
Minireview

Copper promotion of myocardial regeneration

Ying Xiao1,*, Tao Wang1,*, Xin Song1, Dan Yang1 , Qing Chu1 and Y James Kang1,2

1Regenerative Medicine Research Center, Sichuan University West China Hospital, Chengdu, Sichuan 610041, China; 2Memphis Institute

of Regenerative Medicine, University of Tennessee Health Science Center, Memphis, TN 38163, USA

Corresponding author: Y James Kang. Email: ykang7@uthsc.edu

*These authors contributed equally to this work.

Abstract
Myocardial regeneration is the key to the functional recovery of ischemic heart.

Angiogenesis plays a pivotal role in myocardial regeneration by resetting a rejuvenation

microenvironment under ischemic conditions. Hypoxia-inducible factor 1 (HIF-1) is the pre-

dominant transcription factor in the regulation of angiogenesis. In prolonged myocardial

infarction, HIF-1a, the critical subunit of HIF-1, is accumulated in the infarcted myocardium,

but fails to activate angiogenesis, suggesting a missing of a critical factor in the HIF-1

regulation of angiogenesis. Copper is involved in multiple steps of HIF-1 regulation of

target gene expression. However, copper is deprived during myocardial ischemic injury,

leading to deactivation of HIF-1-regulated angiogenesis. Multiple approaches are applied to

increasing copper availability in the ischemic heart, effectively reactivating transcription of

HIF-1 target angiogenic genes. Copper-induced angiogenesis thus reconstructs the con-

duit for the transduction of tissue injury signaling, recruitment of tissue repair materials

such as stem cells, and the homing of stem cells, leading to the promotion of myocardial

regeneration. Thus, copper promotes myocardial regeneration through reactivation of

HIF-1-regulated angiogenesis. This would constitute an alternative therapeutic approach

to ischemic heart disease.
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Introduction

Loss of cardiomyocytes in the ischemic heart impairs

the contractile function of the heart.1 Myocardial regen-

eration is the key to functional recovery of the ischemic

heart.2 This process needs sufficient support from

microenvironment, including oxygen and nutrition,

growth factors and cytokines, suitable extracellular

matrix, and supply of repair materials.3 Blood provides

an appropriate microenvironment that guarantees the sur-
vival and normal function of cardiac cells.4 However,
blood flow is dramatically blocked in the heart subjected
to ischemic insult.5,6 As a consequence of the deteriorate
hypoxic condition, myocardial regeneration is suppressed
due to the disturbance of the regeneration-favorable
microenvironment. In contrast, collagen deposition takes
place to maintain the structural integrity, further deterio-
rating myocardial contractile function.6,7

Impact statement
Copper promotes angiogenesis, but the

mechanistic insights have not been fully

elucidated until recently. In addition, the

significance of copper promotion of angio-

genesis in myocardial regeneration was

increasingly revealed. Copper critically

participates in the regulation of hypoxia-

inducible factor 1 (HIF-1) of angiogenic gene

expression. Interestingly, myocardial ische-

mia causes copper efflux from the heart,

leading to suppression of angiogenesis,

although HIF-1a, the critical subunit of

HIF-1, remains accumulated in the ischemic

myocardium. Strategies targeting copper

specific delivery to the ischemic myocardi-

um lead to selective activation of

HIF-1-regulated angiogenic gene expres-

sion. Vascularization of the ischemic myo-

cardium re-establishes the tissue injury

microenvironment, and rebuilds the conduit

for communication between the tissue injury

signals and the remote regenerative

responses including stem cells. This pro-

cess promotes myocardial regeneration.

Thus, a simple and effective copper sup-

plementation to the ischemic myocardium

would become a novel therapeutic

approach to the treatment of patients with

ischemic heart diseases.
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Angiogenesis is the most promising approach to myo-
cardial regeneration. The increase in blood supply to the
injured tissue leads to the improvement of local supply of
oxygen, nutrition, growth factors, and cytokines; reestab-
lishment of the communication between the tissue injury
signal and the remote repair system, such as mobilization
of bone marrow stem cells8,9; and enhancement of stem cell
homing to ensure the process of myocardial regeneration.

After ischemic injury takes place, a self-repair mecha-
nism is immediately initiated, including angiogenesis in
the acute phase of myocardial ischemia.10 However, this
self-repair mechanism is depressed in the chronic phase
of myocardial injury.11 Angiogenesis is regulated predom-
inately by the expression of hypoxia-inducible factor-1
(HIF-1) target angiogenic genes.12 HIF-1a, the critical sub-
unit of HIF-1, is accumulated in the hypoxic tissue as the
result of myocardial ischemia, and remained at a high level
as the progression of the hypoxic condition.13,14 The expres-
sion of angiogenic genes is up-regulated within several
days, but depressed in the chronic phase, after the
injury.10,14,15 The consistent accumulation of HIF-1a pro-
teins but depressed angiogenesis indicates the missing
link between tissue injury signal and the response of the
repair mechanism.

Copper is an essential trace element for humans, and is
required for the activation of HIF-1-regulated expression of
angiogenic genes.16 However, copper is deprived in the
ischemic myocardium.14,17,18 Multiple approaches to
increasing the availability of copper to the ischemic myo-
cardium indeed reactivate the transactivation of HIF-1-
regulated angiogenic genes,19–21 leading to improved
angiogenesis and promotion of myocardial regeneration.

In the present review, we summarized the current
understanding of HIF-1 regulation of angiogenesis and
the critical role of copper in this process, providing a
novel insight into the concept of establishing tissue injury
signaling for reactivation of self-repair mechanism for myo-
cardial regeneration in ischemic heart disease.9

HIF-1 regulation of angiogenesis in
ischemic myocardium

Angiogenesis mainly relies on the sprouting of endothelial
cells from the existing blood vessels, including the follow-
ing steps: extracellular matrix modulation, endothelial cells
migration, lumen formation, and endothelial cells prolifer-
ation and elongation.22,23 These four steps are regulated
precisely bymultiple angiogenic factors, including vascular
endothelial growth factors (VEGF) and its receptors
(VEGFRs),24 angiopoietin-2 (ANGPT-2),25,26 placental
growth factor (PGF),27 platelet-derived growth factor B
(PDGFB),28 and stem cell factor (SCF).12,29 The expression
of most angiogenic factors is regulated by a common tran-
scription factor, HIF-1. It was demonstrated that targeting
HIF-1 transcription activity to induce angiogenic gene
expression was a comprehensive strategy to promote
angiogenesis and myocardial regeneration.30,31

HIF-1 is a major transcription factor that is activated in
response to ischemic injury.31 HIF-1 is composed of HIF-1a
and HIF-1b,32 in which accumulation of HIF-1a is a key step

for the activation of HIF-1 regulation of gene expres-
sion.33,34 HIF-1a contains two different domains in the
carboxyl-terminal: the transaction domain35 and the two
oxygen-dependent degradation domains.36 Under nor-
moxic condition, one or two of the two oxygen-
dependent degradation domains (Pro402 and Pro564) on
HIF-1a protein are recognized by the prolyl hydroxylase
domain-containing proteins (PHDs), catalyzing the
hydroxylation reaction.33,37,38 The hydroxylated HIF-1a is
recognized by the von Hippel–Lindau protein (pVHL) of
the ubiquitin ligase complex, leading to degradation of the
HIF-1a subunit by proteasome.39,40 Under hypoxic condi-
tions, in contrast, HIF-1a proteins escape from the ubiquiti-
nation degradation pathway to accumulate and translocate
into the nucleus to form heterodimer with HIF-1b.
Interaction with co-factors including CREB binding protein
(CBP) and P300 in transaction area is necessary for the for-
mation of HIF-1 transcriptional complex. Then the HIF-1
transcriptional complex binds to hypoxic response ele-
ments (HREs), containing the core of HIF-1 binding site
sequence 5’-RCGTG-3’ (where R stands for G or A), to ini-
tiate expression of target genes. Stabilization of HIF-1a pro-
teins by some transition metals, such as cobalt and nickel,
could enhance the transcriptional activity of HIF-1. Factor
inhibiting HIF-1 (FIH) is an asparaginyl hydroxylase in
the nucleus, catalyzing hydroxylation of asparagine
in the C-terminal of HIF-1a, to inhibit the formation of
HIF-1 transcriptional complex, leading to suppression
of genes expression.

