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Abstract

Background and objective: The etiology of heart failure (HF) is multifactorial and a variety of mediators are involved in its
progression. Thus, elucidation of transcriptome complexity and understanding the functions of differentially expressed genes,
together with therapeutic molecular mechanisms underlying development of HF, are a major focus of HF research. A recent meta-
analysis demonstrated that statin therapy reduced the risk of hospitalization and death due to HF.

Methods and results: We first performed global cardiac transcriptome analysis in a canine model of tachycardia-induced
HF using next generation genome sequencers; secondly we evaluated the effects of a statin, pitavastatin (0.3 mg/kg, n=6), on
cardiac function and gene expressions in HF. A total of 426 genes were differentially expressed, 401 of which were up-regulated
in failing heart compared to normals. We identified the most changed pathways which included angiopoietin receptor Tie2, T
cell receptor and CXCR4 signaling pathways. Despite an absence of differences in fractional shortening, pitavastatin significantly
lowered elevations in left ventricular end-diastolic pressure and shortened prolongation of tau. Furthermore, pitavastatin suppressed
up-regulation of expression of genes such as SRC, SHC1, VAV1, ELK1 and FLNA mRNA. Not only collagen types | and llI, but also
VI mRNA involved in maintaining structural integrity, were decreased compared with vehicle. These results indicate that statin may
improve diastolic properties affecting cell proliferation, inflammation, oxidative stress, energy metabolism and extracellular matrix
remodeling.

Conclusion: High-throughput transcriptome analysis can provide new insights into cellular mechanisms underlying HF and

therapeutic use of statin for treatment of HF.

Keywords: Transcriptome analysis; Heart failure; Statin; Next
generation genome sequencers

Introduction

The etiology of heart failure (HF) is multifactorial and a variety of
mediators are involved in its progression; therefore, the total spectrum
of events responsible for development of HF is as yet unknown. Since
the causes of cardiac dysfunction are likely to reflect alterations in
cardiac protein expression, we have previously used a proteomic
approach to investigate alterations in protein expression in a canine
model of tachycardia-induced HF [1]. We compared two-dimensional
electrophoresis protein patterns of left ventricular (LV) samples
obtained from normal and failing myocardium and identified the
altered undetermined protein spots. While proteomic analysis provided
some important information on global changes in HF, only ~1000
differences in protein expression patterns between HF and normals
were observed. Transcriptome sequencing is particularly useful in
assessing the current state of a cell or tissue and the possible effects of
disease states or treatment conditions on the transcriptome [2]. Deep
mRNA sequencing analysis of cardiac mRNAs has demonstrated that a
preponderance of mitochondrial transport, cytoskeletal and contractile
genes are differentially expressed in failing heart [3]. We identified
changes in gene expression strongly related to occurrence of HF using
global transcriptome analysis of next-generation sequencers (NGS)
and revealed that expression of inflammatory interleukin-related genes
was enhanced in failing heart [4]. Cardiac myocytes can secret pro-
inflammatory cytokines in response to stress and injury and HF is
considered to be a chronic state of immune activation during which
myocardial remodeling occurs via both altered myocardial contractility
and extracellular matrix (ECM) accumulation [5]. Apart from reducing
lipid concentration via HMG CoA reductase inhibition, statins exhibit
pleiotropic activity exerting anti-inflammatory and antioxidant effects,
inhibiting neurohormonal activation and benefiting myocardial
reconstruction [6]. However, in HF patients with predominantly
reduced ejection fraction (EF), two major prospective randomized
controlled trials failed to show a mortality benefit with statin therapy

[7,8]. While such results were disappointing, benefits related to non-
fatal HF hospitalization and mortality have recently been reported. In a
meta-analysis evaluating the effect of statin therapy on HF events with
over 132, 000 participants, such therapy modestly reduced the risk of
non-fatal HF hospitalization and the composite outcome of HF death
and non-fatal hospitalization [9]. Although statins possess certain
cholesterol-independent effects that make them attractive candidates
for HF pharmacotherapy, the overall mechanism by which statins
lead to a reduced incidence of HF is not fully clear. The elucidation
of transcriptome complexity in failing heart and understanding the
underlying functions of various differentially expressed genes have
become a major focus for post-genome research; thus high-throughput
analysis can be used to evaluate the molecular mechanism of statin
actions in HF. Transcriptome changes assessed by RNA sequencing
(seq) play a valuable role in cardiovascular medicine, because such
changes can identify how cardiovascular disease states undergo change
with treatment.

