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Myocardial infarction (MI) is one of the most common among cardiovascular diseases. Endothelial cells
(ECs) are considered to have protective effects on cardiomyocytes (CMs) under stress conditions such as
MI; however, the paracrine CM-EC crosstalk and the resulting endogenous cellular responses that could
contribute to this protective effect are not thoroughly investigated. Here we created biomimetic synthetic
tissues containing CMs and human induced pluripotent stem cell (hiPSC)-derived ECs (iECs), which
showed improved cell survival compared to single cultures under conditions mimicking the aftermath
of MI, and performed high-throughput RNA-sequencing to identify target pathways that could govern
CM-iEC crosstalk and the resulting improvement in cell viability. Our results showed that single cultured
CMs had different gene expression profiles compared to CMs co-cultured with iECs. More importantly,
this gene expression profile was preserved in response to oxidative stress in co-cultured CMs while single
cultured CMs showed a significantly different gene expression pattern under stress, suggesting a stabiliz-
ing effect of iECs on CMs under oxidative stress conditions. Furthermore, we have validated the in vivo
relevance of our engineered model tissues by comparing the changes in the expression levels of several
key genes of the encapsulated CMs and iECs with in vivo rat MI model data and clinical data, respectively.
We conclude that iECs have protective effects on CMs under oxidative stress through stabilizing mito-
chondrial complexes, suppressing oxidative phosphorylation pathway and activating pathways such as
the drug metabolism-cytochrome P450 pathway, Rap1 signaling pathway, and adrenergic signaling in
cardiomyocytes pathway.

Statement of Significance

Heart diseases are the leading cause of death worldwide. Oxidative stress is a common unwanted out-
come that especially occurs due to the reperfusion following heart attack or heart surgery. Standard
methods of in vivo analysis do not allow dissecting various intermingled parameters, while regular 2D
cell culture approaches often fail to provide a biomimetic environment for the physiologically relevant
cellular phenotypes. In this research, a systematic genome-wide transcriptome profiling was performed
on myocardial cells in a biomimetic 3D hydrogel-based synthetic model tissue, for identifying possible
target genes and pathways as protecting regulators against oxidative stress. Identification of such path-
ways would be very valuable for new strategies during heart disease treatment by reducing the cellular
damage due to reperfusion injury.

� 2017 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
1. Introduction

Myocardial infarction (MI) is one of the most prevalent cardio-
vascular diseases (CVDs), affecting millions of people and costing
billions of dollars in healthcare expenditures every year [1]. Heart
tissue has endogenous processes in the early stages and in the
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aftermath of the MI that could confer cardioprotection. The cell-
cell interactions of cardiomyocytes with cardiac fibroblasts [2,3]
and endothelial cells [4] are shown to have a protective effect
against ischemia-reperfusion injury. Traditionally, ECs had been
regarded as a barrier for transport. However, the discovery of
involvement of microvascular ECs in the regulation of heart tissue
led to their reclassification as myocardial regulators [5]. Some of
the microvascular EC-driven modulators have been identified as
nitric oxide (NO), endothelin 1 (ET-1), angiopoietin-II, and prosta-
glandin I2 [6]. The effects of these factors are mostly paracrine,
sometimes autocrine, and are particularly effective around the
myocardial capillaries where ECs directly interact with adjacent
CMs. It is also known that this interaction is bidirectional and
CMs release factors such as vascular endothelial growth factor
(VEGF) and angiopoietin-I, which also modulate EC behavior [7].
Interactions between ECs and CMs in heart tissue are not restricted
to the control of myocardial contractility but also involved in
development [8,9], growth [10], function [11], and changes in its
metabolism under pathophysiological conditions [12–14]. The
effects of the EC-generated factors are more pronounced during
abnormal physiological conditions, such as hypoxia, oxygen ten-
sion, abnormal blood flow, and inflammation. Beginning with the
early stages of MI, all of these major cardiovascular risk factors
may cause ECs to start interacting with the CMs to help the heart
tissue adapt to the changing microenvironment.

One of the traditional methods to study paracrine effects of one
cell type on another is to transfer conditioned media between the
culture wells [15]. However, this method is time consuming and
sometimes misleading due to the lack of any crosstalk between dif-
ferent cell types. Another way is to use the transwell co-culture
system in which different types of cells are separated by a tran-
swell insert. However, the transwell systems are mostly applied
in 2D cultures, which have limitations for representing the
in vivo microenvironment. In addition, the relatively short half-
life of many of the paracrine factors important in EC-CM commu-
nication, such as NO, ET-1, or neuregulin-1, made it challenging
to estimate the effects of these paracrine factors with conditioned
media or using the transwell system [16–18].

Hydrogels are one of the most common material types that
could be used to mimic the in vivo microenvironment due to their
resemblance to fully hydrated native ECM. Polyethylene glycol
(PEG), a synthetic polymer inside which cells cannot proliferate
or migrate, is widely used for tissue engineering applications. This
synthetic polymer can be modified to improve cell-ECM interac-
tions through incorporating Arginine-Glycine-Aspartic acid (RGD)
sequences, and can be photo-responsive through incorporating
methacrylate groups. In this study, a 5 to 1 mixture of 4-arm PEG
acrylate (4-arm PEG-ACRL, 20 kDa) to RGD modified 4-arm PEG-
ACRL (4-arm PEG-ACRL-RGD), respectively, was used to fabricate
the hydrogels for 3D co-culture of human induced pluripotent
stem cell (hiPSC)-derived ECs (iECs) with CMs, and used as a model
system to test the protective effects of paracrine communication
between the CMs and iECs in response to oxidative stress. The
hiPSC-derived cardiomyocytes (iCMs) are a promising cell source
for generating engineered myocardial tissue models [19–22]. Many
researches, including our lab [22], investigate how to generate
functionally mature iCMs that can be used in model tissue applica-
tions. However, at the current stage, the maturity and functionality
of the iCMs are still questionable [23]. On the contrary, as a well
characterized source for cardiomyocytes, neonatal rat cardiomy-
ocytes are widely used for in vitro studies for cardiac pathophysiol-
ogy, and in co-culture with human ECs in literature for studying
various aspects of CM-EC crosstalk [5,14,24]. In this study, we
encapsulated neonatal rat CMs and human iECs in photocrosslink-
able 4-arm PEG-ACRL/4-arm PEG-ACRL-RGD 3D hydrogels, and
performed transcriptome analysis of the encapsulated cells, to
assess the responses of CMs to post-MI level oxidative stress with
or without the presence of iECs. We eliminated the physical cell-
cell contact by using the 4-arm PEG-ACRL/4-arm PEG-ACRL-RGD-
based hydrogel system, thus our observations reflect the effect of
intercellular crosstalk through paracrine factors only. Although
very similar at protein level due to codon degeneracy, rats and
humans have distinct DNA sequences that could be used to differ-
entiate them easily at mRNA level [25]. Therefore, by co-culturing
rat CMs and human iECs we were able to distinguish between the
gene expression changes happening in CMs versus iECs specifically.
We found that the iECs conferred a stabilizing effect on CM gene
expression upon exposure to post-MI levels of oxidative stress.
Furthermore, we have validated the in vivo relevance of our engi-
neered model tissues by comparing the changes in the expression
levels of several key genes of the encapsulated CMs and iECs with
in vivo rat MI model data and clinical data, respectively. The results
of this study will be important for identifying targets for future
mechanistic studies of CM-iEC crosstalk, and could potentially lead
to new therapeutic targets for MI prevention and treatment.
2. Materials and methods

