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Abstract

Pathologically elevated mechanical load promotes the adverse remodeling of left ventricle (LV)
post myocardial infarction, which results in the progression from ischemic cardiomyopathy to heart
failure. Cardiac patches could attenuate adverse LV remodeling by providing mechanical support to
infarcted myocardium and border zone tissue. However, the mechanism of the trandation from
mechanical effects to favorable therapeutic outcome is ill not clear. By transcriptome analysis, we
found that the myocardial transcription levels of mechanosensitive ion channel proteins Piezol and
Piezo2 significantly increased in patients with ischemic cardiomyopathy. In vitro tensile tests with
local tissue information revealed a significant decrease in local strain and mechanical load in rat
infarct. Cardiac function and geometry were preserved compared to non-treated control. Further, in
LV myocardium of the patch-treated group, MI induced expression levels of Piezol/2 were
significantly reverted to the similar levels of the Sham group, indicating that cardiac patch beneficial
effects were correlated with suppressing mechanosensitive genes, particularly Piezol/2. These
findings demonstrated the potential of cardiac patchesin treating ICM patients with remodeling risks,

and could provide guidance for improvement in next generation of patch devices.

Introduction

Myocardial infarction is one of the mgjor threatsto human health. Loss of cardiomyocytes due to
lack of oxygen supply leaves a necrotic, passive region in ischemic left ventricle. To compensate for
the lost function of the necrotic myocardium, the border zone and remote myocardium output greater
contraction force, imposing higher wall stress in the injured myocardium[ 1, 2]. Together with post-Ml
chronic- inflammation and fibrosis, the passive and cyclic stretching under increased wall stress
induces pathologically remodeling of the necrotic myocardium and border zone tissue, featured with
cardiac wall thinning and LV dilation[3, 4]. As described by Laplace's law, the increased wall stress,
decreased wall thickness and volumetric increase of LV form a vicious cycle which self-propels the
progression of remodeling, resulting in LV aneurysm and heart failure[5].

Epicardial implantation of mechanically strong, elastic patches covering the infarct and border
zone myocardium could break the vicious cycle of adverse LV remodeling by lowering cardiac wall
dtress, as the patch materials share the mechanical load, increase wall thickness, and limit diastolic
movements of LV wall[6]. Maintenance of LV function and geometry by patch devices has been
reported in a great number of large and small animal studieg7, 8]. However, the mechanical effect
based theory could not fully explain the observed therapeutic effects lacking connection by signaling
pathways. Particularly, the mechano-sensors need to be identified, as the initiators on the cascade of
reactions trand ating the mechanical influences of patches to corresponding biological changes. As a
mechanosensitive ion channel protein, Piezol (Piezo type mechanosensitive ion channel component
1) serves as an important cardiac mechanotransducer maintaining normal heart function. Recently,

Jiang et al. reported that Piezol expression elevates in hypertrophic cardiomyopathy patients, which
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demonstrated the important role Piezol plays in pathological cardiac remodeling[9].

We hypothesize that the expression levels of Piezol/2 significantly increase in infarcted left
ventricles as a result of pathologically elevated myocardial mechanical load, and mechanical support
from cardiac patches could decrease local stress and strain, hence mediate Piezol/2 levels in the
injured myocardium. Integrated analysis of the transcriptome of cardiac biopsy from ischemic
cardiomyopathy (ICM) patients and healthy control revealed elevated expression of Piezol/2 in the
remodeled LV. The mechanical effects of an elastic polyester patch on infarcted myocardium were
directly measured on ex vivo rat hearts in stretch tests, supported by dot array tracking based local
drain analysis. Meanwhile, the patch treatment significantly preserved the heart function and
aleviated fibrosis. Further, genome wide transcriptional analysis by RNA sequencing deciphered
Piezol/2 expression levels increased in MI animals could be reverted by patch treatment. Together,
our data demongtrated that ischemia induced remodeling of LV increased the expression of Piezol/2
and cardiomyopathy genes, while the cardiac patch treatment could protect against the pathogenesis

by unloading the stretch and reverting the expression of Piezol1/2 in left ventricular myocardium.
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M aterialsand methods
GEO data analysis

The online human datasets, which comprised human heart tissue RNA-seq results from 29 non-failing
(Ctrl) donors, and 31 ischemic cardiomyopathy patients (ICM), were obtained from Gene Expression
Omnibus (GEO, Accession No.: GSE116250, GSE120852 and GSE46224). The downloaded sra-formatted
files were first converted to fastq format usng fastg-dump command. Then, these files were processed
using the same protocol to the rat's data described bel owFastp was used to generate clean data by removing
low-quality reads, poly-N reads, and adapter sequences. Then, the clean data of rat and human were
aligned to their respective reference genomes (rat genome version 6.0.104, human genome version
GRCh38) using Hisat2 tool[10]. Subsequently, the samtoolg11] was employed to transform the aigned
datato sorted bam files, which were counted by featureCounts function from Rsubread package.

