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Abstract

At least 17 million people die from acute myocardial infarction (AMI) every year, ranking it first among causes of death
of human beings, and its incidence is gradually increasing. Typical characteristics of AMI include acute onset and poor
prognosis. At present, there is no satisfactory treatment, but development of coronary collateral circulation (CCC) can be
key to improving prognosis. Recent research indicates that the levels of cytokines, including those related to promoting
inflammatory responses and angiogenesis, increase after the onset of AMI. In the early phase of AMI, cytokines play a vital
role in inducing development of collateral circulation. However, when myocardial infarction is decompensated, cytokine
secretion increases greatly, which may induce a cytokine storm and worsen prognosis. Cytokines can regulate the activation
of a variety of signal pathways and form a complex network, which may promote or inhibit the establishment of collateral
circulation. We searched for published articles in PubMed and Google Scholar, employing the keyword “acute myocardial
infarction”, “coronary collateral circulation” and “cytokine storm”, to clarify the relationship between AMI and a cytokine
storm, and how a cytokine storm affects the growth of collateral circulation after AMI, so as to explore treatment methods

based on cytokine agents or inhibitors used to improve prognosis of AMI.
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Introduction

According to global statistics, the death toll of ischemic
heart disease (IHD) in 2019 increased by 2 million to 8.9
million, accounting for 16% of total deaths, making it the
number one killer worldwide [1]. The European Society of
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Cardiology (ESC) recently released a set of statistics related
to IHD in 2019. It was estimated that there were 5.8 mil-
lion new cases and 47.6 million patients in its 57 member
countries [2]. Moreover, ST-segment elevation myocardial
infarction (STEMI) is becoming increasingly prevalent with
an annual incidence of about 40-140 per 10000 [3]. In most
developed countries, coronary atherosclerosis continues to
be one of the leading causes of mortality in patients who
develop coronary artery disease [4]. Similarly, the rapidly
growing rate of acute myocardial infarction (AMI) in China
has drawn public attention. Some experts predict that by
2030, the annual number of patients with AMI in China may
exceed 23 million because of increased urbanization and
behavioral risks [5]. Not only will primary AMI put lives
at risk but recurrent AMI must also be considered. The lat-
est China PEACE prospective AMI study indicated that the
1-year mortality rate of patients with recurrent AMI was 25
times higher than that for primary AMI. Furthermore, early
after discharge—meaning within the first 30 days—more
than one-third of patients suffered from recurrent AMI [6].
The later that patients receive emergency care after onset of
AMLI, the worse the outcome may be, and while the median
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time from the onset of symptoms to reaching the hospital
is only 2-3 h in the United States and other western coun-
tries, it is 4 h in China [7]. Moreover, especially in the past
3 years, it has become apparent that coronavirus disease
2019 (COVID-19) can attack the human cardiovascular sys-
tem, which can manifest as AMI, resulting in an increase in
cardiac biomarkers [8, 9]. All the above factors contribute to
the harm done by AMI to human health all over the world.
Therefore, it is important to explore methods of treatment
beyond those that currently exist.

‘We had noticed that after the occurrence of AMI, clinical
outcomes in some patients seemed to be associated with dif-
ferences in formation of CCC. Moreover, patients who had
more collateral circulation had less myocardial necrosis than
those with incomplete collateral circulation. Studies have
also shown that development of CCC can maintain perfusion
of infarcted myocardium to prevent fatal acute myocardial
ischemia—reperfusion injury (IRI). In addition, collateral
angiogenesis is of great importance for myocardial healing
and remodeling after AMI, although it develops too slowly
to provide for acute myocardial protection [10]. Thus, the
development of collateral circulation may not only reduce
mortality of AMI events but may also reduce recurrent AMI.
Additionally, laboratory tests have shown that AMI patients
exhibit leukocytosis and release of various angiogenic
and inflammatory factors, suggesting that they are related
to a systemic inflammatory response [11]. Nevertheless,
there are few reports on the correlation between increased
cytokine levels and collateral angiogenesis, and it is worth
noting that they share some regulatory factors and signaling
pathways. We take this as a starting point to put forward a
new hypothesis: a brief cytokine storm occurs after AMI and
it impacts collateral angiogenesis. At the same time, due to
different levels of cytokines and inherent collateral vessels,
the cytokine storm may lead to heterogeneity in CCC. This
paper elaborates on this hypothesis and explores the mecha-
nism and interactions between the cytokine storm and for-
mation of CCC following AMI. Our intention is to propose
a new direction for the study of CCC and provide ideas for
exploring new treatments for AMI.

We searched for published articles in PubMed and Google
Scholar, employing the keyword “acute myocardial infarc-
tion” and “prognosis”, and found that positive CCC can
effectively improve the prognosis of AMI. After search-
ing for "cytokine storm", “cytokine release syndrome” and
“acute myocardial infarction”, it was found that AMI induces
cytokine production and activation to a certain extent.
Through further reading, we found that cytokine storm
and AMI can interact as both cause and effect. Through
the connection with the above, we concluded our own con-
jecture that cytokine storm affects the prognosis of AMI
by affecting the generation of CCC. We further identified
seven key cytokines and their effects on coronary collateral
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angiogenesis. We conclude how cytokine storm leading to
heterogeneity in CCC after AMI. Finally, we searched for
inhibitors of relevant cytokines or pathways and activators
of pro-angiogenic factors to explore effective treatment of
AML.

Coronary collateral circulation

Coronary collateral circulation refers to a network of car-
diac vascular anastomoses that often develop after coronary
artery stenosis or secondary thrombosis caused by coronary
atherosclerosis. Collateral vessels are highly dilated with
thin walls, which are at risk of rupture and bleeding in the
presence of inflammatory factors. Common pathways of col-
lateral circulation include anterior and posterior descending
branches, anterior and posterior septal branches, diagonal
branches and obtuse marginal branches, among others.

