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Abstract: Mechanotransduction is the conversion of extracellular mechanical stimuli into intracellular biochemical
signals, and plays an important role in heart responses to its own mechanical environment. Piezol as a distinct
stretch-activated channel (SAC) in mammal involves in not only vascular remodeling during embryonic development
but also arterial remodeling upon to hypertension at adult stage. In the present study, the expression of Piezol was
up-regulated in failure heart induced by myocardial infarction (Ml) by real-time PCR, Western blot and immunohis-
tochemistry analysis. Expression of Piezol mRNA and protein was enhanced by Angiotensinll (Angll) in neonatal rat
ventricular myocytes via AT1 receptor depended methods. Furthermore, the Piezol expression was attenuated by
Erk1/2 chemical inhibitor (U0126) only, but not by p38 MAPK inhibitor (SB203580), or JNK inhibitor (SP600125).
Finally, systolic function improvement followed by chronic treatment with angiotensin receptor blocker (ARB) losar-
tan prevented Piezol up-regulation in failure heart in vivo. In conclusion, our studies linked mechanotransduction
which involved renin-angiotensin system that mediated up-regulation of Piezo1 to a clinically relevant heart failure.

Keywords: Piezol, stretch-activated channels, mechanotransduction, neonatal rat ventricular myocytes, angioten-
sin ll, heart failure

Introduction ers performed cation channels characteristics,
thereby validating Piezol as an authentic ion

The heart can intrinsically sense and respond channel in fidelity [10].

to its own mechanical environment to maintain
hemodynamic stability known as mechano-
transduction [1]. Mechanotransduction in heart
serves as adaptive compensatory mechanisms
under transient limited pressure or volume load
for improving output [1, 2]. However, under pro-
longed and chronic overload, the regulatory
processes turn into maladaptive structural re-

Piezol is gated and tuned by cellular membrane
bilayer tension directly, but not by cytoskeleton
[11, 12]. Piezol opens upon a various of me-
chanical stimuli, including pipette poking, cell
swelling, stretch, or shear stress, and mediate
K, Na*, Ca?* and Mg?* influx with a slight prefer-
ence for Ca?* [13]. A synthetic small molecule

modeling and lead to heart failure [3]. SACs
are directly activated by mechanical force and
identified as candidates for cardiac mechano-
transducers [4, 5]. In a recent tremendous
progress, Piezol and Piezo2 were verified as
distinct SACs in mammal and critical for me-
chanical responses in cells [6-9]. Heterologous
cells overexpressing Piezol confer similar me-
chanically sensitive currents [6]. Importantly,
purified Piezol reconstituted into artificial bilay-

Yodal sensitizes Piezol by slowing the inactiva-
tion phase of channel, while protonation inhib-
its Piezol by stabilizing the inactivated state
[14, 15].

Piezol is widespread in various tissues such as
bladder, colon, kidney, lung, and skin, suggest-
ing that it played a potential and general role in
these organs [6]. The functional researches
showed that Piezol mediated SACs activity in
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tubule epithelial cells and overcrowding trig-
gered extrusion without apoptosis in live epi-
thelial cells [16]. In addition, knockdown of
Piezol in bronchial epithelial cells reduced
integrin-dependent adhesion and increased
migration [17]. In translational medicine, gain-
of-function mutations in Piezol was associ-
ated with dehydrated hereditary stomatocyto-
sis [18-20].

Recently, it was highlighted that Piezol was
expressed in mammalian embryonic vascular
endothelial cells and played an essential role
in vascular remodeling during embryonic de-
velopment [21, 22]. While Piezol is dispens-
able for the arterial myogenic response at the
adult stage, but involed in arterial remodeling
upon Angll infused hypertension [23]. Increas-
ed opening of Piezol independent of hyperten-
sion in smooth muscle cells influences arterial
remodeling, including both diameter and wall
thickness, and mediates adaptive responses to
hypertension [23].