Details are available in the Online Data Supplement.
2.1. 3D cell culture and oxidative stress treatment

Neonatal rat CMs were isolated from 2-day-old Sprague-Dawley
rats (Charles River Laboratories) using a previously established
protocol [26]. All experiments were conducted in accordance to
the Institutional Animal Care and Use Committee of the University
of Notre Dame. The hiPSCs were cultured in mTeSR1 media (Stem-
cell Technologies) using Geltrex (Life Technologies) coated tissue
culture dishes with daily media changes. The iECs were differenti-
ated from hiPSCs following a protocol that yields 99% purity as
described previously [27]. Cell-laden hydrogels were fabricated
by encapsulating CMs and iECs in a mixture containing 85% of 4-
arm PEG-ACRL (JenKem Technology) and 15% of RGD (Bachem)
conjugated 4-arm PEG-ACRL (4-arm PEG-ACRL-RGD) (n = 3). CMs
were encapsulated either alone at a density of 9x105 cells per con-
struct, or mixed with 2x105 iECs per construct during the encapsu-
lation process, for single culture and co-culture experiments,
respectively. Photo-crosslinking was initiated by exposure to
6.9 mW/cm2 UV irradiation (320-500 nm) for 20 s. 0.1% w/v 2-
hydroxy-1-(4-(hydroxyethoxy) phenyl)-2-methyl-1-propanone
(Irgacure 2959, BASF Corporation) was added as photoinitiator.
The high UV dose rate and short exposure time assures minimal
oxidative stress and cell damage caused by UV exposure [28,29].
Oxidative stress was applied to the treatment group by incubating
in standard culture media containing 0.2 mM H2O2 for 16 h, fol-
lowed by 2 h incubation in normoxic standard culture media. The
control group was incubated in normoxic media for 18 h in total,
with a media change at 16 h.
2.2. RNA-sequencing

Libraries were prepared from total RNA isolated from the single
culture and co-culture cell-laden hydrogels using the Illumina Tru-
Seq stranded mRNA library preparation kit. Quality check and
quantitation was performed using a combination of Qubit dsDNA
assay, Caliper LabChipGX size determination and Kapa Biosystems
Illumina Library qPCR assay. Illumina HiSeq 2500 Rapid Run flow
cell (v2) was used for sequencing with HiSeq Rapid SBS reagents
(v2) in a 2 � 100 bp paired end format. Illumina Real Time Analysis
(RTA) (v1.18.64) was used for base calling.
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2.3. Data analysis

RNA-sequencing data were screened and analyzed with in
house generated R code. Kyoto Encyclopedia of Genes and Gen-
omes (KEGG) pathway analysis was done with R package Cluster
Profiler [30]. Network analysis of significantly changed genes was
performed with Search Tool for the Retrieval of Interacting
Genes/Proteins (STRING) [31].

2.4. Statistical analysis

Data was analyzed for statistical significance using one-way
ANOVA test or Student’s t-test (*p < 0.01, **p < 0.001, ***p < 0.0001).
Error bars represent mean ± standard deviation (SD).
3. Results

3.1. Fabrication and characterization of 4-arm PEG-ACRL/4-arm PEG-
ACRL-RGD cell-laden hydrogels for 3D co-culture

Cell-laden hydrogels were fabricated as shown in Fig. 1A. The
stiffness of the 4-arm PEG-ACRL/4-arm PEG-ACRL-RGD hydrogels
without any cell encapsulation was measured over a 14-day period
using a nanoindentor, to ensure a stable biomimetic physical
microenvironment for the encapsulated cells. The results showed
a steady stiffness of 8 kPa up to 14 days for the hydrogel under cell
culture conditions (Fig. 1B). We also examined the stiffness of the
cell-laden hydrogels, which had a slightly higher stiffness around
10 kPa (Supplementary Fig. 1), that is within the stiffness range
of 10–15 kPa of normal cardiac muscle tissue [32]. In addition,
the stiffness of hydrogel-based model tissues was not affected by
the encapsulated cell density. Even with a 100 times increase of
encapsulation density, the stiffness of model tissues remained con-
stant at around 10 kPa (Supplementary Fig. 1). To test 4-arm PEG-
ACRL/4-arm PEG-ACRL-RGD hydrogel’s ability in restraining cell
proliferation and migration for studying paracrine interactions
reliably, we tracked the locations and numbers of encapsulated
neonatal rat cardiac fibroblasts, the cell type that has the highest
proliferative and migratory capacity in the native heart tissue. Car-
diac fibroblasts were stained with live/dead stain and imaged in 3D
using a fluorescence microscope with z-stacking capabilities on
day 1 and day 7 after the encapsulation. The cell numbers and
the distance between the cells were measured using the z-stack
slices and ImageJ (Fig. 1C–F). Cell numbers showed no statistically
significant difference during the 7 days of culture in 4-arm PEG-
ACRL/4-arm PEG-ACRL-RGD, indicating the lack of cell proliferation
as expected (Fig. 1D). In addition, the distribution of intercellular
distance showed the similar trend on day 1 and day 7, with the
highest distribution of nearest neighbor distance measured being
10–30 lm (Fig. 1E–F). These results showed that the 4-arm PEG-
ACRL/4-arm PEG-ACRL-RGD hydrogels can be used as a culture sys-
tem with biomimetic properties that resembles the native heart
tissue, and can maintain the cell number and distribution without
permitting cell growth or cell migration, thus can be used as a suit-
able system for evaluating paracrine effects in vitro.