As is well known, collateral circulation is innate and well-
developed in humans. During embryogenesis, endothelial
progenitor cells derived from mesoderm form the first blood
vessels through continuous proliferation and differentiation.
Functional collateral vessels begin to develop during the
neonatal period, while bone marrow-derived endothelial
progenitor cells enter the blood circulation and accumu-
late at sites of angiogenesis in adults [12]. Additionally, the
formation of CCC is divided into early opening and late
formation [13]. Angiography has demonstrated formation
of collateral vessels on the 10th day after persistent acute
occlusion, and further functional maturation occurs by the
12th week [14]. Cardiac autopsy of 1050 adult patients
showed that 46% of the hearts had structural anastomosis
among coronaries. Specifically, the incidence of coronary
artery anastomosis was 9% in normal hearts, 63% in patients
with marked arterial stenosis, and 95% in those with chronic
total coronary occlusion [15]. It is therefore apparent that in
the case of arterial stenosis in the human heart, compensa-
tory collateral anastomosis often occurs to improve blood
and oxygen supply.

Research on the mechanism by which collateral micro-
circulation is generated has been relatively extensive. After
acute ischemia and hypoxia in cardiomyocytes, collateral
circulation is mainly generated through angiogenesis and
vascular remodeling [16]. Angiogenesis requires the par-
ticipation of a variety of cells, among which pericytes are
indispensable to the generation and evolvement of new
capillaries. In addition, maturation of larger blood vessels
undoubtedly requires participation of smooth muscle cells.
Neovascularization originates in pre-existing blood vessels
and develops from inherent nerve plexuses through germina-
tion and intussusception. Germination refers to the gradual
lengthening of micro-vessels and reformation of the vascu-
lar lumen. At first, endothelial cells (ECs) in pre-existing
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capillaries are activated and the basement membrane is
degraded. Subsequently, ECs migrate to the surrounding
stroma and align with each other to extend micro-vessels and
reshape the lumen. Intussusception refers to reorganization
of ECs in capillaries at junctions. Pericytes and myo-fibro-
blasts grow into the invaginated lumen and release collagen
fibers that contribute to lumen enlargement and splitting into
two new capillaries. By contrast, vascular remodeling does
not occur by regeneration, but by opening, thickening and
twisting of the anastomoses between coronary arteries. One
previous study showed that positive remodeling of arteri-
oles can form arteries 12 times larger than their original
size [16]. Furthermore, a micro-vessel can form a branch
between the proximal and distal ends of the same occluded
coronary artery. Therefore, the blood supply to the ischemic
area can be restored through such self-bypass mechanisms.

Because cardiac ischemia and hypoxia can lead to several
serious adverse outcomes, development of collateral circu-
lation has a significant impact on disease prevention and
prognosis. During transient vascular occlusion, a quarter
of myocardial ischemic events in people who did not have
underlying coronary artery disease could be prevented by
preformed collateral arteries. When AMI occurs, well-devel-
oped collateral circulation can reduce the size of the infarct
and improve the prognosis of the patient. CCC supplies
blood to the myocardial tissue surrounding the occluded
blood vessels, preventing myocardial necrosis and forma-
tion of ventricular aneurysms that result from prolonged
ischemia and hypoxia. In chronic total coronary occlusion
lesions, collateral branches provide on average 39% of the
blood flow that occurs in unobstructed coronary arteries
[17]. Research has confirmed that lower heart failure risk
is strongly associated with formation of collateral vessels
in areas of infarct-related arteries after myocardial infarc-
tion (MI). Although increased collateral circulation reduces
long-term mortality, it does not influence the risk index for
re-infarction [18]. However, several studies have shown that
CCC increases mortality and is a risk factor for ischemic
revascularization after percutaneous coronary intervention
(PCI) [19].

Interestingly, studies have reported differences in the for-
mation of collateral vessels after AMI. Specifically, epicar-
dial collaterals are more likely to form than medial collater-
als [14, 20]. During early formation of collateral arteries,
the left coronary branches span the watershed to connect
with right coronary branches. The ligated branches are also
observed to anastomose with non-ligated branches of the
left coronary artery through its most distal branches [20].
However, few studies have investigated whether new col-
lateral circulation in different parts of the heart exhibits dif-
ferent volume, shape and function. Further research in this
area will help to fill gaps in the understanding of collateral
artery formation.

Development of collateral circulation is a compli-
cated process involving various factors in the in vivo
environment, including physical fluid shear stress (FSS),
cytokines, such as TNF-a, IL-6, TGF-p, vascular cell
adhesion molecule-1 (VCAM-1), vascular endothelial
cell growth factor (VEGF), monocyte chemoattractant
protein-1 (MCP-1) and pigment epithelium-derived fac-
tor (PEDF), among others. Moreover, formation of ves-
sels also depends on signaling pathways, such as NF-kB,
JAK/STAT and PI3K, and gene expression such as that of
transcription factor DACH1, which regulates the CXCL12/
CXCR4 signaling axis, and transcription factor NFATS,
which induces MCP-1 secretion, in addition to other fac-
tors such as systemic hypoxemia.

In the following sections, we explore the roles of various
cytokines and signaling pathways related to angiogenesis,
which along with various cell types, form a complex regula-
tory network that cannot be simply explained by any single
factor that controls its mechanism. Subsequently, we dis-
cuss how cytokines influence the development of collateral
circulation.