Activation of HIF-1 target gene expression of angiogenic
factors is essential for angiogenesis and myocardial regen-
eration. After ischemic injury, HIF-1a was accumulated
immediately in the ischemic myocardium to initiate down-
stream gene expression, including multiple genes partici-
pating in angiogenesis. For instance, the mRNA levels of
VEGF, VEGFR1, and ANGPT2 were elevated within a week
(the acute or early phase) along with the accumulation of
HIF-1a in the ischemic heart.10 However, after four weeks
of ischemic injury (the chronic or prolonged phase),
although the accumulation of HIF-1a remained increased,
the expression of the angiogenic factors was significantly
suppressed, leading to depressed angiogenesis.14,20 Several
studies have focused on enhancing HIF-1 transcriptional
activities by using cardiac-specific HIF-1a-overexpressing
transgenic mice to restore the expression of downstream
genes. The results showed that the elevation of HIF-1a pro-
vided a protection for myocardium via preservation of
angiogenesis from diabetes-induced impairment of glucose
metabolism.41 It should be noted that this overall increase
of HIF-1a proteins would result in a non-specific activation
of all HIF-1 target genes, including genes controlling apo-
ptosis and metabolism.42 It would produce a potential
threatening to the ischemic heart.

In the prolonged myocardial ischemic infarction, HIF-1a
protein remained accumulated in the infarct area but the
expression of HIF-1 target genes was suppressed in human
studies43 and animal models.13,14 This contradictory phe-
nomenon suggests a missing link between the accumulated
HIF-1a proteins and the expression of angiogenic genes
(Figure 1). Finding this missing link would provide an
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alternative therapeutic target to reactivate angiogenesis and
promote myocardial regeneration in ischemic heart disease.

Copper regulation of HIF-1 transcriptional
activity

The essential role of copper in angiogenesis has been known
for several decades since McAuslan and Gole44 first discov-
ered that copper induced intraocular vascularization in ante-
rior chamber implants in rats in 1980. Later in 1982, in vivo
studies conducted in other species by Ziche et al.45 and Raju
et al.46 showed that copper stimulatedmicrovessel formation
in avascular corneas of rabbits. Further studies continued
and supported that copper is an angiogenesis stimulator
affecting numerous processes of angiogenesis, including
endothelial cell proliferation,47–49 migration,49–51 tube forma-
tion,49,52 and vessel maturation.53 This pro-angiogenic effect
of copper was primarily through the regulation of a series of
adhesive and growth-promoting factors involved in angio-
genesis, such as VEGF.54 Therefore, it was reasonable to
suggest that copper is involved in the regulation of transcrip-
tion factors for these pro-angiogenic genes.

HIF-1, the key transcription factor in regulation of angio-
genesis, was later proved to be a major mediator of copper-
induced angiogenesis. In 2007, Jiang et al.20 showed that dietary
supplementation of physiologically relevant levels of copper
restored VEGF levels and promoted angiogenesis in hypertro-
phic hearts in mice. Further studies demonstrated that copper-
induced angiogenesis was HIF-1 dependent as indicated by
the fact that small interfering RNA targeting HIF-1a abolished
copper-induced VEGF expression in cultured human cardio-
myocytes.16 Therefore, the effect of copper on angiogenesis is
dependent on the regulation of HIF-1 activity. How does
copper regulate HIF-1 transcriptional activity?

Mechanisms by which copper regulates
HIF-1 angiogenic activity

Multifunctional regulation of HIF-1 by copper

Copper regulates HIF-1 activity at multiple sites, including
HIF-1a protein stabilization, transcriptional complex

formation, and binding to the HRE sequence of target
genes. As previously noted, the stability of HIF-1a protein
is censored by two systems, PHDs in the cytosol and FIH-1
in the nucleus. Some transition metals such as cobalt and
nickel enhance HIF-1 activity by inhibiting these two sys-
tems leading to stabilization of the HIF-1a protein.55–57

It has been shown that the treatment with high levels
(100 mM) of copper in different cell lines was also capable
of inhibiting the activity of PHDs, promoting the accumu-
lation of HIF-1a protein and its target genes expression,
such as VEGF, ceruloplasmin, and GLUT1, even under nor-
moxic conditions.58,59 However, copper at physiologically
relevant levels do not influence either the production or the
stability of HIF-1a protein, but instead, it is required for
HIF-1 transcriptional complex formation and binding to
the HRE sequence of target genes.16,60–62 Copper depriva-
tion by tetraethylenepentamine (TEPA), a copper chelator,
suppressed HIF-1 activation induced by either IGF-1 treat-
ment in cultured human cardiomyocytes20 or hypoxia in
HepG2 cells.16 Further analysis using an enzyme-linked
immunosorbent assay or an electrophoretic mobility shift
assay (EMSA) found that copper deprivation significantly
reduced the binding of HIF-1 to the HRE of the target
genes.16,20 Moreover, copper deprivation inhibited the
recruitment of cofactors, such as p300, to HIF-1 transcrip-
tional complex, which was likely via affecting FIH-1 activ-
ity.16 Thus, these observations demonstrated that copper is
required for HIF-1 activation through regulation of HIF-1
binding to the HRE and the formation of the HIF-1 tran-
scriptional complex.

Selective regulation by copper of HIF-1-controlled
angiogenesis

Copper is not required for the expression of all HIF-1-
regulated genes.61–63 This was initially demonstrated by
an in vitro study in which the treatment of HUVECs with
TEPA suppressed the expression of a group of HIF-1 target
genes such as BNIP3 and VEGF, but did not affect other
HIF-1 target genes such as IGF-2.63 This copper selective
regulation of the expression of HIF-1-controlled genes
was further defined in studies of monkey model of

Figure 1. HIF-1 regulation of angiogenesis in myocardial ischemia. HIF-1 is a major transcription factor that is activated in response to ischemic injury. Under normoxic

condition, HIF-1a is unstable and prone to degradation. Under hypoxic conditions, HIF-1a is accumulated in the cytosol and translocated to the nucleus, forming the

HIF-1 transcriptional complex, and then binding to the HRE sequence to initiate the expression of pro-angiogenic genes. During the acute phase of ischemic injury,

angiogenesis is activated in the injured heart under the control of the elevated angiogenic factors. However, in the chronic phase of myocardial ischemia, the sustained

accumulation of HIF-1a does not result in an elevation of HIF-1 transcriptional activity. Insufficient signals of angiogenesis thus suppress the process of vascularization,

ultimately leading to inadequate blood distribution to the injured myocardium resulting in ischemic infarction. (A color version of this figure is available in the

online journal.)
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myocardial ischemic infarction.14 It was observed that the
accumulation of HIF-1a was accompanied by suppressed
expression of HIF-1a-controlled angiogenic factors, includ-
ing VEGF, tyrosine-protein kinase receptor Tie-2, angio-
poietin-1 (Ang-1), and fibroblast growth factor-1 (FGF-1)
in the ischemic myocardium. This paradoxical phenome-
non, HIF-1a accumulation versus suppression of HIF-1
target angiogenic gene expression, was most likely
attributed by the reduced copper concentrations in the
ischemic heart, as the expression of other copper-
independent HIF-1 target genes such as IGF-2 was
activated in the ischemic myocardium.14 A recent study,
by coupling ChIP-sequencing and RNA-sequencing
method, comprehensively identified 281 copper-
dependent and 10 copper-independent HIF-1 target genes
across the genome under hypoxic conditions.62 Copper, as a
cellular modulator, selectively regulates HIF-1a binding
sites across the genome to cope with varying environmen-
tal conditions such as hypoxia.

