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Abstract

Heart failure is accompanied by adverse cardiac remodeling involving extracellular matrix (ECM). 

Cardiac ECM acts as a major reservoir for many proteins including growth factors, cytokines, 

collagens, and proteoglycans. Activated fibroblasts during cardiac injury can alter the composition 

and activity of these ECM proteins. Through unbiased analysis of a microarray dataset of human 

heart tissue comparing normal hearts (n = 135) to hearts with ischemic cardiomyopathy (n = 

94), we identified Asporin (ASPN) as the top differentially regulated gene (DEG) in ischemic 

cardiomyopathy; its gene-ontology terms relate closely to fibrosis and cell death. ASPN is a 
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Class I small leucine repeat protein member implicated in cancer, osteoarthritis, and periodontal 

ligament mineralization. However, its role in cardiac remodeling is still unknown. Here, we 

initially confirmed our big dataset analysis through cells, mice, and clinical atrial biopsy samples 

to demonstrate increased Aspn expression after pressure overload or cardiac ischemia/reperfusion 

injury. We tested the hypothesis that Aspn, being a TGFβ1 inhibitor, can attenuate fibrosis in 

mouse models of cardiac injury. We found that Aspn is released by cardiac fibroblasts and 

attenuates TGFβ signaling. Moreover, Aspn−/− mice displayed increased fibrosis and decreased 

cardiac function after pressure overload by transverse aortic constriction (TAC) in mice. In 

addition, Aspn protected cardiomyocytes from hypoxia/reoxygenation-induced cell death and 

regulated mitochondrial bioenergetics in cardiomyocytes. Increased infarct size after ischemia/

reperfusion injury in Aspn−/− mice confirmed Aspn’s contribution to cardiomyocyte viability. 

Echocardiography revealed greater reduction in left ventricular systolic function post-I/R in the 

Aspn−/− animals compared to wild type. Furthermore, we developed an ASPN-mimic peptide 

using molecular modeling and docking which when administered to mice prevented TAC-induced 

fibrosis and preserved heart function. The peptide also reduced infarct size after I/R in mice, 

demonstrating the translational potential of ASPN-based therapy. Thus, we establish the role of 

ASPN as a critical ECM molecule that regulates cardiac remodeling to preserve heart function.
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Introduction

Heart Failure (HF) is the one of the leading causes of morbidity and mortality worldwide, 

generating significant health and economic burdens. Significant advances to limit ischemic 

injury by thrombolytic therapy or primary percutaneous coronary intervention (PCI) 

have decreased mortality from myocardial infarction, but long-term consequences of 

reperfusion injury and pathological cardiac remodeling contribute significantly to mortality 

[1]. Dynamic changes in extracellular matrix (ECM) regulate cellular responses mediating 

cardiac remodeling [2]. Due to increased activity of transforming growth factor (TGF)β1 

during pathological remodeling, activated fibroblasts deposit fibrillar collagens and other 

ECM proteins [3]. Changes in the composition of ECM play crucial roles in providing 

structural integrity to heart and altering signaling pathways in numerous cell types including 

cardiomyocytes and fibroblasts [4]. However, adverse cardiac remodeling due to excessive 

fibrosis increases ventricular stiffness leading to impaired cardiac function and increased 

risk of mortality.

Despite great advances in the acute management of myocardial I/R injury, strategies to 

inhibit or reverse adverse cardiac remodeling remains elusive. ECM components are integral 

to the remodeling process and can play protective and deleterious effects [5]. Among these, 

small leucine rich proteoglycan (SLRP) decorin, lumican, biglycan, and fibromodulin play 

crucial roles in heart valve development and cardiac remodeling [6–10]. Waehre et al. [11] 

showed that decreased presence of SLRPs in heart results in loosely packed ECM, leading 

to left ventricular dilation and increased mortality after pressure overload. In the current 

Huang et al. Page 2

Matrix Biol. Author manuscript; available in PMC 2023 June 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



study, we found Asporin (ASPN), an ECM protein, is the top differentially expressed genes 

(DEGs) in ischemic cardiomyopathy compared to normal controls. ASPN is a member 

of SLRP class I family, which acts as natural TGFβ inhibitor by regulating the latter’s 

interaction with its receptor [12]. ASPN, also known as periodontal ligament associated 

protein-1 (PLAP-1), was first identified in human cartilage where its overexpression was 

found to be associated with osteoarthritis [13]. ASPN directly binds to type I collagen 

through its LRR domain [13] and can play a crucial part in collagen fibrillogenesis [13]. 

Inhibition of ASPN stimulates TGFβ-induced smad2/3 signaling [12]. ASPN contains a pro-

peptide sequence, D-repeat region (varies from 9 to 20 aa), 10 tandem leucine-rich repeats 

(LRR), and cysteine residues on both its N- and C-termini [14]. ASPN has been implicated 

as an oncoprotein in prostate cancer [15], pancreatic cancer [16] and gastric cancer [17, 

18], but as a tumor suppressor in breast cancer [19, 20]. It is also involved in metastatic 

progression by regulating mesenchymal stromal cell differentiation [21]. However, the role 

ASPN in cardiac remodeling has not been studied yet.

In the present study, we explored the requirement of Aspn in pathological cardiac 

remodeling in different preclinical models. TGFβ1 treatment activated fibroblasts and 

increased the expression and release of Aspn into ECM space, which in turn, can inhibit 

TGFβ-induced SMAD2/3 signaling. Using paired clinical atrial biopsies obtained before 

and after cardiopulmonary bypass (CPB), we found increased ASPN expression in human 

heart tissue as well after surgery; the role of which is further determined using different 

animal models of cardiac injury. Genetic deficiency of Aspn in mice resulted in exacerbated 

fibrosis in pressure overload model and cardiomyocyte cell death in ischemia-reperfusion 

injury model leading to decline in diastolic and systolic function, respectively. Importantly, 

addition of exogenous ASPN to cultured H9C2 cardiomyocytes reduced cell death induced 

by hypoxia/reoxygenation. Further, using molecular modeling and docking studies, we 

designed an ASPN-mimic peptide, which we documented to reduce cardiac fibrosis and 

cardiomyocyte cell death in vivo. This, in turn, attenuated the decline in heart function 

after cardiac insults. Thus, our study reveals the important role of ASPN in pathological 

remodeling and myocardial preservation and may be an attractive candidate for treatment of 

heart failure.