Cytokine storm after myocardial infarction

Cytokine storm and myocardial infarction: mutual
cause and effect

A cytokine storm originates from a systemic inflammatory
response that is difficult to control. It is triggered by multiple
factors and characterized by the production of pro-inflam-
matory cytokines or chemokines and results in insufficiency
of multiple organs. An uncontrolled cytokine storm is par-
ticularly damaging to the heart. Additionally, the continu-
ous accumulation and enhancement of a cytokine storm in
the heart can cause myocarditis, arrhythmia, and in severe
cases, myocardial ischemia and infarction. Numerous studies
have focused on how a cytokine storm is formed and how it
leads to MI. However, there are few studies on the mecha-
nisms of cytokine action on collateral circulation. Studies of
venous blood from MI patients have revealed significantly
increased levels of cytokines, especially IL-6, TNF-a, and
MCP-1 [11, 21, 22]. More in-depth studies found different
levels of cytokine expression after M1, as well as different
levels of coronary collateral growth [22, 23]. Currently, most
of these inflammatory factors are only used for diagnostic
evaluation of MI. We speculate that some level of cytokine
storm is induced after M1, and that these cytokines have an
important impact on subsequent collateral growth. That is
to say that knowledge of the levels and proportions of these
cytokines can form the basis of prognostic assessment and
treatment of MI [24].
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The emergence of a cytokine storm after myocardial
infarction

The emergence and intensification of a cytokine storm after
MI can be affected by many factors. Cytokines stimulate
production of other cytokines, all of which trigger a storm
and synergistically damage myocardium. During MI, car-
diomyocytes undergo autophagy and programmed apopto-
sis, of which inflammatory factors are key regulators [25].
Early-induced inflammatory factors and immune cells take
part in protecting tissues. They mainly induce prolifera-
tion of fibroblasts and other cell types, thereby promoting
myocardial structural remodeling and functional recovery,
allowing inflammation to quickly subside [26, 27]. After the
onset of the inflammatory response, in most cases the body's
compensatory repair mechanisms fully restore normal func-
tion to tissues and organs. However, persistent cytokines are
associated with late cardiac contractility and poor prognosis

Cytokine storm

[25]. If the heart is infected by pathogens, infarction will
lead to the release of more pathogens, which can over-stim-
ulate the immune system and cause immune dysfunction.
Both innate and acquired immunity play fundamental
roles in the activation of a cytokine storm. Cytokine levels
do not continue to decline after M1, and innate immunity
activates adaptive immune cells like T cells to release pro-
inflammatory cytokines and chemokines that further activate
innate immune cells, such as macrophages, dendritic cells
and ECs. Activated cells release more cytokines through
autocrine or paracrine mechanisms, which further stimu-
late activation of more immune cells and ECs. If excessive
inflammatory cytokines and chemokines accumulate in the
heart, a large-scale inflammatory cascade can result that
leads to cardiac insufficiency, which seriously affects car-
diac prognosis [28]. It is worth noting that not all cytokines
released after AMI inhibit formation of CCC in the heart,
and some can also promote it (Fig. 1) [29]. We classified
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Fig. 1 Mechanisms of the effects of a cytokine storm on the heart fol-
lowing myocardial infarction. A CXCL12 and TNF-a promote pro-
liferation and activation of vascular smooth muscle cells (VSMCs)
to maintain collateral vessel integrity. B TGF-p, MCP-1, TNF-a and
G-CSF activate fibroblasts, increase collagenous fiber secretion to
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these cytokines as cardio-protective or cardio-damaging.
Protective cytokines include VEGF, MCP-1, and TGF-§,
while damaging cytokines include IL-1, IL-6, and TNF-«
[30]. Different proportions and levels of cytokines in diverse
patients with MI promote growth of collateral circula-
tion and ultimately lead to a specific prognosis of cardiac
function.

Key cytokines

After MI, cytokines are activated in cascades, and key
cytokines increase accordingly, including pro-inflamma-
tory factors, such as IFN-y, TNF-a, IL-1, IL-6, IL-10 and
IL-18, and angiogenesis-promoting factors, such as VEGF
and PDEF. The levels of the IFN-y-induced chemokines
CXCL9 and CXCL10 also increase significantly [24]. In
addition, several signaling pathways are involved, including
the NF-kB, JAK/STAT and PI3K pathways [29]. Cytokines
and signaling pathways interweave and interact with each
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other to form a closely interconnected cytokine signaling
network, which has a crucial impact on collateral circulation
after MI. In the following sections, attention will be focused
on IL-1, IL-6, IL-12, TNF-a, VEGF, MCP-1 and TGF-§,
their interactions with other cytokines, and effects on the
cardiovascular system (Fig. 2).

IL-1

Interleukin (IL)-1 is capable of activating the fibrotic path-
way and promoting cardiomyocyte apoptosis, leading to an
aseptic inflammatory response [31]. Therefore, IL-1 plays
an essential role in the inflammatory response to MI. Fur-
thermore, IL-1 induces cardiomyocyte apoptosis by upregu-
lating the activities of caspase-1 and caspase-9. It is worth
noting that IL-1a and IL-1f play significant roles in the
occurrence and progression of MI. IL-1a is mediated by
the IL-1 receptor (IL-1R), which is able to attract mono-
cytes and neutrophils to the site of vascular injury and to
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evoke inflammatory responses. In addition, IL-1a promotes
expression of VCAM-1 on ECs so as to increase leukocyte-
endothelial cell adhesion in the circulation [32]. Further-
more, many pro-inflammatory factors are released after MI.
IL-1p is activated early, and then IL-6, TNF-a and other
cytokines are successively activated [33]. Arguably, IL-1p
can be considered to be the promoter of multiple signal-
ing cascades [34]. It has been suggested that IL-1p has an
adverse effect on the growth of bone marrow colonies, but
the intravascular function of bone marrow can be restored
by blocking the IL-1 receptor (IL-1R) [30]. Administra-
tion of recombinant IL-1R antagonist immediately or 24 h
after ischemic attack can significantly reduce cardiomyo-
cyte apoptosis. It has been shown that if IL-1 activity is not
minimized, it inhibits myocardial healing and can even lead
to cardiac rupture [34].