After all, mechanical stress in myocardium and
vascular wall are rhythmically changed with car-
diac cycle. Hence, we hypothesized that Piezol
channels may participate in the pathophysio-
logical processes in heart, such as heart fail-
ure. In the present study, we attempted to ex-
plore whether the expression of SACs Piezol
was altered in failure heart, and the underlying
pathway mechanism.

Material and methods
Animal model of myocardial infarction

Animals were supplied by the Experimental
Animal Center of Sun Yatsen University
(Guangzhou, China). All experiments with ani-
mals were performed in accordance with the
Guidelines and Policies for Laboratory Animals
approved by the Sun Yat-sen University Animal
Care and Use Committee. Male Sprague Daw-
ley rats (body weight ~200 g) were anesthe-
tized with 10% chloral hydrate (0.35 mI/100 g,
intraperitoneal injection), then rapidly intubat-
ed and mechanically ventilated (tidal volume,
1 ml/100 g body weight; ventilation rate, 60
strokes/min) by a constant volume animal ven-
tilator (HX-300S, Techman Apparatus). A left
thoracotomy was performed at the fourth in-
tercostal space, myocardial infarction (Ml) was
induced by ligation of the LAD coronary artery
by a 5-0 silk suture. Sham-operated animals
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underwent the same surgical procedure with-
out ligation of LAD coronary artery. The rats
survived through day 1 post-MI were randomly
assigned to 4 weeks and 8 weeks post-Ml
groups. To explore the effects of losartan on
the expression of Piezol, rats surviving 24 h
after Ml were administered daily with placebo
or losartan (40 mg/kg, Merck) by oral gavage
for 8 weeks.

Measurement of cardiac function, blood pres-
sure and heart rate

Transthoracic echocardiographic images of
hearts from all groups of unconscious rats
(anesthetized by 10% chloral hydrate, 0.25-
0.3 ml/100 g, intraperitoneal injection) were
obtained using a 12-MHz ultrasound probe
(Philips), left ventricular inner diameters in
diastole (LVIDd) and systole (LVIDs), LVFS and
LVEF were assessed. Blood pressure and heart
rate were measured using the non-invasive tail
cuff system (Softron BP98A). Then, rats were
euthanized for the studies outlined below.

Isolation and culture of neonatal rat ventricu-
lar myocytes

The hearts of one or two-day-old rats were
rapidly removed from the chest cavity under
anesthesia, atrial tissue of the hearts were
trimmed off. The ventricles were washed in
ice-cold phosphate-buffered saline (PBS), cut
into small pieces of approximately 1 mm?® and
digested with 0.125% trypsin (Sigma) in a water
bath at 37°C for 5 min and 0.006% collage-
nase | (Sigma) at 37°C for 2 h successively.
Cells were harvested after digestion and re-
suspended in (DMEM)/F12 (1:1) (GIBCO) sup-
plemented with 10% (v/v) foetal bovine serum
(FBS, Hyclone). The cells were preplated in
uncoated plates for 1 h at 37°C incubator to
reduce the contamination of cardiac fibrobla-
sts. The neonatal rat ventricular myocytes (NR-
VMs) were collected and cultured in plating
medium containing 10% FBS and 1% Brdu.

Quantitative real time polymerase chain reac-
tion

Total RNAs were extracted from the rat heart
tissues after blood drained and lysed NRVMs
with TRIzol reagent kit (Invitrogen, USA) ac-
cording to the manufacturer’s instructions and
the concentration was quantified by NanoDrop
2000 (Thermo Scientific). Total 500 ng RNA
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was reverse transcribed to cDNA with the
PrimeScript RT Reagent Kit (TaKaRa, Japan)
using the manufacturer’s protocol. Real time
polymerase chain reaction (RT-PCR) for Piezol
(forward 5-ATGGAGCCGCACGTGCTG-3' and
reverse 5-CTACTCCCTCTCACGTGTCCA-3’) and
GAPDH as the internal control (forward 5'-TA-
TGTCGTGGAGTCTACTGG-3’ and reverse 5-AG-
TGATGGCATGGACTGTGG-3’) was carried out by
the LightCycler 480 Real Time PCR system
(Roche Diagnostics) using SYBR Premix Ex Taq
(TaKaRa, Japan) over 40 cycles.

