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Neurocardiology is an emerging field that studies the interaction between the
brain and the heart, namely the effects of heart injury on the brain and the
effects of brain damage on the heart. Acute ischemic stroke has long been
known to induce heart damage. Most post-stroke deaths are attributed to
nerve damage, and cardiac complications are the second leading cause of
death after stroke. In clinical practice, the proper interpretation and optimal
treatment for the patients with heart injury complicated by acute ischemic
stroke, recently described as stroke-heart syndrome (SHS), are still unclear.
Here, We describe a wide range of clinical features and potential mechanisms
of cardiac complications after ischemic stroke. Autonomic dysfunction,
microvascular dysfunction and coronary ischemia process are interdependent
and play an important role in the process of cardiac complications caused by
stroke. As a unique comprehensive view, SHS can provide theoretical basis for
research and clinical diagnosis and treatment.
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Introduction

Cardiovascular and cerebrovascular diseases are the leading cause of death and
disability worldwide and are increasing yearly. According to statistics, from 1990 to 2019,
the incidence of stroke was increased by 70%, the prevalence increased by 85%, the
mortality rate increased by 43%, and the disability-adjusted life years (DALYs) increased
by 32%. The latest statistics for 2019 indicated that ischemic stroke accounts for 62.4% of
all strokes (Collaborators, 2021). Ischemic stroke is a common complication of heart
disease, and vice versa. Heart injury often leads to adverse events such as early clinical
deterioration and death by ischemic stroke (Kumar et al., 2010). As a result, heart injury is
the second leading cause of acute death after ischemic stroke and is an important
determinant of long-term survival (Scheitz et al., 2015). Currently, treatment of ischemic
stroke is dominated by thrombolytic and vascular re-pass therapy (Powers et al., 2018),
although most stroke guidelines provide recommendations for post-stroke cardiac
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examination, including examination for myocardial enzyme
ECG, 24-h Holter
echocardiography (Sposato et al., 2020a). However, these routine

profile, routine monitoring, and
tests are the basis for assessment of possible causes of heart injury,
while the assessment in turn is a prerequisite for specific treatment.
Currently, there are no commonly accepted guidelines on the
assessment, treatment, or follow-up on patients with heart injury
after stroke from the heart perspective. Therefore, it is of great
clinical significance to accurately recognize the occurrence and
development of brain-heart syndrome and to investigate the

interplay roles between the brain and the heart.

Overview of brain-heart syndrome

Brain-heart syndrome was firstly reported in 1947 by Byer
et al. (1947), when the cerebrovascular disease was found to cause
myocardial damage and arrhythmias. Since then, the interaction
between the brain and the heart has attracted much attention, and
the concept of the brain-heart axis (Manea et al., 2015) has been
proposed to emphasize the relationship between nerve
dysfunction and heart damage. After more than 50years of
research, the concept of brain-heart syndrome has now been well
established. Mayo Clinic defines brain-heart syndrome as
ventricular wall movement abnormalities caused by central
nervous system diseases that may or may not be accompanied by
apical abnormalities. These abnormalities are also evidently not
related to any primary diseases that may lead to cardiac
abnormalities. The symptoms are mainly described as decreased
motor function of the left ventricular wall of the heart, and the
symptom gradually restores as the treatment of the primary
disease (Mierzewska-Schmidt and Gawecka, 2015). As research
progresses, we found that these central nervous system disorders
include subarachnoid hemorrhage, epilepsy, ischemic stroke,
cerebral hemorrhage, infective meningitis, immune encephalitis,
migraine, central sleep apnea syndrome, and traumatic brain
injury (Dombrowski and Laskowitz, 2014; Osteraas and Lee, 2017;
Scheitz et al., 2018; Sposato et al., 2020b)_ Recently, the incidence
of heart injury due to ischemic stroke has become increasingly
significant, and the heart injury complicated by acute ischemic
stroke has been described as stroke-heart syndrome (SHS)
(Scheitz et al, 2018). Traditionally, SHS refers to cardiac
complications that occur after stroke (Scheitz et al., 2021b),
including arrhythmias, myocardial damage, and cardiac
dysfunction. Researchers have recently summarized cardiac
complications after ischemic stroke as 5 categories (Sposato et al.,
2020a): (1) ischemic and non-ischemic acute myocardial injuries,
manifested by elevated cardiac troponin (cTn), which are often
asymptomatic; (2) Acute myocardial infarction (AMI) after stroke;
(3) Left ventricular dysfunction, heart failure, and post-stroke
Takotsubo syndrome; (4) Sudden cerebral-cardiac death after
stroke; (5) ECG changes and arrhythmias, including atrial
fibrillation (AF) after strok. The risk of atrial fibrillation after
ischemic stroke is often higher, and patients with ischemic stroke
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are 8 times more likely to experience new atrial fibrillation than
non-stroke patients (Sposato et al., 2020b). The concept of atrial
fibrillation detected after stroke (AFDAS) (Cerasuolo et al., 2017)
was proposed to better distinguish between previous atrial
fibrillation and stroke-induced atrial fibrillation, and AFDAS was
recently included in the 2020 European Society of Cardiology
guidelines for the diagnosis and treatment of atrial fibrillation
(Hindricks et al., 2021).

Clinical manifestations of SHS

The concept of SHS (i.e., cardiac manifestations caused by
ischemic stroke) implies that a cardiac function disturbance
occurs after the appearance of a neurological deficit, and the
cardiac dysfunction occurs in the absence of significant underlying
cardiac diseases or disorders. Evidence has shown that the
frequency and severity of SHS reach the peak within the first 3
days after the event (Jensen et al., 2012; Kallmunzer et al., 2012)
and that most stroke-related cardiac disorders are transient, while
some patients show poor prognosis (Faiz et al., 2014; Scheitz et al.,
2014; Wrigley et al., 2017). The clinical manifestations of stroke-
heart syndrome are continuous, ranging from asymptomatic ECG
changes or elevated myocardial markers to deterioration of left
ventricular function, malignant arrhythmias, and even myocardial
infarction. Furthermore, these symptoms of cardiac dysfunction
can occur simultaneously (Fure et al., 2006; Ahn et al., 2016).

ECG changes

Studies have found that pathological ECG changes may occur
in 70 to 90 percent of stroke patients with previous ECG showing
Q-wave or left ventricular hypertrophy (Khechinashvili and
Asplund, 2002; Hjalmarsson et al., 2012). In a cohort with an
unknown prior cardiac disease, ECG changes occur in 91 percent
of patients with ischemic stroke. Among all, 32 percent of patients
with ischemic stroke showed ECG changes after excluding patients
with previous cardiac diseases (Khechinashvili and Asplund,
2002). The most common ECG changes after stroke are complex
polarization changes, including Q-T interval prolongation, S-T
segment changes, or T-wave widening and inversion (Hjalmarsson
etal,, 2012; Oppenheimer and Cechetto, 2016). ECG changes are
more common in patients with elevated myocardial markers when
left ventricular dysfunction occurs. Most of these ECG changes
are transient and reach the peak early after stroke. Importantly,
changes in ECG after stroke are associated with patient prognosis,
and previous studies have shown that prolonged Q-T interval is
associated with myocardial injury, severe arrhythmias, and sudden
cardiac death after stroke (Soros and Hachinski, 2012).
Kallmiinzer et al. used an automated arrhythmia detection system
to detect ECG changes after stroke, and it was found that 25% of
501 patients experienced severe arrhythmia (139 times) that
required urgent clinical evaluation within 72h of stroke onset. In
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addition, 58% of these patients had clinically relevant episodes of
atrial fibrillation. The remaining patients were detected with
ventricular or supraventricular tachycardia, sinus node
dysfunction, and second-or third-degree AV block. Rapid
arrhythmias that occur after stroke are more common than
bradycardiographic changes, and senior age and stroke severity
are independent risk factors for these arrhythmias (Kallmunzer
etal., 2012). Clinical data support the neurological mechanism for
patients with AFDAS (Sposato et al., 2014), and animal studies
have shown that left atrial myocardial structural changes occur
after stroke in rats, which may be the basis for new atrial
fibrillation (Balint et al., 2019). AFDAS has specific risk factors
and may have a better prognosis than known atrial fibrillation
prior to stroke (Sposato et al., 2018). In addition, AFDAS has a
lower incidence rate of cardiovascular comorbidities and
structural heart disease and lower CHA2DS2-VASc scores than
atrial fibrillation known before stroke (Gonzalez Toledo et al.,
2013; Sposato et al., 2018; Yang et al., 2019). However, to date, the
mechanisms associated with atrial fibrillation after stroke have not
been elucidated, and inflammation and autonomic dysregulation
may be so far the best explanation (Sposato et al., 2014). It is
critical to clarify this pathophysiological pathway.