The mechanism by which copper selectively regulates
the binding site of the HIF-1 target genes was recently
revealed by an in vitro study in HUVECs.61 In this study,
copper deprivation by TEPA completely suppressed the
binding of HIF-1a to HRE site (�412/�404) of BNIP3
along with a complete inhibition of BNIP3 mRNA expres-
sion, but the binding of HIF-1a to the HRE site (�354/�347)
of IGF-2 or the expression of IGF-2 mRNAwas not affected
under hypoxic condition. Furthermore, de novo motif anal-
ysis of all 218 copper-dependent and 10 copper-
independent HIF-1 target genes further revealed that the
core bases “GGAA” and “TTCC,” previously identified as
the core motifs for E26-transformation-specific (ETS)
family,64 constituted the critical motifs for the binding
sites of copper-dependent genes, while no specific motif
found in copper-independent genes except the motif for
HIF-1a.62 The differences in the binding loci and patterns
between all the copper-dependent and copper-independent
HIF-1 target genes indicated that copper, by affecting the
binding of HIF-1a to the critical motifs in the promoter and
putative enhancer regions of HIF-1-regulated genes,
selectively regulates the expression of HIF-1-controlled
angiogenic genes.

Copper-binding proteins involved in the regulation
of HIF-1

There is virtually no detectable free copper ion in cells,65

and copper regulation of HIF-1 transcriptional activity in
the nucleus upon hypoxia is most likely through
copper-binding proteins (CuBPs). Copper chaperone for
superoxide dismutase-1 (CCS) is the first CuBPs that has
been proposed to mediate the action of copper on HIF-1
activity. In a study of cultured human cardiomyocytes,
CCS gene silencing inhibited IGF-1-induced activation of
HIF-1 and VEGF expression, mimicking the effect of copper
chelation, but not been reversible upon addition of excess
copper.20 This effect of CCS on regulation of HIF-1 activity
was also confirmed by latter studies using different cell
models treated with hypoxia16 or hypoxia mimics, such

as cobalt,60 indicating that copper regulation of HIF-1 is
CCS dependent.

In addition to CCS, copper metabolism MURR1 domain
containing-1 protein (COMMD1), a critical CuBP involved
in intracellular copper transportation and located in both
cytosol and nucleus,66 has been reported to function as a
negative regulator of HIF-1 activity. Mouse embryos defi-
cient for COMMD1 showed an increased expression of
HIF-1-regulated genes (i.e. VEGF, PGK (Phosphoglycerate
kinase 1), and BNIP3), corresponding to increased HIF-1a
protein stability.67 Conversely, overexpression of COMMD1
in human cell lines clearly inhibited HIF-1 activity.67

Further studies revealed that COMMD1 directly binds to
the amino terminus of HIF-1a in the nucleus, preventing its
dimerization with HIF-1b and subsequent DNA binding
and transcriptional activation.68 However, COMMD1 is
actively exported from the nucleus in a CRM1-dependent
manner to cope with low oxygen concentrations.69

This hypoxia-driven nuclear export of COMMD1 thus
become a critical step to maintain the integrity of HIF-1
transcriptional complex in the nucleus and transactivation
of HIF-1 under hypoxic conditions.

A recent study using copper immobilized metal affinity
chromatography followed by proteomic analysis identified
17 differentially expressed nuclear CuBPs under DMOG-
induced hypoxic condition.70 Among these CuBPs, albu-
min (ALB), lamini A/C (LMNA), and heat shock protein
beta-1 (HSPB1) showed a significant increase in the nucleus
after DMOG treatment, which was also confirmed under
hypoxic condition. Considering the increased nuclear
copper concentrations upon hypoxia,30,61,62 these newly
identified CuBPs could be the targets for further study of
copper regulation of HIF-1 activity in the nucleus.

Because there are multiple sites of copper regulation of
HIF-1, there should be multiple proteins involved in the
regulation process. The characteristics of these proteins
are proposed as follows: a, interaction with copper chaper-
ones (e.g. CCS); b, affecting FIH-1 enzyme activity; c, inter-
action with HIF-1 subunits or cofactors; d, interaction with
ETS family (Figure 2). Most of these proteins have not
been identified and further work, especially identification
of possible CuBPs, is required to elucidate how copper
selectively regulates HIF-1 transactivation of target gene
expression.

Copper induced myocardial angiogenesis

The loss of copper content in the ischemic myocardium is
accompanied by the depression of angiogenesis in response
to ischemic insult.17,20 Given the essential role of copper in
regulating HIF-1 activity,16,20,60 retuning copper homeosta-
sis in ischemic myocardium would reactivate angiogenesis,
thereby promoting myocardial regeneration (in Figure 3).

Cardiac copper efflux after ischemic injury

Myocardial copper concentrations have been found to be
abnormally low in persons dying from myocardial infarc-
tion since the mid-20th century.71–73 Further examinations
revealed a significant elevation in serum copper concentra-
tions, especially in patients with acute myocardial
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Figure 3. Copper induced myocardial angiogenesis. Myocardial ischemia leads to copper excretion from heart to blood along with angiogenesis depression.

Increasing bioavailability of copper via multiple approaches including (1) dietary supplementation and (2) TETA administration, results in copper restoration in the heart.

The reutilization of copper improves the transactivation of HIF-1-regulated expression of angiogenic genes as described in Figure 2, leading to improved angiogenesis

and promotion of myocardial regeneration. (A color version of this figure is available in the online journal.)

Figure 2. Copper regulation of hypoxia-inducible factor (HIF)-1 activity. HIF-1 is composed of HIF-1a and HIF-1b. Under normoxia, HIF-1a is hydroxylated by PHDs in the

cytosol and FIH-1 in the nucleus, and then it undergoes proteasomal degradation. Under hypoxia, HIF-1a escapes from degradation as a result of inhibition of PHDs and

FIH-1 and dimerizes with HIF-1b in the nucleus. The heterodimer then recruits cofactors such as p300, CBP and steroid receptor co-activator 1 (SRC1) to form HIF-1

transcriptional complex. Hypoxia-driven nuclear export of COMMD-1 promotes the integrity of HIF-1 transcriptional complex in the nucleus and transactivation of HIF-1.

CCS brings copper into the nucleus. Copper is required for the interaction of HIF-1 with the HREs to initiate copper-dependent expression of genes such as VEGF and

BNIP3. The core bases “GGAA,” as the core motifs for ETS family, constitutes the critical motifs for the binding sites of copper-dependent genes. Copper also acts as an

inhibitor of FIH-1. These effects would be mediated by unidentified putative CuBPs. (A color version of this figure is available in the online journal.)
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infarction.74–76 The hypothesis that cardiac copper is mobi-
lized into the blood after ischemic insult was then proposed
by an in vitro study conducting Langendorff perfusion to
isolated rat hearts. This study showed an 8- to 9-fold incre-
ment of copper concentrations in the perfusate compared to
the pre-ischemic value.77 However, until recently, the
cause-effect relationship between copper loss from the
heart and copper elevation in the blood was addressed in
a mouse study. In this study, mice were subjected to left
anterior descending (LAD) artery ligation leading to myo-
cardial ischemia and copper levels in the ischemic heart
were significantly decreased as a function of elapsed
time, accompanied by a gradual increase in serum copper
concentrations.18

Furthermore, the time course of copper loss from the
ischemic myocardium was in parallel with the suppression
of angiogenesis during the process of myocardial ischemia.
A significant angiogenesis was observed prior to the exten-
sive loss of copper in ischemic myocardium in the acute
phase of myocardial ischemia (less than fourdays after
myocardial infarction).78 However, with the prolongation
of ischemia, copper content in the ischemic heart is progres-
sively reduced (five days after myocardial infarction),
accompanied by significant inhibition of angiogenesis.78

Therefore, considering the critical role of copper in promot-
ing angiogenesis, effectively increasing copper concentra-
tions in the heart would be conductive to reactivate
angiogenesis in the ischemic myocardium.