In this study, we first applied the RNA-seq method to identify
transcriptome-wide changes in cardiac gene expression in a canine
model with HF, compared to control animals. Secondly we assessed
the impact of therapeutic intervention using statin treatment on the
functional significance of the categories of transcriptome whose
expression was most highly up-regulated in HF.
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Materials and Methods

Animal and sample preparation

All animal experiments were conducted according to the Guide for
the Care and Use of Laboratory Animals (Department of Health and
Human Services, National Institutes of Health, Publication no. 86-23)
and approved by the Committee of the Research Center for Animal Life
Science at Shiga University of Medical Science (Approval No. 2003-7-
16). After anaesthesia was induced using pentobarbital sodium (25 mg/
kg), animal preparation was performed and HF was induced by rapid
right ventricular pacing (240 beats per minute, 28 days) in beagles
(Kitayama Labes Co, Ltd, Japan), as described previously [10,11].

Experimental protocol and effects of statin on hemodynamics
in HF

Animals were divided into three groups in a randomized fashion:

o The statin group (n=6) received pitavastatin (0.3 mg/kg/day,
orally once daily).

o The HF group (n=6) received only vehicle.

o The normal group (n=6) underwent the same procedure
without pacing.

We selected a dosage of the potent long-acting HMG-CoA
reductase inhibitor pitavastatin that appeared to ameliorate vascular
endothelial dysfunction in HF, as reported previously [12]. Drug
treatment commenced on the first day of pacing and continued for
four weeks. On the 29th day after initiation of pacing, pacemakers were
deactivated and hemodynamic and echocardiographic measurements
were performed to estimate left ventricular (LV) chamber diameter
and fractional shortening (FS) during a brief cessation of rapid pacing;
serum cholesterol levels were also measured as previously reported
[12]. Subsequently, all animals were treated with thiopental sodium
to provide conscious sedation, a micro-manometer catheter was
placed into the LV and LV end-diastolic pressure (LVedp) and the
time constant of LV pressure decay (tau) were measured as previously
reported [13]. Animals were deeply anaesthetized and euthanized by
bleeding. The heart was rapidly removed and transmural sections of the
LV anterior free wall were frozen in liquid nitrogen.

RNA preparation and genome analyzer sequencing

Total RNA was extracted from frozen LV muscle of the three groups
using acid guanidinium thiocyanate-phenol-chloroform. Total RNA
was quantified with Agilent 2100 bio analyzer (Agilent) following the
manufacturer’s instructions. Template molecules for high throughput
DNA sequencing were prepared from total RNA using the mRNA-Seq
Sample Preparation Kit (Illumina) as described previously [4]. The
library was quantified with Agilent 2100 bio analyzer and sequencing
was performed on a Genome Analyzer GAIIx with 37 cycles, using
Cycle Sequencing v4 regents (Illumina) [4].

Sequence data sets: Human genome builds 19 (hgl9) was
downloaded from University of California Santa Cruz genome browser
(http://genome.ucsc.edu/). We used hgl9 in place of canine genome
build 2 (canFam?) as indicated in our previous studies [4].

Data analysis: Reads were aligned using ELAND v2 of CASAVA
Software 1.7 with the sequence data sets. The data were viewed using
Genome Studio Software (Illumina). Advanced analysis for detecting
significant pathways was performed using Avadis NGS software
(Strand Scientific Intelligence Inc., San Francisco, CA). Genes with
significantly differing expression levels were identified by the fold

change method (Fold change>2), statistically analyzed by Benjamin-
Hochberg’s FDR (P<0.05) and categorized into particular pathway
categories by Find Significant Pathway analysis (P<0.05), Quantitative
reverse-transcription-polymerase chain reaction (QRT-PCR).