For humans, the raw counting matrices were processed and reclassified to have four groups: Ctrl,
ICM for rats, batch effects were included in the normalization function. DESeq2[12] was utilized to
normalize these data, and the differentially expressed genes (DEGSs) were defined as those genes which
had adjusted p value < 0.05. The expresson levels of PIEZO1 and PIEZO2 genes of human and rat
extracted from the normalized data were analyzed by one-way ANOVA and Tukey's HSD post hoc. Then,
principal component analysis (PCA) and heatmap were depicted after removing batch effect by
removeBatchEffect of limma package [13] and stabilizing variances by vst function[12].

Gene ontology (GO) analyses of differentially expressed genes were carried out by the Database for
Annotation, Visualization and Integrated Discovery (DAVID). To further explore the functional
annotations of the DEGS, gene set enrichment analysis (GSEA) was conducted using the clusterProfiler
package, and the gene sets related to mechanical stimulation and cardiac contraction were included in the

analysis.

Synthesis of multiblock copolymers

Tetrahydrofuran (THF, Sinopharm Chemical Reagent, China) was refluxed over potassium to remove
the moisture. Propylene oxide (PO, 98%, Energy Chemical, China) and e-caprolactone (CL, 99%, Acros,
China) were distilled over CaH, (Sinopharm Chemical Reagent, China) and stored in argon. Lu(OTf); was
synthesized by hydrothermal reaction of Lu,O3 (>99.99%, Founde Star Science & Technology, China) and
triflic acid (99%, Energy Chemical, China) as reported[14] and dried in vacuum at 200 °C for at least 40 h.

PCL-b-p(THF-co-CL)]m was synthesized via Janus polymerization as previousy described[15].
Lu(OTf)3 (0.3732 g, 0.6 mmol) was added into a flame-dried ampoule and dissolved in THF (8.35 g, 116
mmol) and CL (6.84 g, 60 mmol). PO (52.2 mg, 0.9 mmol) in THF (0.29 g, 4 mmol) was then added to
initiate the polymerization. The ampoule was sealed and kept at 25 °C for 14 days. The crude product was
precipitated in cold methanoal, filtrated and dried under vacuum.

Characterization of the copolymer

Molecular weights and dispersities (D) were determined by size-exclusion chromatography (SEC) on
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Waters-150C equipment with Waters Styragel HR3 and HR4 columns and a Waters 2414 refractive index
detector. THF was used as the eluent at a flow rate of 1.0 mL/min at 40 °C. Commercia polystyrene
samples were used as calibration standard. Nuclear magnetic resonance (NMR) spectra were recorded on a
Bruker Avance DMX 400 spectrometer (*H: 400 MHZ). CDCl3 was solvent and tetramethylsilane (TMS)
was internal reference. Analyses was performed by differential scanning calorimetry (DSC) on a Q200 TA
Instrument. Samples were heated from -40 °C to 80 °C at a heating rate of 10 °C/min under nitrogen, held
for 5 min to erase the thermal history, and then cooled to -40 °C and held for another 5 min. The second
heating scan from -40 °C to 80 °C at the same heating rate was recorded.

Fabrication of the patches
[PCL-b-p(THF-co-CL)]m patches were dried from 15 wt% THF solutions in Teflon molds. THF was
sowly evaporated at room temperature for 48 h. After the film was removed, 8 mm patches were cut using

a hole punch.

Degradation rate of patches

[PCL-b-p(THF-co-CL)]m patches (8 mm diameter) were weighed (W), then incubated in PBS at
37 °C, shook at 100 rpm (n = 3). Samples were rinsed 3 times with deionized water, freeze-dried for 1 day
before recording the weight (W,) and change the PBS solution once every month. Mass remaining (%) was
calculated as W1 / Wq x 100%.