IL-6

Multiple signaling cascades in cells can be activated by IL-6
binding to its receptor complex (IL-6R). The most repre-
sentative pathway is the JAK/STAT pathway, with JAK1
being the most critical Janus kinase (JAK). Signal transmis-
sion involving JAK1 can be activated by IL and IFN. After
JAK1 phosphorylation, intracellular tyrosine residues begin
to recruit STAT molecules, which are then phosphorylated
by JAKSs. Subsequently, the gene is translated and transcrip-
tion is activated [35]. There are three pathways for activation
of JAK/STAT signaling by IL-6: classical signaling, trans-
signaling and trans-presentation [36]. The classical pathway
mainly plays a role in anti-inflammatory signaling, while
the others act in opposite ways. In the presence of exces-
sive IL-6 secretion, the pro-inflammatory effect is stronger
than the anti-inflammatory effect, which often results in a
waterfall inflammatory response [37]. It has been shown
that IL-6, granulocyte colony stimulating factor (G-CSF),
hypoxia and inflammation are rapidly up-regulated in the
first 24 h after MI. When the JAK/STAT pathway is acti-
vated, other signal proteins are also up-regulated, includ-
ing PI3K, Akt, p38 MAPK, ERK, NF-xB and nitric oxide
synthase (NOS). These downstream signals mainly promote
cell proliferation and migration. The JAK/STAT pathway is
further activated after an increase in activity of these signal-
ing pathways [38]. Moreover, while different types of STAT
are activated, their effects are distinct and balance each
other's activities. STAT1 can induce apoptosis-promoting
molecules, such as caspase-1, Fas and FasL, resulting in
cardiomyocyte apoptosis and myocardial injury. In fibro-
blasts and cardiomyocytes, STAT3 activation acts to resist
the pro-apoptotic effect of STAT1. Additionally, it protects
cardiomyocytes not only through upregulation of Bcl-2 but
also reduction of Bax and caspase-331 [39]. After AMI,
both myocardial hypertrophy and cardiac remodeling can
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result from activation of the JAK/STAT signaling pathway
[40]. Activation of STAT3 and STATS can also stimulate
reactive oxygen species (ROS) pathways, induce upregula-
tion of the transcription factor HIF-1, and promote VEGF
secretion and VEGFR expression. ROS can activate protein
kinases and promote angiogenesis in a hindlimb ischemia
model. Although physiological ROS production can activate
the JAK/STAT pathway, excessive ROS production has the
opposite effect [41].

IL-12

IL-12 is mainly produced by CD11b+ monocytes and it can
aid the growth of mature Th1 effector cells, which are dif-
ferentiated from naive CD4 + T cells, to promote IFN-y8
secretion. Studies have shown that inhibition of angiogenesis
by IL-12 depends on monocytes. During AMI and hindlimb
ischemia, IL-12 knockout mice exhibited increased angio-
genesis, which implies that inhibition of IL-12 can protect
cardiac function by promoting angiogenesis and reducing
inflammation [42]. Signal transduction is mainly mediated
by the JAK-STAT family. The combination of IL-12 with its
receptor (IL-12R) can lead to activation of STAT1, STAT3
and STAT4 [43]. After measuring the levels of plasma
inflammatory markers in patients with and without cardio-
vascular events, it was found that IL-12 increased in patients
with unstable angina pectoris, AMI and death [44].

TNF-a

Tumor necrosis factor (TNF)-a promotes mitosis of vascular
smooth muscle cells (VSMCs) in human arteries by acti-
vating the NF-kB signaling pathway, which participates in
induction of angiogenesis and ventricular remodeling [45,
46]. Recent studies have confirmed that the concentration of
TNF-a in infarcted and non-infarcted myocardium increases
after M1, which means that TNF-a is not only enriched in
and around the infarcted region but also up-regulated in the
contralateral normal region of myocardium [40, 46]. There-
fore, it should be noted that patients with continuously
elevated TNF-a levels are also at greater risk of recurrent
and multiple coronary events [47]. Furthermore, TNF-a can
stimulate ECs and leukocytes to produce pro-inflammatory
cytokines, chemokines and adhesion molecules through the
NF-kB signaling pathway, enhancing the local inflamma-
tory response [48, 49]. NF-xB is considered to be a typical
pro-inflammatory signaling pathway [50], and its activation
launches a genetic program leading to expression and activa-
tion of cytokines, chemokines and matrix metalloproteinases
(MMPs). In addition, it promotes inflammation and fibrosis,
which are involved in myocardial remodeling [51].

TNF-a can stimulate apoptosis by activating caspase
and activator protein-1 (AP-1), and by cooperating with
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other cytokines such as IFN-y [52-55]. The caspase path-
way activates TNF receptor (TNFR)-related death domain
(TRADD) and Fas-related death domain (FADD) proteins.
Finally, caspase-3, caspase-8 and caspase-9 are activated
to induce apoptosis. Caspase can also be activated by the
release of ROS from mitochondria, while AP-1 can be acti-
vated by extracellular-signal-regulated kinase (ERK), p38
mitogen-activated protein kinase (p38MAPK) and c-Jun
N-terminal kinase (JNK) [56]. Thus, TNF-a can bring about
a series of changes through activation of downstream path-
ways. In addition, not only can it change the extracellular
matrix of myocardium and promote fibrous tissue formation,
but TNF-a can destroy collagen fibers in myocardium and
cause denaturation. In severe cases, it induces cardiomyo-
cyte apoptosis and causes irreversible myocardial injury. It
is worth mentioning that JAK/STAT signaling is of great
importance for signal transduction in response to TNF-a.
Therefore, cardiomyocyte hypertrophy can result from acti-
vation of JAK/STAT signaling and STAT overexpression
after MI [29, 40]. Moreover, JAK/STAT may also affect the
NF-«B pathway, leading to activation of other cytokines,
such as IL-6 and IL-17, to further induce MI [40, 57]. In
sum, the strong pro-inflammatory effect of TNF-a, which
may cause great damage to the body, cannot be ignored even
though it can stimulate formation of VSMCs. The superposi-
tion of these two processes makes the net effect of TNF-a
more complex. Further in-depth research will deepen our
understanding of this important cytokine and provide inno-
vative ideas for new treatment schemes.