Myocardial copper restoration and angiogenesis
reactivation

Dietary copper supplementation has long been used as
the most direct and effective way to increase the copper
content of tissues, especially for copper-deficient myocar-
dium.20,79,80 It was reported that dietary supplementation
of physiologically relevant levels of copper restored myo-
cardial copper levels from its loss caused by prolonged
pressure overload, thus promoting angiogenesis in the
hypertrophic myocardium and eventually recovering myo-
cardial function.20 Moreover, many other studies using var-
ious types of copper formulations to treat cardiomyopathy
caused by different pathogeneses have also shown that
increasing the bioavailability of copper to the injured myo-
cardium is beneficial for the recovery of cardiac structure
and function.81,82

In addition to copper supplementation, a copper-
selective chelator, trientine (TETA), has also been shown
to effectively promote angiogenesis and reverse the hyper-
trophic cardiomyopathy in diabetic rats.83–85 The idea of
using TETA for the treatment of cardiomyopathy was ini-
tially proposed based on the observation of the elevated
serum copper levels in the diabetic rats and the fact that
oral TETA treatment removes copper from the body under
disease conditions such as Wilson’s disease.86 However, a
recent study showed that TETA at a lower dosage (21.9mg/
kg day) actually selectively delivered copper to the copper-
deficient hypertrophic hearts in rats.21 Further studies
revealed the possible mechanism by which TETA facilitates
copper accumulation selectively in cardiomyocytes through

the formation of Cu(II)-TETA complex that is transported
to cardiomyocytes via an energy-dependent, but CTR1-
independent, cross membrane transportation process in
cardiomyocytes.87

Furthermore, it was shown that diacetyl-bis(N-
methylthiosemicarbazone) (ATSM) and elesclomol (ES)
specifically delivered copper into hypoxic tissues such as
tumors and ischemic heart.88–90 These synthetic ionophores
have a high binding affinity for copper, forming lipophilic
copper complexes that enable copper across cell membrane
under hypoxic conditions.91 Thus, copper ionophores are
currently used for hypoxic imaging of ischemic diseases
and potent chemotherapeutic agents for cancer treatment.88

In addition, a recent study showed that ES treatment in
genetically copper-deficient cells restored intracellular
copper homeostasis and recovered mitochondrial function
of the cells.92 This provides a potential application of
copper ionophores to increase the bioavailability of copper
to the ischemic myocardium.

These findings thus indicate that multiple approaches
to increasing the availability of copper to the ischemic myo-
cardium indeed can be developed. In addition, in consid-
eration for the role of copper in reactivation of the
expression of HIF-1-regulated angiogenic genes, this
approach would be greatly beneficial to patients with ische-
mic damage to other organs than just the heart.93–95

Angiogenesis in myocardial regeneration

Angiogenesis is the critical step to initiate the process of
myocardial regeneration due to the fact that vascularization
creates a rejuvenation microenvironment and ensures
sufficient supply of regenerative materials to rescue the
failing heart.

Rejuvenation of myocardial regeneration
microenvironment

Angiogenesis ameliorates the hypoxic environment and
improves the vitality and function of cardiomyocytes in
the ischemic myocardium. The survival and contraction of
cardiomyocytes require abundant energy supply from
mitochondrial-based oxidative respiration. In the acute
phase of myocardial ischemia, the activation of angiogenesis
rescues some parts of the ischemia-injured myocardium.78

But in the chronic phase, the depressed angiogenesis produ-
ces a persistent hypoxic condition, thus damaging the vitality
and contractile function of cardiomyocytes.14 Reactivation of
angiogenesis improves the hypoxic condition, restoring the
function of mitochondria in the infarcted myocardium,20 res-
cuing the contractibility of the heart.

Angiogenesis is also involved in the modulation of extra-
cellular matrix for myocardial regeneration. Formation of
scar tissue is closely associatedwith depressed angiogenesis,
constituting a natural barrier for myocardial regeneration.6

Promotion of angiogenesis activates multiple cytokines
including matrix metalloproteinases (MMPs),96,97 which
are responsible for degradation of collagens. In the process
of copper-induced angiogenesis, the fibrotic scar is also ame-
liorated, due to an increase of MMP-2 protein level and
activity in the heart.21 The coordination between
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angiogenesis and destruction of fibrotic scar guarantees a
suitable microenvironment for myocardial regeneration.

Importantly, angiogenesis re-establishes the communi-
cation and transportation system between the injured site
and the remote reservoir of repair materials (Figure 4).
A burst of cytokines (such as IL-1b, IL-6, TNF-a)98 and che-
mokines (such as SDF-1)99 were accumulated in the injured
site, forming a new tissue injury microenvironment. These
molecules serving as tissue injury signals, are released to
blood activating self-repair mechanism including recruit-
ment of inflammatory cells to eliminate the debris of dead
cells, and mobilization of stem cells for myocardial regen-
eration.9 However, depressed angiogenesis in the chronic
phase of myocardial ischemia blocks the transduction of
tissue injury signaling, inhibiting the recruitment of effec-
tive self-repair mechanisms for the injured heart. Therefore,
the reconstituted conduit resulting from angiogenesis is
necessary to allow the tissue injury signal molecules
released and transported to remote areas, recruiting regen-
erative materials, such as bone marrow stem cells, to the
injured site for repairing.9 Moreover, angiogenesis makes a
critical contribution to the re-establishment of the commu-
nication between cardiomyocytes and surroundings.100

These enhanced crosstalk among cells and systems actively
participate in the process of myocardial regeneration.
Taking together, it is concluded that angiogenesis is the
key to myocardial regeneration.

Involvement of stem cells in myocardial regeneration

Renewal of injured or dead cardiomyocytes is the funda-
mental process for myocardial structural and functional
recovery from ischemic injury. However, due to the weak
proliferative capacity of adult cardiomyocytes, it has been a
difficult undertaking to promote myocardial regeneration

for a long time.101,102 Stem cell therapy for ischemic heart
disease has been a major focus for a better approach to pro-
mote myocardial regeneration. These approaches include
intravenous injection of multipotent stem cells103 and in
situ injection of induced pluripotent stem cells (iPSCs).104

However, these approaches have not achieved the expected
results and remain at the animal experimental stage.

Mesenchymal stem cells (MSCs) intrinsically possess
unique features that migrate towards the injured area and
differentiate into multiple cell types.105 The homing of these
cells to the injured site of the heart is limited by the depres-
sion of angiogenesis in the heart.6 In the process of angio-
genesis, recruitment of bonemarrow stem cells to the injured
site is well documented.106 Both CD34þ bone marrow stem
cells and CD34� mesenchymal stem cells have been
observed to be mobilized from peripheral blood and bone
marrow, respectively.106,107 Furthermore, pluripotent cells,
such as CD117þ cells and CXCR4þ cells in the peripheral
blood also show a migration potential after the formation
of blood vessels.106 The mobilization and homing of these
stem cells are all angiogenesis-dependent, relying on the
reconstitution of blood vessels for action.