Myocardial markers

Current guidelines recommend measurement of myocardial
markers at the time of admission in patients with ischemic stroke
(Powers et al., 2018) because timely identification of heart disease
in patients with ischemic stroke may improve prognosis. CK-MB
is not entirely cardiac specific and may also increase after skeletal
muscle injury, renal failure, intramuscular injection, strenuous
exercise, and drug action (Chen Z. et al, 2017). Currently,
myocardial injury is defined as ¢Tn levels above the 90th percentile
(McCarthy et al., 2019), and cTn is considered as a more specific
and sensitive biomarker for the detection of heart injury and left
ventricular dysfunction than CK-MB. Using the latest highly
sensitive analysis, 30 to 60% of stroke patients have elevated cTn,
and most of them do not have coronary symptoms (Kubo et al.,
2011). In the vast majority of patients with cerebrovascular events,
elevated cTn occurs in the absence of typical coronary symptoms
(e.g., chest pain, dyspnea), clear ECG ischemic changes (e.g.,
S-segment elevation), or echocardiography findings (McCarthy
et al., 2019). Elevated cTn after stroke is more common in older
patients and patients with structural heart disease, such as heart
failure and coronary atherosclerotic heart disease (Scheitz et al.,
2014). In addition, stroke severity and lesion sites may
be associated with elevated cTn, particularly lesions in the right
insular anterior cortex associated with acute myocardial injury
after stroke (Krause et al.,, 2017). A recent study reported elevated
cTn levels in patients with acute predorsal right island cortex
ischemic stroke, which can cause autonomic disorders,
sympathetic activation, and myocardial injury (Krause et al.,
2017). Many studies have shown that elevated c¢Tn is not only
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damage to the heart itself, leading to poor prognosis and high
mortality of the patients (Wrigley et al.,, 2017; Fan et al., 2018), but
also causes an increased incidence of recurrent macrovascular
events, impaired cognitive function, and an increased risk of
major adverse cardiac events (von Rennenberg et al., 2019;
Broersen et al., 2020a, b; Hellwig et al., 2021). At present, clinical
differentiation between acute and chronic myocardial injury is
distinguished by continuous measurement of c¢Tn, and acute
myocardial injury is manifested by an ascending pattern of ¢Tn
levels, while chronic myocardial injury caused by structural heart
disease does not have this dynamic pattern (Thygesen et al., 2018;
DeFilippis et al., 2019). It has been shown that acute myocardial
injury may have a higher short-term mortality rate than chronic
myocardial injury (Scheitz et al., 2014), and for this reason, the
underlying cause of acute myocardial injury after stroke should
be identified in a timely manner to improve prognosis. Although
cTn has high specificity in identifying and quantifying myocardial
injury, it is not specific for the clinical diagnosis of myocardial
infarction or cardiac ischemia. Some studies suggested that
elevation of cTn caused by myocardial injury induced stroke can
be divided into two types of myocardial infarctions. Type 1
myocardial infarction is associated with myocardial infarction due
to acute coronary atherosclerotic thrombosis, and type 2
myocardial infarction is due to a mismatch in oxygen demand/
supply caused by pathophysiological mechanisms other than
atherosclerotic thrombosis. Significantly different clinical
management strategies are required for two different types of
myocardial infarction (Scheitz et al., 2021b). So far, there are no
clear guidelines on how to distinguish between elevated types of
cTn, which need to be evaluated jointly by cardiologists and
neurologists. Furthermore, the safety of coronary CTA or
cardiovascular MRI in stroke patients is still unclear.

Cardiac dysfunction

Cardiac complications after stroke are not limited to
myocardial injury, but the occurrence of left ventricular
dysfunction after stroke is also associated with ischemic
stroke. Decreased left ventricular ejection fraction and
diastolic dysfunction have been widely reported in all types of
strokes, but the lack of knowledge of cardiac baseline status
before stroke limits the ability to estimate its true incidence
rate (van der Bilt et al., 2014; Lee et al., 2016). Left ventricular
dysfunction may be accompanied by elevated cTn or not.
However, high c¢Tn is associated with a lower left ventricular
ejection fraction, the number of hypokinesia segments, and
wall movement abnormalities (Oras et al., 2016). In a study of
1,209 AIS patients, 378 (31%) showed at least mild impairment
of left ventricular function. Among these, only about one third
of the patients have been pre-diagnosed with congestive heart
failure (Siedler et al., 2019). Measurements of NT-proBNP
have recently become valuable in the rapid diagnosis of heart
failure, and elevated NT-proBNP has been shown to
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be associated with an increased risk of stroke severity and
cardiovascular events, and death after ischemic stroke (Tu
et al., 2017; Zhao et al., 2020). Recent meta-analyses have
shown that the concentration of NT-proBNP in patients with
acute ischemic stroke is significantly increased, but in fact,
there is cardiac dysfunction after stroke. NT-proBNP levels
rose within 24h of the onset of acute ischemic stroke and
remained high over the six-day study period (Xu et al., 2020).
Multivariate analysis showed that the National Institutes of
Health stroke score (NIHSS) was one of the strongest
independent predictors of elevated NT-proBNP levels (Chen
etal., 2012). In addition, elevated NT-ProBNP is the strongest
independent predictor of long-term adverse clinical outcomes
in patients with acute ischemic stroke (Yang et al., 2018).
Recent studies have shown that NT-proBNP is associated with
bleeding transformation and poor prognosis in stroke patients
treated with intravenous thrombolytic therapy (Zhang et al,,
2021). In a preliminary single-center study, 4.9% of AIS
patients without pre-existing cardiovascular comorbidities
developed heart failure during hospitalization, where only one
third of heart failure is caused by acute myocardial infarction
after stroke (Micheli et al., 2012). In patients with first-time
AIS and no history of heart disease, 3.8 percent of patients
were newly diagnosed with an HF event within 1 year,
compared with 1.3 percent of stroke-free preference-matched
patients (Sposato et al., 2020b). Animal models of cerebral
ischemia (occlusion of the middle cerebral artery) can exhibit
significant cardiac dysfunction (Ishikawa et al., 2013;
Chen J. et al., 2017). Previous studies have found cardiac
dysfunction in more than 60% of mice with left cerebral artery
occlusion (rather than right), which is associated with left
insular injury and increased norepinephrine concentrations
(Min et al., 2009). Mouse stroke models induce myocardial
dysfunction and injury and are associated with cardiac
inflammation and fibrosis, particularly after selective damage
to mouse insular cortex related sites (Bieber et al., 2017;
Veltkamp et al,, 2019). In addition, after 8 weeks of right
transient cerebral artery occlusion (rather than left), mice
experienced deterioration of left ventricular ejection fraction
and an increase in left ventricular volume, which is mediated
by chronic autonomic dysfunction and ameliorated by f
receptor blockers (Bieber et al., 2017). Thus, acute ischemic
stroke may cause cardiac insufficiency, suggesting that
clinicians need to detect the NT-proBNP levels while paying
attention to ¢Tn during admission and treatment.

In summary, the current clinical data and research results
show that there may be a certain causal relationship between
cardiac complications after stroke. Cardiac complications caused
by acute ischemic stroke, including arrhythmias, myocardial
injury (mainly manifested as elevated cTn) and cardiac
dysfunction are not directly related, but they can occur
independently or simultaneously. Therefore, timely diagnosis and
treatment of cardiac symptoms after stroke are essential to
improve clinical management and reduce mortality.
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Cardiac complications and
prognosis of patients with acute
Ischemic stroke

Cardiac complications are one of the main challenges in the
treatment of acute ischemic stroke, and stroke-heart syndrome is
receiving increasing clinical attention. In randomized controlled
trials, approximately 20 percent of patients with ischemic stroke
reported serious cardiac adverse events mainly within the first 3
days after symptom development, including acute coronary
syndrome, heart failure, and arrhythmias (Prosser et al., 2007).
SICFAIL studies have found that a significant proportion of the
population with ischemic stroke exhibit subclinical and clinical
cardiac insufficiency (Heuschmann et al., 2021). Troponin has
heart-specific isomers, therefore, many studies have identified
troponin as a specific biomarker for myocardial injury after acute
ischemic stroke. TRELAS studies have shown that nearly half of
patients with ischemic stroke who have troponin above the
threshold for the diagnosis of myocardial infarction have no
evidence of obstructive coronary artery disease (Scheitz et al.,
2014). Studies have shown that senior age, a history of structural
and coronary heart diseases, and cardiovascular risk factors,
including impaired renal function, are risk factors for elevated
troponin after ischemic stroke. Furthermore, stroke-related factors
such as stroke severity and stroke location are also associated with
elevated troponin (Scheitz et al., 2012; Krause et al., 2017). By
applying voxel-based symptom localization methods, lesions in
the anterior cortex of the right dorsal insula may contribute more
to elevated troponin (Scheitz et al., 2012).

It is controversial whether cardiac complications can affect
patient prognosis. It has been found that cardiac troponin only
occurs in a small number of patients with acute ischemic stroke,
and cardiac troponin does not affect clinical outcomes if other risk
factors are considered together (Etgen et al., 2005). Some
researchers believe that post-stroke Q-T interval prolongation
only independently predicts a poor prognosis in the acute phase,
but not a prognosis for the year after stroke (Hjalmarsson et al.,
2012). The FIND-AF study, which conducted baseline blood
collection in 197 patients with cerebral ischemia without atrial
fibrillation and followed up for 1year, found that only high-
sensitivity troponin had an independent predictive effect on
vascular events and all-cause mortality among all markers,
revealed by multivariate analysis. In the absence of acute
myocardial infarction, an initial elevation of myocardial troponin
is strongly associated with a poor prognosis both in the acute
phase and 1 year after stroke (Stahrenberg et al., 2013). A 2018
meta-analysis found that elevated cTn baseline levels in patients
with acute ischemic stroke independently predicted an increase in
all-cause mortality, and that measurement of cTn at admission
may contribute to early risk stratification of death in these patients
(Fan et al., 2018). Elevated high-sensitivity troponin has also been
found to be independently associated with an increased risk of
death or severe disability after stroke (He et al., 2018). Several
studies have also provided consistent evidence that myocardial
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injury in acute ischemic stroke is associated with poorly
functioning prognosis and a more than two-fold increase in
mortality (Scheitz et al., 2015; Wrigley et al., 2017). At present, the
clinical treatment of ischemic stroke is mainly thrombolytic
therapy and stent therapy, and studies have found that, regardless
of the treatment, the high-sensitivity troponin level is associated
with patient mortality (Sui et al., 2019; Wu et al., 2021). In addition
to being strongly associated with mortality, recent studies have
shown that elevated levels of hs-cTn in stroke patients are
associated with an increased incidence of major cardiovascular
events (Scheitz et al., 2020; Broersen et al., 2020b). Moreover,
hs-cTn levels are also associated with the severity of cerebral
small-vessel disease and impaired cognitive function (Broersen
et al., 2020a). PROSCIS-B (Berlin Stroke Event Prospective
Cohort Study) showed that in patients with mild to moderate first-
time stroke, patients with the highest quartile levels of hs-cTn were
1.8 times more likely to develop cognitive impairment than the
patients with the lowest quartile. This association remained within
the first 3 years after the stroke event (Broersen et al., 2020a).
Recent studies have found that the 5-year recurrence rate of stroke
in patients with cardiac complications following ischemic stroke
is greater than 50% (Scheitz et al., 2021a; Buckley et al., 2022).
Since the 21st century, post-stroke cardiac complications have
attracted much attention, and multicenter research has focused on
improving clinical diagnosis and prediction models as well as
determining the patients that need emergency cardiac intervention
treatment. Additionally, the role of underlying cardiac disease and
stroke-related factors in the development of post-stroke heart
injury has yet to be elucidated. These problems need to be clearly
and

addressed through many visionary, observational,

multicenter studies.