VEGF

The vascular endothelial growth factor (VEGF) family is
composed of VEGF-A, VEGF-B, VEGF-C, VEGF-D and
PGF [58], with VEGF-A being the most potent. It can be
secreted by multiple cells in vascular tissue, such as vas-
cular endothelial cells, fibroblasts, smooth muscle cells
and immune cells, all of which contribute to angiogen-
esis by having vascular endothelial growth factor recep-
tors (VEGFRs) on their surfaces. VEGFR mainly exists
on the surface of vascular endothelial cells in the form of
VEGFRI (F1t-1) and VEGFR2 (KDR/Flk-1). VEGFR2 is
much stronger than VEGFRI1 in promoting survival, pro-
liferation and migration of ECs in the process of VEGF-
induced angiogenesis [59]. After the VEGF/VEGFR2
signaling pathway is activated, VEGFR?2 starts to acti-
vate multiple downstream signaling pathways, including
the phosphatidylinositol 3-kinase (PI3K)/Akt pathway
that inhibits apoptosis, the p38 MAPK and focal adhe-
sion kinase (FAK) pathways that mediate cell migration,
the RAS/Raf/MEK/MAPK and PLCy/IP3 pathways that
mediate signal transcription and enhance cell migration
and proliferation, and the PLCy and Akt/PKB pathways

that regulate vascular permeability [60-64]. It is worth
noting that the PI3K/Akt signaling pathway elicits a sig-
nificant cardio-protective effect. PI3K affects growth and
development of cardiomyocytes regulated by insulin and
insulin-like growth factor-1 (IGF-1) in cardiomyocytes.
Moreover, when endothelial nitric oxide synthase (eNOS)
is activated by PI3K, a large amount of nitric oxide (NO) is
produced. Activation of this pathway can antagonize ROS
pathways and reduce cell apoptosis [49]. Hence, PI3K is
essential for cardiac physiology and prevention of patho-
logical heart remodeling and failure [65].

Activated VEGFR2 can also regulate signaling path-
ways in cells by being internalized [58]. Some studies have
also shown that the reactive oxygen species-endoplasmic
reticulum (ROS-ER) stress autophagy axis is likely to be
involved in VEGFR2-induced angiogenesis [66]. Although
VEGF-A increased significantly after MI, some patients
had a reduced angiogenic response to VEGF due to a
VEGFR gene mutation, which may be one of the reasons
for differences between patients in the formation and prog-
nosis of collateral circulation.

MCP-1/CCL2

Monocyte chemoattractant protein-1 (MCP-1) is also
known as chemokine CC-motif ligand 2 (CCL2). Clini-
cal analysis confirmed that MCP-1 levels are significantly
higher in the serum of STEMI patients [67]. Compared
with patients who had well-developed collateral circula-
tion, patients with missing collateral circulation had sub-
stantially lower plasma MCP-1 levels [68]. Up-regulated
MCP-1 mainly recruits monocytes and macrophages to
atherosclerotic lesions within the infarct area by binding to
high affinity CCR2 to induce infiltration of immune cells
and formation of new collateral arteries that reduce infarct
area and scar formation. It can also directly promote dif-
ferentiation of cardiac fibroblasts into myo-fibroblasts
to maintain cardiac function after MI [69]. In addition,
MCP-1 may regulate gene transcription and expression,
stimulate production and degradation of extracellular
matrix, and cause cardiac interstitial fibrosis [48, 70, 71].
In the early phases of MI healing, MCP-1 can accelerate
wound healing and in time clear the healing infarct tissue
through various regulatory pathways. For example, MCP-1
can stimulate generation of TNF-a, IL-1p and IL-6, pro-
mote angiogenesis, regulate MMP activity and modify col-
lagen expression in fibroblasts [72]. In subsequent myocar-
dial remodeling, MCP-1 may increase inflammation and
deposition of fibrous tissue, which may be detrimental to
ventricular remodeling and lead to adverse clinical out-
comes [70, 73].
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TGF-B

Transforming growth factor (TGF)-p can be induced and
activated in MI. It mainly mediates tissue fibrosis related
to inflammation and tissue injury by inducing phosphoryla-
tion of Smads proteins and hence participates in regulation
of cardiac repair. The Smads protein family can have dual
effects on proliferation and migration of ECs. TGF-f can
inhibit activation of ECs by the Smad2/3 cascade by bind-
ing to the TGFBR1/ALKS receptor, and it can promote pro-
liferation of ECs through the Smad1/5 cascade by binding
to the ACVRL1/ALKI1 receptor [74-76]. AMP-activated
protein kinase (AMPK), located upstream of the TGF-f/
Smads signaling pathway, is also involved in regulation and
myocardial protection [77]. In the healing infarct, TGF-p
can promote cell migration by mediating synthesis of extra-
cellular matrix proteins and upregulation of tissue inhibitor
of metalloproteinase (TIMP) through the Smad3 signaling
pathway. At the same time, TGF-f significantly increases
synthesis of type I and type III collagen, decreases expres-
sion of collagenase, and increases synthesis of TIMP-1.
In the post infarction remodeling stage, TGF-p can induce
cardiomyocyte hypertrophy by activating TAK1, and at the
same time enhance TIMP synthesis in fibroblasts, resulting
in dilated remodeling of infarcted ventricle [78].

