) AW (atria weight/body
weight), (D) LMW/BW (lung weight/body weight). Values represent the mean * SD, "P <
00%vs WT + Vehicle, #P< 0.01 vs. CSQ + Vehicle by Student's t-test.



Downloaded by [] at 19:02 28 June 2016

N '

Analyzed, samples WT+Vehicle (n=8)
CSQ+Vehicle (n = 8)

CSQ+AZL-M 1 mg/kg (n =
8)

Figure 4

Clustering analysis of miRNA levels in the plasma of wild type (WT) and CSQ-tg mice
(CSQ) treated orally with vehicle or AZL-M (1 mg/kg) at 7 weeks of age.
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Figure 5

MIRNA expressionsinthe left ventricle of wild type (WT) and CSQ-tg mice (CSQ) treated
orally withaehicle or AZL-M (1 mg/kg) at 7 weeks of age. (A) miR-146a, (B) miR-342-3p,
(C) miR-150,(D)ymiR-149. Values represent the mean £ SD, "P < 0.01vs. WT +
Vehiclep#P < 0,05, #P < 0.01 vs. CSQ + Vehicle by Student's t-test.
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