M echanical property measurement

Mechanical properties of the patch samples before and after 3 months degradation were measured by
an Instron 5540A universal testing machine. Stretching speed was 10 mm/min. Cyclic stretch test was
conducted by stretching the sasmplesto astrain of 10%, and releasing back to 0% strain for 10 cycles.

M echanical support by the patches on infarcted myocar dium ex vivo

The microneedle array seal with 9x12 microneedles was designed with Solidworks. The microneedles
were cone-shaped, whose bottom diameter was 0.5 mm and height was 1 mm. Space between adjacent
microneedles was 1 mm on both X and Y directions. The seal microneedle array was 3D printed with the
photosensitive resin (BMF Precision Tech, China).

All animal experiments were approved by the Guidelines of ZJU Animal Protection and Use Committee
(20150119-013). Male Sprague Dawley rats (8-10 weeks, 200-250 g) were anesthetized with 1%
pentobarbital. Left ventricular infarction was created by ligating the left anterior descending (LAD)
coronary artery with a 6-0 filament. After 30 minutes of ligation, the left ventricular myocardium was
excised, unfolded circumferentially and marked with the seal. Dista ends of the left ventricular
myocardium were fixed to hooks on the upper and lower clamps of a universal mechanical testing machine
(Instron, USA). The left ventricular myocardium was stretched at a rate of 1 mm/s to reach 10% strain.

Subsequently, a patch was fixed to the myocardium sample with sutures, and the patched myocardium


https://doi.org/10.1101/2022.05.08.490841
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2022.05.08.490841,; this version posted May 8, 2022. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

stretched and recorded using the same protocol. Myocardium samples from Sham group (myocardium
punctured by needle, no ligation) was used as control group.

The microneedle array seal was dipped in the fluorescent dye solution (Xiucai Chemicals, China) and
transferred adot array to the surface of myocardium samples. The samples were stretched under ultraviolet
light, and the movement of the fluorescent dots were recorded by afixed camera. Pictures before and after
stretching were taken from captured from corresponding videos. Distances between the dots on both X and
Y directions before and after stretching were measured, and used to calculate local strains in
circumferential and longitudinal directions. The strain map was visualized with color levels, in which the
color depth reflected the local strain level. The effects of the patch on stress, strain on circumferential and
longitudinal directions, mechanica load on the infarcted myocardium, as well as the complex modulus of

the myocardium/patch composite at 10% total stretching were calculated.

Rat myocardial infarction model and patch treatment

Male Sprague Dawley rats aged 8-10 weeks (200-240 g) were purchased from Zhejiang Academy of
Medica Sciences. Myocardia infarction was created as described above. In the P (Patch) group, the
patches were sutured on 4 points on the edge of the infarcts with 6-0 silk threads. Sham group, M1 group
(no treatment), and patch implantation with 1 stitch were used as controls. Finally, the chest was closed
with 3-0 sutures. After 28 days of treatment, cardiac function was assessed using an ultrasound system
(VEVO2100 ultrasound system, Visua Sonics, Canada). Left ventricular ejection fraction (LVEF), left
ventricular fractional shortening (LVFS), end-diastolic volume (EDV) and end-systolic volume (ESV)
were calculated.

RNA-seq experiment

We extracted total RNA of tissues from MI sites for M1 and M1 treated by P groups using TRIzol
(Invitrogen, USA). In the Sham group, tissues from the similar left ventricle site in the M| group were
used. A total amount of 1 ug RNA per sample was used asinput material for the RNA sample preparations.
Sequencing libraries were generated using NEBNext UltraTM RNA Library Prep Kit for [llumina (NEB,
USA) following manufacturer's recommendations and index codes were added to attribute sequences to
each sample. Briefly, mRNA was purified from total RNA using poly-T oligo-attached magnetic beads.
Fragmentation was carried out using divalent cations under elevated temperature in NEBNext First Strand
Synthesis Reaction Buffer (5X). First strand cDNA was synthesized using random hexamer primer and M-
MuLV Reverse Transcriptase (RNase H-). Second strand cDNA synthesis was subsequently performed
using DNA Polymerase | and RNase H. Remaining overhangs were converted into blunt ends via
exonuclease/polymerase activities. After adenylation of 3' ends of DNA fragments, NEBNext Adaptor with
hairpin loop structure were ligated to prepare for hybridization. In order to select cDNA fragments of
preferentially 250~300 bp in length, the library fragments were purified with AMPure XP system
(Beckman Coulter, Beverly, USA). Then 3 pul USER Enzyme (NEB, USA) was used with size-selected,
adaptor-ligated cDNA at 37°C for 15 m in followed by 5 min at 95 °C before PCR. Then PCR was
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performed with Phusion High -Fidelity DNA polymerase, Universal PCR primers and Index (X) Primer. At
last, PCR products were purified (AMPure XP system) and library quality was assessed on the Agilent
Bioanalyzer 2100 system. All the sequence data have been deposited in NCBI's Gene Expression Omnibus
(GEO, http://www.ncbi.nim.nih.gov/geo) and are accessible through GEO series accession number
GSE202228.