Heterogeneity of collateral circulation
caused by a cytokine storm

Previous studies have shown that necrotic cardiomyocytes
following AMI will induce a transient cytokine storm, and
that the inflammatory response and neovascularization
mediated by the cytokine storm are heterogeneous, which
leads to differences in CCC. In the previous section we
summarized how several key cytokines are involved in col-
lateral angiogenesis, and in this section we will describe
how cytokines interact to form cytokine storms and affect
collateral angiogenesis.

In the early stage of myocardial hypoxia, blockage of blood
flow channels can be caused by emboli. At this time, there is
an increase in shear stress resulting from blood flow along
the endothelial surface, which is an important initiating factor
of collateral angiogenesis [79-81]. (Fig. 3) The sensitivity of
EC:s to proliferation signals increases after mechanical stimu-
lation, which leads to secretion of the cytokines MCP-1 and
VCAM-1 to attract monocytes and lymphocytes. Immune cells
continue to secrete MMPs to dissolve the matrix around blood
vessels, which leads to proliferation, separation and migration
of ECs to form new blood vessels [21, 82, 83]. A cytokine
storm includes activation of many cytokines, but usually in a
defined sequence [21]. It has been shown that VEGF and IL-6
increase significantly in the early stage of MI, with VEGF
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playing the most critical role in angiogenesis. It is secreted
in large quantities in response to shear force, and its ability to
induce EC proliferation and migration is also critically impor-
tant [21]. At the eye of a cytokine storm, IL-6 plays a leading
role in activation of other cytokines via many downstream
pathways, with such continuous positive feedback resulting in
a cascade effect. IL-6 can not only promote secretion of VEGF
through the JAK/STAT pathway, but also induce protective
cytokines, such as TGF-p, TNF-a, G-CSF and MCP-1 [84].
They promote differentiation of fibroblasts and early remod-
eling in the heart and blood vessels to maintain stable cardiac
function. CXCL12/CXCR4 can not only up-regulate the lev-
els of VEGF and VEGFR but also increase neovasculariza-
tion through promotion of VSMC proliferation [85]. TNF-o
can induce formation of vascular smooth muscle through the
NF-xB pathway [45].

When myocardial ischemia reaches a certain level, MI
results and secretion of cytokines increases greatly. Excess
IL-1, TNF-a and IL-6 now act as myocardial-damaging
cytokines. Early TNF-a can up-regulate intercellular adhe-
sion molecule-1 (ICAM-1) through the NF-xB pathway
and antagonize apoptosis to protect the myocardium. How-
ever, studies have found that inhibiting TNF-a after MI can
improve prognosis [86]. Apart from activating the NF-xB
pathway in the presence of excess TNF-a, pro-apoptotic
pathways become more prominent. TNF-a can induce myo-
cardial apoptosis mainly by activating caspase and AP-1.
Furthermore, excessive IL-1p can also activate inflamma-
tory bodies and caspase so as to induce apoptosis. IL-1p
can also lead to cell swelling, rupture and apoptosis through
cleavage of gasdermin-D (GSDM-D), which also results in
release of more cytokines [87]. Excessive levels of cardio-
myocyte damaging factors attract large numbers of immune
cells. They then begin to attack ECs and stromal cells, result-
ing in obstruction of collateral circulation. Ultimately, MI is
irreversible and may lead to the spread of lesions. Therefore,
we believe that in the cytokine storm that follows MI, there
are mutual constraints between protective and damaging
cytokines that have an important impact on the formation
of collateral circulation. It is worth noting that as a result of
heterogeneity in physiology, degree of vascular stenosis, cell
microenvironment and cytokine secretion among different
individuals, the intensity of a cytokine storm and its positive
or negative impact on collateral angiogenesis is expected to
vary, which can account for differences in collateral circula-
tion between patients.

Treatment

Development of treatments that promote collateral circu-
lation after MI remains a major challenge in cardiovascu-
lar medicine. Therapeutic angiogenesis typically involves



Cytokine storm: behind the scenes of the collateral circulation after acute myocardial... 1151

The process of angiogenesis in coronary collateral circulation
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promotion of collateral circulation based on the existing vas-
cular system, which has been proposed and studied by scien-
tists for many years for treatment of a variety of conditions,
including ischemic disease [88]. The current approaches to
therapeutic angiogenesis include gene therapy, cell therapy,
and protein therapy. However, these methods all have disad-
vantages in the clinical setting.

As discussed above, we suggest that a cytokine storm
after MI affects formation of collateral blood vessels. Mech-
anistically, current therapies use three approaches: inhibi-
tion of pro-inflammatory factors, promotion of pro-angio-
genic factors, and regulation of related signaling pathways
(Table 1).

Inhibition of secretion of pro-inflammatory factors

As mentioned above, although early-induced inflammatory
factors can protect myocardial tissue, continued secretion of

wall and form bud-like tubular anastomoses through sustained migra-
tion and proliferation. C Vascular smooth muscle cells (VSMCs) are
also activated and proliferate in response to stimulation by cytokines,
and gradually surround the outer layer of new blood vessels. D Fibro-
blasts integrate into the walls of new blood vessels, secrete collagen
fibers to form the peri-cellular matrix, and increase branching of col-
lateral circulation

pro-inflammatory cytokines will induce a cytokine storm,
which is not conducive to development of collateral circu-
lation and recovery of cardiac function. Therefore, taking
appropriate steps to inhibit inflammatory factors will help to
promote myocardial remodeling and cardiac function after
MI. Current studies have shown that statins can play an anti-
inflammatory role. For example, rosuvastatin may effectively
inhibit local production of TNF-a and p38 MAPK activity
by down-regulating the TNF-o/p38 MAPK signaling path-
way. Therefore, it can inhibit the inflammatory response and
reduce myocardial fibrosis [89, 90]. Simvastatin can reduce
secretion of IL-6 and MCP-1 in ECs and reduce the damage
done by inflammatory cytokines to ischemic myocardium
[91-93]. Related treatments have also been reported, includ-
ing photoluminescent mesoporous silicon nanoparticles with
siCCR2, CCR2-targeting PEG-DSPE micelles that reduce
monocyte recruitment, and use of the nonagonist CCL2
competitor PA5S08, among others [94-96].
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Table 1 Drugs acting on cytokine storms and collateral angiogenesis

