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Cerebral amyloid angiopathy (CAA) is a kind of disease in which amyloid β (Aβ) and other amyloid protein deposits in the cerebral cortex and the small blood vessels of the brain, causing cerebrovascular and brain parenchymal damage. CAA patients are often accompanied by cardiac injury, involving Aβ, tau and transthyroxine amyloid (ATTR). Aβ is the main injury factor of CAA, which can accelerate the formation of coronary artery atherosclerosis, aortic valve osteogenesis calcification and cardiomyocytes basophilic degeneration. In the early stage of CAA (pre-stroke), the accompanying locus coeruleus (LC) amyloidosis, vasculitis and circulating Aβ will induce first hit to the heart. When the CAA progresses to an advanced stage and causes a cerebral hemorrhage, the hemorrhage leads to autonomic nervous function disturbance, catecholamine surges, and systemic inflammation reaction, which can deal the second hit to the heart. Based on the brain-heart axis, CAA and its associated cardiac injury can create a vicious cycle that accelerates the progression of each other.
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1 INTRODUCTION
Cerebral amyloid angiopathy (CAA) is a kind of neurological disease in which amyloid substances deposition in the cerebral cortex and the wall of small and medium blood vessels leads to vascular dysfunction and brain parenchymal injury. CAA is prevalent in the elderly, especially in old people with Alzheimer’s disease (AD). In the community, about a quarter of the elderly over 70 years old suffer from CAA, and people over 85 have a 70%–80% chance of having CAA. In patients with AD, the incidence of CAA is up to 90% (Arvanitakis et al., 2011). As a familiar age-related vascular disease, CAA can bring about multiple organ dysfunction and focal neurological impairment with rapid progression. Neurological impairment usually induces epilepsy and cognitive impairment further (Viswanathan and Greenberg, 2011). CAA is a common etiology of cerebral hemorrhage, and CAA-related intracranial hemorrhage (CAA-RICH) can aggravate the disturbance of motor function, higher cortical function and consciousness of the brain. In the SMASH-U etiological classification system of intracerebral hemorrhage, CAA-RICH accounts for about 20% of all intracerebral hemorrhage, second only to hypertensive intracerebral hemorrhage (Mosconi et al., 2021; Jia et al., 2022). In addition to causing cerebral hemorrhage, the pathogenetic process of CAA is often accompanied by cardiac injury (Gagno et al., 2020).
The brain is the higher center of the nervous system, which regulates the functions of various organs and receives feedback from the whole body. Both clinical and experimental evidence suggests that there is a causal correlation between brain injury and cardiac injury due to the exist of brain-heart axis. CAA-related brain injury involving the heart may result in severe cardiac injury (such as heart failure, myocardial infarction, neurogenic sudden cardiac death, etc.), or slightly reversible heart injury (such as myocardial injury, transient arrhythmia, neurogenic stress cardiomyopathy, etc.) (Chen et al., 2017; Sposato et al., 2020). A damaged heart, in turn, affects blood flow to the brain, exacerbating existing or new brain damage. Aβ, a key protein in CAA, is involved in plaque rupture, thrombosis, and acute coronary syndrome (Stakos et al., 2020). Moreover, Aβ1-40 accumulation in the blood, blood vessel walls, and cardiac tissue may contribute to myocardial injury, cardiovascular lesions, and heart failure (Roeben et al., 2016; Bayes-Genis et al., 2017; Stamatelopoulos et al., 2018). AD often co-occurs with heart failure and the two diseases shares common risk factors, hypercholesterolemia and metabolic syndrome (Chhatre et al., 2009; Rusanen et al., 2014; Cermakova et al., 2015). Cerebral amyloid angiopathy-related cardiac injury (CAA-CI) is a new research field, which needs to analyze in depth. The article reviews the common pathogenesis of CAA and cardiac amyloidosis (CA) and the influence of CAA on heart injury.
2 COMORBID MECHANISMS OF CAA AND CA
AD/CAA and CA have long been considered distinct diseases, but they share the same risk factors and similar epidemiological stratification (Stakos et al., 2020). In a retrospective analysis, clinical and transthoracic echocardiographic data from AD and non-AD subjects of the same age and sex showed that patients with AD may have left ventricular hypertrophy and heart failure with preserved ejection fraction (HFpEF) (Johansen et al., 2020). The results indicate that there may be an underlying connection between AD and cardiac disease. According to current evidence as follows, Aβ, microtubule-associated protein tau and transthyretin amyloidosis (ATTR) may be the key proteins in bridging CAA and CA.
2.1 The role of Aβ in the pathogenesis of CAA/AD and CA
Generally, Aβ is mainly divided into Aβ1-40 and Aβ1-42 peptide, which is produced by abnormal processing of amyloid precursor protein (APP) (Cisternas et al., 2019). Extracellular aggregates of Aβ plagues are a key factor in the development of AD (Tiwari et al., 2019). These amyloid proteins in cerebrovascular originate from neurons. They drain from the perivascular interstitium of the brain parenchyma and leptomeninges, and are finally deposited along the blood vessels (Weller et al., 2008). Aβ deposits in the brain trigger a series of neurological dysfunction events, such as cognitive decline and progressive AD dementia. Amyloid plaques in the brain vary according to the Aβ combination form. Neuroinflammatory plaques were caused by Aβ1-40 and Aβ1-42, while diffuse plaques were mainly composed of Aβ1-42. In AD patients, a large amount of Aβ deposition was not only found in the brain tissue, but also in cardiomyocytes and myocardial interstitium (Troncone et al., 2016). Moreover, the presence of Aβ1-40 and Aβ1-42 has been shown to be associated with myocardial diastolic dysfunction (Troncone et al., 2016). In addition, Aβ preamyloid oligomers (PAOs) have also been shown to have toxic effects on cardiomyocytes (Gianni et al., 2010). Cardiac abnormalities in AD patients are characterized by increased ventricular septal thickness, diastolic dysfunction, and electrocardiograph (ECG) changes, such as decreased QRS voltage or voltage/mass ratio (Sanna et al., 2019).