Western blot

Rat heart tissue and lysed NRVMs were col-
lected for Western blot analysis. Samples were
homogenized in RIPA buffer (Beyotime Biotech-
nology) with protease inhibitor (Roche). Protein
concentration was determined by using the
bicinchoninic acid assay (BCA assay). Samples
(50 pg/lane) were mixed with loading buffer
and separated by using 8% SDS-PAGE and
transferred to PVDF membranes. The mem-
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Figure 1. Heart failure model was established
by MI. A: Representative photographs (top)
and echocardiographys (bottom) of hearts
from Sham group, post-MI 4 weeks (MI-4W)
group and post-MI 8 weeks (MI-8W) group.
B: Left ventricular inner diameters in dias-
tole (LVIDd) and systole (LVIDs) measured
by echocardiography in Sham group (n=7),
MI-4W group (n=6) and MI-8W group (n=6).
C: Left ventricular ejection fractions (LVEF)
and fractional shortening (FS) measured by
echocardiography in Sham group (n=7), MI-
4W group (n=6) and MI-8W group (n=6). Data
are presented as mean + SEM. *P<0.05 vs
Sham. Oneway ANOVA analysis with Bonfer-
roni test was performed among all groups.
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branes were blocked in 5% skim milk for 2
hours at room temperature and incubated over-
night at 4°C with the primary antibodies as
follows: anti-Piezol1 (1:1000 Proteintech, USA),
anti-GADPH (1:1000 Cell Signaling Technology,
USA), Erk1/2 (Cell Signaling Technology, USA),
p-Erk1/2 (1:1000 Cell Signaling Technology,
USA). Membranes were then washed and incu-
bated in HRP-labeled second antibodies at
1:5000. Immunoreactive bands were detected
with Gel Documentation and Analysis System
(G-box, Syngene, UK) by Western Chemilumi-
nescent HRP Substrate (Millipore Corporation,
Billerica, USA). The intensity of protein bands
were analyzed by ImageJ software.

Immunohistochemical analyses

For immunohistochemical analyses, sections
obtained from formalin-fixed, paraffin-embed-
ded specimens were incubated with primary
antibody anti-Piezol (Proteintech, USA) and se-
quentially incubated with a secondary antibody
and stained with 3,3-diaminobenzidine (DAB).
The sections were digitized and analyzed under
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Figure 2. Expression of Piezol was up-regulated during heart failing process. A: mRNA levels of Piezo1 relative to
GAPDH mRNA in right ventricle (RV), left ventricular infarction remote zone (RZ) and left ventricular infarction border
zone (BZ) of hearts from Sham group, MI-4W group and MI-8W group (n=6 hearts per group). B: Protein levels of
Piezol in RV, RZ and BZ of hearts from Sham group, MI-4W group and MI-8W group (n=6 hearts per group). C and
D: Representative Piezol immunohistochemical staining sections and semiquantitative Piezol density of RV, RZ
and BZ of hearts from Sham group, MI-4W group and MI-8W group (n=6 hearts per group). Data are presented as
mean + SEM. *P<0.05 vs Sham; #P<0.05 vs MI-4W. Oneway ANOVA analysis with Bonferroni test was performed

among all groups.

a microscope (Digital Nikon Camera DXM
1200, Japan) with Image-Pro Plus software ver-
sion 6.0. The fields were chosen at random in a
blind manner.
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Statistical analyses

Data were expressed as mean + SEM, and were
analyzed using the SPSS statistical analysis

Am J Transl Res 2017;9(6):2945-2955
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Figure 3. Angll increased Piezol expression in NRVMs. A:
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package (venison 13.0). Statistical compari-
sons were made using one-way ANOVA, fol-
lowed by a Bonferroni post hoc analysis. P<0.05
was considered statistically significant.