3.2. CMs co-cultured with iECs in 3D biomimetic hydrogels showed
improved viability and fewer changes in their gene expression profile
in response to oxidative stress

We applied post-MI level oxidative stress to the cell-laden
hydrogels through H2O2 (0.2 mM) exposure as illustrated in
Fig. 1A. Cell viability of the constructs with or without oxidative
stress was assessed with live/dead staining (Fig. 1G), and the live
cell percentages were calculated by dividing the live cell numbers
by the total cell numbers. Both CMs and iECs were sensitive to
H2O2 exposure in single culture, with the cell viability decreased
from 71.4% to 41.2% for CMs (decreased by 30.2%), and from
77.7% to 59.8% for iECs (decreased by 17.9%). In comparison, in
the co-culture system, the cells showed less sensitivity in response
to H2O2 exposure compared to the ones in single culture, with the
viability decrease from 81.4% to 66.9% (decreased by 14.9%)
(Fig. 1H). In our biomimetic 3D hydrogel-based synthetic model
tissues, the iECs cannot proliferate and the iEC/CM ratio stays con-
stant, so that there is no concern of iECs overgrowing CMs in the
3D tissue constructs. We used an iEC to CM ratio of 1 to 4 for con-
structing the co-culture model tissue, to assure that the increase in
cell survival in the co-culture is not merely due to the surviving
iECs, but due to improved CM viability. In addition, the 4-arm
PEG-ACRL/4-arm PEG-ACRL-RGD 3D model tissues kept the iEC
to CM ratio constant throughout the experiment, ensuring that
the iECs, which are more resilient to stress, do not take over the
culture. Taken together, these results indicate a protective effect
of the co-culture condition on the CMs as we have investigated
in detail in our recent publication [33].

In order to evaluate the crosstalk between CMs and iECs in
response to oxidative stress, the transcriptome of CMs in single
culture or in the co-culture with iECs with or without H2O2 treat-
ment were profiled and screened for significantly changed genes.
The conditions compared were as follows: 1) 3D single cultured
CMs without oxidative stress (CM-N); 2) 3D single cultured CMs
with oxidative stress (CM-S); 3) 3D co-cultured CMs and iECs
without oxidative stress (CMEC-N); and 4) 3D co-cultured CMs
and iECs with oxidative stress (CMEC-S). The gene expression
levels of each condition were normalized to the CM-N condition
and genes with more than a 2-fold change in expression levels
and a p-value less than 0.05 in any of the conditions were consid-
ered significantly changed to ensure high confidence (Fig. 2A,
Supplemental Table 1). In this study, the iECs were of human origin
while CMs were of rat origin. Thus, it was possible to distinguish
the gene expression changes in iECs from those in CMs within
the co-culture group. It should be noted that many of the proteins
that could be involved in CM-iEC crosstalk are homologous in rats
and humans, although they have distinct mRNA sequences [25].
Therefore, we were able to compare the gene expression profiles
of iECs in the CM-iEC co-culture system with or without oxidative
stress treatments.

The gene expression profile of CMs under CMEC-N and CMEC-S
conditions showed many similarities, while the gene profiles of
CMs under CM-S and CMEC-S conditions were completely differ-
ent, indicating that co-culturing was a more significant factor than
oxidative stress for affecting CMs’ gene expression patterns. Fur-
thermore, our result suggested that CMs were protected against
oxidative stress by co-culturing with iECs, and their gene expres-
sion profile was stabilized in co-culture in response to oxidative
stress. This conclusion was supported by the fact that the differ-
ence between gene expression profiles of CMEC-N and CMEC-S
was much smaller than the difference between CM-N and CM-S,
with 138 significantly changed genes versus 467, respectively.
The box plots showed that most of the genes in CM-S group had
a -2 to 3-fold-change in log2 scale, while most of the co-culture
groups had a -4 to 2-fold-change in log2 scale (Fig. 2B). In the co-
culture groups, some genes fell far beyond the top whisker, indicat-
ing these genes were remarkably affected by the co-culture condi-
tion. The most remarkably upregulated gene in the co-culture
groups was LOC100911132, which had glutamine-tRNA ligase and
ATP binding activity. The second most remarkably upregulated
gene in the co-culture groups was guanine nucleotide binding pro-
tein (G protein) beta polypeptide 2-like 1 (Gnb2l1), which was
related to G-protein-coupled receptors (GPCR) and extracellular
signal-regulated kinase (ERK) signaling, and was related to poly