It is prospected that copper-induced angiogenesis triggers
the natural regenerative capacity of the heart (Figure 4).
The improvement of myocardial microenvironment through
angiogenesis is greatly beneficial to stem cell homing. SDF-1/
CXCR4 axis is considered as an important pathway in stem
cell homing.99 SDF-1, a target gene of HIF-1, is markedly
upregulated in the myocardium under ischemia, which par-
tially contribute to CXCR4þ cells mobilization and their col-
onization in the infarcted area after angiogenesis.99,106

The mobilized stem cells are involved in myocardial
regeneration. Stem cells administered by intravenous injec-
tion were found to differentiate into vascular endothelial
cells and cardiomyocytes in the ischemic hearts.108,109

Figure 4. Angiogenesis in myocardial regeneration. The diagrammatic sketch summarizes the process of myocardial regeneration triggered by angiogenesis. As the

progress of angiogenesis reactivation, the microenvironment of the injured myocardium improves. Tissue injury signals are released and transported between the

injury site and the remote area. Stem cell mobilization takes place in response to the tissue injury signals and stem cell homing is guided by the signal molecules

concentration gradient. Situated in the rejuvenation microenvironment, stem cells homing to the injured myocardium differentiate as well as function as a paracrine

secretion to promote myocardial regeneration. (A color version of this figure is available in the online journal.)
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Another pro-regenerative effect of stem cells appears to be
derived from their paracrine activity. Many efforts focused
on exosomes, which act as paracrine mediators between
MSCs and target cells.110 Isolation and injection of exo-
somes extracted from MSCs to LAD artery ligated mice
have shown a therapeutic efficacy, improving cardiac func-
tion after myocardial infarction.111 A recent study demon-
strated another mechanism for stem cell-mediated
myocardial regeneration through acute immune response-
induced rejuvenation of the mechanical properties of the
infarcted heart, further revealing the beneficial effects of
stem cells in myocardial regeneration.112

Perspectives

Copper promotion of angiogenesis has been extensively
studied for almost 40 years since the first observation that
copper was involved in intraocular vascularization in ante-
rior chamber implants in rats in 1980.44 Copper selectively
regulates HIF-1 binding to its target angiogenic genes lead-
ing to the expression of copper-dependent angiogenic fac-
tors. This understanding highlights the importance of
CuBPs in the process of angiogenesis, which would be an
important undertaking in future studies. Angiogenesis is
the key to myocardial regeneration from ischemic injury
to the heart. Therefore, a simple approach to increase the
availability of copper to the ischemic myocardium would
become an attractive focus for clinical translation studies.
This simple and straightforward approach would be great-
ly beneficial to human patients with ischemic heart disease.

AUTHORS’ CONTRIBUTIONS

YX, TW, XS, DY and QC drafted the manuscript and figures.
YJK edited, revised and approved the final version of this
manuscript.

ACKNOWLEDGEMENT

The authors thank Dr. Peter J. Stambrook for help in
proofreading.

DECLARATION OF CONFLICTING INTERESTS

The author(s) declared no potential conflicts of interest with
respect to the research, authorship, and/or publication of
this article.

FUNDING

The research work cited in this article was supported by NIH
grant HL63760 and NSFC grant 81230004 to YJK

ORCID IDS

Dan Yang https://orcid.org/0000-0001-5150-5111
Y James Kang https://orcid.org/0000-0001-8449-7904

REFERENCES

1. Frangogiannis NG. Pathophysiology of myocardial infarction. Compr

Physiol 2015;5:1841–75

2. Leach JP, Heallen T, Zhang M, Rahmani M, Morikawa Y, Hill MC,

Segura A, Willerson JT, Martin JF. Hippo pathway deficiency reverses

systolic heart failure after infarction. Nature 2017;550:260–4
3. Varga I, Kyselovic J, Galfiova P, Danisovic L. The non-cardiomyocyte

cells of the heart. Their possible roles in exercise-induced cardiac

regeneration and remodeling. Adv Exp Med Biol 2017;999:117–36
4. Salybekov AA, Kawaguchi AT, Masuda H, Vorateera K, Okada C,

Asahara T. Regeneration-associated cells improve recovery from myo-

cardial infarction through enhanced vasculogenesis, anti-inflammation,

and cardiomyogenesis. PLoS One 2018;13:e0203244
5. Campbell DJ, Somaratne JB, Jenkins AJ, Prior DL, Yii M, Kenny JF,

Newcomb AE, Kelly DJ, Black MJ. Reduced microvascular density in

non-ischemic myocardium of patients with recent non-ST-segment-

elevation myocardial infarction. Int J Cardiol 2013;167:1027–37
6. Xiao Y, Liu Y, Liu J, Kang YJ. The association between myocardial

fibrosis and depressed capillary density in rat model of left ventricular

hypertrophy. Cardiovasc Toxicol 2018;18:304–11
7. Talman V, Ruskoaho H. Cardiac fibrosis in myocardial infarction-from

repair and remodeling to regeneration. Cell Tissue Res 2016;365:563–81
8. Cochain C, Channon KM, Silvestre JS. Angiogenesis in the infarcted

myocardium. Antioxid Redox Signal 2013;18:1100–13
9. Kang YJ, Zheng L. Rejuvenation: an integrated approach to regener-

ative medicine. Regen Med Res 2013;1:7
10. Lee SH, Wolf PL, Escudero R, Deutsch R, Jamieson SW, Thistlethwaite

PA. Early expression of angiogenesis factors in acute myocardial

ischemia and infarction. N Engl J Med 2000;342:626–33

11. Kloner RA, Dai W, Hale SL, Shi J. Approaches to improving

cardiac structure and function during and after an acute myocardial

infarction: acute and chronic phases. J Cardiovasc Pharmacol Ther
2016;21:363–7

12. Semenza GL. Hypoxia-inducible factor 1 and cardiovascular disease.

Annu Rev Physiol 2014;76:39–56
13. Jurgensen JS, Rosenberger C, Wiesener MS, Warnecke C, Horstrup JH,

Grafe M, Philipp S, Griethe W, Maxwell PH, Frei U, Bachmann S,

Willenbrock R, Eckardt KU. Persistent induction of HIF-1alpha and

-2alpha in cardiomyocytes and stromal cells of ischemic myocardium.

FASEB J 2004;18:1415–7
14. Zhang W, Zhao X, Xiao Y, Chen J, Han P, Zhang J, Fu H, Kang YJ. The

association of depressed angiogenic factors with reduced capillary

density in the rhesus monkey model of myocardial ischemia.

Metallomics 2016;8:654–62
15. Cheng C, Li P, Wang YG, Bi MH, Wu PS. Study on the expression of

VEGF and HIF-1alpha in infarct area of rats with AMI. Eur Rev Med
Pharmacol Sci 2016;20:115–9

16. Feng W, Ye F, Xue W, Zhou Z, Kang YJ. Copper regulation of hypoxia-

inducible factor-1 activity. Mol Pharmacol 2009;75:174–82
17. He W, Kang YJ. Ischemia-induced copper loss and suppression of

angiogenesis in the pathogenesis of myocardial infarction.

Cardiovasc Toxicol 2013;13:1–8
18. Li K, Li C, Xiao Y, Wang T, Kang YJ. The loss of copper is associated

with the increase in copper metabolism MURR domain 1 in ischemic

hearts of mice. Exp Biol Med 2018;243:780–5

19. Zheng L, Han P, Liu J, Li R, Yin W, Wang T, ZhangW, Kang YJ. Role of

copper in regression of cardiac hypertrophy. Pharmacol Ther
2015;148:66–84

20. Jiang Y, Reynolds C, Xiao C, Feng W, Zhou Z, Rodriguez W, Tyagi SC,

Eaton JW, Saari JT, Kang YJ. Dietary copper supplementation reverses

hypertrophic cardiomyopathy induced by chronic pressure overload

in mice. J Exp Med 2007;204:657–66

21. Liu J, Chen C, Liu Y, Sun X, Ding X, Qiu L, Han P, Kang YJ. Trientine

selectively delivers copper to the heart and suppresses pressure

overload-induced cardiac hypertrophy in rats. Exp Biol Med
2018;243:1141–52

22. Eble JA, Niland S. The extracellular matrix of blood vessels. Curr
Pharm Des 2009;15:1385–400

23. Adams RH, Alitalo K. Molecular regulation of angiogenesis and lym-

phangiogenesis. Nat Rev Mol Cell Biol 2007;8:464–78
24. Potente M, Gerhardt H, Carmeliet P. Basic and therapeutic aspects of

angiogenesis. Cell 2011;146:873–87

918 Experimental Biology and Medicine Volume 245 May 2020
...............................................................................................................................................................