Advances in the treatment of
stroke-heart syndrome

Currently, there are no guidelines on how to assess, treat, or
follow up ischemic stroke patients with post-stroke heart injury
from a cardiac perspective. However, most stroke guidelines do
provide recommendations for post-stroke cardiac testing,
including but not limited to routine ECG, 24-h Holter ECG, and
echocardiography (Bartsch and Deuschl, 2010; Mochmann
et al., 2016). These tests can be done to evaluate myocardial
injury for specific treatment. Studies have provided detailed
treatment decisions for elevated cTn after stroke (Scheitz et al.,
2015; Sposato et al., 2020a), patients with acute coronary
syndrome can be treated in a timely manner, and there is
evidence that early coronary angiography after stroke is feasible
and safe (Mochmann et al., 2016). In addition, clinical treatment
with low-molecular-weight heparin may be considered for
cancer-associated thrombosis, stroke due to cardiogenic
thrombosis, and cardiac injury (Thalin et al., 2016). Although
the optimal treatment for neurogenic cardiac syndrome has not
been determined, the use of p-blockers, a-blockers, or ACE

Frontiers in Molecular Neuroscience

05

10.3389/fnmol.2022.1053478

inhibitors may be considered (Akashi et al., 2008). It is well
known that patients with a poor prognosis for heart injury after
stroke require careful and continuous cardiac follow-up.
Traditional Chinese medicine has a unique effect on the
treatment of brain-heart syndrome. A large number of studies
show that the buyang huanwu soup, ginseng injection, ginseng
wheat injection, ginseng pine nourishing heart capsule, ginseng
dome glucose injection, etc. are effective for the treatment of
brain-heart syndrome (Li et al., 2016; Liu et al., 2016; Yang
et al., 2016; Ji, 2020; Sun et al., 2022), and acupuncture from
traditional medicine also has a positive effect on brain-heart
syndrome (Ya-jun et al., 2020; Liu et al., 2022). It has been
shown that Edaravone is a novel free radical scavenger and
antioxidant that is highly effective against a variety of acute
cerebrovascular diseases and protects the cardiomyocytes of
stroke patients (Jiang et al., 2016). Guangzheng Wu treated 70
patients with brain-heart syndrome treated by alprostadil
intravenous therapy, and the results showed that compared with
conventional treatment, the level of myocardial injury markers
and inflammatory indicators in patients after treatment was
significantly reduced, which confirmed that alprostadil could
increase coronary blood flow, protect cardiomyocytes and
inhibit inflammatory response (Bonnin et al., 2018). Wentao Li
et al. have found that butylphthalide injection combined with
alprostadil injection can better restore the neurological function
of brain-heart syndrome, improve blood supply to the brain,
and reduce heart damage, which may be related to the removal
of oxidative stress products of heart and brain tissues, protection
of vascular endothelial cells, and inhibition of inflammatory
factors (Wang et al., 2022). In summary, currently, the medical
community does not have a clear and unified diagnostic
standard for brain-heart syndrome and the pathogenesis needs
to be further improved. The treatment is still empirical
symptomatic treatment, and no clear therapeutic target has now
been identified. Therefore, exploring complex diagnosis and
treatment options is the research direction for the treatment of
brain-heart syndrome.

Advances in the study of the
molecular mechanism of the
stroke-heart syndrome

SHS is a complex pathological process, it can occur in patients
with or without underlying cardiac disease, in severe cases, it can
lead to death. Combined with the evidence of clinical studies and
animal experiments, structural and functional disorders of central
autonomic neural networks is the currently accepted mechanism
of SHS. In addition, the immune response after stroke produced
by the spleen or secondary systemic inflammatory response may
also be involved in SHS. At present, some studies suggest that
intestinal microbiota dysregulation and exosome release after
stroke may also be involved in the pathological process of SHS
(Figure 1).

frontiersin.org


https://doi.org/10.3389/fnmol.2022.1053478
https://www.frontiersin.org/journals/molecular-neuroscience
https://www.frontiersin.org

Wang and Peng

10.3389/fnmol.2022.1053478

Disorder of central

autonomic nervous system

Excessive contraction
of cardiac sarcomere

@ Intestinal flora i

imbalance

Extracellular vesicle
and microRNA

FIGURE 1
Possible molecular mechanisms of stroke-heart syndrome.
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Structural and functional disorders
of central autonomic neural
networks

Current data strongly supported stroke-induced stress
responses to overactivation of central autonomic network
structure and dysfunction involving the autonomic nervous
system and the hypothalamic—pituitary—adrenal axis. Acute
ischemic stroke causes acute lesions of the central autonomic
neural network, resulting in acute disturbance of the sympathetic
and parasympathetic nerves from the heart. Cardiac sympathetic
nerves over-release catecholamines, followed by excessive
activation of calcium channels, excessive contraction of cardiac
muscle ganglia, weakening of muscle relaxation, and metabolic
disorders (Scheitz et al., 2018). One study of 228 patients who
underwent MRI scans after ischemic stroke used voxel-based
lesion symptom localization to study whether ischemic stroke
locally induces myocardial injury. Although a single ¢Tn value is
not related to the stroke lesion location, the relative dynamics of
this biomarker concentration have a statistically significant
correlation with right insula anterior lesions, particularly dorsal
subregions (Krause et al., 2017). Furthermore, a study including a

Frontiers in Molecular Neuroscience

consecutive series of 222 patients with ischemic stroke
demonstrated that high concentrations of catecholamines were
independently associated with myocardial injury following acute
ischemic stroke (Ghadri et al., 2018). The most commonly affected
area in patients with clinically ischemic stroke is the insular cortex,
also known as the site for blood supply to the cerebral artery.
Meta-analysis of previous fMRI studies has confirmed that the
formation of the insula cortex, prefrontal cortex, cingulate cortex,
amygdala, hypothalamus, and hippocampus is an important factor
in the central autonomic neural network (Thayer et al., 2012).
Similar findings have been observed in animal models. In
selectively induced acute ischemic stroke models of insula, the
most significant myocardial changes were found around the
pulmonary vein near the left atrium, i.e., the area with the highest
density of atrial myocardial sympathetic processes (Balint et al.,
2019). Additionally, in a mouse model of focal cerebral ischemia
for 8weeks, a phenotype of heart failure with impaired left
ventricular ejection fraction and left ventricular dilation was
induced in the presence of increased peripheral sympathetic
activity (Bieber et al., 2017). Based on this evidence, it seems to
explain the pathway of heart injury caused by ischemic stroke
from the perspective of autonomic neural networks.
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Destruction of the blood-brain
barrier after stroke

The blood-brain barrier consists of endothelial cells, astrocyte
endings, pericytes, and the posterior basement membrane, which
is located at the core of the neurovascular system. The blood-brain
barrier acts as a dynamic interface between the brain and the
circulatory system, limiting the entry of potential neurotoxins as
well as microscopic and hydrophilic molecules. The destruction
of the in the
pathophysiological cascade after stroke, and the increased

blood-brain barrier is the main step
permeability helps inflammatory factors enter the brain,
aggravating the ischemia-induced inflammatory response in the
brain. Meanwhile, the destruction of the blood-brain barrier
causes brain-derived antigens and extracellular vesicles of
damaged brain cells to enter the blood and mix with the
surrounding immune cells, and ultimately reach the target organ
through blood circulation to cause damage to the surrounding
tissues (Varatharaj and Galea, 2017). S100B in peripheral blood is
a sensitive marker of blood-brain barrier dysfunction and
ischemic brain injury and is also a predictor of stroke prognosis
(Molnar et al., 2014). Studies have shown that S100B is associated
with the lesion area of stroke and the degree of inflammation
throughout the body. Furthermore, S100 also plays an important
role in cardiomyocyte death and ischemia-reperfusion injury
(Frangogiannis, 2019; Li et al., 2019). To date, no studies have
shown the role of S100 in heart injury after stroke, but a close
relationship between cardiac function and the integrity of the
blood-brain barrier has been implied. This effect may be indirect
and needs to be elucidated in subsequent studies.