RNA Extraction, Reverse Transcription, and quantitative Real-Time PCR

Total RNA was isolated from rat heart tissues using an TRIZOL method. cDNA was obtained using a
EZB Reverse Transcription System (EZBioscience, USA) and analyzed by quantitative Real-Time PCR
(qRT-PCR) using SYBR Green (TSINGKE, China). The data were normalized to expression of 18S. The

primer sequences are shown in Table 1.

Statistics

Graphpad Prism was used for statistical analysis. Results are expressed as means + SEM (standard
error of the mean). The datistical differences were tested with analyzed using one-way analysis of variance
(ANOVA), when there were three groups or more; or the data were analyzed by unpaired t-test. Type |
error was set at 0.05. *p < 0.05; ****p < 0.0001, two-tailed unpaired Student’s t-test.
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Results
Expression of Piezol/2 sgnificantly increased in ICM patients

To discover whether the mechanosensitive genes were changed in ischemic cardiomyopathy (ICM)
patients, we combined 3 ICM datasets (GSE116250, GSE120852 and GSE46224) with batch effects
removed (Figure 1A). The principal component analysis (PCA) showed that ICM significantly changed
the transcriptome compared with the Ctrl (Figure 1B). Meanwhile, volcano plot visuaized the
differentially expressed genes (DEGS) including up-regulated 1035 genes and down-regulated 850 genes
by comparing the ICM group with the Ctrl group (Figure 1C). The expression levels of genes related to
mechanical stimulus represented by PIEZO1 and PIEZO2 genes significantly increased in the myocardial
tissues of patients with ICM, whereas the expression levels of genes involved in the regulation of cardiac
muscle cell contraction pathway represented by CACNA1C and ACTC1 genes decreased in ICM patients
(Figure 1D, E).

[PCL-b-p(THF-co-CL )] patcheswere elagtic and stable

In Scheme 1, [PCL-b-p(THF-co-CL)], was synthesized via Janus polymerization of e-caprolactone
(CL) and tetrahydrofuran (THF) with lutetium triflate/propylene oxide (Lu(OTf)s/PO) as the catalytic
system. Its structure was confirmed by *H NMR spectra with well assignment of each peak (Figure 2C).
PCL is a semicrytalline polymer with a T, of 59-64 °C and Ty of -60 °C[16]. During the second heating
scan in DSC tedt, the melting temperature (T,,) was observed at 57 °C. (Figure 2A). The M, of the
obtained multiblock copolymers ([PCL-b-p(THF-co-CL)] ) is 203.0 kDa and the PDI is 1.8 (Figure 2B).

In PBS, the ester bonds in the patch were randomly hydrolyzed and cleaved. After 90 d degradation,
the mass remaining of [PCL-b-p(THF-co-CL)], patch was 95.8%, showing a small weight loss (Figure
2D). To mimic the cyclic mechanical strains on the heart, the patches were cyclically stretched at 10%
strain (Figure 2E, F). None of the patches or the gtitch points failed, and no irreversible deformation after
90 d degradation was observed. Compared to fresh patches, 73% original stress was needed to obtain the
same 10% dgtrain. The exhibited stability of [PCL-b-p(THF-co-CL)],, patch is expected to maintain the

mechanical support in vivo.