Aβ aggregates not only appear in brain and heart, but also accumulate in the blood vessel wall and cause damage to other organs and tissues (Kuo et al., 2000). Aβ deposition in blood vessels induces and promotes vascular inflammation and atherosclerosis (Howlett et al., 2019; Kang et al., 2021; Kapasi et al., 2021). Vessels for Aβ deposition include leptomeningeal and cortical vessels in CAA, cerebral microvessels, intracerebral arteries/Willis, aorta, and coronary/extracerebral arteries (Stakos et al., 2020). Aβ deposits can be found in the cardiac tissue of AD patients, and these deposits are related to the pathogenesis of CA (Schaich et al., 2019). From the perspective of tissue distribution, the accumulation of Aβ in the brain tissues of patients with AD or CAA is much higher than that in the heart of CA patients (Troncone et al., 2016). Aβ-induced cardiovascular disease, in turn, leads to cerebral hypoperfusion, which is a risk factor for vascular dementia, AD, or combined dementia (Debette et al., 2007). The researchers also proposed that AD is actually a multi-organ disease with Aβ circulating in the blood, which can affect both the heart and the brain (Troncone et al., 2016).
2.2 The role of tau protein between CAA and CA
In addition to amyloid plaques composed of Aβ1-40 and Aβ1-42 peptides, neurofibrillary tangle (NFT)s composed of the hyperphosphorylated microtubule-associated protein tau are another important pathological feature of AD (Sun et al., 2021). Abnormal tau aggregation can be detected in patients with endothelial dysfunction and cognitive impairment in the brain, which is often accompanied by damage to the blood-brain barrier (BBB) (Kim et al., 2018). The permeability of the BBB increasing will further aggravate the accumulation of tau, resulting in a vicious cycle of vascular and cerebral parenchymal injuries (Blair et al., 2015; Merlini et al., 2016). Both Aβ and tau are hallmark proteins of AD pathogenesis, and they are closely related. Aβ can induce tau hyperphosphorylation, and hyperphosphorylated tau mediates the toxicity of Aβ, both of which can amplify the toxicity of each other (Godemann et al., 1999; Hernandez et al., 2009; Iijima et al., 2010). In many studies, amyloid protein and tau pathology are interdependent and coexist, and tau pathology is inextricably linked with CAA and CA lesions (Ghetti et al., 1996; Vidal et al., 2000a; Oshima et al., 2008). Moreover, studies have shown that endogenous wild-type tau protein can cause Aβ accumulation and cognitive defects in AD mouse models (Roberson et al., 2007; Andrews-Zwilling et al., 2010; Roberson et al., 2011). Tau also exists in amyloid deposits of sporadic inclusion body myositis, co-causing disease with amyloid protein (Askanas et al., 1994). Nevertheless, its effect on amyloid formation remains unclear.
Studies have shown that the genetic variation of tau may lead to senile systemic amyloidosis and further cause myocardial infarction, indicating that tau is associated with CA (Tanskanen et al., 2008). Researchers found the presence of Aβ and tau proteins in ultrastructure tests of heart tissue biopsies from patients with CA (Fidziańska et al., 2011). Immunohistochemical tests of the amyloidosis hearts showed that Aβ and tau can form amyloid aggregates, which further lead to myocardial damage and cardiac dysfunction (Fidziańska et al., 2011). In addition, ischemia-reperfusion injury of the heart can also promote tau hyperphosphorylation and mitochondrial dysfunction in the brain, aggravating cerebral damage (Leech et al., 2020). Amyloidosis is an age-related systemic disease, in which tau and Aβ pathology can affect myocardium and brain neurovascular at the same time. Aβ deposits and the formation of NFTs often lead to the cardiac comorbidities of AD patients, including amyloid cardiomyopathy and cardiovascular disease, eventually leading to multiple organ failure (Shityakov et al., 2021).
2.3 The interaction between CA and CAA
Transthyroxine (TTR) is the main carrier of thyroxine (T4) in cerebrospinal fluid and blood. Wild-type transthyroxine (ATTRwt) is an amyloid precursor found in heart deposits in the old. Aggregation of cardiac TTR amyloid protein can lead to myocardial fibrosis and heart failure (Hamasaki et al., 2022). TTR amyloid protein in cerebrospinal fluid (CSF) has been shown to bind directly to Aβ, blocking the progression of AD (Buxbaum et al., 2008; Silva et al., 2017). According to a Japanese population-based study of 240 successive autopsy cases, cardiac ATTR deposition was relevant to AD cerebral pathologies in patients≤90 years at death, indicating a close relationship between CA and AD (Hamasaki et al., 2022). At present, no significant correlation has been found between cardiac TTR amyloid deposition and CAA staging. Intriguingly, the pathogenesis of CA is mainly due to the deposition of ATTR, which is closely related to CAA, but ATTR can prevent the progression of CAA. We speculate that pathogenesis of CAA is due not only to the Aβ deposits, but also to ATTR and other substances deposits, which contributing to the contradiction. Obviously, the variation and deposition of ATTR itself is another important etiology of CAA.
ATTR is an amyloid protein synthesized mainly by the liver, choroid plexus and retinal pigment epithelium. ATTR, an important mediator of CA, has been recognized as the cause of HFpEF in the elderly, accounting for 13% of HFpEF (González-López et al., 2015). The ATTR variants widely exist in patients with familial amyloid polyneuropathy and familial amyloid cardiomyopathy, which can also be detected by Pittsburgh compound B (PIB)- positron emission tomography (PET) in the leptomeningeal vessels of cerebrum, cerebellum, brainstem, and spinal cord of CAA patients (Cavallaro and Klunk, 2016). CAA is likely to be a late manifestation of familial amyloid polyneuropathy with ATTR, but whether CA can directly affect the pathology of CAA is not clear currently. Liver transplantation has a significant short-term effect on ATTR-associated CAA, indicating that this type of CAA is mainly caused by ATTR produced by the liver (Yamashita et al., 2008). Liver-derived variants of ATTR can cause CA and CAA by reaching the heart and leptomeninges via blood circulation and cerebrospinal fluid (Park et al., 2019). In conclusion, when amyloid cardiomyopathy occurs, ATTR from the heart or bloodstream may enter the cerebrospinal fluid through ruptured BBB and accelerate the progression of CAA.