Systemic inflammatory reaction

The activation of the immune system that causes inflammation
after stroke is an important factor in stroke progression. Although
cytokines are released acutely after stroke, the increase in plasma
levels is only temporary, lasting for a few hours to a few days.
Meanwhile, the myocardial remodeling continues despite the
short duration of this systemic inflammatory response (Balint
etal,, 2019). Neuronal cell death after stroke leads to local brain
inflammation, and endothelial cells and astrocytes from damaged
local brain inflammation are shed into extracellular vesicles and
rapidly cross the blood-brain barrier into the bloodstream. When
they reach peripheral organs, they release proteins or mRNA to
regulate acute cytokine responses and therefore lead to target
organ damage (Dickens et al., 2017). Studies have shown that in
the initial stages of ischemic stroke attacks, pro-inflammatory
cytokines (IL-6, IL-1P, and tumor necrosis factor-a, etc.),
integrins, adhesion molecules (ICAM-1 and VCAM-1), and
chemokines can further damage the blood-brain barrier and enter
the bloodstream system through the blood-brain barrier, inducing
a systemic inflammatory response (Yilmaz and Granger, 2010;
Liesz et al.,, 2011). Among them, lymphocytes begin to invade
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within 48 h after ischemic stroke, and the invading T lymphocytes
promote a harmful inflammatory cascade that deteriorates brain
damage (Liesz et al., 2011). It has also been found that during
ischemic stroke, the spleen plays a central role in the peripheral
blood immune response by increasing circulating lymphocytes,
pro-inflammatory cytokines and chemokines (Offner et al., 2006;
Park et al., 2022). However, splenectomy after 8 weeks of chronic
heart failure has been reported to significantly improve left
ventricular systolic function and reduce cardiomyocyte
hypertrophy (Ismahil et al., 2014). These studies suggest that the
spleen-mediated immune response plays an important role in
heart damage after stroke.

Intestinal flora imbalance

As we know more and more about the relationship between
the human microbiome and various diseases, it has been found
that there may be interactions between the gut microbiota
(gut-heart axis) and between the intestinal flora and the central
nervous system (brain-gut axis) (Chen Z. et al., 2017). In patients
with ischemic stroke, pronounced intestinal dysfunction is
manifested by an increase in opportunistic bacteria and a decrease
in probiotics (Yin et al., 2015). It has also been suggested that the
symbiotic gut flora protects against nerve damage in ischemic
stroke, and that their absence or dysregulation increases post-
stroke mortality in mice (Winek et al., 2016). In addition, the
degree of increased proteus in the intestines of stroke patients is
directly proportional to the severity of stroke (Yin et al., 2015). In
patients with ischemic stroke, intestinal microbiota disorders and
increased bacterial counts of the Lactobacillus rumen subset in the
fecal intestinal flora are associated with increased systemic
inflammation and metabolic changes (Yamashiro et al., 2017).
Systemic inflammation increases intestinal permeability and
promotes bacterial and endotoxin translocation to the
bloodstream, further triggering a systemic inflammatory response
and exacerbating cardiac dysfunction (Nagatomo and Tang,
2015). However, the direct mechanism of action of the intestinal
microbiota in the brain-heart syndrome has not been elucidated,
and future studies need to focus on the role of the gut microbiome
in the brain-heart syndrome and to investigate whether intestinal
dysfunction after stroke mediates multi-organ dysfunction of the
heart after stroke.

Circulating microvesicles and
microRNA

Many of the circulating microvesicles in the blood come from
cells that directly contact the blood, such as platelets and
endothelial cells. Elevated circulating microvesicle levels in
patients with ischemic stroke are associated with poor clinical
prognosis (Huo et al., 2021; Schrick et al., 2022). The main source
of microvesicles in stroke patients is vascular endothelial cells,
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which stimulate endothelial cells to release cytokine IL-6. IL-6 can
induce spasm of peripheral blood vessels, including those of the
heart, causing coronary syndrome (Schoch et al., 2007). Platelet
microvesicles can also serve as a link between vascular coagulation
and inflammation in cardiovascular disease, as microvesicles from
platelets and damaged brains can lead to changes in platelet
activity. Platelet microvesicles have a specific procoagulant activity
that is 50-100 times higher than activated platelets. Platelet
microvesicles can be found in ischemic stroke followed by
thromboembolic events and associated cardiac complications
(Sinauridze et al., 2007). Neurons, astrocytes, microglia, and
neural stem cells release microvesicles under normal and
pathological conditions. Microvesicles can promote the
development and progression of certain neurodegenerative and
neuroinflammatory diseases (Porro et al., 2015). Previous studies
have shown that brain-derived mitochondrial particles are
increased significantly in circulation after brain trauma.
Mitochondrial particles work synergistically with platelets to
promote vascular leakage by disrupting the endothelial barrier.
The disruption of the endothelial barrier allows mitochondrial
particles to be released into the systemic circulation, promoting
coagulation, and enhancing fibrinolysis, vasofibrillin deposition,
and thrombosis (Zhao et al., 2016). Therefore, increased
coagulation and thrombosis after stroke may cause heart damage
and further research is needed for elucidation. MicroRNA (miR)
is non-coding RNA and is currently found to be involved in many
biological processes, including angiogenesis, inflammation, and
hypoxia responses. Some miRs with key cardiac and vascular
functions have been reported to be affected after stroke, including
upregulated miR-23, miR-24, miR-29, miR-30, miR-103, and
miR-222, while miR-126 down-regulated microvesicles are also
rich in miRs (Tan et al., 2009). MiR-126 deficiency is highly
associated with heart failure, atrial fibrillation, and coronary
artery disease, and may be associated with severe stroke-induced
cardiac complications (Wang et al., 2008). It has been shown that
ischemic stroke reduces the expression of serum and cardiac
miR-126 and induces cardiac dysfunction after stroke. Compared
with mice in the miR-126 knockout control group, mice with
conditionally specific endothelial cell miR-126 knockout exhibit
increased cardiac dysfunction after ischemic stroke, and increased
myocardial hypertrophy, fibrosis, and expression of inflammatory
factors (Chen J. etal., 2017). It has also been shown that circulating
miR-145 is also significantly elevated within 24h of cerebral
ischemia, and that circulating miR-145 levels are positively
correlated with elevated serum inflammatory factor IL-6 (Dharap
etal, 2009). However, whether they are involved in the regulation
of cardiac function through inflammatory response needs to
be further studied.

Conclusion

In summary, we describe the broad clinical features and
potential mechanisms of cardiac complications after ischemic
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stroke. Underlying cardiovascular disease and underlying vascular
or stroke risk factors increase the incidence of the cardiac
syndrome and exacerbate the severity. From the perspective of the
mechanism of brain-heart syndrome, autonomic dysfunction,
microvascular dysfunction, and coronary ischemic processes are
interdependent and play essential roles in the process of cardiac
complications caused by stroke. The unique but comprehensive
concept of stroke-heart syndrome potentially provides
information for clinical decision-making, and further data are
needed to provide evidence-based advice on the screening,
diagnosis, prevention, and treatment of cardiac complications

after stroke.

Author contributions

MW collected and reviewed the data. YP was responsible for
the review and revision. All authors contributed to the article and
approved the submitted version.

Funding

This work was supported by Funding from Young Talent
Development plan of Changzhou Health Commission
(CZQM2020034 and CZQM2020004), Young talents Science and
technology project of Changzhou Health Commission
(QN201913), and the National Natural Science Fund (81701584).

Acknowledgments

We are grateful to Young Talent Development plan of
Changzhou Health Commission and Social Development Projects
of Changzhou Science and Technology Bureau for its
financial assistance.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Publisher’'s note

All claims expressed in this article are solely those of the
authors and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

frontiersin.org


https://doi.org/10.3389/fnmol.2022.1053478
https://www.frontiersin.org/journals/molecular-neuroscience
https://www.frontiersin.org

Wang and Peng

References

Ahn, S. H., Kim, Y. H,, Shin, C. H,, Lee, J. S., Kim, B. ], Kim, Y. J., et al. (2016).
Cardiac vulnerability to Cerebrogenic stress as a possible cause of troponin elevation
in stroke. J. Am. Heart Assoc. 5:e004135. doi: 10.1161/JAHA.116.004135

Akashi, Y. J., Goldstein, D. S., Barbaro, G., and Ueyama, T. (2008). Takotsubo
cardiomyopathy: a new form of acute, reversible heart failure. Circulation 118,
2754-2762. doi: 10.1161/CIRCULATIONAHA.108.767012

Balint, B., Jaremek, V., Thorburn, V., Whitehead, S. N., and Sposato, L. A. (2019).
Left atrial microvascular endothelial dysfunction, myocardial inflammation and
fibrosis after selective insular cortex ischemic stroke. Int. J. Cardiol. 292, 148-155.
doi: 10.1016/j.ijjcard.2019.06.004

Bartsch, T., and Deuschl, G. (2010). Transient global amnesia: functional anatomy
and clinical implications. Lancet Neurol. 9, 205-214. doi: 10.1016/
S$1474-4422(09)70344-8

Bieber, M., Werner, R. A., Tanai, E., Hofmann, U,, Higuchi, T, Schuh, K., et al.
(2017). Stroke-induced chronic systolic dysfunction driven by sympathetic
overactivity. Ann. Neurol. 82, 729-743. doi: 10.1002/ana.25073

Bonnin, P, Pansiot, J., Baud, O., and Charriaut-Marlangue, C. (2018).
Prostaglandin E1-mediated collateral recruitment is delayed in a neonatal rat stroke
model. Int. J. Mol. Sci. 19:2995. doi: 10.3390/ijms19102995

Broersen, L. H. A,, Siegerink, B., Sperber, P. S., Von Rennenberg, R., Piper, S. K.,
Nolte, C. H., et al. (2020a). High-sensitivity cardiac troponin T and cognitive
function in patients with ischemic stroke. Stroke 51, 1604-1607.

Broersen, L. H. A., Stengl, H., Nolte, C. H., Westermann, D., Endres, M.,
Siegerink, B., et al. (2020b). Association between high-sensitivity cardiac troponin
and risk of stroke in 96 702 individuals: a meta-analysis. Stroke 51, 1085-1093. doi:
10.1161/STROKEAHA.119.028323

Buckley, B. J. R., Harrison, S. L., Hill, A., Underhill, P, Lane, D. A, and Lip, G. Y.
H. (2022). Stroke-Heart syndrome: incidence and clinical outcomes of cardiac
complications following stroke. Stroke 53, 1759-1763.