Quantitative RT-PCR was performed using the Light Cycler 480
SYBG Master I Mix and Light Cycler 480 System II (Roche Diagnostics,
Germany) as described previously [4]. Gene expression was normalized
using the GAPDH gene. Canine-specific primer sequences are listed in
Table 1. All quantification analyses were performed in triplicate.

Total cholesterol analysis: Serum total cholesterol levels were
determined using commercially available kits (Wako Pure Chemicals,
Japan) as described previously [12].

Histomorphometric analysis: Picrosirius red staining was
performed to evaluate the degree of fibrosis in each sampled LV as
previously reported [14].

Statistical analysis: Data are expressed as mean + SEM. Differences
between two groups were assessed by Student’s t test when appropriate.
Differences among three groups were assessed by ANOVA with
Scheffe’s-F test when appropriate. A P value of 0.05 was chosen as the
cut-off significance level.

Results
Cardio-hemodynamics and blood analysis

Cardio-hemodynamic changes and statin effects are summarized
in Table 2. After four weeks of rapid pacing, mean arterial pressure,
cardiac output, % fractional shortening and dP/dt max decreased and
LV end-diastolic dimensions increased compared with the normal
group. These data suggest that chronic rapid pacing produced severe
HE. Although there were no significant differences in these values
between the HF and statin groups, pitavastatin significantly lowered
the elevated LVedp and shortened the prolongation of tau. Total
cholesterol levels in HF were significantly lower than the normal group,

Gene Forward (5’ to 3’)

ELK1 GCCTCTATTCCACCTTCACCATC
FLNA CCAAGCTGAAGCCAGGGGCTC | TCCACGTACACCAGCACCTCTC
SHC1 | TTCCTACTTGGTTCGGTACATGG = GGGCGGCTACAGGGCTTTCTC
SRC | TCCAGATTGTCAACAACACAGAGG GACTCCCGTCTGGTGATCTTGC
VAV1 ACCCTGTCTGCTCTGTCCTGG CACGCAGTCATACAGGTCCTC

Reverse (5’ to 3’)
CTTGGACTGGTGCTCCTGCTC

COL1A1 GGCACCCCTGGAAGGGACG TGGAGGCCCTTGGGGTCCTG
COL3A1 | CCAAAAGGTGACAAGGGTGAC | CATCCCCTGAAATCCAGGTTCAC
COL6A1 | CTGAGCATCATCGCCACGGAC | AGGAGCAGCACACTTGCTCCAC
GAPDH GTCATCATCTCTGCTCCTTCT CTCAGGGATGACCTTGCCCAC

Table 1: Oligonucleotides used for qRT-PCR.

Normal (n=6) A Vehicle (n=6)  Statin (n=6)
Mean arterial pressure 1220476  1098+4.0 | 112.6+3.7
(mmHg)

Cardiac output (L/min) 3.06 £ 0.21 1.38£0.16" 1.44 £0.24°

LVedp (mmHg) 66+14 29.5+3.3 235+ 2.7t
oP/dt max (mmHg/sec) 51326 £2907 1829142875 ool

tau (msec) 23424 401+ 2.6 31.6+257

LVDd (mm) 30.8+1.6 39.7+22 389+26

%Fractional shortening 28.3+3.1 9.9+16 13.8+2.7
Total cholesterol, mg/dl 141 +£10 116+ 9 111+8

LVedp indicates LV end-diastolic pressure; LVDd; LV diastolic dimension. Values
are mean + SEM. *P<0.05 compared with the normal group, + P<0.05 compared
with the vehicle group

Table 2: Effects of pitavastatin on hemodynamics, LV geometry, LV function and
blood analysis.
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however, the values were not different between vehicle and statin-
treated groups.

