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Introduction

Foundations of Cardioprotective Engineering

Protective engineering is an emerging bioengineering discipline
aiming to understand the innate mechanisms of protection against
injuries and disorders and develop engineering strategies to
optimize protective processes. Nature has developed various protective mechanisms in response to genetic and environmental
insults during evolution at all levels of structure—molecules,
cells, organs, and systems [1]. Examples of protective mechanisms include nonhomologous deoxyribonucleic acid (DNA) end
joining and homologous recombination for repairing doublestranded DNA breaks induced by irradiation and chemicals [2,3];
cell and organ regeneration in response to the loss of cell and
extracellular matrix structures [1,4–6]; and systems inflammatory
responses to micro-organism infections and severe organ damages
[7,8]. However, not all naturally occurring protective mechanisms
are optimized in promptness and effectiveness—lethal gene mutations occur in spite of the presence of gene repair mechanisms;
the expression of protective genes often lags behind injuries, missing the early period for optimal protection [1]; vital cells such as
the neurons and cardiomyocytes possess a limited capacity of protection; and inflammatory responses are commonly over-activated
to cause excessive matrix production and fibrosis, imposing
adverse impacts on cell function and regeneration [1,7,8]. Protective engineering is developed to correct natural deficiencies by
optimizing protective actions.
Protective engineering is related to another bioengineering
discipline—regenerative engineering, addressing the development
of engineering strategies to control cell regenerative processes for
restoring the structure and function of disordered organs [5,9,10].
Protective engineering aims to support cell survival prior to cell
death, whereas regenerative engineering addresses cell proliferation and differentiation after cell death in injuries and disorders
[1,5]. In nature, cell survival, proliferation, and differentiation
involve similar regulatory processes [11,12], all supporting the
continuation of the life of organisms. In a broader sense, regenerative engineering is protective—protecting an organ or the entire
organism from death by regenerating functional cell and matrix
structures. Here, ischemic myocardial injury is used to demonstrate the concept of cardioprotective engineering. In particular,
two fundamental topics are to be covered: Naturally occurring
cardioprotective mechanisms and potential engineering strategies
for optimizing cardioprotective actions in ischemic myocardial
injury. Understanding the cardioprotective mechanisms is the
foundation for developing cardioprotective engineering strategies.

The Concept of Systems Cardioprotective Mechanisms.
Myocardial ischemia, although causing myocardial infarction, can
activate two types of innate mechanisms that protect the cardiomyocytes from injury and death—regional and distant cardioprotective mechanisms [1]. Both mechanisms are collectively defined
as systems cardioprotective mechanisms (Fig. 1). The regional
mechanisms include upregulation and release of paracrine protective factors, leukocyte activation and infiltration, resident stem
cell activation, and fibroblast proliferation and extracellular
matrix production [1]. The distant mechanisms include upregulation and release of endocrine protective factors and mobilization
of protective cells from the bone marrow, spleen, liver, and potentially other organs [1]. Both regional and distant cardioprotective
mechanisms act in coordination and synergy to protect cardiomyocytes from injury and facilitate the restoration of myocardial
structure and function. Systems protective mechanisms are the
foundation of cardioprotective engineering.
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Regional Cardioprotective Mechanisms
Paracrine Cardioprotective Actions. Within the ischemic myocardium, various cardioprotective mechanisms can be activated to
protect the cardiomyocytes from injury and death. These mechanisms have been recognized from experimental models of ischemic preconditioning, a procedure inducing nonlethal ischemic
episodes in the heart or a remote organ, resulting in alleviation of
subsequent lethal myocardial infarction [13–15]. Ischemic preconditioning is the most effective and reproducible approach to date
for myocardial protection in experimental and clinical investigations [16–20], providing convincing evidence for the presence of
innate cardioprotective mechanisms. It has now been understood
that the cardioprotective effect of ischemic preconditioning is
mediated by paracrine protective factors released from injured
cardiac cells. A number of such factors have been identified,
including adenosine, opioids, bradykinin, vascular endothelial
growth factor (VEGF), insulin-like growth factor (ILGF), hepatocyte growth factor (HGF), interleukin 6 (IL6), and stromal cellderived factor 1 (SDF-1) [21–31]. Based on the time of action following ischemic myocardial injury, these factors are classified
into two categories: early- and late-phase cardioprotective factors.
Adenosine, opioids, and bradykinin are defined as early phase factors, and the others as late-phase factors [24–31]. The early phase
factors are released from injured cardiac cells during the first several hours after ischemic myocardial injury without the involvement of de novo gene expression, whereas the late-phase factors
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Cardioprotective engineering is an emerging bioengineering discipline aiming to develop
engineering strategies to optimize cardioprotective actions against cardiac injuries
and disorders. Although there exist innate cardioprotective mechanisms capable of supporting cardiomyocyte survival in response to an insult, not all these mechanisms are
optimized in promptness and effectiveness, suggesting the necessity of cardioprotective
engineering. Various cardioprotective strategies have been developed and used in
experimental and clinical investigations; however, few of these strategies have exerted a
significant clinical impact. There are two major challenges in cardioprotective
engineering—understanding the innate cardioprotective mechanisms and developing
engineering strategies for precise control of the types, levels, timing, and coordination of
cardioprotective actions to facilitate recovery from injuries and disorders. Understanding the innate mechanisms is the foundation for developing cardioprotective engineering
strategies. Here, ischemic myocardial injury is used as an example to demonstrate the
concept of cardioprotective engineering. [DOI: 10.1115/1.4043434]