Site of action Drug name Mechanism
1. Inhibit secretion of pro-inflammatory factors
TNF Rosuvastatin TNF-a and p38MAPK activity|
IL Anakinra IL-1R activity]
Simvastatin IL-6 and MCP-1 secretion
Bermekimab IL-la activity |
Rilonacept
Metformin IL-1p and TNF-a activity |
L-carnitine
Resveratrol
The Gal-3 inhibitor modified citrus pectin
(MCP)
BiochaninA
Monocytes CCR2-targeting PEG-DSPE micelles Monocyte recruitment

Photoluminescent Mesoporous Silicon Nano-
particles with siCCR2

Decrease the inflammation and restore MSCs
in the heart

CCL2-CCR?2 axis PA508 CCL2-CCR2 axis]
2. Promote secretion of pro-angiogenic factors
VEGF VEGF nanoparticles VEGF?
Gene therapy for Elabela VEFG/VEGFR2 and Jagged1/Notch3 path-
ways?T
AnxAl Macrophage polarizationf, VEGF-A1
Resveratrol VEGF-p1
TGF-p1 Polymers coated on endovascular stents Local plasma levels of TGF-11
Empagliflozin TGF-B1/Smad3 pathway |
TNAP TGF-B1/Smads pathway |
3. Regulate-related signaling pathways
JAK/STAT o-HA JAK/STAT pathway expression?, chemokines
Ccl2 and Cxcl5 expression?
Losartan JAK/STAT pathway expression|
Tofacitinib
AG-490
NF-xB Latifolin Regulate expression of the HIF-1a/NF-kB/IL-6
signaling pathway
Astragaloside IV Regulate expression of the TLR4/NF-kB/PPAR
signaling pathway
Morroniside NF-kB pathway activation
NR4A3
Metformin NF-kB pathway activation|, ROS production |
PI3K LOXL2 The PI3K-AKT-mTOR pathway1, fibroblast
transformation?
Ivabradine PIBK/AKT/mTOR/p70S6K signaling|

In recent years, clinical studies have found that block-
ing IL-1 is beneficial for IHD and can also improve car-
diac remodeling in patients with STEMI, among which
the IL-1R antagonist anakinra has been more thoroughly
studied [97]. Following anakinra treatment, the concentra-
tion of C-reactive protein (CRP) decreased, along with a
significant reduction in left ventricular remodeling [98].
In addition to anakinra, there are two biologics that reduce
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IL-1o activity: bermekimab and rilonacept. Bermekimab
acts as a monoclonal antibody and rilonacept is IL-1 soluble
receptor. Anakinra and rilonacept block IL-1a and reduce
IL-1p activity, while bermekimab is specific for IL-1a [99].
There remain plentiful drugs that inhibit the secretion of
pro-inflammatory cytokines. Recent studies have shown
that drugs that can reduce both IL-1p and TNF-« levels
include metformin, L-carnitine, resveratrol (RSV), the Gal-3
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inhibitor modified citrus pectin (MCP), and Biochanin A,
among others [100—104].

Promotion of secretion of pro-angiogenic factors

As is well known, VEGF promotes angiogenesis. How-
ever, because of the short half-life and fast clearance rate of
VEGF in vivo, it has been difficult to use it in sustained and
effective treatments. Therefore, over the years, there have
been investigations of various treatment options to increase
VEGEF concentration in the cardiovascular system. One of
the more mature treatments is VEGF nanoparticle technol-
ogy. At present, VEGF nanoparticles can release VEGF con-
tinuously for 31 days or more. When the density of blood
vessels around the infarct area increases, the administration
of VEGF nanoparticles increases accordingly, which can
ultimately reduce the size of MI in mice and improve left
ventricular systolic function [105, 106]. In addition, there
have also been advances in gene therapy. Therapy with the
Elabela gene activates the VEFG/VEGFR2 and Jagged1/
Notch3 pathways through APJ, which promotes angiogenesis
after MI [107]. Similarly, there are corresponding treatment
regimens for VEGF-A and VEGF-B. Studies have found that
Annexin A1 can directly promote cardiac macrophage polar-
ization and stimulate release of large amounts of VEGF-A,
which in turn induces neovascularization and repair of car-
diomyocytes [108]. In addition, as a naturally polyphenolic
phytoalexin, not only does RSV alleviate myocardial IRI by
upregulating VEGF-B through the VEGF-B/AMPK/eNOS/
NO signaling pathway, it can play a protective effect against
isoproterenol-induced MI [109].