Results

ASPN is one of the top differentially regulated genes in ischemic cardiomyopathy

In an unbiased approach, we first sought to explore the differential gene expression from 

ischemic cardiomyopathy clinical samples and compared to control donor hearts. We 

utilized publicly available microarray dataset of Magnet consortiums obtained from Gene 

Expression Omnibus (GSE57345). Analysis using R language script pointed to ASPN as 

one of the top upregulated genes (log2FC=1.77; p = 7.43E-30) in ischemic cardiomyopathy 

samples (n = 94) compared to non-failing donor heart controls (n = 135) (Supplementary 

Table 1). Separate analyses of males (Table 1) and females (Table 2) revealed significant 

upregulation of ASPN in both sexes. Fig. 1A shows the volcano plot for top differentially 

expressed genes and Supplementary Figure 1A shows the heatmap for top variable genes 

from microarray dataset analysis. Expression profiles of top 6 differentially expressed 
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genes across all samples are displayed as bar charts (Supplementary Figure 2). ShinyGO 

analysis showed the involvement of differentially expressed genes in many important 

processes related to heart including tissue development, ECM organization, hypertrophy 

and Wnt signaling (Supplementary Figure 1B–C). We performed co-expression analysis and 

extracted highly co-expressed genes with ASPN visualized with cytoscape and found that 

many fibrosis-related genes including POSTN, FAP, COL14A1 shows strong co-expression 

with ASPN (Fig. 1B). ASPN′s co-expression network suggests biological processes in 

Ischemic cardiomyopathy that can act as a putative therapeutic target. We then extracted 

the experimentally validated protein-protein interaction network of ASPN from Reactome 

and String database (Fig. 1C–D) where ASPN is shown to interact with proteins involved 

in fibrosis mainly TGFβ, Fibromodulin (FMOD) and COL3A1. We further confirmed 

the microarray analysis findings using publicly available RNA-seq dataset (GSE46224) 

and found ASPN to be differentially expressed with 2.25 log fold increase (1.653e-7) 

in ischemic cardiomyopathy samples compared to non-failing donor heart tissue samples. 

The data has been shown as volcano plots (Fig. 1E) for the top differentially expressed 

genes and heatmap (Supplementary Figure 1C) for the top variable genes. Analysis with 

ShinyGO of top differentially regulated genes points to their involvement in development 

process, cell communication, receptor signaling and response to various stimuli including 

TGFβ (Supplementary Figure 1E–F). Comparison of the expression of other Class I SLRP 

genes including decorin (DCN) and biglycan (BGN) pointed to the ASPN as among 

the top differentially expressed gene in both microarray and RNA-seq dataset analysis 

(Supplementary Figure 3A–B).

ASPN is induced in response to cardiac ischemia-reperfusion injury

To confirm the increase in Aspn expression in vivo, we employed ischemia (30 min) /

reperfusion (24 h) mouse model and quantified the Aspn expression in area at risk zone and 

remote zone. Western blot analysis showed Aspn expression increased only in area at risk 

(AAR), near the site of injury, compared to remote zone and sham controls where no change 

in expression was seen (Fig. 2A and B). We didn’t find any significant change at transcript 

level in any of the groups (Fig. 2C). The findings were confirmed by IHC staining where 

Aspn protein staining was found to be more pronounced in AAR compared to remote zone 

(Fig. 2D). Double fluorescent staining of Aspn and vimentin (activated fibroblasts) reveals 

intensely positive Aspn-expressing cells were also vimentin positive in infarct and border 

zones. Further, increased expression of extracellular Aspn was found in the vicinity of 

vimentin-positive cells compared to remote region (Fig. 2E), highlighting the possibility of 

activated fibroblasts as main source of extracellular Aspn. As Aspn is a secretory protein, we 

next determined the Aspn levels in blood and found ~3 times (9.63±3.82 ng/ml vs 2.71±.43 

ng/ml) increased levels in mice subjected to I/R compared to control mice, suggesting that 

cardiac cells release Aspn in response to cardiac stress/injury (Fig. 2F). To confirm if the 

increase in ASPN expression after cardiac stress is a global phenomenon, we used paired 

clinical atrial biopsies obtained before and after cardiopulmonary bypass (CPB) with cold 

cardioplegia for coronary arterial bypass graft and/or valve surgery from a cohort of 12 

patients and found ASPN to be significantly upregulated after CPB surgery (Fig. 2G–H).
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ASPN regulates TGFβ1 signaling from fibroblasts

Previous studies showed that Aspn is expressed and released predominantly from fibroblasts 

in different tissues [15, 18, 20]; thus, we explored the possibility of Aspn release from 

cardiac fibroblasts during cardiac injury. To investigate, we initially isolated primary 

fibroblasts from mouse hearts and treated the cells with angiotensin (100 nM and 1 μM) 

for 24 h. Western blot analysis revealed the increase in Aspn expression in a dose dependent 

manner (Fig. 3A). We also validated these findings in pressure overload TAC model—which 

activates fibroblasts—and demonstrated that Aspn expression increased compared to sham 

controls at both transcript and protein level (Fig. 3B–D). We also determined the Aspn 

expression in infarct and remote region after 24 h of myocardial infarction model and 

surprisingly didn’t find any difference (Supplementary Figure 4A–B). To gain further insight 

on the role of Aspn regulation and its release, 3T3 embryonic fibroblasts were treated with 

TGFβ1 (5 ng/ml) where increased expression as well as increased release of Aspn (Fig. 3E–

H) into the extracellular media was detected. Although differentiated H9c2 cardiomyocytes 

showed endogenous Aspn expression, no significant induction or any release in extracellular 

media was observed in cardiomyocytes after TGFβ1 stimulation, suggesting secretion of 

Aspn predominantly derives from fibroblasts in the injured heart. Next, we determined if 

Aspn can also regulate TGFβ signaling; to test, we used double nickase plasmid gene editing 

mediated disruption to knockout Aspn in 3T3 cells. Supplementary Figure 4C–D shows 

effective transfection of plasmids along with reduction in Aspn expression. When these 

cells were treated with TGFβ1, Aspn deletion stimulated enhanced pSmad2/3 expression 

compared to control (Fig. 3I–J). Overall, the findings highlight the interplay between Aspn 

and TGFβ1 in a negative regulatory feedback loop and implicates Aspn’s critical role in 

cardiac remodeling.

Exogenous aspn is sufficient to ameliorate cardiomyocyte cell death while loss of ASPN 
impairs cardiac function

Next, we investigated the effects of extracellular ASPN on cardiomyocytes and we 

hypothesized that providing exogenous ASPN could protect cardiomyocyte cell death 

induced by I/R injury. To test, we used differentiated H9c2 cardiomyocytes and exposed 

them to hypoxia/reoxygenation and determined lactate dehydrogenase (LDH) release as a 

marker of cell death. Hypoxia/reoxygenation significantly increased LDH release compared 

to normoxia. However, cardiomyocytes treated with rASPN showed reduced cell death 

following H/R (Fig. 4A). The findings were further validated by TUNEL staining whereby 

rASPN treatment reduced percent TUNEL positive cells induced by hypoxia-reoxygenation 

(Fig. 4B). Using Aspn KO mice, we found that the presence of Aspn significantly reduced 

infarct size induced by ischemia (30 mins) /reperfusion (24 h) injury (Fig. 4C–E), suggesting 

the importance of Aspn in supporting cardiomyocyte survival. We also extended our study 

to 4 weeks of reperfusion to determine cardiac function (Supplementary Table 2 and 

Supplementary figure 5) in these mice. Heart weight expressed as a ratio to body weight 

28 d after IR was significantly higher in Aspn KO mice compared to wild type mice (Fig. 