are produced and released from 12 h to several days, requiring de
novo gene expression [1,21]. The time-dependent activation and
release of multiple factors provide a wide time window of protection. However, there are two potential problems: the ischemic
myocardium may not be well protected during the early period
prior to the release of the protective factors, when cardiomyocyte
injury and death occur, and not all protective factors can reach
optimal levels for effective protection, as suggested by the observations that administration of exogenous protective factors alleviate ischemic myocardial injury [1,20,32]. Correction of these
deficiencies is the goal of cardioprotective engineering.
Signaling Mechanisms of Paracrine Cardioprotective Actions.
A fundamental question is how the paracrine cardioprotective
factors act. The early phase factors (adenosine, opioids, and
bradykinin) exert a cardioprotective effect by activating the G
protein-coupled receptor signaling networks, whereas the latephase growth factors (VEGF, ILGF, and HGF) and cytokines
(IL6 and SDF-1) act through the protein tyrosine kinase receptor
and cytokine receptor signaling networks, respectively [1,33].
Among the early phase cardioprotective factors, adenosine is a
purine nucleoside, can bind to the adenosine A1 receptor [29],
causing recruitment of guanosine diphosphate (GDP)-bound trimeric G protein to the intracellular domain of the receptor. The G
protein is modified to substitute guanosine triphosphate (GTP) for
GDP and separate into a monomeric a unit and a dimeric bc unit.
The bc unit can activate the phospholipid kinase phosphoinositide
3-kinase (PI3K), an enzyme capable of phosphorylating phosphoinositides
(PIs),
generating
phosphatidylinositol
(3,4)090801-2 / Vol. 141, SEPTEMBER 2019

Inflammation. Another regional cardioprotective mechanism is
inflammation in the ischemic myocardium. Inflammation involves
several processes activated in response to ischemic injury—
elevation of endothelial permeability, edema in the interstitial
space, upregulation and release of cytokines and growth factors
from injured cells, extravasation of leukocytes, endothelial cell
proliferation and angiogenesis, fibroblast proliferation, and overproduction of extracellular matrix, ultimately leading to fibrosis
[7,8]. These are protective mechanisms to deploy cardioprotective
and angiogenic factors to the injury sites, clean dead cell debris,
prevent microorganism infections, provide mechanical supports to
the injury-weakened myocardium, enhance angiogenesis, and promote recovery from injury. Elevation of endothelial permeability
is induced in response to histamine released from injured endothelial cells, mast cells, and basophils. Histamine can cause opening
of the endothelial cell tight junctions, thereby increasing endothelial cell permeability, causing fluid leakage, and facilitating leukocyte extravasation. Injured cardiac cells and leukocytes can
express and release cytokines, which can attract leukocytes to the
injury sites to clean dead cell debris, release additional cytokines
to boost inflammation, and prevent microorganism infection.
Upregulated growth factors, especially VEGF, can cause endothelial cell proliferation, inducing angiogenesis. Growth factors can
also stimulate fibroblast proliferation and over-production of collagen matrix, resulting in fibrosis, a critical process preventing
myocardial rupture in ischemic injury. Thus, inflammation is a
class of protective mechanisms in injury. However, inflammation
is overactivated in most injury cases, exerting adverse impacts on
myocardial function—edema retards myocardial contractile
Transactions of the ASME
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Fig. 1 Naturally occurring systems protective mechanisms
activated in response to ischemic myocardial injury. The largest
oval indicates the coverage of cytokines and other endocrine
factors released from ischemic cardiac cells; the second largest
oval indicates the coverage of distant cardioprotective mechanisms involving endocrine protective factors and cells mobilized from distant organs; and the smallest oval indicates the
coverage of regional cardioprotective mechanisms. The thick
arrows represent distant cardioprotective mechanisms from
organs experimentally confirmed, and the thin arrows indicate
potential distant cardioprotective mechanisms from organs
that have not been confirmed.