Fig. 1. 3D culture model using 4-arm PEG-ACRL/4-arm PEG-ACRL-RGD hydrogels. A) Illustration of the co-cultured cells in 4-arm PEG-ACRL/4-arm PEG-ACRL-RGD hydrogels.
CM-N: 3D single cultured CMs without oxidative stress; CM-S: 3D single cultured CMs with oxidative stress; CMEC-N: 3D co-cultured CMs and iECs without oxidative stress;
CMEC-S: 3D co-cultured CMs and iECs with oxidative stress. B) Stiffness of 4-arm PEG-ACRL/4-arm PEG-ACRL-RGD hydrogels over 14 days of incubation. C) Fluorescence
staining of live cardiac fibroblasts on day 1 and day 7 after encapsulated in 4-arm PEG-ACRL/4-arm PEG-ACRL-RGD hydrogels. D) Live cardiac fibroblast numbers on day 1 and
day 7 after encapsulated in 4-arm PEG-ACRL/4-arm PEG-ACRL-RGD hydrogels. E), F) Distribution of nearest neighbor distance between living cardiac fibroblasts on day 1 (E)
and day 7 (F) after encapsulated in 4-arm PEG-ACRL/4-arm PEG-ACRL-RGD hydrogels. G) Live/dead staining of rat CMs, human iECs, and their co-cultures encapsulated in 4-
arm PEG-ACRL/4-arm PEG-ACRL-RGD hydrogels with or without oxidative stress treatment. H) Live cell percentage of rat CMs, human iECs, and the co-cultured cells
encapsulated in 4-arm PEG-ACRL/4-arm PEG-ACRL-RGD hydrogels with or without oxidative stress treatment. *p < 0.01; ***p < 0.0001; N.S.: no statistically significant
differences. Scale bar = 100 lm.
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(A) RNA binding and receptor binding. These two most remarkably
upregulated genes showed similar expression levels in CMEC-N
and CMEC-S groups, indicating that the changes in the expression
levels of these genes were caused primarily by the co-culture con-
dition with iECs and not much affected by the applied oxidative
stress. In addition to these two most remarkably affected genes,
23 genes fell beyond the top whisker in the CMEC-N group, and
among them, 21 had similar expression levels in CMEC-N and
CMEC-S conditions, further suggesting that gene expression
changes mediated by the CM-iEC crosstalk were maintained upon
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Fig. 2. Gene expression distribution. A) Heatmap of gene expression changes in 1)
3D single cultured CMs without oxidative stress (CM-N); 2) 3D single cultured CMs
with oxidative stress (CM-S); 3) 3D co-cultured CMs and iECs without oxidative
stress (CMEC-N); and 4) 3D co-culture CMs and iECs with oxidative stress (CMEC-S).
All gene expressions were normalized to CM-N. B) Box plot showing the gene
expression distributions. The middle line indicates the median of the gene
expression. Circles indicate the genes out of the range from first quartile (Q1)
minus 1.5 times interquartile range (IQR) to third quartile (Q3) plus 1.5 times IQR.
C) Fitted distribution curves of genes that have changed significantly under CM-S,
CMEC-N, and CMEC-S. All genes were screened with p-value < 0.05 and more than
2-fold expression changes.
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oxidative stress challenge. These 21 genes (Supplementary Table 1,
with log2 fold-change > 2.5 for CMEC-N) could have important
roles in cardioprotection, and should be investigated further. The
distributions of expression levels of significantly changed genes
in CM-S, CMEC-N, and CMEC-S were further assessed using his-
togram analysis (Fig. 2C). The gene expression distributions of in
CMEC-N and CMEC-S conditions showed a large overlap, and both
of them had more balanced distribution compared to CM-S, which
showed a large peak corresponding to upregulation with the log2
fold-change centered at around 2 (Fig. 2C, red curve). In contrast,
the CMEC-N and CMEC-S distribution showed two peaks at both
downregulation and upregulation regions.

In summary, these results showed that, as expected, co-
culturing with iECs altered the gene expression profile of the
CMs. In addition, the oxidative stress challenge caused significant
changes in the gene expression profile of the CMs that were cul-
tured alone, most of which were upregulations. Interestingly, the
number of genes that were upregulated in response to oxidative
stress was significantly lower in the presence of iECs, as indicated
by the expression profile of CMEC-S, suggesting a stabilization
effect on CMs by CM-iEC crosstalk, which is in accordance with
the higher cell viability we observed in the co-culture condition
in response to oxidative stress as shown in Fig. 1G and H.
3.3. CM genes with expression profile changes were classified into
three clusters

In order to further examine the changes in the gene expression
patterns of the CMs, the significantly changed genes were classified
with k-means method, which identified 3 clusters (Fig. 3A). The 3
clusters were clearly separated from each other with almost no
mixing at the boundary. As shown in Fig. 3B, cluster 1 included
genes that were mostly downregulated in CMEC-N and CMEC-S,
and the changes in CM-S were less remarkable and had no specific
trend towards up- or downregulation (Supplemental Table 2).
Cluster 2 included genes that were upregulated in CMEC-N and
CMEC-S, and the expression changes in CM-S in this cluster were
less remarkable and were without any specific trend (Supplemen-
tal Table 3). Cluster 3 included genes that were upregulated in CM-
S. In this cluster, the genes in CMEC-N and CMEC-S were either
downregulated or kept at a similar expression level as CM-N, and
did not show as much upregulation as in CM-S (Supplemental
Table 4). Heatmaps of the three clusters (Fig. 3C) showed similar
gene expression trends as those shown in Fig. 3B. From these
results, it can be concluded that the CMEC-N and CMEC-S shared
very similar gene expression levels and had similar trends for gene
up- or downregulation. Clusters 1 and 2 showed more significant
changes in co-culture conditions than in single-cultured CMs while
cluster 3 included genes that showed more significant changes in
the CM-S condition and had few changes in the co-culture condi-
tion. This indicates that proteins in cluster 3 were most likely the
ones that were stabilized by co-culturing with iECs, thus protecting
CMs from oxidative stress.

Genes identified in these 3 clusters were searched against the
STRING database to analyze the interaction probabilities among
their protein products (Fig. 4). More complicated networks indicate
higher possibility that genes within this cluster are working syner-
gistically to affect cell functions. The accepted score threshold was
set to be 0.9, which assured very high confidence for the results.
Cluster 1 showed several STRING networks, including the fibrob-
last growth factors (Fgf) family genes, which were largely involved
in angiogenesis, wound healing, and various endocrine signaling
pathways; the potassium channels (Kcn) family genes, which could
form potassium-selective pores that spanned cell membranes for
signal transduction; and the Wnt family genes, which regulated
cell-cell interactions during development and adult tissue home-
ostasis (Fig. 4A and Supplemental Table 5). With cluster 2, only
limited gene interactions were identified, indicating that genes in
cluster 2 performed biological functions as single proteins instead
of as protein networks (Fig. 4B and Supplemental Table 6). The
most interesting cluster we found was cluster 3, which showed
highly interactive networks (Fig. 4C and Supplemental Table 7),
indicating that these genes work highly interactively for regulating
cellular responses. Because cluster 3 included genes that were
upregulated in CM-S but not in CMEC-N or CMEC-S, the protein
networks identified in cluster 3 were considered to be the ones
that were stabilized by co-culturing with iECs in response to oxida-
tive stress.

Some of these networks identified in cluster 3 included mito-
chondrial complex I [nicotinamide adenine dinucleotide (NADH)
dehydrogenase (ubiquinone) (Nduf) subunits], mitochondrial com-
plex IV (cytochrome c oxidase subunits), and mitochondrial com-
plex V (ATP synthase subunits), three of the five protein
complexes in the electron transport chain (ETC). Cluster 3 also con-
tains the ribosomal protein complex. To understand the role of ETC
complexes, the genes in mitochondrial complex I, III, IV, and V were
extracted and visualized in heatmaps for their expressions under
CM-S, CMEC-N and CMEC-S conditions (Fig. 5A–D and Supplemen-
tal Tables 8–12). Because the ETC complexes are present in the
inner mitochondria membrane, the mitochondrial ribosomal pro-
tein (Mrpl) family was also analyzed (Fig. 5E). All these complexes
showed similar trends that, under oxidative stress, the genes in
these complexes were upregulated in single culture CMs, but were
downregulated in CM-iEC co-culture condition without oxidative
stress. In addition, we observed much less upregulation of these
genes in CM-iEC co-culture condition under oxidative stress com-
pared to CM-S, further proving the protective effects of iEC pres-
ence for CMs to resist damage from oxidative stress.