4F). Further, ejection fraction (EF) and fractional shortening (FS) consistently declined in 

Aspn KO mice as opposed to wild type controls with time where it tended to stabilize (Fig. 

4G–H). Overall, these data support the involvement of Aspn as a protective mechanism in 

cardiac remodeling.
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ASPN treatment increases mitochondrial respiratory capacity

Mitochondria play an integral role in maintaining ATP levels in cardiomyocytes and can act 

as a mediator of cardiomyocyte viability [22]. To gain insights into the role of mitochondrial 

function in ASPN’s protective effects, we performed real-time measurements of the 

mitochondrial respiration on cardiomyocytes treated with rASPN or vehicle, using Seahorse 

XFe analyzer. Treatment with rASPN increased basal OCR and ATP production while 

reducing non- mitochondrial OCR, suggesting effective mitochondrial electron transport 

(Fig. 5A–E). When FCCP as uncoupler was administered, ASPN-treated cardiomyocytes 

showed significant increase in maximal respiration and spare respiratory capacity (Fig. 5F–

G). Hypoxia-reoxygenation stimulated ROS production which was significantly reduced by 

rASPN treatment as determined by MitoSOX staining (Fig. 5H–I), further reinforcing the 

notion that mitochondria from these cells can better cope with stress conditions compared to 

untreated cells.

ASPN-mimic peptide reduces fibrosis and infarct size

Study [23] by Kou et al. identified the ASPN protein region between amino acid 159–205 

to be critical for TGFβ1 interaction, and Maris et al. [20] showed that the peptide fragment 

mimicking the site can inhibit TGFβ1-induced pSmad2/3 phosphorylation in human breast 

cancer cells. To translate our findings, we similarly designed a peptide mimic based on 

homologous sequence in mouse and used molecular modeling and docking studies to predict 

the key amino acids involved in the interaction with TGFβ. The three-dimensional structure 

of the peptide sequence was modeled using comparative modeling based on a template 

structure of Chain A, Crystal Structure of the Biglycan Dimer Core Protein (PDB-ID 3FTA). 

Ramachandran plot and Prosa Z-score of −1.29 (Supplementary Figure 6A–D) showed 

favorable energy conformations and sequence similarity score of 52.00%. The molecular 

docking of ASPN peptide with the target TGFβ1 active chain (PDB ID: 4KV5; residues 

279–390) were performed using HADDOCK tool [24, 25]. HADDOCK clustered 146 

water refined structures in 13 clusters. Models in cluster-2 were the most reliable based 

on Haddock score and RMSD from the overall lowest-energy structure of 109.9 +/− 3.4 

and 1.3 +/− 1.6 respectively. The best model was selected on Haddock score and lowest 

Z score of −2.3 showing stable protein peptide complex with 9 polar contacts stabilizing 

interaction (Fig. 6A–C). The amino acids involved in the interaction are shown in Fig. 6B 

and Supplementary Table 3. Further, MST was performed to determine the binding affinity 

using FITC-labeled ASPN peptide. The analysis revealed that the rTGFβ–1 protein interacts 

with the asporin peptide with a binding constant (KD) of 15 nM (Fig. 6D). Additionally, in 
vitro studies showed that peptide preincubation with TGFβ1 reduces the collagen expression 

induced by latter in 3t3 cells, documenting the efficiency of peptide to bind to and inhibit 

TGFβ1 (Fig. 6E–F).

We next tested the peptide in vivo in pressure-overload TAC model for its protective 

effects on fibrosis and cardiac function. 2 h after TAC surgery, mice started receiving 

either vehicle (saline) or ASPN peptide (1 mg/kg: in 100 μl saline via i.p. injection) 

3 times/week. Peptide therapy significantly reduced cardiac fibrosis (Fig. 6G–H). Tissue 

Doppler echocardiography showed a lower E’/A’ (early to late ventricular filling velocities 

ratio) at day 28, indicating diastolic dysfunction in control animals, which was prevented 
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with ASPN peptide therapy (Fig. 6I). Also, myocardial performance index (MPI: (IVCT 

+ IVRT)/ET; IVCT: isovolumic contraction time; IVRT: isovolumic relaxation time, ET: 

ejection time), which is inverse to the cardiac function, was significantly reduced with 

peptide therapy (Fig. 6J). Supplementary Table 4 details the parameters obtained from tissue 

Doppler echocardiography.

Next, we tested if the peptide, like ASPN protein, could attenuate cardiomyocyte cell death. 

In mice subjected to I/R, peptide (1 mg/kg; i.v) was administered 5 min before reperfusion 

and mice were sacrificed 24 h after reperfusion (Fig. 7A). TTC staining showed reduced 

infarct size in ASPN peptide-injected mice compared to saline-injected mice (Fig. 7B–D). 

However, when peptide was tested for its efficacy in altering mitochondrial respiration in 

cardiomyocytes using differentiated H9c2 cells, we found no statistical difference in either 

mitochondrial or non-mitochondrial OCR (Fig. 7F–K), suggesting the peptide effects are 

specific to extracellular TGFβ binding. Overall, the findings validate the novel role of ASPN 

and ASPN-based therapies in mediating protective effects to heart.

Discussion

In the last 2 decades or so, many advances have been made to better understand the 

regulation of adverse cardiac remodeling in HF. Controlled scarring is a normal repair 

process of cardiac remodeling; however, excessive fibrosis is deleterious [26]. Stress signals 

can also induce compensatory mechanisms to inhibit adverse cardiac signaling [27]. Here, 

we report the comprehensive role of an ECM protein, Aspn, in cardiac remodeling for 

the first time as an important compensatory signal. We integrated the big dataset analysis 

of microarray and RNA-seq to discover that ASPN was found to be among the top 

differentially regulated genes in ischemic cardiomyopathy. We further confirmed these 

findings, both in vitro and in vivo, using different TAC and IR models and showed that Aspn 

is upregulated and secreted specifically by fibroblasts. These findings are complemented 

by previous findings by Wang et al. [28] where they also documented increase in Aspn 

expression by cardiac fibroblasts, but not by cardiomyocytes, during cardiac remodeling. 

Interestingly, our data using I/R model showed upregulation of Aspn near the site of injury 

while sparing the remote region. Further, Aspn was also found to colocalize with vimentin 

positive cells and extracellular Aspn was found more prevalent in vicinity of activated 

fibroblasts. In addition, Aspn is further upregulated in mouse models in which cardiac 

fibrosis was blocked by interfering with distal pathways [29, 30] suggesting that Aspn might 

function as a critical proximal regulator moderating profibrotic signals to fibroblasts.