bisphosphate (PIP2) and phosphatidylinositol (3,4,5)-trisphosphate (PIP3) [34]. PIP2 and PIP3 mediate the interaction of
phosphoinositide-dependent protein kinase-1 with Akt, resulting
in Akt phosphorylation and activation [35]. Activated Akt in turn
phosphorylates the cell death-inducing protein Bcl-XL/Bcl-2associated death promoter (BAD), suppressing the activity of
BAD and thereby reducing cardiomyocyte death [1,33]. The other
early cardioprotective factors opioids and bradykinin are short
peptides capable of binding to their cognate G protein-coupled
receptors, exerting cardioprotective actions following similar signaling mechanisms [33].
The late-phase cardioprotective growth factors (VEGF, ILGF,
and HGF) act by interacting with protein tyrosine kinase receptors
[1,36]. Each growth factor can bind to specific receptor(s), causing receptor dimerization and tyrosine autophosphorylation on the
receptor kinase domains. Phosphotyrosine residues serve as docking sites for the recruitment of the SH2 domain-containing protein
complex growth factor receptor bound protein 2 (Grb2)/son of
sevenless (SOS, a guanine nucleotide exchange factor). Grb2/SOS
can activate Ras small GTPases, which in turn activate a cascade
of kinases, resulting in the phosphorylation of extracellular signalregulated kinases 1/2 (ERK1/2) and c-Jun N-terminal kinases
(JNK). These kinases can phosphorylate c-Fos and c-Jun, respectively, transcription factors capable of activating cell mitogenic
and survival genes and protecting cardiomyocytes from injury and
death [5].
The cytokines IL6 and SDF-1 act through different signaling
networks. IL6 is able to bind to IL6 receptor a (IL6Ra), a step
causing receptor conformational changes and recruitment of two
gp130 coreceptors. The IL6 receptor/coreceptor complex can
recruit a Janus kinase (JAK) to each gp130 coreceptor, causing
gp130 phosphorylation on tyrosine residues that recruit the transcription factors signal transducer and activator of transcriptions
(STATs). JAKs can phosphorylate STATs, resulting in STAT
dimerization. STAT complexes serve as transcription factors,
inducing the expression of genes encoding cell mitogenic and survival genes and protecting cardiomyocytes from injury and death
[1,5]. SDF-1 is a chemokine (C-X-C motif chemokine 12) capable
of activating cardioprotective mechanisms via the G proteincoupled receptor signaling networks described above [1].

activities and fibrotic tissue hinders resident stem cell migration
and cardiomyocyte regeneration.
Distant Cardioprotective Mechanisms