Result

Expression of Piezol is up-regulated during
heart failing process

Whereas the expression of Piezol channels in
normal heart has been determined in low level
compared with bladder, colon, kidney, lung, and
skin [6]. During pathophysiological process,
weather Piezol expression is regulated in fail-
ure heart has not been clarified. To investigate
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the expression of Piezol during heart failing pro-
cess, a heart failure model was established by
the induction of LAD coronary artery ligation for
Ml in rats (Figure 1A) [24]. Left ventricular dia-
meter and systolic function in sham and Ml rats
were assessed with echocardiography. LVIDd
and LVIDs were gradually dilated after Ml (Fig-
ure 1B), which were associated with marked
systolic dysfunction as reflected by LVEF and
FS decline (Figure 1C). Strikingly, compared
with sham-operated control, an increase of the
piezol transcription in right ventricle (RV), left
ventricular infarction remote zone (RZ) and left
ventricular infarction border zone (BZ) in failure
heart was observed 4 weeks after MI, and last-
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ed to 8 weeks after MI (Figure 2A). Subsequent-
ly, the Piezol globally up-regulating in failure
heart was confirmed by western blot analysis
in protein level (Figure 2B). Immunostaining
results showed that Piezol was distributed
widely but low in ventricular myocytes in sh-
am-operated group (Figure 2C). After 4 and 8
weeks, significant increase of Piezol density
was displayed in Ml-induced heart failure com-
pared with sham controls (Figure 2D). Base on
the above significant results, Piezol channel
was up-regulated during heart failing process
after Ml.

Angll increased Piezol expression in NRVMs

To understand how Piezol expression was en-
hanced during heart failure process, a set of
in vitro experiments were performed. To screen
the stimulating factors that regulated piezol
expression in heart, NRVMs were continuously
treated with interleukin-6 (IL-6), hydrogen per-
oxide (H,0,), Angll or cyclic stretching. Of inter-
est, Angll, the well-known neurohormonal fac-
tor that promotes myocardial remodeling dra-
matically increased Piezol in mRNA level (Fig-
ure 3A). As displayed in Figure 3B and 3C,
western blotting affirmed that Angll augment-
ed Piezol expression in protein level. It should
be noted that the Piezol expression was peak-
ed after 24 hours at the concentration of 10¢
mol/L exposed to Angll. These findings demon-
strate that Piezol is up-regulated in NRVMs by
Angll which has been proposed as a deteriorat-
ing factor during heart failure.

Piezo1l is elevated by Angll through AT1 recep-
tors-Erk1/2 pathway

Angll type 1 receptor (AT1) and AT2 take the
overwhelming majority of responsibility of bio-
logical effects exerted by Angll. As shown in
Figure 4A, the AT1 blocker (losartan), rather
than AT2 blocker (PD123319), effectively inhib-
ited Piezol expression. These results indicated
that Angll elevated Piezol principally through
AT1 receptor. AT1 receptor activated MAPKs pa-
thway which has been demonstrated to regu-
late a diverse range of genes. To test the pos-
sibility of Angll-elicited MAPK signaling also
controlling Piezol expression, cells were pre-
treated with Erkl1l/2 inhibitor (U0126), p38
MAPK inhibitor (SB203580), or JNK inhibitor
(SP600125) for 1 hour and followed by Angll
exposure for 24 hours. It turned out that only
U0126, but not SB203580 or SP600125, abro-
gated the up-regulation of Piezol in protein
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level induced by Angll (Figure 4B). Taking toge-
ther, the data hinted that Piezol expression
was elevated by Angll as a consequence of
AT1 receptor-mediated Erk1/2 pathway. More-
over, Erk1l/2 kinase activities were increased
in NR-VMs after exposure to Angll for 30 min,
and inhibited by losartan pre-treatment, but
not by PD123319 (Figure 4C). These findings
demonstrated that the expression of Piezol
is controlled by Angll-AT1 receptor-Erk1/2 sig-
nal pathway in NRVMs.