Byer, E., Ashman, R., and Toth, L. A. (1947). Electrocardiograms with large,
upright T waves and long Q-T intervals. Am. Heart J. 33, 796-806. doi:
10.1016/0002-8703(47)90025-2

Cerasuolo, J. O., Cipriano, L. E., and Sposato, L. A. (2017). The complexity of atrial
fibrillation newly diagnosed after ischemic stroke and transient ischemic attack:
advances and uncertainties. Curr. Opin. Neurol. 30, 28-37. doi: 10.1097/
‘WCO.0000000000000410

Chen, J., Cui, C,, Yang, X., Xu, J., Venkat, P, Zacharek, A., et al. (2017). MiR-126
affects brain-Heart interaction after cerebral ischemic stroke. Transl. Stroke Res. 8,
374-385. doi: 10.1007/s12975-017-0520-z

Chen, Z., Venkat, P, Seyfried, D., Chopp, M., Yan, T., and Chen, J. (2017). Brain-
Heart interaction: cardiac complications after stroke. Circ. Res. 121, 451-468. doi:
10.1161/CIRCRESAHA.117.311170

Chen, X., Zhan, X., Chen, M., Lei, H., Wang, Y., Wei, D., et al. (2012). The
prognostic value of combined NT-pro-BNP levels and NIHSS scores in patients with
acute ischemic stroke. Int. Med. (Tokyo, Japan) 51, 2887-2892. doi: 10.2169/
internalmedicine.51.8027

Collaborators, G. B. D. S. (2021). Global, regional, and national burden of stroke
and its risk factors, 1990-2019: a systematic analysis for the global burden of disease
study 2019. Lancet Neurol. 20, 795-820.

Defilippis, A. P,, Chapman, A. R., Mills, N. L., De Lemos, J. A., Arbab-Zadeh, A.,
Newby, L. K,, et al. (2019). Assessment and treatment of patients with type 2
myocardial infarction and acute nonischemic myocardial injury. Circulation 140,
1661-1678. doi: 10.1161/CIRCULATIONAHA.119.040631

Dharap, A., Bowen, K., Place, R, Li, L. C., and Vemuganti, R. (2009). Transient
focal ischemia induces extensive temporal changes in rat cerebral microRNAome.
J. Cereb. Blood Flow Metab. 29, 675-687. doi: 10.1038/jcbfm.2008.157

Dickens, A. M., Tovar, Y. R. L. B, Yoo, S. W,, Trout, A. L., Bae, M., and
Kanmogne, M. (2017). Astrocyte-shed extracellular vesicles regulate the peripheral
leukocyte response to inflammatory brain lesions. Sci. Signal. 10:eaai7696. doi:
10.1126/scisignal.aai7696

Dombrowski, K., and Laskowitz, D. (2014). Cardiovascular manifestations of
neurologic disease. Handb. Clin. Neurol. 119, 3-17. doi: 10.1016/B978-0-7020-
4086-3.00001-1

Etgen, T., Baum, H., Sander, K., and Sander, D. (2005). Cardiac troponins and
N-terminal pro-brain natriuretic peptide in acute ischemic stroke do not relate to
clinical prognosis. Stroke 36, 270-275. doi: 10.1161/01.STR.0000151364.19066.a1

Faiz, K. W,, Thommessen, B., Einvik, G., Omland, T., and Ronning, O. M.
(2014). Prognostic value of high-sensitivity cardiac troponin T in acute ischemic
stroke. J. Stroke Cerebrovasc. Dis. 23, 241-248. doi: 10.1016/j.jstrokecerebrovasdis.
2013.01.005

Frontiers in Molecular Neuroscience

09

10.3389/fnmol.2022.1053478

Fan, Y,, Jiang, M., Gong, D., Man, C., and Chen, Y. (2018). Cardiac troponin for
predicting all-cause mortality in patients with acute ischemic stroke: a meta-
analysis. Biosci. Rep. 38:BSR20171178. doi: 10.1042/BSR20171178

Frangogiannis, N. G. (2019). SI00A8/A9 as a therapeutic target in myocardial
infarction: cellular mechanisms, molecular interactions, and translational
challenges. Eur. Heart J. 40, 2724-2726. doi: 10.1093/eurheartj/ehz524

Fure, B., Bruun Wyller, T., and Thommessen, B. (2006). Electrocardiographic and
troponin T changes in acute ischaemic stroke. J. Intern. Med. 259, 592-597. doi:
10.1111/j.1365-2796.2006.01639.x

Ghadri, J. R., Wittstein, I. S., Prasad, A., Sharkey, S., Dote, K., Akashi, Y. ., et al.
(2018). International expert consensus document on Takotsubo syndrome (part I):
clinical characteristics, diagnostic criteria, and pathophysiology. Eur. Heart J. 39,
2032-2046. doi: 10.1093/eurheartj/ehy076

Gonzalez Toledo, M. E., Klein, F. R, Riccio, P. M., Cassara, E P., Munoz
Giacomelli, E, Racosta, J. M., et al. (2013). Atrial fibrillation detected after acute
ischemic stroke: evidence supporting the neurogenic hypothesis. J. Stroke
Cerebrovasc. Dis. 22, e486-e491. doi: 10.1016/j.jstrokecerebrovasdis.2013.05.015

He, L., Wang, J., and Dong, W. (2018). The clinical prognostic significance of hs-
cTnT elevation in patients with acute ischemic stroke. BMC Neurol. 18:118. doi:
10.1186/512883-018-1121-5

Hellwig, S., Ihl, T., Ganeshan, R., Laumeier, I., Ahmadi, M., Steinicke, M., et al.
(2021). Cardiac troponin and recurrent major vascular events after minor stroke or
transient ischemic attack. Ann. Neurol. 90, 901-912. doi: 10.1002/ana.26225

Heuschmann, P. U,, Montellano, E. A., Ungethum, K., Rucker, V., Wiedmann, S.,
Mackenrodt, D., et al. (2021). Prevalence and determinants of systolic and diastolic
cardiac dysfunction and heart failure in acute ischemic stroke patients: the SICFAIL
study. ESC Heart Fail. 8, 1117-1129. doi: 10.1002/ehf2.13145

Hindricks, G., Potpara, T, Dagres, N., Arbelo, E, Bax, J. ],
Blomstrom-Lundgvist, C., et al. (2021). 2020 ESC guidelines for the diagnosis and
management of atrial fibrillation developed in collaboration with the European
Association for Cardio-Thoracic Surgery (EACTS): the Task force for the diagnosis
and management of atrial fibrillation of the European Society of Cardiology (ESC)
developed with the special contribution of the European Heart rhythm association
(EHRA) of the ESC. Eur. Heart J. 42, 373-498.

Hjalmarsson, C., Bokemark, L., Fredriksson, S., Antonsson, J., Shadman, A., and
Andersson, B. (2012). Can prolonged QTc and ¢TNT level predict the acute and
long-term prognosis of stroke? Int. J. Cardiol. 155, 414-417. doi: 10.1016/j.
ijcard.2010.10.042

Huo, S., Krankel, N., Nave, A. H., Sperber, P. S., Rohmann, J. L., Piper, S. K,, et al.
(2021). Endothelial and leukocyte-derived microvesicles and cardiovascular risk after
stroke: PROSCIS-B. Neurology 96, €937-946. doi: 10.1212/WNL.0000000000011223

Ishikawa, H., Tajiri, N., Vasconcellos, J., Kaneko, Y., Mimura, O., Dezawa, M., et al.
(2013). Ischemic stroke brain sends indirect cell death signals to the heart. Stroke
44, 3175-3182. doi: 10.1161/STROKEAHA.113.001714

Ismahil, M. A., Hamid, T., Bansal, S. S., Patel, B., Kingery, J. R., and Prabhu, S. D.
(2014). Remodeling of the mononuclear phagocyte network underlies chronic
inflammation and disease progression in heart failure: critical importance of the
cardiosplenic axis. Circ. Res. 114, 266-282. doi: 10.1161/CIRCRESAHA.113.301720

Jensen, J. K., Ueland, T., Aukrust, P, Antonsen, L., Kristensen, S. R., Januzzi, J. L.,
etal. (2012). Highly sensitive troponin T in patients with acute ischemic stroke. Eur.
Neurol. 68, 287-293. doi: 10.1159/000341340

Ji, S. (2020). Clinical observation on Shensong Yangxin capsules combined with
Bisoprolol for arrhythmia complicated with brain-heart syndrome. J. New Chin.
Med. 52, 63-66.

Jiang, J. J., Xie, Y. M., Zhang, Y., Zhang, Y. K., Wang, Z. M., and Han, B. (2016).
Clinical medication characteristics of Shuxuening injection in treatment of cerebral
infarction research based on registration. Zhongguo Zhong yao za zhi 41, 4516-4520.