RNAseq Analysis of failing hearts

We performed digital transcriptome analysis to study gene
expression in LV muscle of normal and HF animals. Approximately 22
million reads and 15000 genes which aligned to the hg19 database were
obtained. We performed digital transcriptome analysis to study gene
expression in LV muscle of normal and HF animals. Comprehensive
new gene data has been deposited in the DDBJ under accession
number DRA005850, PRJDB5821 and SAMDO00081461-69. A total of
426 genes were differentially expressed in failing heart compared to
normal controls. Of these, 401 genes were significantly up-regulated
whereas 25 were down-regulated. We thus turned our attention to the
subsets of up-regulated genes expression in HF and Find Significant
Pathway analysis was performed. As shown in Table 3, we identified
the significantly changed pathways and selected the most principal
three of these which were categorized into (1) Angiopoietin receptor
Tie2 (Ang-Tie2), (2) T cell receptor (TCR) signaling in CD4, (3)
chemokine (C-X-C motif) receptor 4 (CXCR4) pathways and listed the
genes among the three pathways (Table 4).

Pathway Nl:::‘hne;ov;i;h wh?tit;::i‘:y P-Value
list

Angiopoietin regeptqr Tie2-mediated 38 6 6.93E-06
signaling

TCR signaling in naive CD* T cells 103 9 9.82E-06

CXCR4-mediated signaling events 130 9 5.72E-05

PDGFR-beta signaling pathway 37 5 1.03E-04

Transcription_al _agtivation of cell cycle P 9 1 45E-04

inhibitor p21

Signaling events mediated by HDAC 23 4 1.54E-04
Class Il

EPHB forward signaling 24 4 1.83E-04

S1P1 pathway 43 5 2.05E-04

Signaling events mediated by HDAC 78 6 4.99E-04
Class |

Cell-extracellular matrix interactions 13 3 4.56E-04

Signaling eve;ntz \rr;gg'a:gag by VEGFR1 50 5 4.45E-04

E-cadherin signaling events 14 3 7.13E-04

TCR signaling in naive CD®* T cells 83 6 7.90E-04

Regulation of nuclear SMAD2/3 signaling 191 9 8.01E-04

Cell junction organization 39 4 0.00149

Signaling events mediated by TCPTP 68 5 0.00159

Thromboxane A2 receptor signaling 20 3 0.00171

C-MYB transcription factor network 73 5 0.00203

Alpha4 beta1 integrin signaling events 21 3 0.00227

Role of DCC in regulating apoptosis 7 2 0.00292

Protein folding 7 2 0.00293

Cell junction organization 25 3 0.00329

IL2-mediated signaling events 80 5 0.00353

Fc-epsilon receptor | signaling in mast 51 4 0.00384

cells
Caspase-mediated clea_nvage of 8 5 0.00387
cytoskeletal proteins
Regulation of cytoskeleta_l remodeling 8 2 0.00388
and cell spreading
IL4-mediated signaling events 54 0.00439
Transport of organic anions 9 2 0.00495

Table 3: The significantly up-regulated representative gene pathways in HF
identified by Find Significant pathway analysis.

Verification of gene expression by qRT-PCR analysis

Next, to validate the RNAseq data from Find Significant Pathway
analysis and to investigate how statin therapy affected transcriptome
expression among these three gene pathways, we selected the following
five genes: ETS transcription factor 1 (ELK1), Shcl adaptor protein
(SHC1), filamin A (FLNA), vav guanine nucleotide exchange factor
1 (VAVI) and steroid receptor coactivators (SRC); this was done
because expression of these genes overlapped within at least two
transcriptome pathways. We performed qRT-PCR to confirm changes
in mRNA expression. In these confirmative analyses, all of the selected
genes were up-regulated in HF compared to normals; furthermore,
pitavastatin suppressed activation of these genes compared to the HF
group as shown in Figure 1. Therefore, our results showed that statin
may exert therapeutic action in HF by causing changes in the levels of
these highly expressed genes.