2.4 Co-pathogenesis of CAA/AD and CA based on Aβ/tau/ATTR
In the progression of AD, extracellular amyloid plaques and NFTs are characteristic pathogenic hallmarks. Aβ can promote the production of tau, which is also an important medium for Aβ to play a toxic role. Aβ drives tau hyperphosphorylation by activating cyclin-dependent kinase (CDK)-5 and glycogen synthase kinase (GSK)-3β, and Aβ promotes the cleavage of caspase3 into tau fragments (Gamblin et al., 2003; Terwel et al., 2008; Hernandez et al., 2009). Aβ and tau act together to produce adverse impacts on mitochondria, which lead to reactive oxygen species (ROS) aggregating, adenosine triphosphate (ATP) synthesis and Ca2+ regulation abnormalities, and ultimately cell death (Kang et al., 2011). ATTR is mainly produced by the liver, and it can bind directly to Aβ to decrease the aggregation of Aβ and mitigate the progression of AD/CAA (Silva et al., 2017). ATTR itself can also form amyloid fibrils due to misfolding, causing heart and brain damage (Lamb, 2021) (Figure 1).
[image: Figure 1]FIGURE 1 | The impact of Aβ-tau-ATTR on AD/CAA and CA. Aβ and tau can enter cells and their intracellular interaction can cause mitochondrial dysfunction and brain/heart cell death. Highly phosphorylated tau promotes extracellular aggregation of Aβ, and extracellular aggregation of Aβ and ATTR contributes to amyloidosis in heart and brain. Aβ plaques and NFTs mainly participated in the pathology of CAA and AD, and ATTR amyloid fibrils are mainly involved in the pathology of CA.
3 THE “TWO-HITS” MECHANISM OF CAA-RELATED CARDIAC INJURY
Given that CAA shares same pathophysiological basis with AD and CA, CAA may promote the formation of cardiac vulnerability. We believe that it is necessary to attach importance to CAA-related cardiac injury (CAA-CI) as a special type of cardiac disease from the perspective of pathophysiology. The effects of CAA on the heart can be divided into two parts. Early in the onset of CAA, its related pathological processes can affect the heart. When CAA progresses to cerebral hemorrhage, stroke can cause secondary damage to cardiac tissue.
3.1 Mechanism of “first hit” of CAA on heart (pre-stroke)
CAA can cause initial damage to the heart before the occurrence of CAA-RICH. When CAA causes sympathetic-adrenal medulla axis disorder and local inflammation, it generates adverse effects on the heart. In addition, circulating Aβ of CAA patients can also aggravate CAA-CI. These factors all bring about CAA-related “first hit” (Figure 2).
[image: Figure 2]FIGURE 2 | Amyloid precursor protein (APP) is mainly produced by neurons, glial cells and blood vessels. It is cleaved by enzymes to produce Aβ or sAPP fragments, which are cleared by macrophages and proteases. Aβ is deposited in the brain parenchyma, blood vessels and cells. Locus coeruleus amyloidosis impairs the sympathetic-adrenal medulla axis and cardiac autonomic function, then further leads to the increased adrenergic receptor expression and activity, which exacerbates heart injury after CAA-RICH. CAA-related vasculitis and perivasculitis can lead to inflammatory damage in the heart. At the same time, CAA-RI increases vascular fragility and conversely accelerates the CAA-RICH process.
3.1.1 CAA causes sympathetic–adrenal medulla axis dysfunction
CAA is often accompanied by AD pathogenesis, and 90% AD patients suffer from CAA (Arvanitakis et al., 2011). Locus coeruleus (LC) is one of the first brain regions to undergo degeneration in AD, and it is also the central site of the sympathetic adrenal medulla system (Ross et al., 2019). LC amyloidosis can cause damage to the sympathetic - adrenal medulla axis and dysfunction of cardiac autonomic nerve (Szabadi, 2013). The LC degeneration and sympathetic axis injury in CAA can lead to decreased secretion of catecholamine, which induce the adrenergic receptors increased expression and sensitivity in peripheral tissues and cells. The catecholamine surge will bring about greater heart damage when other stressful situations occurred (Gannon et al., 2015).
3.1.2 CAA mediates cardiac inflammatory injury
In early CAA patients, CAA is often complicated by the vasculitis and perivasculitis, that is, inflammatory reaction of macrophages, microglia and lymphocytes infiltration in the endovascular walls or perivascular spaces (Salvarani et al., 2013). Cerebral pro-inflammatory cytokines and toxic Aβ reach the heart through damaged endothelial cells and the BBB, further inducing systemic inflammatory response and cardiac inflammatory damage (Shishehbor et al., 2007; Tublin et al., 2019). CAA-related inflammation also causes pathological changes such as endovascular lumen formation, vascular occlusion, vascular hyalinosis, microangioma dilatation and fibrinoid necrosis (Mandybur, 1986). These changes result in increased vascular brittleness, cerebral infarction, cerebral ischemia or fatal cerebral lobular hemorrhage, then accelerate the CAA-RICH process (Arvanitakis et al., 2011).
3.1.3 Cardiac damage mediated by Aβ and its precursors
APP is mainly produced by neurons, glial cells and blood vessels. APP is cleaved by the β-secretory enzyme BACE1 to produce Aβ. Aβ1-40 depositions are usually found in CAA, and Aβ1-42 is associated with the course of AD (Stakos et al., 2020). Aβ is not a unique product of APP decomposition. δ and η secreting enzymes can cleave APP to produce two prominent fragments, sAPPδ and sAPPη (Willem et al., 2015; Zhang et al., 2015). When the production and clearance of amyloid protein are out of balance, Aβ can be excessively deposited in the brain parenchyma or cerebrovascular, inducing neurodegeneration (Stakos et al., 2020). In addition, Aβ beyond the brain can also be deposited in myocardial cells and vascular endothelium (Figure 3).
[image: Figure 3]FIGURE 3 | Amyloid deposited in the brain can cross the blood-brain barrier to reach the peripheral vasculature and heart. Aβ deposition in blood vessels accelerate coronary atherosclerosis; Aβ induces aortic valve interstitial cell osteogenesis, and then calcific aortic valve disease (CAVD) occurs. sAPP associates with p62/SQSTM1-ubiquitin to form inclusion bodies in cardiomyocytes and participates in basophilic degeneration.