Although Aspn induction by TGFβ1 is well known [20, 31], its involvement in adverse 

cardiac remodeling has not been studied yet. Cardiac remodeling after myocardial infarction, 

I/R, or TAC induces fibroblast activation which upregulates active TGFβ1 expression and 

release to stimulate canonical and non-canonical signaling pathways [3, 32]. Aspn is known 

to bind to extracellular TGFβ1 [20], thus can restrict these signaling cascades to alleviate 

fibrotic changes. Our in vitro data and double fluorescent staining highlight the possibility 

that fibroblasts, but not cardiomyocytes, are the major source of Aspn. However, it’s 

possible that cardiomyocytes or other cell types apart from fibroblasts also release Aspn 

in mouse hearts and will need to be explored in future studies using conditional knockout 
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mice. Previous studies support the role of ASPN-mediated inhibition of TGFβ1 signaling 

in various other cell types including, breast cancer cells, intervertebral annulus cells and 

chondrogenic cells [20, 33, 34]. Consistently, we also documented that knockdown of Aspn 
from cardiac fibroblasts upregulated TGFβ1-mediated canonical Smad signaling.

The bidirectional cross talk between myocytes and non-myocytes determines the extent of 

adverse or beneficial cardiac remodeling. ECM produced by fibroblasts presents signals to 

cardiomyocytes and other cell types present in heart [35, 36]. Studies have documented the 

importance of proteoglycans in heart development and remodeling after injury [9, 37–40]. 

Among them, SLRPs have received significant attention in the last decade for their role in 

numerous functions of the cell, especially in regulating collagen deposition and fibrosis [41]. 

Decorin is increased during heart failure, and overexpression of decorin in cardiac tissue 

attenuates fibrosis and adverse remodeling [42]. Biglycan deletion in mice improves cardiac 

function by attenuating hypertrophy and fibrosis in pressure overload model, suggesting 

its important role in pro-fibrotic signaling [43]. However, these mice showed increased 

mortality in myocardial infarction model due to cardiac rupture [44]. These studies led us 

to hypothesize that, like decorin and biglycan, Aspn can also impact cardiomyocytes in 

the heart. Using Aspn null mice, we documented that Aspn can protect cardiomyocytes 

from I/R-induced cell death in vivo. Also, the cardiac function in these mice declined with 

time. Further, validation of the Aspn protective effects in vitro suggested the effects might 

be independent of TGFβ1-mediated signaling in ECM. Mitochondria serve as the primary 

source of energy production in heart and their dysfunction has been implicated in adverse 

cardiac remodeling [45, 46]. Disturbance in homeostasis between ATP demand and supply 

during heart failure can lead to decreased cardiomyocyte viability [47]. Exogenous ASPN 

increased the respiratory capacity of mitochondria and the stress-resistant mitochondrial 

population increased ATP production, implicating ASPN’s crucial effect on bioenergetics. 

However, it still needs to be determined whether ASPN directly affects mitochondria or 

acts indirectly. It will also be critical to delineate the intracellular effects of ASPN in future 

studies.

Based on the known interaction site of ASPN and TGFβ1 and molecular modeling/docking 

analysis, we designed an ASPN mimic peptide which we validated for its binding to 

and inhibiting TGFβ1 signaling in vitro. The peptide was also shown to alleviate fibrotic 

responses in pressure overload and to preserve cardiac function in vivo. The peptide was 

further found to reduce infarct size in I/R injury, suggesting that mimic peptide can also 

preserve cardiomyocyte viability in vivo. Further, mitochondria respiration analysis on 

cardiomyocytes in vitro suggests the possibility of the peptide protective effects can be 

due to extracellular TGFβ1-specific inhibitory signaling.

In summary, we demonstrate a novel role of Aspn in cardiac remodeling whereby Aspn 

protects against excessive fibrosis and cardiomyocyte cell death. This, in turn, can limit 

the decline of cardiac function during pressure overload or I/R injury. Further, targeted 

ASPN-mimic therapy can prevent these deleterious effects, suggesting the usefulness of 

ASPN-based therapy in heart failure. Thus, our study reveals the necessity of ASPN to 

prevent adverse cardiac remodeling.
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Experimental procedures

Cell culture

H9c2 and 3T3 cells were obtained from ATCC and maintained in growth media (DMEM: 10 

mM glucose, 10% FBS, antibiotic and antimycotic, pH 7.4). For H9c2 cells, differentiation 

was initiated by switching to differentiation media (DMEM: 10 mM glucose, 1% FBS, 

antibiotic and antimycotic, 1 nM retinoic acid, pH 7.4) in the manner described previously 

[48]. Differentiation was sustained for 5 days before starting experiments.

Animal ethics

All animal procedures followed the National Institutes of Health standards and were 

approved by the Institutional Animal Care and Use Committee of Cedars-Sinai Medical 

Center. Aspn −/− mice were procured from MMRRC (B6;129S5-Aspntm1Lex/Mmucd). 

Exon 1 of Aspn was targeted using homologous recombination to create null mice. 

Mice exhibiting discomfort and distress were treated with buprenorphine (1 mg/kg, i.p.) 

or euthanized when appropriate. At the end of experimental procedures, mice were 

anesthetized via isoflurane and euthanized by cervical dislocation. Depth of anesthesia was 

confirmed by loss of flexor muscle response from paw pinch.

Differential expression analysis

Microarray dataset was obtained from publicly available Gene Expression Omnibus 

(GSE57345) to compare the gene expression between ischemic cardiomyopathy and normal 

hearts [49]. The dataset contained raw data from microarrays performed on left ventricle 

free wall tissue. The tissue was obtained from heart failure samples at the time of cardiac 

surgery undergoing transplantation. Empirical Bayes method from Bioconductor package 

“LIMMA” and “GEO2R” [50, 51] was used to compute differential expression of genes 

in Microarray data analysis. The p-values determined using T test were then subjected 

to multiple test correction using false discovery rate method to correct false positive 

occurrences and for obtaining statistically significant genes. Minimum absolute value of 

log (FC) 1.5 was determined as threshold cutoff value for DEGs. The volcano-plot were 

constructed using Enhanced volcano plot(1R) on top differentially expressed genes and 

heatmaps are generated using pheatmap package r(1R) on normalized expression profiles of 

top variable genes with significant adjusted p Values. The clustering is performed on rows, 

that is, genes are based on Euclidean distance.

RNA-seq analysis

We analyzed RNA-seq data GSE46224 for identifying DEGs in Ischemic cardiomyopathy 

vs Normal donor controls. The RNA Sequencing data was trimmed using Trimgalore and 

aligned using Star aligner on reference GRch38 [52]. The mapped reads were sorted by 

coordinates and read counts for the conditions were computed using HTseq-count [53]. 

Differential expression was computed using DeSeq2 [54]. Minimum absolute value of log 

(FC) 1 was determined as threshold cutoff value for DEGs.
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Gene enrichment analysis

Gene Ontology (GO) classification for biological processes were performed on unique genes 

and DEGs using ShinyGO v0.61 [55]. Top DEGs from microarray and RNA-seq dataset 

analysis were uploaded on to ShinyGo platform.

Gene gene co-expression networks

The gene co-expression network was constructed using The Weighted Gene Co-expression 

Network Analysis package (WGCNA) [56, 57]. The networks were then preserved using 

optimal β parameter for reconstruction of networks following scale free property. Topologies 

overlap measure is used for computation of edge weights of on any two connected genes. 