Angiopoietin . . CXCR*
receptor Tie2- _TCR_S|gnaI|r+lg mediated Fold
X in naive CD* T . X P-Value
mediated signaling change
. . cells
signaling events
- - 0.003752 4.24
CDKN1A
DBNL DBNL 0.00072 2.47
ELK1 ELK1 0.00310 2,97
ELK1 FLNA FLNA 0.00158 3.05
FSCN1 - 0.01242 4.14
NOS3 - - 0.00036 2.52
PLD2 - - 0.00414 3.13
- PXN 0.01108 2.119
PXN
SH3BP2 SH3BP2 0.01727 3.40
SHC1 SHC1 0.00570 2.09
SRC SRC 0.00097 2.74
SHC1
VAV1 VAV1 0.04134 4.38
WAS WAS 0.04637 2.99

Table 4: Lists of genes showing a two-fold increase of expression in three high-
scoring pathways in HF.

g
SHC1 ELK1 VAV1

Normal HF  Statin Normal HF  Statin Nermal HF  Statin

5 5

SRC1 FLNA
4 4
3 3

(mRNA/GAPDH)

Normal HF  Statin

Normal HF Statin

Figure 1: qRT-PCR analysis of selected genes involved in the Ang-Tei2, TCR
and CXCR4 signaling pathways in HF. Gene expression was normalized using
the GAPDH gene in normal samples. Error bars represent standard errors
from three experiments. ‘P<0.05 compared with the normal group, tP<0.05
compared with the vehicle group.
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Effects of statin on cardiac fibrosis in HF

Collagen volume fraction and collagen deposition are increased
and myocardial fibrosis contributes to diastolic dysfunction in HF
[14]. Chronic rapid pacing caused accumulation of a patchy collagen
network and increased the extent of interstitial fibrosis in this study.
The total amount of collagen deposits in the LV evaluated with
picrosirius red stain are shown in Figure 2. In addition, pitavastatin
significantly decreased fibrosis, expressed as the % collagen volume
fraction compared to the vehicle. We next investigated fibrosis-related
gene expression in failing heart. NGS analysis revealed increases not
only in collagen type I alpha 1 chain (COL1A1) and collagen type III
alpha 1 chain (COL3A1), but also in collagen type VI alpha 1 chain
(COL6A1) expression in HF and pitavastatin significantly reduced the
levels of these mRNAs as shown in Figure 3.

Discussion

Identification of HF-associated gene pathways is essential to
elucidate the etiology of this disease and to provide insight into the
evaluation of molecular mechanisms underlying medical treatments
for HF. In the present study, NGS analysis identified 426 genes whole
expression was markedly changed in the tachycardia-induced failing
heart. Furthermore, Find Significant Pathway analysis clarified the

Normalpar=soum HF Statin
% Collagen Velume Fraction
12 .
10
8 L
6
4
2 ’——‘
0

Nomal HF Statin

Figure 2: Upper panel-Representative examples of Picrosirius red staining
in the LV of normal, vehicle and HF animals treated with statin. Original
magnification x200. Scale bar indicates 50 ym.

Lower panel-Quantification of collagen volume fraction in LV of normal (empty
bars), vehicle (HF, solid bars), and pitavastatin-treated HF (Statin, shaded
bars). ‘P<0.05 vs. normal animals, 'P<0.05 vs. HF group.

COL1A1 COL3A1 COL6AT

Statin Nomal HF  Statin Nomal HF Statin

mRNA/ GAPDH

Nomal HF

Figure 3: gRT-PCR analysis of collagen type | and Ill, VI mRNAs in LV treated
with statin in HF. Gene expression was normalized using the GAPDH gene in
normal samples. 'P<0.05 vs. normal animals, 'P<0.05 vs. HF group.

most up-regulated gene pathways differentially expressed between HF
and normal controls. These included the Ang-Tie2, TCR and CRCX4
signaling pathways, suggesting that they may play critical roles in
the progression of HF. After searching for the most important gene
pathways, we investigated whether stain therapy would affect expression
of these HF-related transcriptomes. Although it did not change systolic
dysfunction, pitavastatin improved diastolic properties, as exhibited by
a lower LVedp and shortening of tau compared to vehicle. We next
performed qRT-PCR to evaluate changes in the five core genes, SHCI1,
VAV1, SRC, FLNA and ELK-1, which may participate in molecular
and structural LV remodeling; pitavastatin significantly suppressed
activation of expression of these genes. We also found that pitavastatin
significantly decreased collagen type I, III and VI gene expression and
cardiac collagen deposition compared with vehicle. The effects of statin
on LV diastolic properties in HF can be distinguished, not only at the
level of cardiac hemodynamics, but also at cellular and molecular levels.