https://orcid.org/0000-0001-5150-5111
https://orcid.org/0000-0001-5150-5111
https://orcid.org/0000-0001-8449-7904
https://orcid.org/0000-0001-8449-7904


25. Nasarre P, Thomas M, Kruse K, Helfrich I, Wolter V, Deppermann C,

Schadendorf D, Thurston G, Fiedler U, Augustin HG. Host-derived

angiopoietin-2 affects early stages of tumor development and vessel

maturation but is dispensable for later stages of tumor growth. Cancer

Res 2009;69:1324–33
26. Hashizume H, Falcon BL, Kuroda T, Baluk P, Coxon A, Yu D, Bready

JV, Oliner JD, McDonald DM. Complementary actions of inhibitors of

angiopoietin-2 and VEGF on tumor angiogenesis and growth. Cancer

Res 2010;70:2213–23
27. Bender HR, Trau HA, Duffy DM. Placental growth factor is required

for ovulation, luteinization, and angiogenesis in primate ovulatory

follicles. Endocrinology 2018;159:710–22

28. Gao SY, Zheng GS, Wang L, Liang YJ, Zhang SE, Lao XM, Li K, Liao

GQ. Zoledronate suppressed angiogenesis and osteogenesis by inhib-

iting osteoclasts formation and secretion of PDGF-BB. PLoS One

2017;12:e0179248

29. Yan R, He L, Li Z, Han X, Liang J, Si W, Chen Z, Li L, Xie G, Li W,

Wang P, Lei L, Zhang H, Pei F, Cao D, Sun L, Shang Y. SCF(JFK) is a

bona fide E3 ligase for ING4 and a potent promoter of the angiogen-

esis and metastasis of breast cancer. Genes Dev 2015;29:672–85

30. Yang L, Xie P, Wu J, Yu J, Yu T, Wang H, Wang J, Xia Z, Zheng H.

Sevoflurane postconditioning improves myocardial mitochondrial

respiratory function and reduces myocardial ischemia-reperfusion

injury by up-regulating HIF-1. Am J Transl Res 2016;8:4415–24
31. Tekin D, Dursun AD, Xi L. Hypoxia inducible factor 1 (HIF-1) and

cardioprotection. Acta Pharmacol Sin 2010;31:1085–94

32. Wang GL, Jiang BH, Rue EA, Semenza GL. Hypoxia-inducible factor 1

is a basic-helix-loop-helix-PAS heterodimer regulated by cellular O2

tension. Proc Natl Acad Sci U S A 1995;92:5510–4

33. Huang LE, Gu J, Schau M, Bunn HF. Regulation of hypoxia-inducible

factor 1alpha is mediated by an O2-dependent degradation domain

via the ubiquitin-proteasome pathway. Proc Natl Acad Sci U S A

1998;95:7987–92

34. Wang GL, Semenza GL. General involvement of hypoxia-inducible

factor 1 in transcriptional response to hypoxia. Proc Natl Acad Sci

U S A 1993;90:4304–8

35. Jiang BH, Zheng JZ, Leung SW, Roe R, Semenza GL. Transactivation

and inhibitory domains of hypoxia-inducible factor 1alpha.

Modulation of transcriptional activity by oxygen tension. J Biol Chem

1997;272:19253–60

36. O’Rourke JF, Tian YM, Ratcliffe PJ, Pugh CW. Oxygen-regulated and

transactivating domains in endothelial PAS protein 1: comparison

with hypoxia-inducible factor-1alpha. J Biol Chem 1999;274:2060–71

37. Jaakkola P, Mole DR, Tian YM, Wilson MI, Gielbert J, Gaskell SJ, von

Kriegsheim A, Hebestreit HF, Mukherji M, Schofield CJ, Maxwell PH,

Pugh CW, Ratcliffe PJ. Targeting of HIF-alpha to the von Hippel-

Lindau ubiquitylation complex by O2-regulated prolyl hydroxylation.

Science 2001;292:468–72
38. Ivan M, Kondo K, Yang H, Kim W, Valiando J, Ohh M, Salic A, Asara

JM, Lane WS, Kaelin WG, Jr. HIFalpha targeted for VHL-mediated

destruction by proline hydroxylation: implications for O2 sensing.

Science 2001;292:464–8
39. Maxwell PH, Wiesener MS, Chang GW, Clifford SC, Vaux EC,

Cockman ME, Wykoff CC, Pugh CW, Maher ER, Ratcliffe PJ. The

tumour suppressor protein VHL targets hypoxia-inducible factors

for oxygen-dependent proteolysis. Nature 1999;399:271–5
40. Masson N, Willam C, Maxwell PH, Pugh CW, Ratcliffe PJ.

Independent function of two destruction domains in hypoxia-

inducible factor-alpha chains activated by prolyl hydroxylation.

EMBO J 2001;20:5197–206
41. Xue W, Cai L, Tan Y, Thistlethwaite P, Kang YJ, Li X, Feng W. Cardiac-

specific overexpression of HIF-1falphag prevents deterioration of gly-

colytic pathway and cardiac remodeling in streptozotocin-induced

diabetic mice. Am J Pathol 2010;177:97–105
42. Warfel NA, El-Deiry WS. HIF-1 signaling in drug resistance to che-

motherapy. Curr Med Chem 2014;21:3021–8

43. Moslehi J, Minamishima YA, Shi J, Neuberg D, Charytan DM, Padera

RF, Signoretti S, Liao R, Kaelin WG. Jr., Loss of hypoxia-inducible

factor prolyl hydroxylase activity in cardiomyocytes phenocopies

ischemic cardiomyopathy. Circulation 2010;122:1004–16

44. McAuslan BR, Gole GA. Cellular andmolecular mechanisms in angio-

genesis. Trans Ophthalmol Soc 1980;100:354–8
45. Ziche M, Jones J, Gullino PM. Role of prostaglandin E1 and copper in

angiogenesis. J Natl Cancer Inst 1982;69:475–82
46. Raju KS, Alessandri G, Ziche M, Gullino PM. Ceruloplasmin, copper

ions, and angiogenesis. J Natl Cancer Inst 1982;69:1183–8
47. Hu GF. Copper stimulates proliferation of human endothelial cells

under culture. J Cell Biochem 1998;69:326–35

48. Li S, Xie H, Li S, Kang YJ. Copper stimulates growth of human umbil-

ical vein endothelial cells in a vascular endothelial growth factor-

independent pathway. Exp Biol Med 2012;237:77–82

49. Narayanan G, Bs R, Vuyyuru H, Muthuvel B, Konerirajapuram

Natrajan S. CTR1 silencing inhibits angiogenesis by limiting copper

entry into endothelial cells. PLoS One 2013;8:e71982
50. Alessandri G, Raju K, Gullino PM. Angiogenesis in vivo and selective

mobilization of capillary endothelium in vitro by heparin-copper

complex. Microcirc Endothel Lymphat 1984;1:329–46
51. McAuslan B, Reilly W, Hannan G, Gole G. Angiogenic factors and

their assay: activity of formyl methionyl leucyl phenylalanine, aden-

osine diphosphate, heparin, copper, and bovine endothelium stimu-

lating factor. Microvasc Res 1983;26:323–38
52. Li QF, Ding XQ, Kang YJ. Copper promotion of angiogenesis in iso-

lated rat aortic ring: role of vascular endothelial growth factor. J Nutr
Biochem 2014;25:44–9