The edge weight scaled between 0 and 1 is a measure for strength of genes co-expressing 

(expression correlation) with threshold edge weight of 0.05. Cytoscape was utilized for 

visualization of the large network and to extract the subnetworks of interest [58]. Several 

centrality measures for networks were computed using Netanalyzer and Centiscape [59, 60].

String and reactome network analysis

We retrieved interactions of ASPN protein from STRING [61] with confidence score of 

greater than 0.7 and experimentally validated protein-protein interactions from Reactome 

version 7.0 for humans to construct protein-protein interaction networks.

Mouse model of ischemia/reperfusion injury

Mice were subjected to ischemia-reperfusion injury as previously described [62]. Briefly, 

8–12 week-old mice were anesthetized with an i.p. injection of ketamine (50 mg/kg) 

and xylazine (10 mg/kg). Isoflurane anesthesia was used throughout the procedure with 

1% isoflurane mixed with 1.0 L/min 100% O2. Volume-controlled ventilation (Harvard 

Apparatus 683) was maintained at a rate of about 140 bpm and a pressure of 2 cm H2O. A 

PE-10 tube was placed on the surface of the left anterior descending artery (LAD) which 

was ligated together with an 6–0 silk suture for 30 min. The suture was then released but 

left in position, and after verifying adequate reperfusion, the chest was closed, and the 

mice were allowed to recover for 24 hr. To determine infarct size and risk area, the suture 

was re-tied, and heart was perfused with 1% Evans Blue and then stained with triphenyl 

tetrazolium chloride (TTC). The area at risk (AAR) represented the myocardial perfusion 

region distal to an occluded coronary artery. Wavefront phenomenon is followed to detect 

AAR in the sections [63].

Mouse model of pressure overload

8–12-week-old mice were anesthetized with ketamine(50 mg/kg)/xylazine(10 mg/kg) and 

anesthesia was maintained using 0.5% isoflurane mixed with 1.0 L/min 100% O2 by 

mechanical ventilation. Mice were then placed in a supine position on the heating pad at 37 

°C ± 1 °C. Partial thoracotomy to the second rib was performed under a surgical microscope 

and the sternum retracted. Following identification of the transverse aorta, a small piece of a 

7.0 silk suture was placed between the innominate and left carotid arteries. A small piece of 

a 27-gage blunt needle was placed parallel to the transverse aorta and two loose knots were 
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tied around the transverse aorta to yield a constriction of ~0.4 mm in diameter. The rib cage 

and the skin were closed using a 6.0 monofilament suture and mice were allowed to recover.

Mouse model of myocardial infarction

Mice were anesthetized with ketamine(50 mg/kg)/xylazine(10 mg/kg) and anesthesia was 

maintained using 0.5% isoflurane mixed with 1.0 L/min 100% O2 by mechanical ventilation. 

A left thoracotomy was performed to expose the heart, followed by opening of pericardium. 

Then, a 7–0 silk suture was placed around the proximal left coronary artery 2 mm below the 

left atrial appendage using a curved 27.5 G needle. The vessel was ligated, chest closed, and 

animals allowed to recover [64].

Echocardiography assessments

Transthoracic echocardiography was performed using a high-resolution Vevo 3100 equipped 

with a linear transducer (Fujifilm VisualSonics, Inc.). Briefly, during ultrasound scanning, 

the animal was anesthetized with an inhaled mixture of 2% isoflurane gas at 1 L/min O2 

flow rate delivered by nose cone. Short-axis two-dimensional view of the heart was obtained 

at the level of papillary muscles and corresponding M-mode imaging was recorded. The 

heart rate was determined from cardiac cycles recorded on M-mode. Ultrasound gel was 

warmed to body temperature. To measure tissue Doppler and transmitral pulse wave Doppler 

of E, E′ and E/E, a consistent sampling position was identified as described previously 

[65]. Left ventricle (LV) dimensions were presented as the average of measurements of 3 

consecutive sinus beats using the leading-edge technique. EF% was then calculated from 

M-mode-derived LV dimensions using the formula; LV Volume = [7/ (2.4 + LVID)] * 

LVID3; EF= (LV vol,d-LV vol,s)/LV vol,d *100; MPI= (IVRT+IVCT)/ET.

Histology

Hearts were harvested, perfused with PBS and stored in 4% paraformaldehyde (PFA) for 

24 hours, followed by 70% ethanol storage for subsequent histopathology staining and 

microscopic analysis (Keyence Biorevo BZ-9000). Sections were stained with Masson’s 

trichrome (Sigma) following manufacturer’s protocol for visualization of fibrosis. Briefly, 

slide sections were deparaffinized using xylene and an ethanol gradient (100–70%), 

followed by hydration in deionized water. Sections were placed in a container with Bouin 

solution overnight, washed and stained in Weigert’s iron hematoxylin and Biebrich scarlet-

acid fuchsin. Further steps included decolorizing with phosphomolybdic/phosphotungstic 

acid solution, aniline blue staining and clarification in 1% acetic acid solution. Sections 

were dehydrated in ethanol 95–100%, cleared in xylene and mounted [64]. The staining was 

visualized under the microscope and fibrosis scoring was done by an independent reviewer 

blinded to the study groups.

Mason-Trichrome staining

Briefly, all images were taken with EVOS7000 microscope at same exposure time and then 

analyzed by ImageJ. Color channels were split to different color channel, then images were 

adjusted for the threshold to label blue or red. Area was calculated through ImageJ.
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% of fibrosis = blue area/ entire tissue area × 100 .

Primary fibroblast isolation

3 mouse hearts were used per isolation. Briefly, tissue was collected from freshly euthanized 

mice and placed them on a petri dish containing ice cold PBS under sterile conditions. 

Tissue was minced using scissor and blade into small pieces. Minced tissues were 

transferred to digestion buffer (containing collagenase II; 100 U/ml and trypsin; 0.1%) 

under constant stirring at 37 °C for 5 mins. Tissue was allowed to settle down and first 

supernatant containing debris and blood cells was discarded. Digestion buffer was added, 

followed by constant stirring at 37 °C for 10 min. Supernatant was collected and fibroblast 

growth medium was added. The above steps were repeated 5–8 times until most of the 

tissue is dissolved. Cells were spun for 5 min at 300 g on 4 °C. Cells were resuspended 

in fibroblast growth medium and plated in 100 mm culture dishes. After 2-hour incubation, 

cells were washed with PBS 3 times to remove dead cells and debris. The cells are expanded 

and split when these were about to reach 90% confluence. All experiments are done within 

20 days of fibroblast isolation [66].

Immunofluorescent staining

Slide sections were deparaffinized with xylene treatment twice and ethanol gradient for 

100% to 70%, followed by, hydration with deionized water. Permeabilization and blocking 

was done using PBS containing 5% horse serum, 0.1% BSA and 0.3% Triton X-100 

followed by washing with PBS containing 0.1% BSA. Samples were then incubated with 

primary antibodies (Abcam ab31303) and Vimentin (Cell signaling 5741S) overnight at 4 

°C, washed with TBS 3 times and incubated with secondary antibodies for 2 h at room 

temperature in the dark. Further cells were washed with PBS twice and visualized for 

imaging using a Keyence BZ-9000 microscope (Keyence; Japan).