Fig. 3. Clustering of changed genes. A) Three clusters were identified with k-means classification algorithm. B) Expression trends of genes under CM-S, CMEC-N, and CMEC-S
conditions in each cluster. Each line indicates the expression change of a single gene in the cluster. C) Heatmap of gene expression levels under CM-S, CMEC-N, and CMEC-S
conditions in each cluster.
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3.4. KEGG pathway analysis enriched different pathways in co-
cultured and single cultured CMs under oxidative stress

KEGG pathway analysis is a useful tool for analyzing pathways
involved in biological processes. The KEGG pathways were ana-
lyzed for their enrichment under CM-S, CMEC-N, and CMEC-S con-
ditions, with significantly changed genes (p-value < 0.05, fold-
change >2) in each condition (Fig. 6 and Supplemental Table 13).
All gene expression levels were normalized to the corresponding
expression levels in CM-N. The size of each circle indicates the gene
ratio and the color indicates the score of the enrichment. The gene
ratio is equal to the number of genes in the dataset that mapped to
the pathway divided by total number of genes in the pathway.
Higher gene ratio means more genes were identified in the sample
sets for the pathway. The score indicates the association of the
pathway to the experimental conditions. A higher score means
stronger association and more confidence that the pathway is play-
ing a role in the biological process.

One of the interesting pathways is the ribosome pathway,
which was highly upregulated in CM-S but not in co-culture condi-
tions, and the pathway showed a very high score (score 68.46, indi-
cated by grey circle in Fig. 6 because it was too far above the score
range) indicating a high confidence for its association with oxida-
tive stress. However, the pathway was not enriched in the co-
culture conditions regardless of exposure to oxidative stress or
not. The activation of the ribosome pathway under oxidative stress
is possibly a consequence of enhanced metabolic demands. In sup-
port of this, it was reported in the literature that ribosomal RNA
synthesis was connected to cellular energy supply through the
activation of AMP-activated protein kinase [34]. Another pathway
that was enriched only in CM-S condition was the oxidative phos-
phorylation pathway. The oxidative phosphorylation pathway
functions in oxidizing nutrients, and in releasing energy for
reforming ATP. The enrichment of oxidative phosphorylation path-
way in CM-S condition indicated the increased demand for energy
supplies when CMs were under oxidative stress, as it is possibly
needed to recover from damages due to the oxidative stress.

The genes identified in ribosome pathway were largely com-
posed of Mrpl family genes, while the genes identified in oxidative
phosphorylation pathway included genes in mitochondrial com-
plexes I, IV, and V. The lack of enrichment for ribosome pathway
and oxidative phosphorylation pathway in co-culture conditions
agreed with the results from clustering and STRING analysis that
the mitochondrial complexes and Mrpl family genes were upregu-
lated in the CM-S condition but were stabilized in co-culture
conditions.

The overall KEGG pathway analysis results showed that the
CMEC-N condition enriched the largest number of KEGG pathways,
although some of them contain few genes (with very low gene
ratio). Some of these pathways that were enriched in the CMEC-
N condition such as, Rap1 signaling pathway, adrenergic signaling
in cardiomyocytes, and the drug metabolism-cytochrome P450
pathway, were also enriched in the CMEC-S condition, indicating
that the activation of these pathways in CMs through CM-iEC
crosstalk could be crucial for cardioprotection under oxidative
stress.

3.5. iECs co-cultured with CMs showed a stable gene expression profile
in response to oxidative stress

The distribution of all genes identified in iECs showed that the
gene expression fell in a Gaussian distribution centered at no
expression changes, and most of the gene expression fell within
2-fold change range (Fig. 7A, grey bars). Within the 12,644 genes
tested, only 160 genes were identified as significantly changed,
showing expression level changes greater than 2-fold, and a



Fig. 4. Network analysis with STRING algorithm for A) Cluster 1, B) Cluster 2, and C) Cluster 3. The threshold of acceptable scores was set to be above 0.9. The details of
protein interactions are listed in Supplemental Tables 5-7.
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p-value less than 0.05 (Supplemental Table 14). Out of the 160 sig-
nificantly changed genes, 80 were upregulated and 80 were down-
regulated (Fig. 7A, red bars; Fig. 7B, green dots). The STRING
network analysis and KEGG pathway analysis failed to enrich
meaningful pathways due to the limited amount of significantly
changed genes (Fig. 7C). The very few and unobvious changes of
gene profiles of iECs in co-culture with CMs in response to oxidative
stress indicated that the CM-iEC interactions might have a stabiliz-
ing effect on iECs as well. It is also possible that the gene profile of
iECs changed at an earlier time point, and at the time point we
performed the transcriptome analysis the gene profile of iECs has
already returned back to normal, thus we did not observe a drastic
change in the gene profile of iECs under oxidative stress.

The most downregulated genes in response to oxidative stress
in co-cultures included transmembrane protein 169 (TMEM169),
kinase suppressor of ras 2 (KSR2), frizzled class receptor 5 (FZD5),
and T-cell leukemia homeobox 1 (TLX1). Another interesting gene
we found to be downregulated was HIF1A antisense RNA 1
(HIF1A-AS1). HIF1A-AS1 had more than 4-fold downregulation in
oxidative stress treated co-culture samples [33]. The most upregu-
lated gene was dual specificity phosphatase 2 (DUSP2). It can
dephosphorylate phosphoserine/threonine and phosphotyrosine
residues, and regulate cellular proliferation and differentiation by
negatively regulating members of the mitogen-activated protein
kinase (MAPK) superfamily members such as MAPK/ERK, SAPK/
JNK, and p38 [35]. The upregulation of DUSP2 gene in iECs in
CM-iEC co-culture condition under oxidative stress indicates that
the protective effects of iECs on CMs might be a result of the sup-
pression of MAPK pathways in iECs.