53. Soncin F, Guitton JD, Cartwright T, Badet J. Interaction of human

angiogenin with copper modulates angiogenin binding to endothelial

cells. Biochem Biophys Res Commun 1997;236:604–10

54. Harris ED. A requirement for copper in angiogenesis. Nutr Rev
2004;62:60–4

55. Hirsila M, Koivunen P, Xu L, Seeley T, Kivirikko KI, Myllyharju J.

Effect of desferrioxamine and metals on the hydroxylases in the

oxygen sensing pathway. FASEB J 2005;19:1308–10
56. Ke Q, Kluz T, CostaM. Down-regulation of the expression of the FIH-1

and ARD-1 genes at the transcriptional level by nickel and cobalt in

the human lung adenocarcinoma A549 cell line. Int J Environ Res Public
Health 2005;2:10–3

57. Maxwell P, Salnikow K. HIF-1: an oxygen and metal responsive tran-

scription factor. Cancer Biol Ther 2004;3:29–35
58. van Heerden D, Vosloo A, Nikinmaa M. Effects of short-term copper

exposure on gill structure, metallothionein and hypoxia-inducible

factor-1alpha (HIF-1alpha) levels in rainbow trout (Oncorhynchus

mykiss). Aquat Toxicol 2004;69:271–80
59. Martin F, Linden T, Katschinski DM, Oehme F, Flamme I,

Mukhopadhyay CK, Eckhardt K, Troger J, Barth S, Camenisch G,

Wenger RH. Copper-dependent activation of hypoxia-inducible

factor (HIF)-1: implications for ceruloplasmin regulation. Blood
2005;105:4613–9

60. Qiu L, Ding X, Zhang Z, Kang YJ. Copper is required for cobalt-

induced transcriptional activity of hypoxia-inducible factor-1.

J Pharmacol Exp Ther 2012;342:561–7
61. Liu X, ZhangW,Wu Z, Yang Y, Kang YJ. Copper levels affect targeting

of hypoxia-inducible factor 1alpha to the promoters of hypoxia-

regulated genes. J Biol Chem 2018;293:14669–77

62. Wu Z, Zhang W, Kang YJ. Copper affects the binding of HIF-1alpha to

the critical motifs of its target genes. Metallomics 2019;11:429–38
63. Zhang Z, Qiu L, Lin C, Yang H, Fu H, Li R, Kang YJ. Copper-depen-

dent and -independent hypoxia-inducible factor-1 regulation of gene

expression. Metallomics 2014;6:1889–93
64. Nunn MF, Seeburg PH, Moscovici C, Duesberg PH. Tripartite struc-

ture of the avian erythroblastosis virus E26 transforming gene. Nature
1983;306:391–5

65. Rae TD, Schmidt PJ, Pufahl RA, Culotta VC, O’Halloran TV.

Undetectable intracellular free copper: the requirement of a copper

chaperone for superoxide dismutase. Science 1999;284:805–8
66. de Bie P, van de Sluis B, Klomp L, Wijmenga C. The many faces of the

copper metabolism protein MURR1/COMMD1. J Hered 2005;97:

803–11

Xiao et al. Copper and myocardial regeneration 919
...............................................................................................................................................................



67. van de Sluis B, Muller P, Duran K, Chen A, Groot AJ, Klomp LW, Liu

PP, Wijmenga C. Increased activity of hypoxia-inducible factor 1 is

associated with early embryonic lethality in Commd1 null mice. Mol
Cell Biol 2007;27:4142–56

68. van de Sluis B, Mao X, Zhai Y, Groot AJ, Vermeulen JF, van der Wall E,

van Diest PJ, Hofker MH, Wijmenga C, Klomp LW, Cho KR, Fearon

ER, Vooijs M, Burstein E. COMMD1 disrupts HIF-1alpha/beta dimer-

ization and inhibits human tumor cell invasion. J Clin Invest
2010;120:2119–30

69. Muller PA, van de Sluis B, Groot AJ, Verbeek D, Vonk WI, Maine GN,

Burstein E, Wijmenga C, Vooijs M, Reits E, Klomp LW. Nuclear-cyto-

solic transport of COMMD1 regulates NF-kappaB and HIF-1 activity.

Traffic 2009;10:514–27
70. Fu H, Ding X, Zhang W, Kang YJ. Profiling of nuclear copper-binding

proteins under hypoxic condition. Biometals 2019;32:329–41
71. Chipperfield B, Chipperfield JR. Differences in metal content of the

heart muscle in death from ischemic heart disease. Am Heart J
1978;95:732–7

72. Wester PO. Trace elements in human myocardial infarction deter-

mined by neutron activation analysis. Acta Med Scand 1965;178:765–88
73. Zama N, Towns RL. Cardiac copper, magnesium, and zinc in recent

and old myocardial infarction. Biol Trace Elem Res 1986;10:201–8
74. Altekin E, Coker C, Sisman AR, Onvural B, Kuralay F, Kirimli O. The

relationship between trace elements and cardiac markers in acute cor-

onary syndromes. J Trace Elem Med Biol 2005;18:235–42
75. Malek F, Dvorak J, Jiresova E, Spacek R. Difference of baseline serum

copper levels between groups of patients with different one year mor-

tality and morbidity and chronic heart failure. Cent Eur J Public Health
2003;11:198–201

76. Shokrzadeh M, Ghaemian A, Salehifar E, Aliakbari S, Saravi SS,

Ebrahimi P. Serum zinc and copper levels in ischemic cardiomyopa-

thy. Biol Trace Elem Res 2009;127:116–23
77. Chevion M, Jiang Y, Har-El R, Berenshtein E, Uretzky G, Kitrossky N.

Copper and iron are mobilized following myocardial ischemia: pos-

sible predictive criteria for tissue injury. Natl Acad Sci U S A
1993;90:1102–6

78. Kobayashi K, Maeda K, Takefuji M, Kikuchi R, Morishita Y, Hirashima

M, Murohara T. Dynamics of angiogenesis in ischemic areas of the

infarcted heart. Sci Rep 2017;7:7156

79. Elsherif L, Jiang Y, Saari JT, Kang YJ. Dietary copper restriction-

induced changes in myocardial gene expression and the effect of

copper repletion. Exp Biol Med 2004;229:616–22

80. Fukai T, Ushio-Fukai M, Kaplan JH. Copper transporters and copper

chaperones: roles in cardiovascular physiology and disease. Am J
Physiol Cell Physiol 2018;315:C186–201

81. Freisinger P, Horvath R, Macmillan C, Peters J, Jaksch M. Reversion of

hypertrophic cardiomyopathy in a patient with deficiency of the mito-

chondrial copper binding protein Sco2: is there a potential effect of

copper? J Inherit Metab Dis 2004;27:67–79
82. Sharma AK, Kumar A, Sahu M, Sharma G, Datusalia AK, Rajput SK.

Exercise preconditioning and low dose copper nanoparticles exhibits

cardioprotection through targeting GSK-3beta phosphorylation in

ischemia/reperfusion induced myocardial infarction. Microvasc Res
2018;120:59–66

83. Cooper GJ, Phillips AR, Choong SY, Leonard BL, Crossman DJ,

Brunton DH, Saafi L, Dissanayake AM, Cowan BR, Young AA,

Occleshaw CJ, Chan YK, Leahy FE, Keogh GF, Gamble GD, Allen

GR, Pope AJ, Boyd PD, Poppitt SD, Borg TK, Doughty RN, Baker

JR. Regeneration of the heart in diabetes by selective copper chelation.

Diabetes 2004;53:2501–8
84. Lu J, Pontre B, Pickup S, Choong SY, Li M, Xu H, Gamble GD, Phillips

AR, Cowan BR, Young AA, Cooper GJ. Treatment with a copper-

selective chelator causes substantive improvement in cardiac function

of diabetic rats with left-ventricular impairment. Cardiovasc Diabetol
2013;12:28

85. Zhang L, WardML, Phillips AR, Zhang S, Kennedy J, Barry B, Cannell

MB, Cooper GJ. Protection of the heart by treatment with a divalent-

copper-selective chelator reveals a novel mechanism underlying car-

diomyopathy in diabetic rats. Cardiovasc Diabetol 2013;12:123

86. Cooper GJ, Phillips AR, Choong SY, Leonard BL, Crossman DJ,

Brunton DH, Saafi L, Dissanayake AM, Cowan BR, Young AA,

Occleshaw CJ, Chan YK, Leahy FE, Keogh GF, Gamble GD, Allen

GR, Pope AJ, Boyd PD, Poppitt SD, Borg TK, Doughty RN, Baker

JR. Regeneration of the heart in diabetes by selective copper chelation.