Piezol1 up-regulation was offset by ARB treat-
ment in vivo

After the in vitro observation that Piezol was
increased by Angll activating AT1 receptor, we
attempted to evaluate the inhibition effects of
ARB therapy in vivo. 24 hours after LAD coro-
nary artery ligation surgery, rats were treated
with losartan or placebo for 8 weeks. Heart
rate was mildly slowed down after losartan
application (Figure 5A), however, with a signifi-
cant lower blood pressure in losartan group
(Figure 5B). Echocardiography tests showed
that heart systolic function was improved after
losartan treatment, particularly, reflected by
LVEF reserve >50% (Figure 5C).

Consistent with in vitro experiments, losartan
treatment availably prevented Piezol protein
global up-regulating in failure heart, manifest-
ed as that the levels of Piezol in RV, RZ and BZ
of heart were all lower than those in placebo
controls (Figure 5D). As expected, immunohis-
tochemistry studies confirmed that losartan
unfailingly offset increasing Piezol density in
vivo (Figure 5E and 5F). Animal model experi-
ments revealed that losartan could abolish
elevating Piezol in failure heart, indicating that
angiotensin system activation are responsible
for Piezol up-regulation during heart failure.

Discussion

The present study provides evidence that the
expression of Piezol is up-regulated in heart
failure, which involved in AT1 receptor-Erk1/2
signal pathways. Firstly, we confirmed that
Piezol is gradually and globally increased dur-
ing heart failing process induced by MI. Se-
condly, we showed that the expression of
Piezol is regulated by Angll-AT1 receptor-
Erk1l/2 signal pathway in NRVMs. Finally, with
LVEF improvement, ARB chronic treatment in
vivo prevents Piezol up-regulation in post-Ml

Am J Transl Res 2017;9(6):2945-2955
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Figure 4. Piezol was elevated by Angll through AT1 receptors-Erk1/2 pathway. A: Piezol protein was detected by
Western blot in NRVMs with 1 hour pretreatment of losartan (AT1 blocker, 10 umol/L) or PD123319 (AT2 blocker,
10 umol/L) before Angll exposure (1 umol/L) for 24 hours (n=4). B: Piezol protein levels were measured in NRVMs
pretreated for 1 hour with U0126 (Erk1/2 inhibitor, 10 umol/L), SB203580 (p38 MAPK inhibitor, 10 ymol/L) and
SP600125 (JNK inhibitor, 10 umol/L), followed by Angll exposure (1 umol/L) for 24 hours (n=4). C: Evaluation of the
phosphorylation of Erk1/2 during Angll infusion pretreat with losartan (10 ymol/L) or PD123319 (10 pmol/L) for
30 min (n=4). Data are presented as mean + SEM. *P<0.05 vs control; #P<0.05 vs Angll 24 hours. Oneway ANOVA
analysis with Bonferroni test was performed among all groups.