Two large scale trials did not show that statins improved survival
in HF with reduced ejection fraction (EF) [7,8], however, randomized
controlled trials with statins demonstrated reduced numbers of first HF
hospitalizations and the composite of first non-fatal HF hospitalization
or HF death [9]. In particular, in patients with HF preserved EF
(HFpEF), statin use was associated with reduced all-cause mortality
and combined all-cause mortality or cardiovascular hospitalization
in the Swedish Heart Failure Registry [15]. Identification of genes
differentially expressed between HF and normal controls is of help
in understanding the molecular mechanisms underlying this disease;
furthermore it is important in elucidating the extent to which statin
affected transcriptome expression in failing hearts using NGS analysis.

Angiopoietins are endothelial growth factors binding to the Tie-
2 receptor and the Ang-Tie2 system is important for cardiac, blood
vascular development and regulates angiogenesis and pathological
endothelial inflammation [16]. A number of angiopoietin family
members have been identified, the most important of which are
angiopoietin 1 and angiopoietin 2, plasma angiopoietin 2 levels have
been associated with clinically overt cardiovascular diseases including
HEF [17].

The TCR signaling pathway plays a key role in functioning of
T cells and T cell recruitment into the LV appears to contribute
negatively to pathological cardiac remodeling in HF. In end-stage
HF patients, T cells activated and infiltrated the failing heart, playing
a part in the development of LV remodeling and negatively affected
cardiac function through mechanisms involving cytokine release and
induction of cardiac fibrosis and hypertrophy [18].

The CXCR4 receptor and its ligand CXCL12 play a crucial role
in the homing of stem and progenitor cells in the bone marrow and
control their mobilization into peripheral blood and tissues after tissue
injury or stress. The CXCR4 system is expressed in cardiac myocytes
and the CXCL12/CXCR4 axis is involved in chemotaxis, cell arrest,
angiogenesis and cell survival [19].

Our NGS analysis demonstrated that such pathophysiological
signaling pathways were activated; therefore, it is very important to
examine the extent to which statin explained the significance of the
clues afforded by altered gene expression across the three transcriptome
pathways uncovered by NGS analysis. Of these, SHC1 which was
the most highly expressed overlapping gene identified in pathway
analysis, encodes a molecular adapter protein which exists in three
isoforms p46%, p52%h and p66. Both p46 ** and p52% promote cell
proliferation and differentiation via Ras and MAP kinases and p66%
has been proposed to be a key factor functioning as a redox enzyme
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implicated in mitochondrial reactive oxygen species (ROS) generation
and translation of oxidative signals into apoptosis [20]. In the present
study, reduced SHCI expression in the presence of statin indicated that
the latter may protect against myocardial hypertrophy and apoptosis
mediated by ROS-induced injury in HF.

Cardiac hypertrophy is an adaptive response of the heart to several
cardiac forms of overload. In the myocardium, the small GTP-binding
proteins Ras, Rho and Rac and oxidative stress are involved in the
hypertrophic response. VAVI activates RhoGTPases by facilitating
the exchange of GDP for GTP. VAVI is expressed in hematopoietic
cells, controlling functions such as the antigen response of T cells,
phagocytosis by macrophages and superoxide production and is a
critical component of the TCR signaling cascade [21]. VAV deficiency
reduces TCR-induced proliferation, intracellular Ca** flux and cytokine
secretion.