TGF-p is widely regarded as the "master switch" that
mediates progression of the infarct from the inflammatory
stage to scarring, playing a key role in remodeling myocar-
dial tissue [110]. Therefore, in contrast to the goal of reduc-
ing TGF-f levels when treating tumors, we should increase
TGEF-p levels to promote development of collateral circula-
tion. Although significant progress has been made in clinical
trials targeting TGF-f, and many drugs have been developed
to inhibit or block TGF-f synthesis, binding to receptors,
and signaling pathways [111], there have been relatively few
studies of treatments that increase TGF-f levels. Grundmann
et al. [112] were the first to report the successful use of intra-
vascular stents to release pro-arteriogenic compounds in a
rabbit model. A bio-erodible polymer was coated on the end-
ovascular stent, and TGF-f1 was then continuously released
into the arterial lumen, which increased local plasma levels
of TGF-B1 and stimulated collateral arteriogenesis [112].
However, because TGF-f1/Smads is a key signaling pathway
in cardiac fibrosis, a novel therapeutic strategy has been to
target inhibition of the AMPK-TGF-p1/Smads pathway to
modulate remodeling after MI. The latest study found that
Empagliflozin, which acts as a sodium-glucose cotransporter

2 inhibitor (SGLT2i), can inhibit the TGF-B1/Smad3 path-
way and reduce collagen formation and myocardial fibrosis.
In clinical practice, it can significantly reduce the number
of cardiovascular deaths and the hospitalization rate for
heart failure [113, 114]. Additionally, inhibition of tissue-
nonspecific alkaline phosphatase (TNAP) also inhibits the
TGF-p1/Smads pathway and may be a novel regulator of
cardiac fibrosis [77].

Regulation of related signaling pathways

The JAK/STAT pathway is a post-stress inflammatory sign-
aling pathway that mediates the growth, survival and apop-
tosis of cardiomyocytes and is also involved in regulation
of angiogenesis. Hyaluronic acid oligosaccharide (o-HA)
mainly stimulates expression of the JAK/STAT signaling
pathway, which can reduce infarct size and promote angio-
genesis of myocardium and reconstruction of myocardial
function. Studies have shown that o-HA can stimulate
expression of the chemokines Ccl2 and Cxcl5, promote
polarization of macrophages, and enhance the MAPK and
JAK/STAT signaling pathways to achieve a compensatory
response to myocardial dysfunction. After treatment, the
number of new blood vessels in damaged areas increases
[115]. Losartan, tofacitinib, AG-490, and similar drugs
are able to inhibit expression of the JAK/STAT signaling
pathway. Among them, losartan can completely inhibit the
increase in p-JAK2 and p-STAT3 after Ang II stimulation of
cardiomyocytes, thereby repressing expression of the JAK/
STAT pathway in the infarcted area [39]. Tofacitinib can
inhibit angiogenesis by reducing the activity of JAK3 [116].
The tyrosine kinase inhibitor AG-490 has proven to be a
selective inhibitor of JAK2 that reduces Ang II and plate-
let-derived growth factor (PDGF)-induced proliferation of
arterial smooth muscle cells [40, 117]. Additionally, AG490
inhibits STAT3 activation and blocks NR4A3-mediated inhi-
bition of NF-xB pathway activation [118].

NF-kB is a typical pro-inflammatory signaling pathway
that promotes inflammatory responses by regulating gene
transcription. Many drugs that play an anti-inflammatory
role by inhibiting the NF-kB signaling pathway have been
extensively studied. For example, latifolin and astragaloside
IV can regulate expression of NF-kB. The former inhibits
the inflammatory response of macrophages by regulating
the HIF-1o/NF-kB/IL-6 signaling pathway, and the latter
regulates TLR4/NF-xB/PPAR signaling-mediated energy
biosynthesis to alleviate LPS-induced myocardial injury
[119, 120]. In addition, morroniside, NR4A3 and met-
formin can suppress expression of NF-kB. Among them,
morroniside can reduce expression of adhesion molecules,
pro-inflammatory cytokines, chemokines, inflammatory
receptors and other substances by reducing expression of
NF-xB [121]. Similarly, NR4A3 inhibits NF-kB activation
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and inflammatory cell infiltration, thereby reducing acute
ischemic injury of cardiomyocytes [118]. In addition, the
AMPK agonist metformin reduces JNK and downstream
NF-xB activation and reduces ROS production, thereby
inhibiting the inflammatory response induced by JNK-
NF-kB cascade signaling [122].

Following AMI, PI3K is an important protective pathway
that can regulate cell proliferation, differentiation, migration
and apoptosis. The lysyl oxidase-like protein 2 (LOXL2)
triggers myo-fibroblast transformation and enhances col-
lagen fiber production and mechanical strength by stimu-
lating the PI3K-AKT-mTOR pathway [123]. By contrast,
ivabradine suppresses PI3K/AKT/mTOR/p70S6K signaling
to prevent fibrosis and cardiac hypertrophy [124, 125].

Conclusion

A growing number of studies have revealed that MI may
induce a cytokine storm, for which we believe the key
cytokines are IL-1, IL-6, IL-12, TNF-a, VEGF, MCP-1
and TGF-f. They can be roughly divided into two catego-
ries based on function: protective cytokines and damaging
cytokines. They affect the prognosis of heart conditions by
regulating regeneration and remodeling of CCC. Cytokines
play a protective role in the compensatory phase of MI. Not
only can they stimulate migration and proliferation of coro-
nary vascular ECs and VSMCs but they can also promote
activation of fibroblasts and differentiation and aggregation
of immune cells. After the myocardial oxygen supply is
decompensated, cytokine activation increases greatly and
produces a cytokine storm. The overall damaging effects
of cytokines is far greater than their protective effects, and
they ultimately induce cardiomyocyte apoptosis, which sig-
nificantly limits recovery of cardiac function. Due to the
different types and levels of cytokines activated in a cytokine
storm in different patients, regeneration of collateral circu-
lation is heterogeneous. Therefore, cytokines or cytokine
inhibitors may become an important weapon to improve the
prognosis of patients with MI. Moreover, it has been shown
that progression of a variety of acute and critical diseases
is related to cytokine storms. Thus, we are confident that
cytokine therapy will become an important tool for overcom-
ing diseases in future.
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