Journal of Biomechanical Engineering

Strategies of Cardioprotective Engineering
Cardioprotective engineering strategies can be designed and
implemented to boost cardioprotective actions at three levels with
currently available technologies—molecular, cellular, and tissue
levels. Molecular cardioprotective engineering is to initiate and
promote cardioprotective gene expression, suppress adverse gene
expression, and control signaling processes to facilitate recovery
from ischemic myocardial injury. Cell-based cardioprotective
engineering is to provide needed cell types for delivery of cardioprotective factors and regeneration of functional cardiomyocytes
and other cardiac cell types. Tissue-level cardioprotective engineering is to provide functional supports to the myocardium to
boost contractile activities and prevent myocardial rupture in
ischemic injury.
Molecular Cardioprotective Engineering
Promoting Cardioprotective Gene Expression by Gene Transfer. Gene transfer is an approach for boosting the expression of
genes encoding cardioprotective and regenerative proteins,
thereby reducing cardiomyocyte death, enhancing cardiomyocyte
regeneration, and facilitating recovery from ischemic myocardial
SEPTEMBER 2019, Vol. 141 / 090801-3
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Endocrine Cardioprotective Actions. In addition to the regional
cardioprotective mechanisms described above, ischemic myocardial
injury can induce expression and release of endocrine proteins from
the liver, including a1-acid glycoprotein type 2 (AGP2), bone morphogenetic protein-binding endothelial regulator (BMPER), fibroblast growth factor 21 (FGF21), neuregulin 4 (NRG4), and trefoil
factor 3 (TFF3) [32,37]. These proteins have been identified by systematic differential gene expression profiling and protein analyses in
experimental ischemic myocardial injury. These proteins are concurrently elevated in the circulatory system and are able to enter the
ischemic myocardium in the presence of increased endothelial permeability, supporting cardiomyocyte survival [1,32]. Administration
of the recombinant form of each liver-derived protein alleviates significantly myocardial infarction, confirming the cardioprotective role
of these proteins. A combination of all five liver-derived proteins
exerts a higher level of cardioprotective action [32].
The five liver-derived endocrine proteins have been identified
previously for regulating various functions. AGP2 is a glycosylated acute-phase serum protein that is upregulated in response to
inflammatory cytokines such as IL6 and tumor necrosis factors
[38,39]. The primary function of AGP2 is to regulate inflammatory responses by suppressing T cell and neutrophil activities and
promote fibroblast proliferation for wound healing [38,40].
BMPER has been known as a secreted protein that interacts with
bone morphogenetic protein (BMP) 4, a transforming growth factor (TGF)b family member responsible for controlling embryonic
morphogenesis of the skeletal and cardiovascular systems [41,42].
BMPER binding to BMP4 enhances the activity of BMP4 at a relatively low level by promoting BMP4 interactions with its receptors, but may inhibit BMP4 at a high level by masking the binding
sites of BMP4 [43]. FGF21, one of the 22 FGF family proteins
[44,45], is expressed primarily in the liver and, to a lesser extent,
the adipose tissue and pancreas [46,47]. Whereas the majority of
the FGF family proteins regulate cell proliferation and differentiation in embryogenic and pathogenic processes, FGF21 has been
reported to stimulate glucose intake in a variety of cell types
[48,49], induce insulin expression in pancreatic b cells [50], and
regulate lipid metabolism [51–53]. NRG4, a member of the neuregulin family, has been found in the skeletal muscle and pancreas
[54,55] and causes cell proliferation, neuronal morphogenesis,
and pancreatic islet cell formation [55,56]. TFF3 is a protein characterized by the presence of a trefoil motif and was originally discovered in the intestinal epithelial cells [57,58]. This protein has
been known to protect intestinal cells from injury and promote
wound healing [58,59].
The expression and release of AGP2, BMPER, FGF21, NRG4,
and TFF3 are possibly regulated by cytokines upregulated in
ischemic myocardial injury. Cytokines can activate a number of
transcription factors, including activator protein 1 (AP-1) and the
STAT family of proteins through cognate signaling pathways [1].
The genes encoding three of the five liver-derived cardioprotective proteins, AGP2, FGF21, and TFF3, contain consensus binding site(s) in the enhancer regions for cytokine-activated
transcription factors [1]. The AGP2 gene contains binding sites
for the transcription factors STAT1, STAT2, STAT3, STAT4,
STAT5, and STAT6 [1]; the FGF21 gene contains binding sites
for AP-1, STAT3, and STAT5 [1]; and the TFF3 gene contains
binding sites for AP-1, STAT1, and STAT3 [1]. These analyses
suggest that cytokines activating the transcription factors listed
above may cause upregulation of these liver-derived proteins in
ischemic myocardial injury. For the other two liver-derived cardioprotective proteins, BMPER and NRG4, few binding sites for
transcription factors activated by common cytokines have been
found in their genes. It remains unclear how the expression of
these two proteins is regulated.