Kallmunzer, B., Breuer, L., Kahl, N., Bobinger, T., Raaz-Schrauder, D.,
Huttner, H. B, et al. (2012). Serious cardiac arrhythmias after stroke: incidence, time
course, and predictors--a systematic, prospective analysis. Stroke 43, 2892-2897. doi:
10.1161/STROKEAHA.112.664318

Khechinashvili, G., and Asplund, K. (2002). Electrocardiographic changes in
patients with acute stroke: a systematic review. Cerebrovasc. Dis. 14, 67-76. doi:
10.1159/000064733

Krause, T., Werner, K., Fiebach, J. B., Villringer, K., Piper, S. K., Haeusler, K. G.,
et al. (2017). Stroke in right dorsal anterior insular cortex is related to myocardial
injury. Ann. Neurol. 81, 502-511. doi: 10.1002/ana.24906

Kubo, T., Kitaoka, H., Okawa, M., Yamanaka, S., Hirota, T., Baba, Y., et al. (2011).
Combined measurements of cardiac troponin I and brain natriuretic peptide are

useful for predicting adverse outcomes in hypertrophic cardiomyopathy. Circ. J. 75,
919-926. doi: 10.1253/circj.CJ-10-0782

frontiersin.org


https://doi.org/10.3389/fnmol.2022.1053478
https://www.frontiersin.org/journals/molecular-neuroscience
https://www.frontiersin.org
https://doi.org/10.1161/JAHA.116.004135
https://doi.org/10.1161/CIRCULATIONAHA.108.767012
https://doi.org/10.1016/j.ijcard.2019.06.004
https://doi.org/10.1016/S1474-4422(09)70344-8
https://doi.org/10.1016/S1474-4422(09)70344-8
https://doi.org/10.1002/ana.25073
https://doi.org/10.3390/ijms19102995
https://doi.org/10.1161/STROKEAHA.119.028323
https://doi.org/10.1016/0002-8703(47)90025-2
https://doi.org/10.1097/WCO.0000000000000410
https://doi.org/10.1097/WCO.0000000000000410
https://doi.org/10.1007/s12975-017-0520-z
https://doi.org/10.1161/CIRCRESAHA.117.311170
https://doi.org/10.2169/internalmedicine.51.8027
https://doi.org/10.2169/internalmedicine.51.8027
https://doi.org/10.1161/CIRCULATIONAHA.119.040631
https://doi.org/10.1038/jcbfm.2008.157
https://doi.org/10.1126/scisignal.aai7696
https://doi.org/10.1016/B978-0-7020-4086-3.00001-1
https://doi.org/10.1016/B978-0-7020-4086-3.00001-1
https://doi.org/10.1161/01.STR.0000151364.19066.a1
https://doi.org/10.1016/j.jstrokecerebrovasdis.2013.01.005
https://doi.org/10.1016/j.jstrokecerebrovasdis.2013.01.005
https://doi.org/10.1042/BSR20171178
https://doi.org/10.1093/eurheartj/ehz524
https://doi.org/10.1111/j.1365-2796.2006.01639.x
https://doi.org/10.1093/eurheartj/ehy076
https://doi.org/10.1016/j.jstrokecerebrovasdis.2013.05.015
https://doi.org/10.1186/s12883-018-1121-5
https://doi.org/10.1002/ana.26225
https://doi.org/10.1002/ehf2.13145
https://doi.org/10.1016/j.ijcard.2010.10.042
https://doi.org/10.1016/j.ijcard.2010.10.042
https://doi.org/10.1212/WNL.0000000000011223
https://doi.org/10.1161/STROKEAHA.113.001714
https://doi.org/10.1161/CIRCRESAHA.113.301720
https://doi.org/10.1159/000341340
https://doi.org/10.1161/STROKEAHA.112.664318
https://doi.org/10.1159/000064733
https://doi.org/10.1002/ana.24906
https://doi.org/10.1253/circj.CJ-10-0782

Wang and Peng

Kumar, S., Selim, M. H., and Caplan, L. R. (2010). Medical complications after
stroke. Lancet Neurol. 9, 105-118. doi: 10.1016/S1474-4422(09)70266-2

Lee, M., Oh, J. H,, Lee, K. B,, Kang, G. H,, Park, Y. H,, Jang, W. ], et al. (2016).
Clinical and echocardiographic characteristics of acute cardiac dysfunction
associated with acute brain hemorrhage-difference from Takotsubo cardiomyopathy.
Circ. J. 80, 2026-2032. doi: 10.1253/circj.CJ-16-0395

Li, Y,, Chen, B, Yang, X., Zhang, C,, Jiao, Y., Li, P, et al. (2019). S100a8/a9
signaling causes mitochondrial dysfunction and Cardiomyocyte death in response
to ischemic/reperfusion injury. Circulation 140, 751-764. doi: 10.1161/
CIRCULATIONAHA.118.039262

Li, P, Lv, B, Jiang, X., Wang, T., Ma, X., Chang, N, et al. (2016). Identification of
NF-kappaB inhibitors following Shenfu injection and bioactivity-integrated UPLC/
Q-TOF-MS and screening for related anti-inflammatory targets in vitro and in silico.
J. Ethnopharmacol. 194, 658-667. doi: 10.1016/j.jep.2016.10.052

Liesz, A., Zhou, W., Mracsko, E., Karcher, S., Bauer, H., Schwarting, S., et al.
(2011). Inhibition of lymphocyte trafficking shields the brain against deleterious
neuroinflammation after stroke. Brain 134, 704-720. doi: 10.1093/brain/awr008

Liu, T., Qin, M., Xiong, X., Lai, X,, and Gao, Y. (2022). Multi-omics approaches
for deciphering the complexity of traditional Chinese medicine syndromes in stroke:
a systematic review. Front. Pharmacol. 13:980650. doi: 10.3389/fphar.2022.980650

Liu, X. T, Ren, P. W,, Peng, L., Kang, D. Y., Zhang, T. L., Wen, S., et al. (2016).
Effectiveness and safety of ShenXiong glucose injection for acute ischemic stroke: a
systematic review and GRADE approach. BMC Complement. Altern. Med. 16:68.
doi: 10.1186/5s12906-016-1038-8

Manea, M. M., Comsa, M., Minca, A., Dragos, D., and Popa, C. (2015). Brain-
heart axis--review article. J. Med. Life 8, 266-271. PMID: 26351525

Mccarthy, C. P, Raber, I., Chapman, A. R,, Sandoval, Y., Apple, F. S., Mills, N. L.,
etal. (2019). Myocardial injury in the era of high-sensitivity cardiac troponin assays:
a practical approach for clinicians. JAMA Cardiol. 4, 1034-1042. doi: 10.1001/
jamacardio.2019.2724

Micheli, S., Agnelli, G., Caso, V., Alberti, A., Palmerini, E, Venti, M., et al. (2012).
Acute myocardial infarction and heart failure in acute stroke patients: frequency and
influence on clinical outcome. J. Neurol. 259, 106-110. doi: 10.1007/
$00415-011-6136-4

Mierzewska-Schmidt, M., and Gawecka, A. (2015). Neurogenic stunned
myocardium - do we consider this diagnosis in patients with acute central nervous
system injury and acute heart failure? Anaesthesiol. Intens. Ther. 47, 175-180. doi:
10.5603/AIT.2015.0017

Min, J., Farooq, M. U,, Greenberg, E., Aloka, F, Bhatt, A., Kassab, M., et al. (2009).
Cardiac dysfunction after left permanent cerebral focal ischemia: the brain and heart
connection. Stroke 40, 2560-2563. doi: 10.1161/STROKEAHA.108.536086

Mochmann, H. C., Scheitz, J. E, Petzold, G. C., Haeusler, K. G., Audebert, H. J.,
Laufs, U, et al. (2016). Coronary angiographic findings in acute ischemic stroke
patients with elevated cardiac troponin: the troponin elevation in acute ischemic
stroke (TRELAS) study. Circulation 133, 1264-1271. doi: 10.1161/
CIRCULATIONAHA.115.018547

Molnar, T,, Pusch, G., Papp, V., Feher, G., Szapary, L., Biri, B., et al. (2014). The
L-arginine pathway in acute ischemic stroke and severe carotid stenosis: temporal
profiles and association with biomarkers and outcome. J. Stroke Cerebrovasc. Dis.
23, 2206-2214. doi: 10.1016/j.jstrokecerebrovasdis.2014.05.002

Nagatomo, Y., and Tang, W. H. (2015). Intersections between microbiome and
Heart failure: revisiting the gut hypothesis. J. Card. Fail. 21, 973-980. doi: 10.1016/j.
cardfail.2015.09.017

Offner, H., Subramanian, S., Parker, S. M., Afentoulis, M. E., Vandenbark, A. A.,
and Hurn, P. D. (2006). Experimental stroke induces massive, rapid activation of the
peripheral immune system. J. Cereb. Blood Flow Metab. 26, 654-665. doi: 10.1038/
§j.jcbfm.9600217

Oppenheimer, S., and Cechetto, D. (2016). The insular cortex and the regulation
of cardiac function. Compr. Physiol. 6, 1081-1133. doi: 10.1002/cphy.c140076

Oras, J., Grivans, C., Bartley, A., Rydenhag, B., Ricksten, S. E. and
Seeman-Lodding, H. (2016). Elevated high-sensitive troponin T on admission is an
indicator of poor long-term outcome in patients with subarachnoid haemorrhage:
a prospective observational study. Crit. Care 20:11.

Osteraas, N. D, and Lee, V. H. (2017). Neurocardiology. Handb. Clin. Neurol. 140,
49-65. doi: 10.1016/B978-0-444-63600-3.00004-0

Park, K. W,, Ju, H,, Kim, I. D., Cave, J. W,, Guo, Y., Wang, W., et al. (2022). Delayed
infiltration of peripheral monocyte contributes to phagocytosis and transneuronal
degeneration in chronic stroke. Stroke 53, 2377-2388.