3.1.3.1 Aβ aggravates ischemic cardiac injury
Recent studies have revealed that Aβ aggregation in cardiac endothelial cells and cardiomyocytes may directly mediate cytotoxic injury and play a strong part in ischemic heart disease and cardiac reperfusion injury (Greco et al., 2017). Aβ can directly increase oxidative stress, promote cardiac endothelial cell apoptosis, and then cause vascular injury (Greco et al., 2017). The main mechanism of vascular injury is that Aβ accumulation in mitochondria weakens mitochondrial function and causes ROS production increased and mitochondrial oxidation capacity decreased (Daniele et al., 2020). Aβ promotes inflammatory response and the production of pro-inflammatory factors, which can cause endothelial cell apoptosis and increase vascular endothelial permeability (Bogner et al., 2014; Hellenthal et al., 2022). Injured endothelial cells can regulate BACE1 transcription by secreting hypoxia-inducing factor-1α (HIF-1α), nuclear factor (NF)-κB and GATA-1, then promote APP processing and Aβ production (Cole and Vassar, 2007). Abnormal BACE1 expression and activity promoted Aβ accumulation in cardiomyocytes and endothelial cells (Zhou et al., 2022). Circulating macrophages can phagocytose APP and increase local and circulating Aβ concentrations through BACE1 processing (Shigematsu et al., 1992). ApoE participates in the regulation of Aβ metabolism, and its isoform ApoE4 has low affinity with Aβ, which reduces the clearance of Aβ. The mismatch between Aβ and apolipoprotein E (ApoE) promotes coronary atherosclerosis and then ischemic cardiac disease (Kim et al., 2009; Greco et al., 2017). Aβ can up-regulate the expression of low-density lipoprotein receptor (LDLR) and low-density lipoprotein receptor-related protein (LRP1) on endothelial cell membrane, which bring about a large amount of lipid accumulation in coronary intima (Gagno et al., 2020). After endothelial cells impaired by lipid aggregation, Aβ can induce platelet aggregation and degranulation, further promoting atherosclerotic plaque progression or micro-thrombotic events, and finally cause coronary atherosclerosis, which accompanied by tissue and cellular ischemia and hypoxia (Mehta and Mehta, 1979; Gagno et al., 2020; Li and Liu, 2022).
Furtherly, local ischemia results in endothelial cell death, collagen exposure, even release of intracellular Aβ. The escaped Aβ can fix to the exposed collagen, causing more extracellular Aβ deposition (Gagno et al., 2020). Moreover, extracellular amyloid deposits aggravate inflammation and endothelial damage, promote thrombosis, and worsen myocardial hypoxia and dysfunction (Janelidze et al., 2016).
3.1.3.2 Aβ promotes calcification of cardiac valves
Calcific aortic valve disease (CAVD) is a cardiovascular disease with a high incidence in developed countries, characterized by progressive fibrosis and calcified remodeling of the valve. Aortic valve interstitial cells (AVICs) are the main cell types in aortic valve leaflets, and they also engage in valve calcification. Inflammatory cell infiltration and osteoblast differentiation are the main pathological processes of aortic valve (AV) calcification (Alexopoulos et al., 2012).
Immunohistochemical staining showed that there were 2–3 times of Aβ and receptor for advanced glycation end products (RAGE) in calcified AV compared with normal AV (Wang et al., 2020). Interaction of RAGE to Aβ, advanced glycation end products (AGE)s, and S100B activates MEK, ERK1/2, p38, and the transcription factor NF-κB, which induces the release of pro-inflammatory cytokines (Jangde et al., 2020). RAGE can also bind to Aβ, causing ROS production, mitogen-activated protein kinases (MAPK) activation, and osteogenic differentiation of AVICs (Jangde et al., 2020; Wang et al., 2020). After stimulating human AVICs with different concentrations of Aβ, the expression levels of RAGE and osteogenic markers in AVICs increased significantly in a dose-dependent manner (Wang et al., 2020). RAGE-targeted siRNA can significantly inhibit the differentiation of AVICs into osteoblasts (Wang et al., 2020). Activation of RAGE pathway can up-regulate the expression of pro-inflammatory cytokines (interleukin (IL)-1, IL-6, monocyte chemoattractant protein-1 (MCP-1)) and osteogenic biomarkers (bone morphogenetic protein (BMP)2, runt-related transcription factor (Runx)2), induce endoplasmic reticulum stress, and then contribute to AVICs osteoblast differentiation and inflammation aggravation (Wang et al., 2017). In conclusion, the Aβ/RAGE pathway is involved in the progression of AV calcification. The deposit of Aβ in aortic valve can activate RAGE pathway, and the activation of RAGE transmits cell surface signals to intracellular pathways such as NF-κB, MAPK and ERK1/2, thus activating the downstream protein. This pathway aggravates inflammation and endoplasmic reticulum stress, promotes AVICs ossification, and ultimately CAVD occurs.
3.1.3.3 sAPP causes basophilic degeneration of cardiomyocytes
Basophilic degeneration (BD) of the heart is a special kind of cardiomyopathy with characteristic inclusion bodies, namely P62/sequestosome (SQSTM)1-ubiquitin aggregates. P62/SQSTM1 is the hallmark of AD, Parkinson’s disease, and many other chronic degenerative diseases (Ma et al., 2019). BD is a special manifestation of myocardial cell aging and injury, which may be related to APP fragment and CAA (Krämer et al., 2018). Autopsy results of 62 BD cases showed that basophilic variant cardiomyocytes with periodic acid-Schiff reaction staining (PAS)-positive expressed p62/SQSTM1 when detected by anti-p62/SQSTM1 antibodies. PAS-positive APP fragments were co-located with p62/SQSTM1-ubiquitin (Krämer et al., 2018). Cytoplasmic inclusions in BD cardiomyocytes are composed of sAPPδ, sAPPη or APP short N- terminal fragments, which form inclusion bodies with p62/SQSTM1-ubiquitin. These inclusion bodies are related to the severity of CAA. From the anatomical distribution of the whole heart, PAS positive BD-inclusion bodies can be observed in both ventricular and atrial cardiomyocytes, with the highest content in atrium and the lowest content in ventricular septum (Krämer et al., 2018). Therefore, the accumulation of p62/SQSTM1-ubiquitin -BD inclusion bodies are associated with cardiomyocytes BD injury.