Western blot analysis

Protein concentration was measured using the Sigma Bradford reagent protein assay kit. 

Equal amount of protein was resolved on Bolt™ 4–12% Bis-Tris Plus gels (Invitrogen by 

Thermo Fisher Scientific) and transferred to nitrocellulose membranes. The membranes 

were blocked with 5% nonfat dry milk for 45 min, then incubated with 1:1000 diluted 

primary antibodies against: ASPN (Abcam ab31303), Smad2 (Cell Signaling 5339S), 

pSmad2 (Cell Signaling 3108S) at 4 °C overnight. Membranes were washed with 

Tris-buffered saline Ph 7.6 containing Tris–HCl (20 mM) and NaCl (150 mM) with 

0.1% Tween-20 (Sigma-Aldrich) (TBS-T) at room temperature and incubated with KPL 

peroxidase Labeled secondary antibodies for 2 h at room temperature. Membranes were 

washed 3 times in TBS-T. Immunoreactive bands were developed with Clarity™ Western 

ECL Substrate (Bio-Rad Laboratories Inc.) and imaged using a ChemiDoc XRS system 

(Bio-Rad Laboratories Inc.). Densitometry was performed using NIH Image J software.
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Real time PCR analysis

RNA was isolated using the standard Trizol protocol, with a few changes. Briefly, 

frozen heart sections were lysed in Trizol using the TissueLyzer LT (Qiagen) followed 

by chloroform addition. The samples were centrifuged for 15 min at 12,000 × g 

at 4 °C. The upper aqueous phase was transferred to a new tube and 500 μL of 

isopropanol was added to each sample, followed by another incubation for 2 h at −20 

°C. Samples were centrifuged for 10 min at 12,000 × g at 4 °C. The supernatants 

were discarded, and the pellets were resuspended in 1 mL of 75% ethanol. The tubes 

were vortexed and centrifuged for 5 min at 7500 × g at 4 °C, and the supernatants 

were discarded. The pellets were air-dried for 10 min and resuspended in 50 μL of 

RNAse-free water and stored at −80 °C until further analysis. For cDNA synthesis, 1 μg 

of RNA was used for each 20 μL reaction following the iScript Reverse Transcription 

Supermix protocol (Bio-Rad). ASPN (5′-TCCAGCAAAGTTGGTGGTAG-3′, 5′-
CCTCTTGAGAACAACGGGATAG-3′) expression analysis by quantitative real-time PCR 

reaction (qPCR) was performed in the CFX96™ Real-Time System (Bio-Rad) using 50 ng 

of cDNA and following the iTaq Universal Sybr Green Supermix (Bio-Rad). Gapdh was 

used as endogenous control. Expression results were analyzed using the 2-del-taCt formula 

and represented in graphs as fold change.

TUNEL staining

Cells were fixed using 2% paraformaldehyde for 15 mins at room temperature. Cells were 

then washed three times with PBS and permeabilized with 0.1% Triton X-100. Apoptosis 

in the permeabilized cells was detected by In Situ Cell Death Detection Kit, Fluorescein 

(11,684,795,910 Roche) following manufacturer’s protocol. DapI was used to stain the 

nucleus and cells were imaged using Keyence BZ-9000 microscope (Keyence, Japan).

Aspn ELISA analysis

Quantification of Aspn in serum samples was done following manufacturer’s protocol (My 

Bio-Source; MBS451291).

Aspn knockdown

3T3 embryonic fibroblast cells were plated and allowed to grow for 60–70% confluency. 

Aspn gene was silenced by Aspn Double Nickase Plasmids (1ug) (Santa Cruz) using 

Lipofectamine LTX and PlusTM reagent (Invitrogen) following recommended protocol for 

48 hrs. The transfected cells were further selected using puromycin (1ug/ml) in growth 

medium and used for further experiments.

Seahorse respirometry analysis

H9c2 cells were seeded in 24-well Seahorse culture plate at a density of 15,000 cells/well 

and differentiated using the protocol described above. After 5 days of differentiation, the 

media was then changed to XF base medium supplemented with glucose, sodium pyruvate 

and sodium L-glutamine. Cells were allowed to equilibrate in a non-CO2 incubator at 37 

°C for 45 mins before starting the assay. In the meantime, Seahorse sensor cartridge was 

prepared, and drugs were added in A (oligomycin), B (FCCP) and C (antimycin A) ports 
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and loaded into the Seahorse analyzer. After the drugs were loaded into the injection ports, 

cartridge was replaced with Seahorse culture plate and oxygen consumption rate (OCR) was 

monitored.

Molecular modeling and docking

The three-dimensional structure of the peptide sequence (ASPN peptide) were modeled 

using comparative modeling on a template structure of Chain A, Crystal Structure of the 

Biglycan Dimer Core Protein (PDB-ID 3FTA) [67] identified with well-defined protocol 

used in previous studies [68, 69]. Comparative modeling consisted of four main steps: 

i) Performed search with BLAST(Basic Local Alignment Tool) tool for query peptide 

sequence (ASPN peptide) against PDB database using BlastP (Basic Local Alignment Tool-

protein) of NCBI to obtain one or more than one best matches [70]. BLAST search for query 

peptide sequence against PDB database obtained 3FTA_A as a best hit with 52.17% percent 

identity, evaluate of 2E-11 and query coverage of 97%. ii) alignment between the query 

sequence and selected PDB template. Protein sequences were aligned in .pir format with 

CLUS-TALW [71], iii) model constructed on the query sequence aligned with PDB template 

using MODELER and modweb toolkit, and iv) Evaluation of stereo chemical quality was 

done by analyzing the allowed conformations of amino acids using hard sphere model on 

the basis of the Ramachandran plot [72, 73] and Z score was computed using Prosa-web 

tool to check the fitness of the sequences relative to the obtained structures and to assign a 

scoring function [74, 75]. The molecular docking of ASPN peptide with the target human 

pro-TGFβ1 (PDB ID- 4KV5 Chain A 5VQP) was performed using HADDOCK tool with 

the constrained docking to the interface residues. Best docked complexes was then selected 

based on Z-score computed by HADDOCK and the model with most negative score was 

further evaluated for polar bonds and visualized using Chimera [76].

Protein-peptide binding analysis

The binding of ASPN peptide to the TGFβ–1 protein was measured by Microscale 

Thermophoresis (MST), using the Monolith NT.115 instrument (Nanotemper Technologies, 

München, Germany). The fluorescein isothiocyanate (FITC)-labeled asporin peptide (FITC-

ε-Ahx-Asporin; custom generated from Genscript, purity >92.5%) and the recombinant 

mouse TGFβ–1 protein were procured commercially from BioLegend (San Diego, CA). The 

assay was performed in phosphate buffered saline (PBS) supplied with 0.05% Tween-20. A 

serial dilution of the TGFβ–1 protein was titrated against the FITC labeled asporin peptide. 