Mobilization of Cardioprotective Cells. Ischemic myocardial
injury can cause cell mobilization from various organs, including
the bone marrow [60–62], spleen [63], and liver [1,64]. The
mobilized cells can enter the ischemic myocardium, exerting cardioprotective actions. The bone marrow has been found to discharge hematopoietic stem cells and endothelial progenitors into
the circulatory system in response to ischemic myocardial injury
[60–62]. These cells, once entering the ischemic myocardium, can
release cytokines and growth factors, supporting cardiomyocyte
survival. Endothelial progenitor cells can transform into endothelial cells in the ischemic myocardium, initiating and promoting
angiogenesis [65]. Bone marrow cell mobilization is regulated by
secreted proteins, including granulocyte colony stimulating factor
[66,67], stromal cell-derived factor 1 [68,69], and vascular endothelial growth factor [70]. These factors are possibly upregulated
in response to ischemic myocardial injury and act on cognate signaling pathways in bone marrow cells, causing cell mobilization.
Ischemic myocardial injury can also cause mobilization of splenic
monocytes to the circulatory system and ischemic myocardium to
regulate inflammatory responses and wound healing [63]. Cytokines are potential factors mediating monocyte mobilization from
the spleen.
The liver is another organ that can mobilize cells to the circulatory system in response to ischemic myocardial injury [1,64].
Major cell types mobilized include hepatocytes and biliary epithelial cells [1,64]. Hepatic cell mobilization is primarily found from
3 to 10 days after ischemic myocardial injury with a peak population of circulatory hepatic cells about 2% of leukocytes at 5 days
[64]. Circulatory hepatic cells can be identified by using a genetic
marker such as the yellow fluorescent protein gene driven by the
albumin gene promoter, which induces gene expression primarily
in hepatocytes and biliary epithelial cells [64]. The mobilized
hepatic cells may enter the ischemic myocardium, potentially contributing to myocardial protection and repair by expressing and
releasing cardioprotective proteins as discussed above. Hepatic
cell mobilization is regulated by a series of cytokine-related activities [64]. Ischemic myocardial injury causes upregulation and
release of IL6, a cytokine that activates circulatory leukocytes,
inducing leukocyte retention in the liver parenchyma. The liverretained leukocytes can upregulate and release matrix metalloproteinase 2 (MMP2), an enzyme that degrades collagen matrix,
resulting in liberation and mobilization of hepatocytes and biliary
epithelial cells in the vicinity of leukocytes. Other cell types,
including Kupffer cells and Ito cells may also be mobilized. However, the cardioprotective role of these cell types has not been
investigated largely because of the lack of identification markers.
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comparison analyses between different genes. For in vivo assays,
ischemic myocardial injury can be induced in an animal model,
and a similar protocol can be used to identify the most effective
genes based on various measures such as the fraction of myocardial infarcts, the rate of cardiac cell death, and the relative activities of caspases 3, 8, and 9. Proteins encoded by the selected
genes can also be used for these tests with or without concurrent
gene transfer.
Suppressing Adverse Gene Expression by siRNAs. Ischemic
myocardial injury is associated with expression of genes imposing
adverse impacts on cardioprotection, such as the tumor necrosis
factor superfamily genes encoding cell death-inducing proteins
and the transforming growth factor b family genes responsible for
extracellular matrix over-production. An important task of cardioprotective engineering is to control the expression of these genes
to desired levels. The RNA interference method by using small
interfering RNAs (siRNAs) can be used to suppress or silence
adverse genes [80,81]. A siRNA is a double-stranded RNA
sequence about 21–22 base pairs in length, originally discovered
in the plant petunias [82,83] and the nematode worm C. elegans
[84]. It is capable of recognizing and interacting with a specific
target mRNA, cleaving the target mRNA, and thereby knocking
down the synthesis of the corresponding protein [85]. A siRNA
can also physically block mRNA transcription [85]. These features have made RNA interference a useful approach for posttranscriptional silencing of selected target genes. A siRNA can be
constructed based on the sequence of a selected gene and delivered to target cells to knockdown gene expression. Once inside
the cell, double-stranded siRNAs can form complexes with a protein structure known as RNA-induced silencing complex. This
complex can separate the two siRNA strands, reject the sense
strand, and keep the antisense strand. The antisense strand can
bind to a target mRNA based on a complementary match, and the
RNA-induced silencing complex can cleave the target mRNA into
smaller fragments, thereby preventing protein translation.
Gene Editing-Mediated Control of Gene Expression. Gene editing is another potential approach that can be used to enhance or
suppress the expression of selected genes. A representative gene
editing method is clustered regularly interspaced short palindromic repeat (CRISPR)/cas-based gene editing. CRISPRs are
DNA sequences originally found in bacteria and archaea for
acquired defensive immunity against viral and plasmid invasion
[86]. These DNA sequences are about 23–47 base pairs each and
are alternated with DNA sequences about 21–72 base pairs in
length known as spacers [86]. The spacers are derived from the
genome of viruses and plasmids that invade the host microorganisms and integrated into the host CRISPR repeats. The function of
the spacers, together with CRISPR repeats, is to retain memory of
the viruses or plasmids from previous infections and guide host
nucleases to the genome of the same types of virus or plasmid for
genomic destruction in new invasions [86,87]. CRISPR repeats
are associated with cas genes that encode various types of
enzyme, including nucleases, polymerases, and helicases [86]. A
nuclease is an enzyme that cleaves nucleic acids at phosphodiester
bonds, a polymerase catalyzes synthesis of nucleic acids, whereas
a helicase is capable of modifying and unpackaging nucleic acids.
CRISPRs and Cas enzymes together form CRISPR/Cas systems.
The action of the CRISPR/Cas system involves several steps
[86]. An established CRISPR/spacer gene is first transcribed to a
linear RNA, known as pre-CRISPR RNA (pre-crRNA). The precrRNA sequence is cleaved by Cas enzymes into short fragments
known as CRISPR RNAs (crRNAs), each containing a spacer at
the center and two short partial CRISPR fragments on the sides
[86]. Cas9 is a representative enzyme capable of processing a precrRNA to crRNAs ([88,89]). A crRNA, working together with a
Cas enzyme, can recognize a target viral or plasmid genome,
which is subsequently cleaved by the associated Cas enzyme, a
Transactions of the ASME
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injury [5,71]. Candidate cardioprotective genes include the growth
factor genes, such as the VEGF, HGF, epidermal growth factor
(EGF), and FGF genes [72–75], and selected cytokine genes, such
as the SDF-1 and cardiotrophin 1 (a member of the IL6 cytokine
family) genes [76–78]. The biological foundation of gene transfer
is that mammalian cells are capable of endocytosing genes and
the endocytosed genes can be expressed once reaching the nucleus
[5,71]. However, the rate of naturally occurring gene endocytosis
is low. Thus, plain gene transfer is not effective to produce sufficient proteins for cardioprotection.
Several methods have been developed and used to facilitate
gene transfer into cardiac cells, including virus-, liposome-, and
receptor-mediated gene transfers [5,71]. Viruses are the most
effective mediators for gene transfer. Protective genes can be integrated into the viral genome by recombinant biotechnology and
introduced to target cells via virus infection. Liposomes are phospholipid vesicles that can bind DNA fragments and fuse into target cells to facilitate gene transfer. Selected protein ligands, such
as transferrins, can form complexes with DNA fragments and
bind to cognate receptors to cause internalization of the genetransferrin-receptor complexes, thereby facilitating gene transfer.
All these methods are applicable to cardiac gene delivery. The
cardioprotective gene-containing carriers can be delivered into the
ischemic and intact myocardium by direct injection during heart
surgery, such as coronary artery reconstruction. Alternatively,
gene carriers can be delivered into the myocardium by direct myocardial or intrapericardial injection during percutaneous coronary
interventions such as angioplasty and stent placement [79]. The
delivered genes, once reaching the nucleus, can be expressed from
1 day to several weeks following gene transfer.
It is important to note that a time window of 12 h to 1 day is
required for gene expression following gene transfer. The ischemic myocardium is not sufficiently covered with cardioprotective
proteins from the transferred gene(s) during this window. A supplementary strategy is to deliver concurrently cardioprotective
proteins encoded by the genes transferred. The proteins can start
cardioprotective actions immediately following delivery and
remain effective for about 12–24 h from a single dose. With protein and gene delivery together, the ischemic myocardium can be
covered immediately following the ischemic insult up to several
weeks. This is the most critical period for myocardial protection
and regeneration because cell death, inflammatory responses,
stem cell activation, fibroblast proliferation, and fibrosis all occur
during this period. After this period, the ischemic myocardium
becomes stabilized, the penumbrous cardiomyocytes are recovered from injury, and the infarcted areas, if any, are replaced by
fibrotic tissue.
The effectiveness of the molecular protective strategies depends
on the types of gene selected for transfer and the timing, levels,
and coordination of gene expression. In principle, genes that are
activated in response to ischemic myocardial injury and directly
involved in innate cardioprotective processes are the candidates of
choice. These genes can be identified by a systematic differential
gene expression profiling approach such as RNA sequencing
(RNA-seq). A challenge for this approach, however, is the analysis of a large amount of information with a large number of
ischemia-altered genes from the profiling tests. It is often difficult
to identify the most effective genes that can be used for cardioprotective therapies. One practical approach is to classify the upregulated or downregulated genes into categories such as secreted
protein genes (for instance, growth factor and cytokine genes),
receptor genes, protein kinase genes, transcription factor genes,
and others. The next step is to screen the genes of a selected category by using functional assays in vitro or in vivo. For in vitro
assays, each selected gene can be introduced to cultured animal
neonatal cardiomyocytes subjected to a hypoxic insult, the level
of the encoded protein can be measured at selected time points,
and the cardioprotective impact can be evaluated based on the rate
of cardiomyocyte survival or death under a given hypoxic condition. The most effective cardioprotective genes can be selected by