3.2 Mechanism of “second hit” of CAA on heart (post-stroke)
With the widespread application of anticoagulant drugs and antiplatelet drugs in the elderly, the incidence of CAA-RICH is increasing (Béjot et al., 2013). According to statistics, 20%–40% of patients with cerebral hemorrhage have cardiac injuries, which are related to the severity of the disease severity, discharge disposition, and mortality (Alkhachroum et al., 2019). The clinical and pathological manifestations of post-stroke cardiac events are diverse, as shown in Table 1 (Sposato et al., 2020). In general, CAA-RICH brain injury can cause neurogenic heart damage or aggravate existing heart disease, and this secondary cardiac injury can be called “second hit” on heart (Figure 4).
TABLE 1 | Clinical and pathological manifestations of Stroke-heart syndrome.
[image: Table 1][image: Figure 4]FIGURE 4 | (A) The left and right insular cortexes have different lateralizing effects on the autonomic nervous system. Damage to the right insular cortex often activates the sympathetic nerve, while damage to the left insular cortex often activates the parasympathetic nerve, resulting in different cardiac injury manifestations. (B) Post-stroke catecholamines surge, which acts on cardiomyocytes, adipocytes, inflammatory cells and blood vessels, then leading to myocardial contraction band necrosis, myocardial steatosis, vasoconstriction myocardial ischemia, excessive oxidative stress and other manifestations of cardiac injury. (C) The release of blood components activates microglia, followed by the release of inflammatory factors and cytokines that lead to a systemic inflammatory response by damaging the blood-brain barrier. Mononuclear macrophage recruitment in the liver, spleen, and intestine aggravates cardiac inflammation and eventually leads to myocardial fibrosis and other damage.
3.2.1 Impairment of brain-heart neural network system caused by CAA-RICH
The heart has its own internal conduction system, called intrinsic cardiac nervous system, which is mainly controlled by the central autonomic nerve network of the brain. And this system can regulate the heart rate and myocardial contractility. At the same time, the brain also receives negative feedback from the afferent impulses of cardiac muscle and cardiac baroreceptors (Bieber et al., 2017). Central autonomic neural network system is mainly distributed in the extensive network of cortex, subcortex and brainstem region. And it is connected to the endogenous cardiac nervous system through the exogenous cardiac nervous system composed of sympathetic and parasympathetic nerves, and then transmits the regulatory signals of the brain to the cardiovascular system (Lin et al., 2021).
Deep insular hemorrhage can disrupt the functional regulatory areas of the central autonomic nervous system. The insular cortex is an important part of the central autonomic nerve network that affects the heart (Nagai et al., 2010). It has been proved that the insular cortex has obvious laterality, that is, stimulation of the left insular cortex can cause parasympathetic excitation of the heart, while stimulation of the right insular cortex can cause sympathetic excitation (Oppenheimer and Cechetto, 2016). The right insular cortex injury caused excessive sympathetic activity and decreased parasympathetic activity (Krause et al., 2017). The lesion can also cause cardiomyocyte lysis and cardiomyocyte work enhancement, leading to relative ischemia and acute myocardial injury (Krause et al., 2017). Cerebrovascular injury in the adjacent right insular cortex is often highly correlated with acute myocardial injury after stroke (Nagai et al., 2010). Excessive sympathetic nerve activity caused by right insular injury can also increase heart rate variability and even induce arrhythmia (Oppenheimer, 1994). The left insular injury seems to be related to the increased risk of cardiac events such as myocardial infarction, angina pectoris and congestive heart failure (Cheshire and Saper, 2006). In short, central autonomic dysfunction can induce autonomic function disturbance, which is one of the important pathogenesis of cardiovascular injury after stroke.
3.2.2 The catecholamine surge caused by CAA-RICH
Catecholamines include epinephrine, norepinephrine and dopamine, which are mainly secreted by the medulla of the adrenal glands. In the rat model of hematoma, the plasma noradrenaline level of cerebral hemorrhage began to increase at 0.5 h after hemorrhage, reached its peak at 24h, then gradually decreased at 48 h (Liang et al., 2014). Besides, serum CK-MB level began to increase at 6 h after cerebral hemorrhage, reached its peak at 24 h, and then decreased. Myocardial histopathological examination further confirmed that the induction and development of cerebral hemorrhage were involved in myocardial degeneration and necrosis (Liang et al., 2014).
Catecholamine surges are one of the possible mechanisms for brain-heart syndrome (Lin et al., 2021). After the organism suffers from acute stress, the sympathetic nerve releases impulse quickly, resulting in excessive activation of the hypothalamic-pituitary-adrenal axis and massive release of catecholamine (Kenigsberg et al., 2019). At the same time, the BBB is destroyed, catecholamines in the brain can diffuse into the blood circulation (Dilraj et al., 1992; Semenas et al., 2014). Plasma overloading catecholamine can cause cardiac injury by direct myocardial toxicity, aggravating myocardial ischemia and hypoxia, interfering with cardiomyocyte metabolism, and coronary microvascular dysfunction (Kenigsberg et al., 2019). Not only that, but circulating catecholamines can activate the adrenergic receptors of adipocytes, increasing the release of fatty acids. And aggregation of free fatty acids in myocardial cells causes energy metabolism disorder, inflammation and cardiotoxicity (Andreis and Singer, 2016). Catecholamine can activate the cascade reaction of G protein-adenylate cyclase (AC)-cyclic adenosine monophosphate (cAMP)- protein kinase A (PKA) in myocardial cells, generating calcium channel disorder, calcium overload in myocardial cells, myocardial fibrosis, contraction zone necrosis and other pathological changes (Caspi et al., 1998). In addition, high level catecholamines can cause coronary artery vasospasm, myocardial contraction and heart rate increasing, unbalance of myocardial oxygen supply and demand, which aggravate myocardial ischemia and hypoxia (Mann et al., 1992). After ischemia and hypoxia, oxygen radicals and catecholamine oxidation products are released, which can lead to cell membrane damage, mitochondrial dysfunction, myocardial cell damage and cardiovascular toxicity (Behonick et al., 2001). The increase of catecholamine level will also affect cerebrovascular contraction, promote inflammatory response, aggravate ischemia, hypoxia and swelling of brain tissue, and the vicious cycle will lead to increased heart damage (Min et al., 2009). However, due to CAA-induced LC amyloidosis with dysregulated of adrenergic receptor expression, catecholamine surge after CAA-RICH would further aggravate the cardiac injury (Gannon et al., 2015).