3.6. Data validation

There is a high-level protein homology between rats and
humans in paracrine factors such as vascular endothelial growth
factor (VEGF) [36]. To validate the in vivo relevance of the gene
expression profile results we obtained using the engineered model
tissue approach, we compared our CM gene expression profile data
with a data set that was acquired using an in vivo rat MI model. The
Gene Expression Omnibus (http://www.ncbi.nlm.nih.gov/geo) data
series GSE4105 were chosen for validating our results, which com-
pared gene expression profile of the ventricular tissue of a rat MI
model 2 days after reperfusion (n = 3) to those of control rats
(n = 3). Several genes that were reported to relate with oxidative
stress were selected and extracted from GSE4105 data set to

http://www.ncbi.nlm.nih.gov/geo


Fig. 5. Heatmap of gene expression under CM-S, CMEC-N, and CMEC-S conditions
for A) mitochondrial complex I B) mitochondrial complex III, C) mitochondrial
complex IV, D) mitochondrial complex V, and E) mitochondrial ribosomal protein
complex.

Fig. 6. KEGG pathway analysis showing enriched pathways under CM-S, CMEC-N,
and CMEC-S conditions. Grey circle represent pathway with a score of 68.46.
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compare with the CMEC-S versus CMEC-N results in this study.
These genes include: 1) Kcnk2, also known as Trek-1, which is
known to have protective effects on CHO cells treated with H2O2

[37]; 2) Fmo1, which is known to be activated by oxidative stress
[38]; 3) Mmp13, which is a matrix metalloproteinase and gets acti-
vated in response to oxidative stress [39]; 4) Aldh1l1, which was
reported to have increased expression in response to oxidative
stress [40]; 5) Mycn, which was reported to be induced in cancer
by oxidative stress, and helped to improve cancer cell survival
[41]; and 6) Gdf15, which was induced during heart failure devel-
opment and was elevated in MI patients [42]. The expression pat-
terns of these genes in our result agree with the results reported in
dataset GSE4105 (Fig. 8A). In addition, the cardiomyocyte-specific
protein Tnnt1 also showed an increase in expression in both our
model tissues and in in vivo rat ventricles, under oxidative stress
(Fig. 8B). The expression of these genes was shown in Fig. 8B.

To validate the changes in gene expression we observed in iECs,
we used a clinical dataset GSE66360, which sequenced the tran-
scriptome of circulating ECs isolated from MI patients (n = 49) or
healthy people (n = 50). Specifically we looked into expression
levels of TMEM169 and DUSP2 which showed the highest level of
change, as well as GIMAP6, which is an endothelium specific gene
[43], and FANCF, which was reported to be related to oxidative
stress [44]. The result showed that in the clinical dataset
GSE66360, the expression levels of GIMAP6, FANCF, and TMEM169,
were downregulated by 0.35-fold, 0.47-fold, and 0.50-fold respec-
tively in the MI patient circulating ECs, while DUSP2 were upregu-
lated by 1.88-fold in the MI patient circulating ECs (Fig. 8C). These
findings are consistent with our results showing downregulation of
GIMAP6, FANCF, and TMEM169 by 0.30-fold, 0.48-fold, and 0.02-fold
respectively, and upregulation of DUSP2 by 8.66-fold in the iECs
under oxidative stress condition (Fig. 8D). One thing to notice is
that although TMEM169 is downregulated while DUSP2 is upregu-
lated both in iECs under oxidative stress condition in tissue models
and in MI patient circulating ECs, the changes in MI patients are
less pronounced.
4. Discussion

Although the factors leading to MI are under intense study,
endogenous cellular responses to MI that could preserve cell and
organelle function are not well understood. One of the less investi-
gated aspects of MI is CM-EC crosstalk and cardioprotection con-
ferred by this crosstalk during MI. Studying the CM-EC crosstalk
and endogenous cellular responses of CMs in animal models of
MI is challenging due to high financial and time costs to generate
and breed the animals, interference from other tissues, physiolog-
ical differences between the animals and humans, and the inability
to genetically alter different cells of a given tissue independently.
Especially for studying the effect of paracrine factors, a tissue engi-
neered human cardiac tissue would enable investigation of the
CM-EC crosstalk in a high throughput and time-efficient manner
and potentially avoid many of the disadvantages of an animal
model.

In this study, we developed 3D engineered constructs to study
the paracrine-only crosstalk between CMs and iECs under post-
MI level oxidative stress. We made use of the properties of a syn-
thetic polymer and made sure that the only interaction the cells
had was through secreted factors, and that the cell-to-cell distance
was kept the same throughout the course of the study. We per-
formed detailed RNA-sequencing analysis on these 3D engineered
models, with or without oxidative stress, and confirmed that the
presence of iECs has a stabilizing effect on CMs’ gene expression
patterns under oxidative stress, supporting the improved CM sur-
vival under oxidative stress we observed in presence of iECs. A
thorough analysis on global gene expression was performed to
reveal the changes in CMs’ response to oxidative stress in single
culture or co-culture with iECs, as well as that of iECs’ in the
co-culture. Importantly, we analyzed the protein networks and



Fig. 7. Comparison of iECs under normal and oxidative stress conditions in co-culture with CMs. A) Distribution of gene expression level changes in CMEC-S. All gene
expressions were normalized to iECs in CMEC-N condition. B) Volcano plot of gene expression changes in CMEC-S condition. Green dots show significantly changed genes. C)
STRING networks of significantly changed genes in iECs under CMEC-S condition. All genes were screened with p-value < 0.05 and more than 2-fold expression changes.

Fig. 8. Data validation and in vivo relevance of the engineered tissue model. A), B) Changes in the expression levels of Kcnk2, Fmo1,Mmp13, Aldh1l1,Mycn, Gdf15, and Tnnt1 in
GEO dataset GSE4105 and our dataset comparing oxidative stress conditions to normoxia conditions. C) Expression levels of GIMAP6, FANCF, TMEM169, and DUSP2 in patients
experiencing acute myocardial infarction (n = 49) and in healthy cohorts (n = 50). The gene expression levels are extracted from GEO dataset GSE66360. D) Changes in the
gene expression levels of GIMAP6, FANCF, TMEM169, and DUSP2 in iECs in CMEC-S compared to CMEC-N.
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pathways that might take roles in protecting CMs from oxidative
stress in the co-culture system.