For the titration, 10 μL of each concentration of TGFβ–1 was mixed with 10 μL of FITC 

labeled asporin. The final concentration of peptide in the assay was 25 nM, while the highest 

and lowest concentrations of the TGFβ–1 protein were 4 μM and 122 pM, respectively. 

The MST measurement settings include medium MST power, 100% excitation power, Nano-

BLUE excitation type and 25 °C thermostat temperature. Affinity of the asporin peptide 

binding to TGFβ–1 was determined by the MO.Affinity Analysis Software (Nanotemper 

Technologies, München, Germany).

Statistical analysis

Standard Student’s t-test was used to compare data with 2 groups only. Data with 3 or 

more groups was analyzed using Analysis of Variance (ANOVA) with Tukey posthoc test. 
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Mann-whitney test was employed for non-parametric comparison analysis. p < 0.05 was 

considered as statistically significant.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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ECM Extracellular Matrix

TGF Transforming growth factor

I/R Ischemia-reperfusion

SLRP Small leucine rich proteoglycan

ASPN Asporin

PLAP Periodontal ligament associated protein

LRR Leucine rich repeat

CPB Cardiopulmonary bypass

i.p. Intraperitoneal

DEG Differentially expressed gene

FC Fold change

GO Gene ontology

WGCNA Weighted gene co-expression network analysis package

EF Ejection fraction

FS Fractional shortening

LV Left ventricle

MPI Myocardial performance index

PDB Protein databank
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TAC Transverse aortic constriction

AAR Area at risk

LDH Lactate dehydrogenase

rASPN Recombinant asporin protein

OCR Oxygen consumption rate

ATP Adenosine 5′-triphosphate

FCCP Carbonyl cyanide-p-trifluoromethoxyphenylhydrazone

TTC Triphenyl tetrazolium chloride

Col Collagen
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Fig. 1. ASPN is one of the top differentially regulated gene in ischemic cardiomyopathy
(A) Volcano plot of differentially expressed genes from microarray dataset (GSE57345) 

analysis in Ischemic vs the Nonfailing condition; (B) Gene-gene co-expression network 

of ASPN showing high co-expression with genes. The color denotes logFC at a gene 

level from microarray analysis in Ischemia vs Non failing hearts in males; Protein-protein 

interaction networks extracted from (C) Reactome and (D) String database; (E) Volcano plot 

of differentially expressed genes in Ischemic vs the Nonfailing condition from RNA-seq 

analysis of publicly available dataset GSE46224.
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Fig. 2. Increase in Aspn expression in response to cardiac ischemia-reperfusion injury
(A) Wild type C57 mice subjected to ischemia (30 mins) – reperfusion (24 hrs) injury 

and mice were sacrificed to separate remote zone and area at risk (AAR) zone from mice 

hearts. Western blot of tissue lysates for Aspn. Ponceau S staining was used to normalize 

the protein expression; (B) Bar graphs representing the expression of Aspn normalized to 

Ponceau S (n = 3); (C) qPCR analysis done on remote and AAR zone for Aspn expression 

normalized to GAPDH (n = 3). One-way ANOVA with Tukey multiple comparisons test 

was employed, **p<0.01; (D) Representative image for IHC staining on the mice heart 

subjected to ischemia-reperfusion injury; (E) Representative images of infarct, border and 

remote zone from mice heart subjected to ischemia-reperfusion injury model, co-stained 

with Aspn (Green), Vimentin (Red) and DAPI (blue). (F) Bar graph showing the Aspn levels 

from serum of the mice as detected by ELISA (n = 3). Data are expressed as mean with SD, 

*p ≤ 0.05 by unpaired t-test; (G) Representative western blot for Aspn and corresponding 

ponceau stain from tissue lysates of human atrial heart biopsies obtained before and after 
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cardiac surgery involving cardiopulmonary bypass (CPB) and cardioplegia; (H) Quantitation 

of A before (A, solid circles) and after (B, empty circles) CPB (n = 13); *p<0.05 by paired 

t-test.
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Fig. 3. TGFβ1 induces Aspn expression while Aspn suppresses TGFβ signaling.
(A) Western blot for Aspn protein expression in isolated primary adult fibroblasts stimulated 

with Ang II or Ctrl for 24 hrs. (B-C) Western blot and quantification of Aspn in the heart 

homogenates from wild type mice following 4 weeks of TAC (n = 6). Ponceau staining was 

used as loading control. (D) The Aspn mRNA levels from heart tissue after sham controls (n 
= 5) and TAC surgery (n = 6). (E-F) 3T3 embryonic fibroblasts were treated with vehicle or 

TGFβ1 (5 ng/ml) for 24 h and expression of Aspn was determined. Representative western 

blot and quantification of intracellular ASPN (n = 4). (G-H) Extracellular media was 

collected from the same set of experiments. Representative western blot and quantification 

of extracellular Aspn (n = 4). (I) Aspn knockdown was done by employing Double Nickase 

Plasmids and cells were treated with TGFβ1 (5 ng/ml) for 24 h to assess the expression 

of pSMAD2/3 and Smad2/3. Representative western blot shows the expression of these 

proteins along with loading control, Ponceau S. (J) Quantification of the protein expression 

normalized to Ponceau S (n = 3). Data are expressed as mean with SD and unpaired t-test 

was employed to test for significance *p<0.05, **p<0.01.
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Fig. 4. Aspn protects against cardiomyocytes cell death induced by ischemia-reperfusion injury 
and improves cardiac function
(A) Differentiated H9c2 cardiomyocytes were treated with vehicle or rASPN protein (1 nM) 

for 24 hrs prior to exposing the cells to hypoxia (2 hrs) and reoxygenation (2 hrs) (HR). The 

media was collected and LDH levels were determined by ELISA. Bar graph representing the 

levels of LDH in the media from different groups normalized to control normoxia group (n 
= 4). Data are expressed as mean with SD and one-way ANNOVA with Turkey’s multiple 

comparison test, ***p<0.001, *p<0.01; (B) TUNEL positive nuclei were counted from many 

fields, each containing 10–15 cells and expressed as a ratio to DAPI stained cells in the 

field. Data are expressed as mean with SD. (C) Wild type and Aspn KO mice were subjected 

to ischemia (30 mins) – reperfusion (24 hrs) injury and left ventricular tissue were stained 

with TTC. Representative infarct size images, showing viable tissue (in blue), area at risk 

(in red) and infarct (in white). (D) Infarct size as a ratio to area at risk was calculated 

and represented as bar graph, with individual points presented (n = 6 for wild type; n = 

7 for Aspn KO). (E) Bar graph representing area at risk in 2 groups. (F) Heart weight is 

represented as ratio to body weight as assessed at Day 28 after I/R (n = 7 for wild type; n = 
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5 for Aspn KO). Data are expressed as mean with SD and unpaired t-test was employed to 

test for significance *p<0.05, ****p<0.0001. (G) Line graph represents ejection fraction and 

(H) fractional shortening as determined by echocardiography at Day 0 (before surgery), Day 

3, 7, 14 and 28 of I/R injury model.
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Fig. 5. Exogenous ASPN improves mitochondrial respiration and ATP production.
Equal number of H9c2 cells were plated in 24-well seahorse culture plate, followed by 

differentiation to H9c2 cardiomyocytes. After 5 days of differentiation, cells were treated 

with vehicle or rASPN (1 nM) for 24 hrs followed by seahorse respirometry analysis. 