3.2.3 The systemic inflammatory reaction caused by CAA-RICH
The primary brain injury of cerebral hemorrhage begins to occur in the first few hours, which is mainly due to the mechanical damage caused by hematoma formation. The large amount of bleeding and hematoma enlargement may bring about poor prognosis (Lin et al., 2021). However, there is growing evidence shows that the main cause of secondary injury in brain hemorrhage is the inflammatory response.
A prospective study of 200 consecutive stroke patients found that 60% developed the systemic inflammatory response within 15 days after the disease onset, and the number of people with systemic inflammation decreased over time (Kalita et al., 2015). Systemic inflammatory response is a complicated process, in which immune cells, pro-inflammatory cytokines, chemokines and sympathetic nerve activities are involved (Bone, 1996; Pereira and Leite, 2016). The basic processes include: microglia activation, release of cytokines and chemokines, infiltration of polymorphonuclear leukocytes and macrophages, activation of pro-inflammatory transcription factors, proliferation of astrocytes and expression of inflammation-related enzymes and so on (Aronowski and Hall, 2005). When cerebral hemorrhage first occurs, blood components such as erythrocyte, leukocytes, macrophages, hemoglobin and plasma proteins (thrombin and fibrinogen) enter the brain parenchyma to form hematoma. The blood components activate microglia through pathways such as CD36 or toll-like receptor (TLR)4, after then the inflammatory response subsequently initiated (Wang and Doré, 2007).
The resident microglia and astrocytes are rapidly activated as early inflammatory cells, accompanied by infiltration of circulating inflammatory cells such as leukocytes and macrophages (Wang and Doré, 2007). However, excessive activation of microglia and circulating inflammatory cells can produce various cytokines, chemokines, free radicals, nitric oxide and other toxic chemicals. These substances can induce a cascade of increased inflammation. For example, inflammatory cytokines and encephaledema can lead to tissue damage, BBB destruction and cerebral cell death (Zhou et al., 2014). A large number of inflammatory cells, inflammatory mediators and cytokines accumulate in the blood circulation after cerebral hemorrhage, which directly or indirectly damages myocardial cells (Chen et al., 2017). Tumor necrosis factor (TNF)-α can mediate the expression of inflammatory genes in myocardial cells, atherosclerosis of cardiac vessels, apoptosis of myocardial cells, and bad remodeling after myocardial infarction (Sagris et al., 2021; Al-Botaty et al., 2022). ILs is associated with acute myocarditis, myocardial fibrosis, dilated cardiomyopathy and heart failure (Bartekova et al., 2018). During inflammatory reaction activates, local proliferation of macrophages and monocytes recruitment occur in spleen, intestine, heart and other organs, which produce a large number of pro-inflammatory cytokines and inhibit cardiac remodeling (Hulsmans et al., 2016).
To sum up, the bleeding volume and hematoma size of cerebral hemorrhage are closely related to the prognosis. Cerebral hemorrhage not only directly damages the central nervous system through mechanical action, but also activates the inflammatory reaction to produce multiple brain and heart injuries.
3.3 The vicious circle of CAA-CI based on “brain-heart axis”
The formation of CAA-CI is not a simple loop that begins with CAA and ends with myocardial injury. The course of CAA-CI contains many vicious cycles based on the brain-heart axis. In order for researchers to have a deeper understanding of CAA-related myocardial injury, we review the vicious circle events formed in the course of brain-heart axis-related myocardial injury.
3.3.1 Neuroendocrine-mediated vicious circle
The hypothalamic-pituitary-adrenal (HPA) axis is composed of three endocrine glands, the hypothalamus, the pituitary gland and the adrenal gland, which is an important part of the neuroendocrine system. The paraventricular nucleus of the hypothalamus is the core of the HPA axis, and it can secrete corticotropin-releasing hormone and antidiuretic hormone. During the cerebral hemorrhage, corticotropin-releasing hormone (CRH) promotes the secretion of adreno-cortico-tropic-hormone (ACTH) by the pituitary gland, which increases the level of cortisol in the blood (Whitnall, 1993). Long-term elevated cortisol is neurotoxic and may increase post-stroke mortality (Barugh et al., 2014).
The autonomic nervous system makes connections between brain and heart by secreting catecholamines. Norepinephrine is the main neurotransmitter of the sympathetic nerve. When cerebral hemorrhage occurs, norepinephrine secreted by sympathetic nerve surges, which can accelerate the heart rate and enhance cardiac contractility (Mertes et al., 1994; Díaz-Araya et al., 2015). Norepinephrine can also cause myocardial hypertrophy or myocardial ischemia, and eventually lead to insufficient blood supply to the brain, forming a vicious cycle (Samuels, 1987). The sympathetic nerve releases catecholamines directly, which can cause cardiotoxicity and may result in edema of the hypokinesia area, transient fibrosis, inflammation, and necrosis of the contractile zone (Nef et al., 2009).
The renin angiotensin system (RAS) regulates blood pressure and electrolyte balance, and angiotensin (Ang) II in RAS plays an important role in vasoconstriction, cell proliferation, inflammation, and apoptosis. Intracerebral injury activates the sympathetic nerve, and sympathetic hyperactivity leads to the activation of juxtaglomerular cells and increased release of renin and Ang II, contributing to the development of cardiovascular diseases such as atherosclerosis, hypertension and heart failure (Koba, 2018). These cardiac conditions can also further aggravate brain injury. Cardiogenic stroke accounts for 9% of all strokes, and heart failure influences stroke mainly through protein ubiquitination, Wnt signaling pathways, and exosomes (Pullicino and Homma, 2010; Liu et al., 2021).
3.3.2 Inflammation-mediated vicious circle
When the sympathetic nerve is activated during cerebral hemorrhage, the sympathetic nerve endings of immune organs release Norepinephrine, which binds to adrenergic receptors on various cell populations. Inflammation is also closely related to cardiovascular disease (Ruparelia et al., 2017). When myocardial infarction occurs, the recruited macrophages will destabilize the plaque and promote thrombotic events (Dutta et al., 2012). Lymphocytes influx begins 48 h after acute ischemic stroke, and they promote a deleterious inflammatory cascade that causes delayed brain damage (Emsley et al., 2003). The spleen increases inflammation after stroke by contributing the production of lymphocytes and proinflammatory cytokines, which can cause peripheral inflammation activation (Offner et al., 2006). Elevated levels of TNF-α can induce degradation of troponin I, resulting in impaired cardiac contractility and aggravated cerebral ischemia (Adams et al., 2007).