Porro, C., Trotta, T., and Panaro, M. A. (2015). Microvesicles in the brain:
biomarker, messenger or mediator? J. Neuroimmunol. 288, 70-78. doi: 10.1016/j.
jneuroim.2015.09.006

Powers, W. J., Rabinstein, A. A., Ackerson, T., Adeoye, O. M., Bambakidis, N. C.,
Becker, K., et al. (2018). 2018 guidelines for the early Management of Patients with
Acute Ischemic Stroke: a guideline for healthcare professionals from the American

Frontiers in Molecular Neuroscience

10

10.3389/fnmol.2022.1053478

Heart Association/American Stroke Association. Stroke 49, e46-e110. doi: 10.1161/
STR.0000000000000158

Prosser, J., Macgregor, L., Lees, K. R., Diener, H. C., Hacke, W, Davis, S., et al.
(2007). Predictors of early cardiac morbidity and mortality after ischemic stroke.
Stroke 38, 2295-2302. doi: 10.1161/STROKEAHA.106.471813

Scheitz, J. E, Endres, M., Mochmann, H. C., Audebert, H. J., and Nolte, C. H.
(2012). Frequency, determinants and outcome of elevated troponin in acute
ischemic stroke patients. Int. J. Cardiol. 157, 239-242. doi: 10.1016/j.
ijcard.2012.01.055

Scheitz, J. F, Lim, J., Broersen, L. H. A., Ganeshan, R., Huo, S., Sperber, P. S.,
et al. (2021a). High-sensitivity cardiac troponin T and recurrent vascular events
after first ischemic stroke. J. Am. Heart Assoc. 10:¢018326. doi: 10.1161/
JAHA.120.018326

Scheitz, J. E, Mochmann, H. C., Erdur, H., Tutuncu, S., Haeusler, K. G.,
Grittner, U,, et al. (2014). Prognostic relevance of cardiac troponin T levels and their
dynamic changes measured with a high-sensitivity assay in acute ischaemic stroke:
analyses from the TRELAS cohort. Int. J. Cardiol. 177, 886-893. doi: 10.1016/j.
ijcard.2014.10.036

Scheitz, J. E, Nolte, C. H., Doehner, W., Hachinski, V., and Endres, M. (2018).
Stroke-heart syndrome: clinical presentation and underlying mechanisms. Lancet
Neurol. 17, 1109-1120. doi: 10.1016/S1474-4422(18)30336-3

Scheitz, J. E, Nolte, C. H., Laufs, U,, and Endres, M. (2015). Application and
interpretation of high-sensitivity cardiac troponin assays in patients with acute
ischemic stroke. Stroke 46, 1132-1140. doi: 10.1161/STROKEAHA.114.007858

Scheitz, . F, Pare, G., Pearce, L. A., Mundl, H., Peacock, W. E,, Czlonkowska, A.,
et al. (2020). High-sensitivity cardiac troponin T for risk stratification in patients
with embolic stroke of undetermined source. Stroke 51, 2386-2394.

Scheitz, J. E, Stengl, H., Nolte, C. H., Landmesser, U., and Endres, M. (2021b).
Neurological update: use of cardiac troponin in patients with stroke. J. Neurol. 268,
2284-2292. doi: 10.1007/s00415-020-10349-w

Schoch, B., Regel, J. P, Wichert, M., Gasser, T., Volbracht, L., and Stolke, D. (2007).
Analysis of intrathecal interleukin-6 as a potential predictive factor for vasospasm
in subarachnoid hemorrhage. Neurosurgery 60, 828-836. PMID: 17460517

Schrick, D., Molnar, T., Tokes-Fuzesi, M., Molnar, A., and Ezer, E. (2022).
Circulating microvesicles in convalescent ischemic stroke patients: a contributor to
high-on-treatment residual platelet reactivity? Front. Biosci. (Landmark Ed) 27:158.
doi: 10.31083/j.tb12705158

Siedler, G., Sommer, K., Macha, K., Marsch, A., Breuer, L., Stoll, S., et al. (2019).
Heart failure in ischemic stroke: relevance for acute care and outcome. Stroke 50,
3051-3056. doi: 10.1161/STROKEAHA.119.026139

Sinauridze, E. L, Kireev, D. A., Popenko, N. Y, Pichugin, A. V,, Panteleev, M. A,
Krymskaya, O. V., et al. (2007). Platelet microparticle membranes have 50-to 100-
fold higher specific procoagulant activity than activated platelets. Thromb. Haemost.
97, 425-434. PMID: 17334510

Soros, P, and Hachinski, V. (2012). Cardiovascular and neurological causes of
sudden death after ischaemic stroke. Lancet Neurol. 11, 179-188. doi: 10.1016/
S$1474-4422(11)70291-5

Sposato, L. A, Cerasuolo, J. O., Cipriano, L. E., Fang, J., Fridman, S., Paquet, M.,
et al. (2018). Atrial fibrillation detected after stroke is related to a low risk of
ischemic stroke recurrence. Neurology 90, €924-e931.

Sposato, L. A,, Hilz, M. J., Aspberg, S., Murthy, S. B., Bahit, M. C., Hsieh, C. Y.,
et al. (2020a). Post-stroke cardiovascular complications and neurogenic cardiac
injury: JACC state-of-the-art review. J. Am. Coll. Cardiol. 76, 2768-2785.

Sposato, L. A., Lam, M., Allen, B., Richard, L., Shariff, S. Z., and Saposnik, G.
(2020b). First-ever ischemic stroke and increased risk of incident heart disease in
older adults. Neurology 94, €1559-€1570. doi: 10.1212/WNL.0000000000009234

Sposato, L. A., Riccio, P. M., and Hachinski, V. (2014). Poststroke atrial fibrillation:
cause or consequence? Critical review of current views. Neurology 82, 1180-1186.
doi: 10.1212/WNL.0000000000000265

Stahrenberg, R., Niehaus, C. E, Edelmann, F, Mende, M., Wohlfahrt, J., Wasser, K.,
et al. (2013). High-sensitivity troponin assay improves prediction of cardiovascular
risk in patients with cerebral ischaemia. J. Neurol. Neurosurg. Psychiatry 84, 479-487.
doi: 10.1136/jnnp-2012-303360

Sui, Y., Liu, T, Luo, J., Xu, B., Zheng, L., Zhao, W, et al. (2019). Elevation of high-
sensitivity cardiac troponin T at admission is associated with increased 3-month
mortality in acute ischemic stroke patients treated with thrombolysis. Clin. Cardiol.
42, 881-888. doi: 10.1002/clc.23237

Sun, L., Ye, X,, Wang, L., Yu, J., Wu, Y., Wang, M., et al. (2022). A review of
traditional Chinese medicine, Buyang Huanwu decoction for the treatment of
cerebral small vessel disease. Front. Neurosci. 16:942188. doi: 10.3389/
fnins.2022.942188

Tan, K. S., Armugam, A., Sepramaniam, S., Lim, K. Y., Setyowati, K. D,,
Wang, C. W, et al. (2009). Expression profile of MicroRNAs in young stroke
patients. PLoS One 4:¢7689. doi: 10.1371/journal.pone.0007689

frontiersin.org


https://doi.org/10.3389/fnmol.2022.1053478
https://www.frontiersin.org/journals/molecular-neuroscience
https://www.frontiersin.org
https://doi.org/10.1016/S1474-4422(09)70266-2
https://doi.org/10.1253/circj.CJ-16-0395
https://doi.org/10.1161/CIRCULATIONAHA.118.039262
https://doi.org/10.1161/CIRCULATIONAHA.118.039262
https://doi.org/10.1016/j.jep.2016.10.052
https://doi.org/10.1093/brain/awr008
https://doi.org/10.3389/fphar.2022.980650
https://doi.org/10.1186/s12906-016-1038-8
https://doi.org/26351525
https://doi.org/10.1001/jamacardio.2019.2724
https://doi.org/10.1001/jamacardio.2019.2724
https://doi.org/10.1007/s00415-011-6136-4
https://doi.org/10.1007/s00415-011-6136-4
https://doi.org/10.5603/AIT.2015.0017
https://doi.org/10.1161/STROKEAHA.108.536086
https://doi.org/10.1161/CIRCULATIONAHA.115.018547
https://doi.org/10.1161/CIRCULATIONAHA.115.018547
https://doi.org/10.1016/j.jstrokecerebrovasdis.2014.05.002
https://doi.org/10.1016/j.cardfail.2015.09.017
https://doi.org/10.1016/j.cardfail.2015.09.017
https://doi.org/10.1038/sj.jcbfm.9600217
https://doi.org/10.1038/sj.jcbfm.9600217
https://doi.org/10.1002/cphy.c140076
https://doi.org/10.1016/B978-0-444-63600-3.00004-0
https://doi.org/10.1016/j.jneuroim.2015.09.006
https://doi.org/10.1016/j.jneuroim.2015.09.006
https://doi.org/10.1161/STR.0000000000000158
https://doi.org/10.1161/STR.0000000000000158
https://doi.org/10.1161/STROKEAHA.106.471813
https://doi.org/10.1016/j.ijcard.2012.01.055
https://doi.org/10.1016/j.ijcard.2012.01.055
https://doi.org/10.1161/JAHA.120.018326
https://doi.org/10.1161/JAHA.120.018326
https://doi.org/10.1016/j.ijcard.2014.10.036
https://doi.org/10.1016/j.ijcard.2014.10.036
https://doi.org/10.1016/S1474-4422(18)30336-3
https://doi.org/10.1161/STROKEAHA.114.007858
https://doi.org/10.1007/s00415-020-10349-w
https://doi.org/17460517
https://doi.org/10.31083/j.fbl2705158
https://doi.org/10.1161/STROKEAHA.119.026139
https://doi.org/17334510
https://doi.org/10.1016/S1474-4422(11)70291-5
https://doi.org/10.1016/S1474-4422(11)70291-5
https://doi.org/10.1212/WNL.0000000000009234
https://doi.org/10.1212/WNL.0000000000000265
https://doi.org/10.1136/jnnp-2012-303360
https://doi.org/10.1002/clc.23237
https://doi.org/10.3389/fnins.2022.942188
https://doi.org/10.3389/fnins.2022.942188
https://doi.org/10.1371/journal.pone.0007689

Wang and Peng

Thalin, C., Demers, M., Blomgren, B., Wong, S. L., Von Arbin, M., Von Heijne, A.,
et al. (2016). NETosis promotes cancer-associated arterial microthrombosis
presenting as ischemic stroke with troponin elevation. Thromb. Res. 139, 56-64. doi:
10.1016/j.thromres.2016.01.009

Thayer, J. E, Ahs, E, Fredrikson, M., Sollers, J. J., and Wager, T. D. (2012). A meta-
analysis of heart rate variability and neuroimaging studies: implications for heart
rate variability as a marker of stress and health. Neurosci. Biobehav. Rev. 36, 747-756.
doi: 10.1016/j.neubiorev.2011.11.009

Thygesen, K., Alpert, J. S., Jaffe, A. S., Chaitman, B. R,, Bax, J. ], Morrow, D. A,,
etal. (2018). Fourth universal definition of myocardial infarction (2018). J. Am. Coll.
Cardiol. 72, 2231-2264.