OCR was measured at several time points. (A) OCR under basal conditions and after 

addition of oligomycin, FCCP and antimycin A/Rotenone as indicated. Calculations were 

done from the traces and compared between two groups and illustrated in bar graph 

representing (B) basal respiration, (C) Proton leak, (D) Non-mitochondrial respiration, 

(E) ATP production, (F) Spare respiratory capacity, and (G) Maximal respiration. Data 

are expressed as mean with SD (n = 3). *p<0.05 and **p<0.01 by unpaired t-test. (H) 
Representative images of differentiated H9c2 cardiomyocytes treated with either vehicle or 

rASPN subjected to simulated hypoxia-reoxygenation model and stained with MitoSOX red 

dye. Psedocolor green was selected during imaging using Keyonce microscope. Control cells 
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were kept under normal culture conditions. (I) Bar graph representing the relative MitoSOX 

fluorescence intensity compared to control group. Data are expressed as mean with SD and 

one-way ANNOVA with Turkey’s multiple comparison test, ****p<0.0001, **p<0.001.
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Fig. 6. ASPN-mimic peptide reduces fibrosis and improves cardiac function.
(A) Docked complex of TGFβ (PDBID-4KV5: Chain A (residues 279–390)) with 

molecular modeled peptide ASPN (in green). Amino acids (TGFβ) (Dark blue) involved 

in interaction with ASPN peptide are highlighted in golden color. Inset shows zoomed-in 

view showing amino acids from peptides forming polar bonds with TGFβ residues. (B) 
Amino acid sequence of ASPN peptide and predicted amino acids involved in interaction 

are highlighted in bold red (H-bond acceptor) and bold black (H-bond donor) color. (C) 3-

dimensional structure of ASPN peptide in cartoons and translucent surface colored based on 

hydrophobicity. (D) Graph shows the MST dose response curve obtained by titrating TGFβ–

1 protein (4 μM to 122 pM) against 25 Nm FITC-labeled ASPN peptide. A binding constant 

(KD) of 15 nM was obtained for this interaction. (E) ASPN Peptide and TGFβ1 were 

incubated together or alone at 37 °C for 30 min. The complexes were added on to 3t3 cells 

for 24 h and cells were lysed. Representative western blot for Col1a1 protein expression 

and (F) quantification from different treatment groups. Ponceau staining was used as loading 

control. (G) Mice were subjected to pressure overload TAC surgery (4 weeks) and hearts 

sections were stained by mason-trichrome to determine fibrosis. Representative images show 
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the stained heart sections from saline or peptide-treated mice (3x/week). (H) Fibrosis was 

quantified by reviewer blinded to the study groups and scores are represented in the form 

of a violon plot-graph, with individual points highlighted. Mann-Whitney test was employed 

for non-parametric comparison. (I) Various parameters were assessed using tissue Doppler 

imaging at day 28. Violon-plot graph represents ratio of E’/A’ in saline or peptide treated 

mice at day 28 (n = 7). (J) Myocardial performance index (MPI) is calculated at Day 

28 and represented as violon-plots, with individual points highlighted. Unpaired t-test was 

employed for comparison, *p<0.05.
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Fig. 7. ASPN mimic peptide reduces infarct size in ischemia-reperfusion injury mice model.
Mice were subjected to ischemia (30 mins) followed by reperfusion (24 h). Vehicle or 

peptide (1 mg/kg in saline) was injected (intravenous) to the mice, 5 min before reperfusion. 

Harvested left ventricular tissue were stained for TTC. (A) Schematic representation of 

saline/peptide treatment in ischemia-reperfusion model. (B) Representative images of heart 

after TTC staining. (C) Bar graph represents area at risk between two groups. (D) Infarct 

size as a ratio to area at risk was calculated and represented as bar graph. Data are shown 

as mean with SD; Unpaired t-test was used for the comparison, *p<0.05. (E) Equal number 

of H9c2 cells were plated in 24-well seahorse culture plate, followed by differentiation 

to H9c2 cardiomyocytes. After 5 days of differentiation, cells were treated with vehicle 

or ASPN peptide (50 μg/ml) for 24 hrs followed by seahorse respirometry analysis. OCR 

was measured at several time points. Calculations were done from the traces and compared 

between two groups and illustrated in bar graph representing (E) basal respiration, (F) 
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Proton leak, (G) Non-mitochondrial respiration, (H) ATP production, (I) Spare respiratory 

capacity, and (J) Maximal respiration. Data are expressed as mean with SD (n = 9).
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Table 1.

List of top DEGs in ischemia cardiomyopathy samples compared with normal control samples in males.

Gene.symbol adj.P.Val logFC

SERPINA3 1.28E-35 −2.61

FCN3 6.78E-35 −1.95

PLA2G2A 8.71E-16 −1.88

IL1RL1 2.31E-21 −1.76

MYH6 1.8E-19 −1.75

CD163 2.34E-18 −1.47

LYVE1 6.2E-17 −1.46

VSIG4 5.62E-20 −1.39

LUM 8.84E-29 1.35

FRZB 1.59E-27 1.35

MXRA5 2.14E-19 1.37

COL14A1 3.56E-21 1.41

OGN 3.56E-24 1.44

HBB 3.23E-09 1.73

NPPA 0.000000157 1.79

ASPN 2.38E-26 1.81

SFRP4 1.05E-22 1.95
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Table 2.

List of top DEGs in ischemia cardiomyopathy samples compared with normal control samples in females.

Gene.symbol adj.P.Val logFC

SERPINA3 2.82E-09 −2.76

PLA2G2A 4.28E-06 −2.18

FCN3 7.12E-08 −2.07

IL1RL1 1.82E-05 −2.05

SERPINE1 0.0103 −1.73

CD163 4.31E-07 −1.63

MGST1 5.17E-06 −1.63

AOX1 1.11E-05 −1.51

CYP4B1 0.000314 −1.5

SLC27A6 0.000195 1.31

FRZB 1.27E-05 1.39

NEB 0.00413 1.41

OGN 6.99E-05 1.46

DSC1 0.000108 1.48

NPPA 0.0563 1.52

SFRP4 8.17E-06 1.53

ASB14 0.00475 1.53

HBB 0.0305 1.59

FRZB 1.27E-05 1.39

NEB 0.00413 1.41

OGN 6.99E-05 1.46

DSC1 0.000108 1.48

NPPA 0.0563 1.52

SFRP4 8.17E-06 1.53

ASB14 0.00475 1.53

HBB 0.0305 1.59

ASPN 0.000158 1.86
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