After stroke, damaged brain cells release damage-associated molecular patterns (DAMP) (Shichita et al., 2012). DAMPs can promote the activation of microglia and astrocytes. Moreover, when brain injury occurs, it will promote the transformation of microglia cells from anti-inflammation (M2) to pro-inflammation (M1) and aggravate the inflammatory response of nerve tissue (Shi et al., 2019). Brain-derived antigens can enter the systemic circulation through the ruptured BBB (Marsh et al., 2009). Furthermore, the systemic inflammatory response can be activated by stroke, and it can bring about adverse outcomes of heart failure and cardiac disease through TLR4 and chronic inflammation (Mann, 2015; Chen et al., 2017). In general, brain injury creates a vicious cycle of inflammation in the brain. Inflammatory cytokines can spill out from the damaged BBB into the peripheral circulation and stimulate the spleen to increase circulating immune cells to participate in inflammation, thus causing systemic inflammatory response. This systemic inflammatory response can worsen cardiac injury and even cause heart failure. When the contraction of the heart is affected, it can aggravate cerebral ischemia and hypoxia.
3.3.3 Special protein interaction-mediated vicious circle
Thioredoxin interacting protein (TXNIP) is a 46 kDa protein composed of 391 amino acid residues, and its gene is located on human chromosome 1q21.1. In the brains of AD patients, TXNIP contributes to oxidative damage, hyperphosphorylation of tau and other changes (Melone et al., 2018). TXNIP is associated with neurodegenerative diseases and promotes the progression of AD and Parkinson’s disease by activating the NOD-like receptor protein 3(NLRP3) inflammasome (Tsubaki et al., 2020). Epigenetic modification of TXNIP can increase the risk of cardiovascular disease (Richard et al., 2017). Circulating TXNIP are related to coronary artery disease and cardiac disease (Zhang et al., 2017). To sum up, TXNIP may be an important intermedium linked CAA with cardiovascular diseases.
In addition, studies have shown that heart failure and AD share similar genetic traits. In familial diseases, the two diseases have the same variation in the presenilin (PSEN)1 or PSEN2 gene. The same missense mutation in the PSEN1 and PSEN2 genes was found in AD and sporadic cases of iDCM, and new genetic variants in the gene promoter region affecting protein expression levels were explored (Li et al., 2006). Heart failure reduces blood flow to the brain, leading to a metabolic energy crisis. This energy shortage induces acidosis and oxidative stress in multiple brain regions, ultimately neuronal degeneration occurs (Moreira et al., 2005; Pirchl and Humpel, 2009). Damage to the brain is often accompanied by abnormal secretion of neurotransmitters into the bloodstream, which in turn affects the cardiac function.
3.3.4 Abnormal metabolites-mediated vicious circle
Cofilin is a small-molecule actin binding protein that regulates intracellular actin depolymerization and maintains cell morphology, polarity and migration. Abnormal aggregation of this protein is often found in neurodegenerative diseases, myocardial ischemia and dilated cardiomyopathy (Gianni et al., 2010; Subramanian et al., 2015). Cofilin aggregates affect cardiac contractility, which in turn reduces the blood supply to the brain (Subramanian et al., 2015). They can also accumulate in the brain and cause neurodegeneration (Schönhofen et al., 2014). The accumulation of misfolded proteins such as Aβ, ATTR and cofilin can lead to diastolic dysfunction of the heart and then exacerbating brain damage in AD patients (Willis and Patterson, 2013).
Studies have found that patients with diabetic cardiomyopathy have an accumulation of amylin in the heart (Despa and Decarli, 2013). Amylin and plaques can also appear in the cerebrovascular tissues of AD patients with diabetes mellitus. In addition, amylin deposits were found in the cerebrovascular and parenchyma of late onset AD (Jackson et al., 2013). Amylin can form functional aggregates, which have been proved to link with oxidative stress, inflammation, and changes in the vascular system (Kawahara et al., 2000).
Aβ is a hallmark of CAA and AD. Aβ is generally deposited in the circulatory system at the onset of CAA, from the leptomeningeal and cortical cerebral microvessels to intracranial vessels, to the carotid artery, aorta or coronary artery wall and even the heart (Tublin et al., 2019). Under normal circumstances, there is a balance between the production and clearance of Aβ in the central nervous system and even the whole body (Mawuenyega et al., 2010). Breaking this balance may generate abnormal accumulation of Aβ1-40 in blood, blood vessel wall and heart tissue, and eventually bring about the occurrence or aggravation of cardiovascular diseases. Aβ1-40 is mainly accumulated in blood vessels, while Aβ1-42 is mainly related to cognitive impairment of AD (Stakos et al., 2020). Abnormal accumulation of Aβ can give rise to plaque rupture, thrombosis, and finally acute coronary syndrome (Chong et al., 2001). Cardiac dysfunction usually causes brain ischemia and hypoxia. In addition to Aβ, other types of amyloid are also associated with vascular amyloidosis (Revesz et al., 2002). In another neurodegenerative disease, Familial Danish Dementia (FDD), the intracranial blood vessels also have deposits of amyloid, called Danish amyloid (ADan) (Vidal et al., 2000b). In a mouse model of FDD, it was demonstrated that ADan could promote the hyperphosphorylation and misfolding of tau protein, resulting in tau aggregation and the vicious circle of neurovascular injury (You et al., 2019).
4 DIAGNOSIS OF CAA-CI: BIOMARKER, IMAGING OR GENETIC TEST?
The clinical manifestations of CAA are non-specific, and histopathological diagnosis is the only gold standard. The diagnostic criteria of CAA in Boston proposed in 1990s suggested that CAA could be diagnosed by imaging without brain pathology (Greenberg and Vonsattel, 1997) (Table 2). In 2010, Linn et al. (2010) modified the diagnostic criteria, believing that adding superficial siderosis to the diagnostic criteria could improve the diagnostic sensitivity of CAA-related cerebral hemorrhage. On this basis, the Boston diagnostic criteria for CAA version 2.0 had been published in Lancet Neurology in August 2022. This 2.0 diagnosis criteria refined the imaging diagnosis of cerebral hemorrhage, added clinical manifestations other than cerebral hemorrhage and modified some values (Table 3). For instance, version 2.0 proposes to lower the initial age of onset from 55 to 50 years, and emphasizes the significance of excluding other diseases (Kozberg et al., 2021; Charidimou et al., 2022).