failure heart. In a conclusion, we had estab- move forward a single step, we speculated that
lished the connection between mechanotrans- Piezol may take crucial responsibility in ven-
duction, involving SACs Piezol in cardiomyo- tricular remodeling as the progress of heart
cytes, and a clinically relevant heart failure. To failure.
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Figure 5. Piezol up-regulation is offsetted by ARB treatment in vivo. A-C: Blood pressure, LVID, LVEF, and FS were
monitored in post-MI group administered daily with placebo (MI+PLB n=7) or losartan (MI+LOS n=6) for 8 weeks.
Age matched- rats with Sham surgical operation was used as a control group (n=7). D: Piezol protein was ana-
lyzed by Western blot in RV, RZ and BZ of hearts from Sham group, MI+PLB group and MI+LOS group (n=6 hearts
per group). E and F: Representative figure of Piezol immunohistochemical staining sections and semiquantitative
Piezol density in RV, RZ and BZ of hearts from Sham group, MI+PLB group and MI+LOS group (n=6 hearts per
group). Data are presented as mean + SEM. *P<0.05 vs Sham; #P<0.05 vs MI+PLB. Oneway ANOVA analysis with
Bonferroni test was performed among all groups.
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Mechanotransduction is the conversion of ex-
tracellular mechanical stimuli into intracellular
biochemical or electrical signals [25]. In the
past decades, it has been identified that SACs
are directly activated by cell membrane defor-
mation involved in cardiac mechanotransduc-
tion [4, 26]. And recently, Piezol has been
emerged to be the valid SACs candidate in
mammals [27]. The dying of Piezol-knockout
mice at midgestation with defects in vascular
remodeling probably results from dysfunction
of endothelial cell alignment conferred by
Piezol mediating calcium influx under blood
flow shear stress [21, 22]. Remarkably, Piezol
is present at the adult stage in the smooth
muscle cells that participates actively in the
regulation of arterial diameter and wall thick-
ness, which might possibly be mediated by
intracellular calcium [23].

Arrhythmia is one of the primary causes of
death in human heart failure on account of
great alterations of electrical characteristics
[28]. Compared with healthy controls, a large
number of ion channels gene expression are
changed in failure human heart, either repre-
ssed or elevated, called ion channel remodel-
ing [29]. In LAD ligation LV MI model, restricted
necrotic myocardium loss of contractibility
result in heterogeneity of stretch among differ-
ent ventricular walls. We found SACs Piezol
was gradually and globally increased during
heart failing process induced by LV MI. We
hypothesized that the up-regulation of Piezol
is the manifestation of ion channel remodel-
ing upon a complicated microenvironment, in-
cluding neurohormonal factors and mechani-
cal forces, during heart failure. However, Angll
stimulates Piezol expression in NRVMs, while
stretch is dispensable. Angll has been demon-
strated to control cardiac ion channels genes
profile through MAPKs pathway activation,
such as K4.3, Kir6.1, and Ca 3.1 [30-35]. We
showed that Angll-AT1 receptor-Erk1/2 signal
pathway activation augments Piezol expres-
sion in NRVMs, and there is a link between
Piezol-mediated mechanotransduction and
AT1 receptor-dependent biochemical signal
transduction.

Early in vitro experiments illustrated that me-
chanical stretch caused Angll release from car-
diac myocytes, and acted an role in stretch-in-
duced hypertrophy by the means of autocrine
or paracrine, which established local renin-
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angiotensin system as a cornerstone in cardiac
mechanotransduction [36, 37]. The constric-
tion of the transverse aorta-induced signifi-
cant LV hypertrophy by pressure overload in
ATG-deficient (ATG7) mice, in which Angll was
not synthesized, and the attenuation by AT1
receptor antagonist candesartan, indicated
that mechanical stress can induce cardiac
hypertrophy in vivo through the AT1 receptor
even in the absence of Angll [38]. Molecular
mechanism researches revealed that the AT1
receptor was directly activated by mechani-
cal stretch, which underwent conformational
switch, and also suppressed by candesartan
[39]. These results suggested that AT1 recep-
tor mediates biological effect through both
cardinal ligand-dependent and novel mechani-
cal stress-dependent mechanisms. Our study
demonstrated that Angll bounding to AT1 re-
ceptor up-regulated SACs Piezol in the patho-
physiological procedures of heart failure. AT1
receptor probably plays a role in the upstream
of mechanotransduction that modulates the
expression of Pizeol and the subsequent cor-
relative process of heart failure. More impor-
tantly, it helps fill up the feedback loop from
the renin-angiotensin system to the Piezol-
mediated mechanotransduction.
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