Cell-Based Cardioprotective Engineering. Cell-based cardioprotective engineering strategies can be designed and used to
induce and promote regeneration of cardiomyocytes and other
needed cell types such as endothelial and smooth muscle cells,
and can also be used to deliver cardioprotective factors to the
ischemic myocardium. A fundamental method of cell-based cardioprotective engineering is cell transplantation into the ischemic
myocardium. Several cell types can be used for cardiac cell
protection and regeneration—embryonic stem cells, induced pluripotent stem cells, cardiac resident stem cells, and somatic cells.
For myocardial regeneration, embryonic, induced pluripotent, and
resident stem cells are the candidates of choice. Somatic cardiomyocytes are not usually used because these cells are not able to
survive the transplantation procedures and host environment. For
myocardial protection, stem and somatic cells, such as bone marrow progenitor cells, skeletal muscle progenitor cells, and hepatic
cells, can be engineered to overexpress selected cardioprotective
gene(s) and used for cell transplantation. A fundamental method
of cell transplantation is direct cell injection into the ischemic
myocardium or the circulatory system, from which the injected
cells can home to the ischemic myocardium. The effectiveness of
cell-based engineering therapies has been demonstrated in previous investigations [92–94]. However, there are problems for cellbased protective and regenerative engineering. The transplanted
stem and somatic cells often die at a considerably high rate in the
heart within several days. A small fraction of the transplanted
stem cells may differentiate into cardiomyocytes; however, the
newly generated cardiomyocytes may not able to integrate into
the native myocardium to exert synchronized contractile actions.
These problems may be resolved when the mechanisms of stem
and somatic cell survival and communication are fully
understood.
Tissue-Level Cardioprotective Engineering. Tissue-level cardioprotective engineering strategies can be designed and used to
assist in myocardial performance, protect the weakened ischemic
myocardial wall from rupture, and deliver cardioprotective factors
to the ischemic myocardium. To assist in myocardial
Journal of Biomechanical Engineering