TABLE 2 | Boston criteria version 1.0 for CAA (Greenberg and Vonsattel, 1997).
[image: Table 2]TABLE 3 | Boston criteria version 2.0 for CAA.
[image: Table 3]Currently advanced diagnostic methods include amyloid imaging marker-florbetapir-PET and detection of ApoE genotypes, plasma Aβ, cerebrospinal fluid Aβ and tau concentrations, which have received much attention. ApoE 4 allele can contribute to atherosclerosis, and it will increase the prevalence of cardiovascular and cerebrovascular diseases and significantly promote vascular disease progression in patients with age. What’s more, it increases the genetic risk of AD and causes vascular diseases (Gottesman et al., 2017). In addition, researchers found that higher plasma Aβ level can be regarded as a predictor of Chronic coronary syndrome (CCS) development, it is also a sign of poor prognosis of CCS in CAA patients. Patients with CAA have decreased levels of Aβ and increased tau in CSF, which can be used as one of the auxiliary diagnoses of CAA (Weber et al., 2018).
Florbetapir-PET is a novel imaging method, which can also work in the diagnosis of possible CAA without clinical manifestations and CAA-CI. Studies have shown that florbetapir-PET has relatively high sensitivity and specificity in screening patients with normal cognition who may have CAA. The ARIC-PET study of the relationship between atrial heart disease, left ventricular structure function and brain amyloid protein confirmed that florbetapir standard uptake value ratio (SUVR) elevation would significantly change left atrial volume index and left ventricular structure echocardiography (Johansen et al., 2019; Johansen et al., 2020). However, until now, further definite diagnosis still depends on reliable histopathological results, and more feasible and convenient diagnostic methods need to be explored.
5 THERAPY OF CAA-CI
So far, there is no specific and effective treatment for CAA. The research on new therapeutic strategies to prevent or delay the progression of CAA still needs great advances. Clinically, the commonly used methods for the treatment and prevention of CAA complications include lifestyle changes, continuous blood pressure management, strictly control of anticoagulation or antiplatelet indications, and early use of statin drugs. But there is no conclusive evidence that these methods have a significant effect on reducing the plasma concentration of Aβ (Stakos et al., 2020). Novel drug candidate of CAA, anti-amyloid antibody, mediates passive immunotherapy and accelerates the clearance of accumulated or soluble Aβ (Piazza et al., 2013). However, effectiveness of that drug is inconsistent, and some studies have even found meningoencephalitis in some subjects who received the passive immunotherapy (Kozberg et al., 2021).
Enhancing vascular motility is another non-pharmaceutical therapy for CAA. It can clear Aβ by speeding up perivascular drainage. The efficacy of promoting healthy sleep and non-invasive sensory stimulation to enhance vascular motility and increase Aβ clearance needs to be further evaluated (Fultz et al., 2019). In addition, when CAA patients have cerebral hemorrhage and other stroke events, removing hematoma, controlling the amount of bleeding, reducing intracranial pressure and preventing brain edema as soon as possible would be the key for therapy. Controlling inflammatory response and sympathetic nerve activity and reducing oxidative stress are also essential for CAA-RICH alleviation. The therapy of CAA and its associated complications is a great challenge for brain surgeons and intensive care physicians. Other treatments still need to be explored around the pathogenesis and different stages of the disease.
6 CONCLUSION AND PROSPECTION
When CAA occurs, amyloid substances are deposited in the walls of small and medium blood vessels of the cerebral cortex and meninges (Stakos et al., 2020). The aggregation not only impairs the brain tissue, but also causes the damage of heart, kidney, intestine and other organs, with brain-heart syndrome being the most prominent manifestation. CAA is the second leading cause of cerebral hemorrhage, and the occurrence of bleeding events can further aggravate CAA-CI. When proteins misfolding, clumping and depositing in the cardiomyocytes, they will affect the pumping function of heart and eventually lead to CA. Aβ, tau and ATTR are the key proteins that bridge AD/CAA and CA. From the pathophysiological perspective of CAA-CI, there are “first hit” and “second hit” two phases. The formation of CAA-CI is also not a simple loop that starts with CAA and ends with myocardial injury, but actually contains multiple vicious cycles based on the brain-heart axis in the course of the disease.
So far, great progress has been made in CAA. In the therapy of CAA and its related complications, humanin may relieve memory impairment caused by Aβ, and gastrodin may be used to relieve CAA-related inflammation (Tajima et al., 2005; Dai et al., 2011). At present, the advanced therapeutic agents of CAA are anti-Aβ antibodies, including drug NC-758 and drug PF-04360,365. The drugs have been in clinical trials and is also used to treat AD (La Porte et al., 2012). In the future, AD and CAA should have their own drugs. This treatment will allow for one-to-one precision treatment of CAA and its resulting complications. The diagnosis of CAA involves many detection methods, mainly including imaging and biochemical detection. 7T MRI has a strong sensitivity for detecting microbleeds in the brain, but it may be replaced in the future by automated microbleeds detection systems, which have the advantages of saving time, repeatability and reliability (Koschmieder et al., 2022). Unlike CT and MRI, PET imaging can provide direct evidence of amyloid deposition in the blood vessels. It may in the future be a means of CAA early risk stratification and diagnosis of asymptomatic CAA. We believe that the onset age on CAA diagnosis in the future will tend to be younger. In addition, the importance of imaging will become more and more prominent, with higher requirements for precision and refinement. The clinical diagnosis and treatment measures are still limited, and the rate of misdiagnosis and missed diagnosis is still high. The clinicians often fail to make timely diagnosis or even fail to diagnose brain-heart syndrome in CAA. Therefore, it is urgent to further understand the pathogenesis of CAA-related brain-heart syndrome and help clinical medical staff to implement symptomatic and effective treatment. The complications of this disease and corresponding treatment plan need to be further studied and discussed.
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