The gene expression profiles of CMs showed drastic differences
between single culture and co-culture samples when the CMEC-N
condition was compared with CM-N, or CMEC-S condition was
compared with CM-S. Several of these changed genes were related
to oxidative stress, such as FYVE, RhoGEF and PH domain contain-
ing 5 (Fgd5), amphiregulin (Areg), secreted frizzled-related
sequence protein 2 (Sfrp2), and NLR family, apoptosis inhibitory
protein 6 (Naip6). FGD5 protein was reported to play a crucial role
in vascular pruning processes, and to inhibit neovascularization
[45]. AREG protein is a member of epidermal growth factor (EGF)
family and was reported to have an increase in its expression when
the cardiac tissue was loaded with mechanical stretch [46] and can
promote cell proliferation through interaction with the EGF/TGF-a
receptor. SFRP2 protein is a Wnt signal modulator and was
reported to be a key paracrine factor, which was responsible for
CM survival and repair after ischemic injury [47]. NAIP6 protein,
also known as BIRC1 or NLRB1, is a component of the NLRC4
inflammasome (NLRC4 stands for NLR family CARD domain-
containing protein 4), and is an anti-apoptotic protein whose dys-
regulation is associated with spinal muscle atrophy [48,49]. The
NLR inflammasomes were reported to be able to protect CMs
[50] from apoptosis caused by ischemic injury. In the CM-iEC co-
culture models, both Fgd5 and Sfrp2 were downregulated, indicat-
ing less apoptosis in the co-culture condition, while Areg and Naip6
was upregulated, indicating improved survival in the co-culture
condition.

A recent study by Clerk et al. analyzed the global gene expres-
sion changes of rat CMs in response to H2O2 in 2D single culture
conditions [51], and they reported 644 genes changed their expres-
sion levels at different time points after oxidative stress challenge.
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These 644 genes were compared with the genes we identified in
3D biomimetic CM-only cell cultures (CM-S), and 494 genes were
found to be overlapping between the 2D and 3D culture systems,
but with very different expression levels (Supplemental Tables
15–19). One interesting gene is Slc2a4, also known as Glut4, the
expression of which decreased 0.44-fold in 2D CM cultures but
increased 1.80-fold in 3D CM cultures in response to oxidative
stress. Glut4 is associated with diabetes and its mRNA expression
decreases after 4 h of exposure to H2O2 in 3T3-L1 adipocytes
[52]. It was previously reported that Glut4 was a target of miR-
223 and miR-223 induced Glut4 upregulation was necessary and
sufficient for the increase of glucose uptake in neonatal rat ventric-
ular myocytes [53]. In the mature heart, GLUT4 is mainly present in
intracellular membrane compartments, and it translocates to the
cell membrane in response to stimuli such as hypoxia/ischemia
or insulin, thus enhancing glucose uptake in cardiomyocytes to
overcome the stress [54,55]. The downregulation of Glut4 in 2D
but upregulation in 3D when treated with oxidative stress indi-
cates that the 3D hydrogel cultures are providing a model that bet-
ter represents the in vivo mouse/rat model. Interestingly, in the
CM-iEC co-culture tissue models the increase of Glut4 was not
observed in response to oxidative stress, consistent with our other
results indicating the protective effect of iECs on CMs.

Another interesting gene is Fos-like antigen 1 (Fosl1), also
known as Fra1, which increased 2.92-fold in 2D CM cultures but
decreased 0.74-fold in 3D CM cultures. Fra1 is a component of acti-
vator protein 1 (AP-1) which is composed of dimeric basic region-
leucine zipper (bZIP) proteins including JUN, FOS, MAF and ATF
sub-family members [56]. It was shown that higher AP-1 activity
correlated with resistance to oxidative stress in myoblasts [57].
Bergman et al. reported that neonatal rat cardiac fibroblasts cul-
tured under hypoxia conditions with 1% oxygen for 24 h showed
increased AP-1 activity which led to enhanced matrix metallopro-
teinase 2 (Mmp2) transcription for more than 5-fold enhancement
of MMP2 synthesis, which was one of the major mediators of ven-
tricular dysfunction or fibrosis [58]. This increase of AP-1 activity is
due to the shift from binding with JUNB-FRA1 heterodimer under
normoxic conditions, and binding with JUNB-FOSB heterodimer
under hypoxic conditions [58]. Venugopal et al. showed similar
results where upregulation of Fra1 expression repressed human
antioxidant response element (hARE), which is composed of two
AP-1 elements [59]. hARE is required for high basal transcription
of the NAD(P)H:quinone oxidoreductase 1 (Nqo1) gene as well as
its induction in response to antioxidants. NQO1 catalyzes reductive
detoxification of quinones and its derivatives thus can protect cells
against oxidative stress [59]. In other words, upregulation of Fra-1
will repress hARE thus repress Nqo1 transcription, which will inhi-
bit protection against oxidative stress. The upregulation of Fra1 in
2D-cultured CMs but downregulation in 3D-cultured CMs indicates
CMs in 3D cultures are protected from oxidative stress compared
to those in 2D cultures. Moreover, although CMEC-N showed 1.5-
fold higher expression of Fra1 compared to CM-N, under oxidative
stress the expression level of Fra1 decreased by 0.35-fold in co-
cultured CMs, compared to the decrease by 0.27-fold in 3D single
cultured CMs, further providing the iEC-driven protection of CMs
in response to oxidative stress.

KEGG pathway analysis showed that the oxidative phosphory-
lation pathway was significantly enriched solely in the CM-S
group. The results show that one group of genes that showed a
drastic change in expression were mitochondrial complex I, the
first and the largest protein complex of the electron transport chain
(ETC) [60], along with the other complexes of ETC. It was previ-
ously shown that a reduction in mitochondrial complex I enzy-
matic activity was detected in mitochondria isolated from heart
failure model of adult mongrel dogs’ CMs [61] as opposed to the
increased expression levels we observed here. This may be a result
of functional uncoupling of the respiratory chain in heart failure
mitochondria due to the long-term (4-weeks) treatment with rapid
ventricular pacing at 240 bpm for generating the animal model, as
compared to the treatment time of 16 h in our research. On the
other hand, this upregulation in oxidative phosphorylation is in
parallel with the cells’ response to various drugs [62]. Wagner
et al., have screened 2,490 drugs and investigated the effect of
these drugs on expression of ETC proteins transcribed by both
mitochondrial and nuclear DNA of murine muscle cells cultured
in 2D [62]. They reported that most of these drugs induced an
upregulation in both mitochondrial and nuclear DNA transcripts,
similar to the correlated upregulation induced by oxidative stress
we observe in this study. We can clearly observe the stabilizing
effect of iECs on CM metabolism under oxidative stress. The fact
that we do not observe any significant change in the energy meta-
bolism of the cells in the co-culture condition, in normoxia or
oxidative stress, would support the possible need for the increased
metabolism of CMs in the absence of iECs.