Diabetes 2004;53:2501–8
87. Fu C, Lizhao J, Luo Z, Wang T, Grapperhaus CA, Ding X, Kang YJ.

Active uptake of hydrophilic copper complex Cu(ii)-TETA in primary

cultures of neonatal rat cardiomyocytes. Metallomics 2019;11:565–75
88. Helsel ME, Franz KJ. Pharmacological activity of metal binding agents

that alter copper bioavailability. Dalton Trans 2015;44:8760–70
89. Cater MA, Pearson HB, Wolyniec K, Klaver P, Bilandzic M, Paterson

BM, Bush AI, Humbert PO, La Fontaine S, Donnelly PS, Haupt Y.

Increasing intracellular bioavailable copper selectively targets pros-

tate cancer cells. ACS Chem Biol 2013;8:1621–31
90. Takahashi N, Fujibayashi Y, Yonekura Y, Welch MJ, Waki A, Tsuchida

T, Sadato N, Sugimoto K, Nakano A, Lee JD, Itoh H. Copper-62 ATSM

as a hypoxic tissue tracer in myocardial ischemia. Ann Nucl Med
2001;15:293–6

91. Lapi SE, Lewis JS, Dehdashti F. Evaluation of hypoxia with copper-

labeled diacetyl-bis(N-methylthiosemicarbazone). Semin Nucl Med
2015;45:177–85

92. Soma S, Latimer AJ, Chun H, Vicary AC, Timbalia SA, Boulet A, Rahn

JJ, Chan SSL, Leary SC, Kim BE, Gitlin JD, Gohil VM. Elesclomol

restores mitochondrial function in genetic models of copper deficien-

cy. Proc Natl Acad Sci U S A 2018;115:8161–6

93. Xiao J, Zhu Y, Huddleston S, Li P, Xiao B, Farha OK, Ameer GA.

Copper Metal-Organic framework nanoparticles stabilized with folic

acid improve wound healing in diabetes. ACS Nano 2018;12:1023–32

94. Chen GF, Sudhahar V, Youn SW, Das A, Cho J, Kamiya T, Urao N,

McKinney RD, Surenkhuu B, Hamakubo T, Iwanari H, Li S,

Christman JW, Shantikumar S, Angelini GD, Emanueli C, Ushio-

Fukai M, Fukai T. Copper transport protein antioxidant-1 promotes

inflammatory neovascularization via chaperone and transcription

factor function. Sci Rep 2015;5:14780

95. Sakata H, Niizuma K, Wakai T, Narasimhan P, Maier CM, Chan PH.

Neural stem cells genetically modified to overexpress cu/zn-

superoxide dismutase enhance amelioration of ischemic stroke in

mice. Stroke 2012;43:2423–9
96. Suhr F, Brixius K, Bloch W. Angiogenic and vascular modulation by

extracellular matrix cleavage products. Curr Pharm Des
2009;15:389–410

97. Liu Y, Xiao Y, Liu J, Feng L, Kang YJ. Copper-induced reduction in

myocardial fibrosis is associated with increased matrix metallopro-

teins in a rat model of cardiac hypertrophy. Metallomics 2018;10:201–8
98. Wang B, Zhou Q, Bi Y, Zhou W, Zeng Q, Liu Z, Liu X, Zhan Z.

Phosphatase PPM1L prevents excessive inflammatory responses

and cardiac dysfunction after myocardial infarction by inhibiting

IKKbeta activation. J Immunol 2019;203:1338–47
99. Ghadge SK, Muhlstedt S, Ozcelik C, Bader M. SDF-1alpha as a ther-

apeutic stem cell homing factor in myocardial infarction. Pharmacol
Ther 2011;129:97–108

100. Xu M, Wani M, Dai YS, Wang J, Yan M, Ayub A, Ashraf M.

Differentiation of bone marrow stromal cells into the cardiac pheno-

type requires intercellular communication with myocytes. Circulation
2004;110:2658–65

101. Lazar E, Sadek HA, Bergmann O. Cardiomyocyte renewal in the

human heart: insights from the fall-out. Eur Heart J 2017;38:2333–42
102. Cahill TJ, Choudhury RP, Riley PR. Heart regeneration and repair

after myocardial infarction: translational opportunities for novel ther-

apeutics. Nat Rev Drug Discov 2017;16:699–717

103. Krause U, Harter C, Seckinger A, Wolf D, Reinhard A, Bea F, Dengler

T, Hardt S, Ho A, Katus HA, Kuecherer H, Hansen A. Intravenous

delivery of autologous mesenchymal stem cells limits infarct size and

improves left ventricular function in the infarcted porcine heart. Stem
Cells Dev 2007;16:31–7

104. Yeung E, Fukunishi T, Bai Y, Bedja D, Pitaktong I, Mattson G, Jeyaram

A, Lui C, Ong CS, Inoue T, Matsushita H, Abdollahi S, Jay SM, Hibino

N. Cardiac regeneration using human-induced pluripotent stem

920 Experimental Biology and Medicine Volume 245 May 2020
...............................................................................................................................................................



cell-derived biomaterial-free 3D-bioprinted cardiac patch in vivo. J
Tissue Eng Regen Med 2019;13:2031–9

105. Boyle AJ, McNiece IK, Hare JM. Mesenchymal stem cell therapy for

cardiac repair. Methods Mol Biol 2010;660:65–84
106. Wojakowski W, Tendera M, Michalowska A, Majka M, Kucia M,

Maslankiewicz K, Wyderka R, Ochala A, Ratajczak MZ.

Mobilization of CD34/CXCR4þ, CD34/CD117þ, c-metþ stem cells,

and mononuclear cells expressing early cardiac, muscle, and endothe-

lial markers into peripheral blood in patients with acute myocardial

infarction. Circulation 2004;110:3213–20

107. Forrester JS, Price MJ, Makkar RR. Stem cell repair of infarcted myo-

cardium: an overview for clinicians. Circulation 2003;108:1139–45

108. Wu JM, Hsueh YC, Ch’ang HJ, Luo CY, Wu LW, Nakauchi H, Hsieh

PC. Circulating cells contribute to cardiomyocyte regeneration after

injury. Circ Res 2015;116:633–41

109. Kuramochi Y, Fukazawa R, Migita M, Hayakawa J, Hayashida M,

Uchikoba Y, Fukumi D, Shimada T, Ogawa S. Cardiomyocyte regen-

eration from circulating bone marrow cells in mice. Pediatr Res
2003;54:319–25

110. Valadi H, Ekstrom K, Bossios A, Sjostrand M, Lee JJ, Lotvall JO.

Exosome-mediated transfer of mRNAs and microRNAs is a novel

mechanism of genetic exchange between cells.Nat Cell Biol 2007;9:654–9
111. Yao Y, Huang J, Geng Y, Qian H,Wang F, Liu X, Shang M, Nie S, Liu N,

Du X, Dong J, Ma C. Paracrine action of mesenchymal stem cells

revealed by single cell gene profiling in infarcted murine hearts.

PLoS One 2015;10:e0129164
112. Vagnozzi RJ, Maillet M, Sargent MA, Khalil H, Johansen AK,

Schwanekamp JA, York AJ, Huang V, Nahrendorf M, Sadayappan S,

Molkentin JD. An acute immune response underlies the benefit of

cardiac stem-cell therapy. Nature 2020;577:405–9

Xiao et al. Copper and myocardial regeneration 921
...............................................................................................................................................................