Cardiac patches provided mechanical support and decreased the local strainsin theinfarct tissue
When stretched at 10% strain aong the circumferential direction of the myocardium, the healthy
tissue in the Sham group had 9.3% strain in the circumferential (Y) direction and -9.0% strain in the
longitudinal (X) direction (Figure 3A, B). In MI group, the infarct area had greater strains in the
circumferential (Y) direction (12.9%) and in the longitudina (X) direction (-12.5%) (Figure 3A, B)
compared to the healthy region on the same sample and the Sham control. The cardiac patches reduced
circumferential strain to 7.6% and the longitudinal strain to -7.8% in the infarct area (Figure 3A, B),
smaller compared to the Sham group. As calculated from strain, total load on the myocardium samples, the
stress and mechanical load in the infarct were reduced, and the modulus was increased as a result of patch

implantation. Compared to the same myocardium before suturing the patches, cardiac wall stress in
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circumferential direction was reduced from 11.3 kPa to 8.8 kPa (Figure 3D), mechanica load in the
myocardium was reduced from 0.28 N to 0.22 N (Figure 3C), and the complex modulus was increased
from 69.5 kPa to 93.8 kPa (Figure 3E). The reduction in local strains after patch implantation was smaller
in the remote area, compared to the infarct and border zone tissue covered by the patch, showing that the

mechanical support effects mainly concentrated in the patched area.

Cardiac patches preserved cardiac functions and attenuated adver se remodeling of LV

Severe fibross (25.3%) was observed in the MI group (Figure 4G), as shown by Masson’s trichrome
staining. After 28 days of patch treatment, fibrosis area was 21.4% (1 stitch) and 18.9% (3 or 4 stitches),
significantly smaller compared to MI control (Figure 4F, G). Echocardiography images were applied to
observe the restoration of patches on cardiac functions (Figure 4A). Left ventricular ejection fraction
(LVEF) and fraction shortening (LVFS) of rats from M1 group were 38.9% and 16.5%, respectively. Patch
implantation with 3 or 4 gitches maintained the LVEF and LVFS at 53.8% and 24.4%, respectively,
significantly higher compared to M| control and 1 stitch patch group with the LVEF and LVFS at 46.7%
and 21.3% (Figure 4B, C). In addition, the patch alleviated LV dilation. Hearts treated by 3 or 4 gtitches
patches retained significantly smaller end-diastolic volume (1.0 pl, EDV) and end-systolic volume (0.5 pl,
ESV) compared to M| control (1.5 ul, 0.9 pl) and 1 stitch patch group (1.3 ul, 0.6 pl) (Figure 4D, E).

Transcriptome analysis indicates the patch treatment preserved cardiac function after MI via
reverting Piezol/2 expression

To determine the therapeutic efficacy of the cardiac patch at the molecular level, RNA-seq was used to
identify different expression genes among the three groups. Principal component analysis showed a
separation in transcriptomes among the three groups (Figure 5A). Consistently, the correlation matrix and
clustering revealed transcriptome features of P and Sham groups were clustered together, separated with
the M1 group, which could reflect the patch treatment changed the transcriptome of the infarct myocardium
to be similar with the normal control (Figure 5B). Compared to the Sham group, there were 2494
upregulated genes and 882 downregulated genes after M1 operation (M1 v.s Sham) (Figure 5C). Patch
treatment resulted in the up-regulation of 392 genes and the down-regulation of 627 genes (P v.s MI)
(Figure 5D). In order to further explore the changes after treated by patch, we analyzed a variety of gene
sets by the gene set enrichment analysis (GSEA). Consistent with our finding in Figure 1, expression of
genes in response to mechanical stimulus, including Piezol/2, were significantly upregulated in MI
compared with Sham (Figure 5E and H). Particularly, cardiac patch treatment reverted these elevated
gene expressionsin the infarct regionsin the P group (Figure 5H). Simultaneoudly, expression of genesin
regulation of cardiac muscle cell contraction were significantly decreased in MI compared with Sham
(Figure 5F and I). Nevertheless, patch treated infarct myocardium restored those cardiomyocyte
contraction gene expression while preserving the heart function (Figure 5G and I). The RNA-seq derived
expression values of the representative genes, Piezol/2 for the response to mechanica stimulus; Atplal

for the cardiac muscle cell contraction, were shown in Figure 5J. Similar results were confirmed by qRT-
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PCR with total RNA extracted from the same samples used in the RNA-seq experiment (Figure 5K).