ELKI is a member of the ternary complex factor subfamily and
functions as a nuclear transcriptional activator via its association
with serum response factor (SRF). The majority of SRF target genes
are involved in cell growth, migration, cytoskeletal organization and
myogenesis and the primary action is thought to involve activation
of immediate-early genes in response to pressure-overloaded,
angiotensin II-induced myocyte hypertrophy [22]. Taken together,
our study indicated that pitavastatin may maintain adequate cardiac
levels of VAV1 and ELK1 and preserve cardiac homeostasis against the
hypertrophic response and ROS and, in part, result in amelioration of
LV diastolic dysfunction.

SRC (including isoforms SRC-1~3) has evolved as a pleiotropic
coordinator of diverse physiological systems ranging from immune
protection to reproduction [23]. The SRC family also plays important
global roles in control of metabolic homeostasis and energy balance.
The heart, which requires a constant supply of fuel, relies mainly on
the use of fatty acids for ATP production, but can supplement this with
glucose utilization during periods of increased workload such as HF.
Ablation of SRC-2 results in a clear drop in the molar sum of all cardiac
amino acid levels in the fasted state, suggesting that SRC-2 maintains
amino acid metabolism in the heart [24]. In the present study,
pitavastatin suppressed SRC gene up-regulation in HF, indicating that
it potentially stabilized cardiac energy metabolism balance.

FLNA anchors the actin cytoskeleton to adhesion receptors and
null mutations in FLNA cause structural defects in heart [25]. Loss
of FLNA leads to a decrease of tissue inhibitor of metalloproteinase 2
(TIMP-2) secretions, an increase of matrix metalloproteinase2 (MMP-
2) activities and increased peri-cellular matrix degradation. Activated
FLNA appears to act to suppress ECM degradation to compensate
for LV ECM remodeling in HF [26]. In the present study, we did not
investigate changes in MMP or TIMP expression in failing heart.
However, pitavastatin decreased collagen deposition significantly;
therefore, it improved the ECM balance in HF, partly through
reduction of FLNA expression. Because our NGS analysis showed that
the ECM pathway was significantly up-regulated in HF, we further
examined changes in fibrotic molecular markers to provide additional
information on regulation of cardiac stiffness in failing myocardium.
In the present study, we confirmed that pitavastatin not only reduced
gene expression of COL1A1 and COL3Al, but also COL6AI and
decreased the deposition of collagen. Type I and type III collagen are
major constituents of the cardiac ECM that provides structural and
mechanical support to the heart and acts as signaling conduit between
myocardial cells. In contrast, collagen VI forms a microfilament
network that organizes the fibrilin collagens and anchors these to
the basement membrane [27]. A change in collagen architecture,

with abnormal alignment and/or endo myocardial fibrosis, would
be responsible for an increase in myocardial stiffness; thus beneficial
effects of statin on diastolic properties could partially result from
altered collagen turnover and deposition in the failing heart.

There are some limitations in relation to the present study. Since we
attempted to clarify which types of gene pathways mainly contribute
to the development of HF, we did not directly compare the changes
in gene expression among our three experimental groups. We need to
undertake a comparative RNA-seq study of a station in HF in the future.
Second, we only evaluated up-regulated pathway genes; however, 25
genes were down-regulated in HF. Down-regulated pathway analysis
was previously reported to be involved in cardiac muscle contraction
and metabolism in cardiac hypertrophy [28]. We also need to identify
the nature of the effects exerted by down-regulated genes on cardiac
function in statin treatment.

Conclusion

In summary, our transcriptome analysis carried out through
RNA-seq and pathway analysis has provided important insights into
comprehensive gene expression changes in failing hearts. The clinical
significance of the pleiotropic effects of statins in the cardiovascular
system remains controversial. However, our identified genes play
pivotal roles in cell proliferation, inflammation, ROS production,
energy metabolism and EMC balance and pitavastatin ameliorated
diastolic properties, accompanied by changes in expression of our
identified genes in HF. High-throughput transcriptome analysis can
provide new insights into cellular mechanisms underlying HF and into
potential targets for therapeutic intervention.
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