Another enriched pathway was the drug metabolism-
cytochrome P450 pathway. We observed that this pathway was
mostly enriched in the co-culture conditions. Exploring the
enriched genes in this pathway in more detail, we found that
Glutathione-S-Transferases (Gst), namely the Gsta1, Gsta4, and
Gsta5 were downregulated in the co-culture conditions with or
without stress, yet there was no change in the expression of Gsta4
and Gsta5, and Gsta1was upregulated only in CM-S condition. GSTs
are enzymes that inactivate the electrophilic compounds and toxic
substrates, thus serving as intracellular antioxidants [63,64]. The
specific role of GSTs in CMs under ischemia/reperfusion (I/R)
induced oxidative stress was studied by Roth et al. They have
shown that the inhibition of GST in isolated neonatal rat CMs, cul-
tured in a conventional 2D culture system, leads to an increase in
apoptosis [65]. In addition, they observed that this effect is more
drastic if they expose the CMs to I/R and inhibit GST activity. The
significantly lower expression of GSTs in co-culture conditions
we observed in this study suggests that in the presence of iECs
the CMs do not activate the antioxidant pathways. Especially the
upregulation of Gsta1 in CM-S condition indicates that when cul-
tured alone, CMs activate the GST pathways in order to protect
themselves against the oxidative damage caused by the stress
applied. Similarly, associated with the same pathway, Flavin con-
taining monooxygenases (Fmo); Fmo1, Fmo2, and Fmo4 were
downregulated in co-culture conditions compared to CMs alone,
with or without oxidative stress. FMO family proteins catalyze
the oxygenation of nucleophilic molecules and have similar char-
acteristics to cytochrome P450 enzymes, detoxifying drugs and
xenobiotics [66]. Kim et al. showed that the expression of Fmo1
was increased significantly in the cardiac tissues of patients with
atrial fibrillation, which is a condition that results due to oxidative
stress [38]. This result was supported by the downregulation of
Fmo genes we observed in our co-culture systems. This result is
also in parallel with the expression changes in Gsta genes and over-
all suggests that CMs alone trigger oxygen radical detoxifying
mechanisms in the cell.

Excess levels of reactive oxygen species (ROS), such as H2O2,

were observed in pathological conditions and could promote apop-
tosis and affect neovascularization in iECs [67]. It was reported that
relatively high concentrations of H2O2 (>0.2 mM) could activate
PKC, small G protein Rho, and Src tyrosine kinase, which has been
shown to lead to increased endothelial permeability [68]. Treat-
ment with 0.1 mM of H2O2 was shown to induce apoptosis of
HUVECs, which was inhibited by pre-incubation with resveratrol,
which enhanced the antioxidant defenses, and inhibited the mito-
chondrial membrane potential digression [69]. In this study, the
transcriptome of 3D single cultured iECs under oxidative stress
was not analyzed. However, it is expected that 0.2 mM of H2O2
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treatment would cause gene profile changes in 3D single cultured
iECs. The gene profiles did not show much change with or without
0.2 mM of H2O2 treatment for iECs when co-cultured with CMs,
which could suggest potential protective effects of CMs on iECs
that stabilized their gene expression in response to oxidative
stress. Another possibility is that the gene profile changes of the
iECs occur quickly, causing them to release cardioprotective factors
at an earlier time point. These factors then stabilize or activate
genes in the CMs and protect them under oxidative stress. At the
18 h time point (16 h of H2O2 treatment followed by 2 h of recov-
ery), the gene profile of the iECs could have already returned back
to untreated level. Previous reports show that the gene profile of
ECs can change within very short period. HUVECs treated with
100 lM of homocysteine showed expression changes of NFkB
within 2 h [70], and with VEGF treatment, ECs showed complicated
gene profile changes as fast as after 30 min, with large amount of
genes’ expression level peaked at 30 min, 2 h, or 6 h, which
returned to the expression level of untreated ECs at 24 h [71].
The third possibility is that the factors originating from the iECs
that conferred gene expression stability to the CMs are controlled
post-transcriptionally or act at the protein level. In fact, one of
the most interesting genes we found to be downregulated was
HIF1A-AS1 which is a recently identified non-coding RNA that
downregulates hypoxia inducible factor 1-a (HIF1A) post-
transcriptionally. HIF1A-AS1 expression was downregulated more
than 4-fold in iECs that were co-cultured with CMs under oxidative
stress [33]. To fully understand effects of oxidative stress on iECs,
analysis of iEC-only cultures as well as time-lapse measurements
would be required.
5. Conclusions

In conclusion, 3D biomimetic engineered tissues studied here
allowed us to distinguish between the gene expression profile
changes of CMs versus iECs, while being able to focus on
paracrine-only effects in these two cell types’ crosstalk. CM-iEC
co-cultures showed different gene expression profiles compared
to CM single cultures, and these expression profiles in CM-iEC
co-cultures were preserved under oxidative stress. We observed
that the iECs had a stabilizing effect over the global gene expres-
sion profile of CMs under oxidative stress. Moreover, our results
show that the protecting effect was mediated by stabilizing CM
ribosomal and mitochondria complexes, altering gene expressions
in CMs related to apoptosis, proliferation, and by suppressing
oxidative phosphorylation pathway while activating pathways
such as drug metabolism-cytochrome P450 pathway, Rap1 signal-
ing pathway, and adrenergic signaling in cardiomyocytes pathway.
Finally, our results prove the in vivo as well as clinical relevance of
3D biomimetic synthetic tissues as disease models, as shown by
the correlating gene expression patterns we observed when we
compared our data with available in vivo and clinical data sets.
Data presented in this study could lead to identification of target
pathways or molecules in CM-iEC communication in the aftermath
of MI, and could help to reveal the mechanisms of iECs’ protective
effects on CMs under stress conditions.
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