Tu, W.-J,, Ma, G.-Z,, Ni, Y., Hu, X.-S., Luo, D.-Z., Zeng, X.-W,, et al. (2017).
Copeptin and NT-proBNP for prediction of all-cause and cardiovascular death in
ischemic stroke. Neurology 88, 1899-1905. doi: 10.1212/WNL.0000000000003937

Van Der Bilt, I., Hasan, D., Van Den Brink, R., Cramer, M. J., Van Der Jagt, M.,
Van Kooten, E, et al. (2014). Cardiac dysfunction after aneurysmal subarachnoid
hemorrhage: relationship with outcome. Neurology 82, 351-358. doi: 10.1212/
'WNL.0000000000000057

Varatharaj, A., and Galea, I. (2017). The blood-brain barrier in systemic
inflammation. Brain Behayv. Immun. 60, 1-12. doi: 10.1016/j.bbi.2016.03.010

Veltkamp, R., Uhlmann, S., Marinescu, M., Sticht, C., Finke, D., Gretz, N, et al.
(2019). Experimental ischaemic stroke induces transient cardiac atrophy and
dysfunction. J. Cachexia. Sarcopenia Muscle 10, 54-62. doi: 10.1002/jcsm.12335

Von Rennenberg, R, Siegerink, B., Ganeshan, R., Villringer, K., Doehner, W, et al.
(2019). High-sensitivity cardiac troponin T and severity of cerebral white matter
lesions in patients with acute ischemic stroke. J. Neurol. 266, 37-45. doi: 10.1007/
s00415-018-9085-3

Wang, S., Aurora, A. B,, Johnson, B. A., Qi, X., Mcanally, J., Hill, J. A., et al. (2008).
The endothelial-specific microRNA miR-126 governs vascular integrity and
angiogenesis. Dev. Cell 15, 261-271. doi: 10.1016/j.devcel.2008.07.002

Wang, H,, Ye, K,, Li, D,, Liu, Y., and Wang, D. (2022). DL-3-n-butylphthalide for
acute ischemic stroke: an updated systematic review and meta-analysis of
randomized controlled trials. Front. Pharmacol. 13:963118. doi: 10.3389/
fphar.2022.963118

Winek, K., Engel, O., Koduah, P., Heimesaat, M. M., Fischer, A., Bereswill, S., et al.
(2016). Depletion of cultivatable gut microbiota by broad-Spectrum antibiotic
pretreatment worsens outcome after murine stroke. Stroke 47, 1354-1363.

Wrigley, P, Khoury, J., Eckerle, B., Alwell, K., Moomaw, C. J., Woo, D,, et al.
(2017). Prevalence of positive troponin and echocardiogram findings and
association with mortality in acute ischemic stroke. Stroke 48, 1226-1232.

Wu, Y, Cao, Y. Z,, Zhao, L. B,, Jia, Z. Y,, Liu, S., and Shi, H. B. (2021). Prognostic
value of elevated high-sensitivity cardiac troponin T in acute ischemic stroke

Frontiers in Molecular Neuroscience

11

10.3389/fnmol.2022.1053478

patients treated with endovascular thrombectomy in late time windows. Clin.
Neurol. Neurosurg. 210:106921. doi: 10.1016/j.clineuro.2021.106921

Xu, C., Zheng, A., He, T., and Cao, Z. (2020). Brain-Heart Axis and biomarkers of
cardiac damage and dysfunction after stroke: a systematic review and meta-analysis.
Int. J. Mol. Sci. 21:2347. doi: 10.3390/ijms21072347

Ya-jun, Z., Nan, Z., and Qian-qian, C. (2020). Effect of acupuncture on cardiac
autonomic imbalance and catecholamine in patients with Cerebro-cardiac
syndrome secondary to acute ischemic stroke. J. Shanghai J. Acu-mox 39,
131-136.

Yamashiro, K., Tanaka, R., Urabe, T., Ueno, Y., Yamashiro, Y., Nomoto, K, et al.
(2017). Gut dysbiosis is associated with metabolism and systemic inflammation in
patients with ischemic stroke. PLoS One 12:¢0171521. doi: 10.1371/journal.
pone.0171521

Yang, Q., Li, C., Wang, L., and Wei, B. (2018). Clinical significance of serum-
terminal pro-B-type natriuretic peptide in patients with acute cerebral stroke.
Panminerva Med. 60, 145-150. doi: 10.23736/S0031-0808.18.03485-7

Yang, H,, Li, L., Zhou, K., Wang, Y., Guan, T., Chai, C,, et al. (2016). Shengmai
injection attenuates the cerebral ischemia/reperfusion induced autophagy via
modulation of the AMPK, mTOR and JNK pathways. Pharm. Biol. 54, 2288-2297.
doi: 10.3109/13880209.2016.1155625

Yang, X. M., Rao, Z. Z., Gu, H. Q, Zhao, X. Q, Wang, C. ], Liu, L. P, et al. (2019).
Atrial fibrillation known before or detected after stroke share similar risk of ischemic
stroke recurrence and death. Stroke 50, 1124-1129. doi: 10.1161/
STROKEAHA.118.024176

Yilmaz, G., and Granger, D. N. (2010). Leukocyte recruitment and ischemic brain
injury. NeuroMolecular Med. 12, 193-204. doi: 10.1007/s12017-009-8074-1

Yin, J., Liao, S. X, He, Y., Wang, S., Xia, G. H,, Liu, E T,, et al. (2015). Dysbiosis of
gut microbiota with reduced Trimethylamine-N-oxide level in patients with large-
artery atherosclerotic stroke or transient ischemic attack. J. Am. Heart Assoc.
4:€002699. doi: 10.1161/JAHA.115.002699

Zhang, K. ], Jin, H., Xu, R., Zhang, P, Guo, Z. N., and Yang, Y. (2021). N-terminal
pro-brain natriuretic peptide is associated with hemorrhagic transformation and
poor outcomes in patients with stroke treated with intravenous thrombolysis. Front.
Mol. Neurosci. 14:758915. doi: 10.3389/fnmol.2021.758915

Zhao, Y.-H., Gao, H,, Pan, Z.-Y,, Li, ]., Huang, W.-H., Wang, Z.-E, et al. (2020).
Prognostic value of NT-proBNP after ischemic stroke: a systematic review and meta-
analysis of prospective cohort studies. J. Stroke Cerebrovasc. Dis. 29:104659. doi:
10.1016/j.jstrokecerebrovasdis.2020.104659

Zhao, Z., Wang, M., Tian, Y., Hilton, T., Salsbery, B., Zhou, E. Z,, et al. (2016).
Cardiolipin-mediated procoagulant activity of mitochondria contributes to
traumatic brain injury-associated coagulopathy in mice. Blood 127, 2763-2772. doi:
10.1182/blood-2015-12-688838

frontiersin.org


https://doi.org/10.3389/fnmol.2022.1053478
https://www.frontiersin.org/journals/molecular-neuroscience
https://www.frontiersin.org
https://doi.org/10.1016/j.thromres.2016.01.009
https://doi.org/10.1016/j.neubiorev.2011.11.009
https://doi.org/10.1212/WNL.0000000000003937
https://doi.org/10.1212/WNL.0000000000000057
https://doi.org/10.1212/WNL.0000000000000057
https://doi.org/10.1016/j.bbi.2016.03.010
https://doi.org/10.1002/jcsm.12335
https://doi.org/10.1007/s00415-018-9085-3
https://doi.org/10.1007/s00415-018-9085-3
https://doi.org/10.1016/j.devcel.2008.07.002
https://doi.org/10.3389/fphar.2022.963118
https://doi.org/10.3389/fphar.2022.963118
https://doi.org/10.1016/j.clineuro.2021.106921
https://doi.org/10.3390/ijms21072347
https://doi.org/10.1371/journal.pone.0171521
https://doi.org/10.1371/journal.pone.0171521
https://doi.org/10.23736/S0031-0808.18.03485-7
https://doi.org/10.3109/13880209.2016.1155625
https://doi.org/10.1161/STROKEAHA.118.024176
https://doi.org/10.1161/STROKEAHA.118.024176
https://doi.org/10.1007/s12017-009-8074-1
https://doi.org/10.1161/JAHA.115.002699
https://doi.org/10.3389/fnmol.2021.758915
https://doi.org/10.1016/j.jstrokecerebrovasdis.2020.104659
https://doi.org/10.1182/blood-2015-12-688838

	Advances in brain-heart syndrome: Attention to cardiac complications after ischemic stroke
	Introduction
	Overview of brain-heart syndrome
	Clinical manifestations of SHS
	ECG changes
	Myocardial markers
	Cardiac dysfunction
	Cardiac complications and prognosis of patients with acute ischemic stroke
	Advances in the treatment of stroke-heart syndrome
	Advances in the study of the molecular mechanism of the stroke-heart syndrome
	Structural and functional disorders of central autonomic neural networks
	Destruction of the blood–brain barrier after stroke
	Systemic inflammatory reaction
	Intestinal flora imbalance
	Circulating microvesicles and microRNA
	Conclusion
	Author contributions
	Funding
	Conflict of interest
	Publisher’s note

	 References