performance, it is necessary to establish a myocardiummimicking construct integrated with functional cardiomyocytes
possessing synchronized contractile activities. The construct can
be implanted onto the exterior surface of the ischemic myocardium to enhance the pumping function of the ischemic ventricle
[95–98]. To protect the weakened ischemic myocardium from
rupture, an extracellular matrix or synthetic polymer construct can
be established and implanted onto the exterior surface of the
ischemic myocardium to provide a mechanical support [95–98].
To deliver cardioprotective factors, an extracellular matrix or synthetic polymer construct can be integrated with cells engineered to
express selected cardioprotective genes and implanted onto the
exterior surface of the ischemic myocardium. This approach provides controlled and sustained release of cardioprotective proteins
from the cells of the implant. However, problems discussed
for cell-based protective engineering also exist for tissue-level
protective engineering.

Concluding Remarks
Nature has developed various mechanisms for myocardial protection and regeneration in ischemic myocardial injury; however,
not all mechanisms are optimized in promptness and effectiveness. Cardioprotective engineering is developed to correct
natural deficiencies and optimize cardioprotective effectiveness
by controlling cardioprotective actions. Various cardioprotective
engineering strategies have been established at the molecular, cellular, and tissue levels and used in experimental and clinical
investigations for protection against ischemic myocardial injury,
but few of these strategies have exerted a significant clinical
impact. There are two major challenges in cardioprotective
engineering—understanding the innate cardioprotective mechanisms and developing protective engineering strategies for precise
control of the types, levels, timing, and coordination of cardioprotective actions in ischemic myocardial injury. Understanding the
innate cardioprotective mechanisms is the foundation for developing such strategies.
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