Discussion

Coronary artery disease (CAD) is the most common cause of ischemic cardiomyopathy (ICM) which
eventualy leads to heart failure [17]. Prolonged ischemia in myocardium irreversibly induces cardiac
muscle damage resulting in cardiac remodeling and fibrosis, which decreased cardiac function. In
mechanical respect, the ischemic myocardium is passively stretched by the contraction-relaxation cycle of
the heart continuoudy under ICM status. Providing adequate mechanical support to the ischemic hearts by
elastic cardiac patches is considered as a potentially trandatable strategy for myocardia infraction
treatment [18]. Piezol/2 are mechanosensitive ion channels transducing mechanical stimuli into calcium
signal in cardiomyocytes, which plays critica rolesin normal heart function and disturbed in pathological
conditions [19]. However, the changes in the expression of genes response to mechanical stimuli in the
stretched myocardium were not clear. Jiang et a. reported the expression of Piezol increased in human
hypertrophic cardiomyopathy hearts [9]. By re-visiting the combined expression profile datasets of ICM
myocardium, our analysis reveaed the expression of Piezol/2 increased significantly in human ICM
cardiac muscle, and such finding was repeated in a rodent Ml model. We believe that the elevation in
Piezol1/2 expression levelsin ICM patients is a result of increased stress and mechanica load in ischemic
myocardium. Interestingly, the patch treatment protected the heart function, and reverted the high
expression of Piezol/2 at the same time. Together, we have established the correlation between the
mechanical stretch and the expression of Piezol/2 in the context of cardiac patch treatment on ICM,
provided a potential molecular basis underlying the relationship between mechanica stress and ischemic
cardiomyopathy.

Attenuated post-MI pathological LV remodeling has been repeatedly achieved in studies using
different elastomers. Fujimoto et al. first demonstrated that implanting an elastic polyurethane patch on
infarcted LV could maintain cardiac function[18]. PCL, PLLA, and polyurethane urea with ester,
caprolactone or ethylene oxide soft showed similar therapeutic effects in small animal§20-22]. Physical
mixing with biomacromolecules including collagen, decellularized extracellular matrix, laminin, etc. could
provide additional cell adhesiveness[23-27]. With a porcine study, Hashizume et a. demongtrated that the
patch treatment concept is applicable in large animal M| modelg[28]. Silveira-Filho et al. showed that
patch implantation in late stage MI mediated the risk of heart failure[29]. Lin et al. presented the
importance of optimizing the viscoelasticity of the patch devices in order to improve the therapeutic
outcomel[4]. However, the key signaling factors and pathways involved in trandating the mechanical effect
to functional outcome has not been fully elucidated. In this study, we used a novel elastic polymer, [PCL-
b-p(THF-co-CL)]m as the representative polymer for the stability in its mechanical property after extended
use[15]. [PCL-b-p(THF-co-CL)]m degrades slower compared to PCL attributed to the inertness of THF
component in hydrolytic environment. In addition, non-porous solvent casted films were selected to
decrease the interference by cell-patch interaction on molecular biology analysis compared to porous

patches fabricated by electrogpinning, salt-leaching or thermally induced phase separation.


https://doi.org/10.1101/2022.05.08.490841
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2022.05.08.490841,; this version posted May 8, 2022. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

[PCL-b-p(THF-co-CL)], has a typica modulus of 51.4 MPa, compared to other tested
elastomerg[30]. Therefore, the results and conclusion presented in this study shall be applicable to patches
with similar modulus and geometry. We have shown that as the strain in the patch myocardium decreased,
strains myocardium in the remote area increased by about 68.2% (Figure 3A), which is a sign of increased
mechanical load in the remote myocardium. If the patch is too stiff or too thick, it is expected that the
strain in the patched myocardium would decrease to about 0, leaving all mechanical load to remote
myocardium. Therefore, a highly stiff patch may result in concentrated stress in remote myocardium and
associated tissue damages. On the other hand, inadequate mechanical support does not lead to cardiac
function preservation. We implanted the patch with only one suturing point, the treated rats did not

improve the cardiac function compared to the M1 group (Figure 4E).

Conclusion

This sudy indicated that, at the transcriptome level, ischemic cardiomyopathy decreased the
expression of genes associated with cardiac contraction and increased the mechanical stimuli sensing gene
expression, including Piezol/2. By mechanically unloading the infarcted myocardium, cardiac patch
treatment changes the transcriptome in molecular pathways leading to improved cardiac muscle cell
contraction and reverted response to mechanical stimulus. Our results established a clear correlation
underlying the mechanical stress with the expression of mechanosensitive genes Piezol/2 in ICM patients,
and demonstrated that cardiac patch treatment preserved cardiac function and geometry by reverting the
pathological changes in myocardia transcriptomic levels of Piezol/2 and related mechanosensing genes.
Further studies are needed to understand how the cardiac patch treatment initiated the regulation in the
mechanosensing gene transcription, and integrate the mechanical effects and biological responses

including gene transcription at the microscopic cell and tissue levels.
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Figurelegend:

Figure 1. Significantly altered gene expression profiles in the ICM patients. (A) Workflow of the study
design. (B) Principal component analysis (PCA) of merged RNA-seq data indicated the separation of
control (Ctrl) and ICM individuals. (C) Volcano plot of all expressed genes from merged RNA-seq data.
Horizontal dash-dot line represents the threshold for adjusted p value = 0.05, while vertical dash-dot lines
show the Log, (FoldChange) = 1. (D) Heatmap presentation of the mechanical stimulus and cardiac muscle
contraction related genes. (E) Expression of PIEZO1, PIEZO2, CACNA1C, ACTC1 in the Ctrl and ICM
patients. Means + SEM. of the original data are presented. *p < 0.05; **p < 0.01; ****p < 0.0001.

Figure 2. Characterizations of PCL-b-p(THF-co-CL)]n. (A) DSC curve of PCL-b-p(THF-co-CL)]m. (B)
SEC traces of PCL-b-p(THF-co-CL)] for molecular weight measurement. (C) *H NMR spectra of PCL-b-
p(THF-co-CL)]m. (D) Mass remaining (WJWg*100%) of PCL-b-p(THF-co-CL)],, after different
degradation time. Cyclic dtretch results of cardiac patches at 10% elongation before (E) and after (F)
degradation.

Figure 3. Influence of patch on loca myocardial strain and mechanical load ex vivo. (A) Images of
excised myocardium before and after 10% uniaxial stretch along the circumferential direction (left
column). The right column shows the loca d<rain distribution in X (longitudinal, blue) and Y
(circumferential, red) directions on stretched (10% total strain) rat myocardium (Sham, Ml, and P). (B)
Strain, (C) load (D) stress, and (E) composite modulus of infarct region. *p < 0.05, **p < 0.01 and ***p <
0.001 versus M1 group.

Figure 4. Improvement in cardiac functions of MI rats by patch treatment. (A) Representative M-mode
echocardiography images in different groups 28 d post-surgery. Echocardiography analysis of (B) left
ventricular gection fraction (LVEF), (C) left ventricular fractional shortening (LVFS), (D) end-diastolic
volume (EDV), and (E) end-systolic volume (ESV) 28 days after surgery. (F) Masson’s trichrome staining
of the rat hearts (upper row) and local microscopic images of the border zone myocardium (red boxes,
lower row) 28 days after surgery, and (G) Ratio of fibrotic region in left ventricle. *p < 0.05, **p < 0.01

versus M1 group, *p < 0.01 comparison asindicated in figure.

Figure 5. Transcriptome analysis indicates the patch treatment preserved cardiac function after MI via
reverting Piezol/2 expression (A) Principal component analysis (PCA) of transcriptomes of the infarct
area from the Sham, M| and P (n = 4 per group). (B) Correlation matrix analysis of transcriptomes of the
infarct area from the Sham, M1 and P (n = 4 per group). The darker the color, the stronger the correlation
is. (C-D) Volcano plot of all expressed genes from RNA-seq data between M| and Sham (C) or between P
and MI (D). Horizontal dash-dot line represents the threshold for adjusted p value = 0.05, while vertical
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dash-dot lines show the value of Log, (FoldChange) being 1. (E-F) GSEA analysis of response to
mechanical stimulus between MI and Sham () Heatmap for response to mechanical simulus. (G-H)
GSEA analysis of regulation of cardiac muscle cell contraction between M| and Sham (G) or between P
and M1 (H). (J) Heatmap for regulation of cardiac muscle cell contraction. (K) Arbitrary expression units
for Piezol, Piezo2, Atplal between Sham, M1 and P in RNA-seq assays. (L) Expression levels of Piezol,
Piezo2, Atplal between Sham, M| and P. gRT-PCR was performed with RNA extracted from therats. *p <
0.05, **p < 0.01 versus Sham group.
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Figure 1. Significantly altered gene expression profiles in the ICM patients.
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Figure 3. Influence of patch on local myocardial strain and mechanical load ex vivo.
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Figure 4. Improvement in cardiac functions of Ml rats by patch treatment.
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Figure 5. Transcriptome analysis indicates the patch treatment preserved cardiac function after Ml via

reverting Piezo1/2 expression
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